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Chapter 1

Chapter 1.

Introduction

Molten salts - ionic melts have properties of high electrical and thermal
conductivity'”. According to these characters, ionic melts are used for solvents of
chemical reactions and of thermal fluid. Historically, molten salt' technology has been
developed mainly by electrowinning of Al. Nowadays, many metals including alkali,
alkaline-earth, rare earth, as well as U are deposited by an electrorefining method.
Molten salt electrochemistry is still being developed, for example, in electroplating for
changing the character of metal surface or codepositing valuable alloys. Molten salt
fuel cells has been constructed almost on an industrial level.

Molten salts technology has also been applied to nuclear technology also by its
high stability against radiation. For example, molten LiF-BeF; was studied in defail as a
fusion blanket or a molten salt breeder reactor at Oak Ridge National Laboratory.
Molten LiCI-KCl containing U and other elements was investigated for pyrochemical
treatment of the nuclear metallic fuel containing high-radioactive materials ( Integral
Fast Reactor concept) at Argonne National Laboratory. After the cold war the
situation for research field of nuclear energy has changed in the world. It is not needed
to say much that, nowadays, Japan is most advanced in researching nuclear technology,
especially in molten salt chemistry field.

A number of studies of transport phenomena in molten salt systems have been
carried out by various investigators through measurements of ionic mobilities, transport
numbers, diffusion coefficients, electrical conductivities, etc. The experimental results
have Been discussed in connection with mass transport and the structure of the ionic

melts. From a viewpoint of applicability to technological aspects, it is necessary to
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study transport properties especially in mixture systems. Molten salt mixtures are more
applicable for practical use than the corresponding pure melts because of their lower
melting points. Moreover, research on mixture systems is more informative than that
of pure melts, which allows us to select conditions such as materials, temperatures and
concentrations. Many publications have appeared and experimental data have been
summarized in various tables®.

Tonic mobilities are useful for obtaining information about the charge, ionic size
and extent of solvation of the ions, and mechanisms of ionic conductance in the melts.
The problems of electro-osmotic flow, the choice of the reference frame, and ionic
structure models have not yet been solved completely. There is a serious difficulty in
defining the absolute mobilities of individual ions in a molten salt, since it does not
contain fixed particles which could serve as a coordinate reference. Then, Klemm®
has proposed to define an internal mobility, which is defined with reference to the
mobility to one definite ion of the system; for example, the reference could be the
mobility of a common anion. On the other hand, Chemla has employed the external
mobility, which is measured relative to the walls of the vessel containing the melt.
Chemla® observed that, when the walls are made of stable inorganic compounds, the
external moblities are quite consistent with the corresponding values of self-diffusion
coefficients. Discussions on ionic mobilities have been reviewed by some authors.
Here we will summarize shortly the literature concerning ionic mobilities in melts.

Tonic mobilities in molten salts have been measured with various experimental
techniques; that is, the Klemm method (column method)®, the Hittorf method (disc
method)(4), the zone electromigration method (layer method)®, and the electromotive
force ’method (emf method)”. These methods are explained in the review article®.

In some cases agreement of data between different methods is satisfactory but in other
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cases discrepancy is evident. Among these methods, the internal transport numbers

may be measured most accurately and precisely by the Klemm method. As the Klemm

method was invented for the purpose of isotope separation(s)’(s), even such a small
difference in mobilities as in the isotopic ions can be determined accurately and precisely.

Some of the advantages of this method are as follows:

(1) The high accuracy for the measurement of internal mobilities can be obtained.
With this method, a gradient in concentration is build up along a column by a
combination of electric transport and diffusion. Even for the small difference of
ionic mobilities, the change in the chemical composition around the anode becomes
relatively large, which will make the data accurate. The interference of diffusion
can be avoided.

(2) For additive mixtures, the internal mobilities even of a species of low concentration
can be measured accurately and precisely.

(3) An accurate control and measurements of temperature are possible and a wide
experimental temperature range can be covered.

(4) Internal cation mobilities can be measured at any concentration.

(5) The method is relatively insensitive to small amounts of impurity.

However, with this method external transport numbers or external mobilities cannot be

obtained.

The Hittorf method is inferior to the Klemm method in accuracy and precision,
because:

(1) the initial composition remains unchanged only in the region of a disc in the former,
While it remains in an extended range in a column in the latter;

(2) The concentration change is generally small in the former, while it is large in the

latter.
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For the zone electromigration, radio isotopes or enriched stable i1sotopes have to
beused. This method may be technically difficult to employ at higher temperatures.
The emf method is also inferior to the Klemm method for the following
reasons” 1
(1) Activities have to be measured independently which inevitably involves considerable
errors;

(2) Emf’s are, in general, more sensitive to impurities than mobilities;

(3) At low concentration of a given ion, the error in & (relative difference in internal
mobilities) is enlarged,;

(4) The emf methods can be applied only for additive binary systems and not even for
additive ternary systems.

The patterns of isotherms of the internal mobilities in molten binary systems
consisting of two monovalent cations and a common anion may be classified into two
types as shown in Fig. 1.1: the first one (Type Ia, Ib, Ic, and 1d) is that mobilities of both
cations decrease with increasing mole fraction of the larger cations. Binary nitrate,
carbonate and chloride systems seem to belong to this type; the other (Type II) is that
with increasing mole fraction of the larger cation, mobilities of the larger cation increase
whereas those of the smaller cation decrease. Binary sulfate, fluoride and hydroxide
systems may belong to this type. )

The Chemla effect has been found in binary monovalent mixtures with a common
anion; the mobilities of the larger cation are greater than those of the smaller one in a

DEDADED — For example, we will

certain range of temperature and composition
explain by the results of molten (Li, K)Cl mixture"® as shown in Fig. 1.2. The Chemla
crossing point is the point where the isotherms of two cation mobilities as a function of

the .mole fraction cross each other. At a higher concentration of LiCl, Li" is more
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mobile and at a lower concentration, K is more mobile, and therefore, from the anode
side the concentration gradually shifts to that of the Chemla crossing point. In the
1960’s two interpretations were presented to explain the Chemla effect; one is based on
an anion polarization model'”, the other is based on complexed or associated ion

OADARDMNLNEDEE)  foweyer, neither is able to account for the Chemla

formation
effect satisfactorily. For example, the polarization model was not explainable the type
II of the Chemla effect mentioned above. This could not explain either that the Chemla
crossing point shifts toward a higher concentration range of the smaller cation with
increasing temperature. Complex species are not likely to be predominate ones in
electric transport processes.

Binary alkali nitrate systems have been systematically investigated’”. The
isotherms of the internal mobilities are shown in Fig. 1.3.  Figure 1.3 shows that, as the
relative difference in two cationic sizes is greater, the difference in the slopes of the
isotherms of the two cations becomes greater, and hence the crossing point appears
more clearly. This figure reveals also that with increasing temperature the crossing
point shifts toward higher concentration of a smaller cation. Further insight of the
isotherms has revealed that, when the Coulombic term is expected to be the dominant
factor for determining mobility, the internal mobility of a cation is well expressed by:
u=[A/V, -V,)]exp(~L/RT) (1.1)
where A, Vy and E are constants independent of the second cation.

In addition to the Coulombic attraction effect expressed by equation (1.1), the
free space effect®™ occurs when the free space is particularly small for a relatively large
ion. The free space is defined as the molar volume minus the volume occupied by “ion

cores”. It should be mentioned that the free space effect and the Coulombic attraction

effect occur in the opposite direction as a function of molar volume. In other words, a
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maximum of internal mobility exists as a function of molar volume.

If the internal mobility of a cation of interest becomes appreciably greater than
expected from equation (1.1) by being affected by the second cation, this is due to the
agitation effect® . As the cause of the agitation effect, the small mass and/or the pair
potential profile should be considered. When the motion of the second cations is active
owing to its small mass, the motion of the common anion will also become active, which
will result in accelerating the internal mobility of the cation of interest. The agitation
effect caused by the small mass has been substantiated by molecular dynamics simulation.
Usually, the agitation effect, if any, is not pronounced.

By contrast, if the internal mobility of a cation of interest becomes smaller
affected by foreign cations, this is named the tranquilization effeci®®.  The
tranquilization effect occurs explicitly in the case that the interaction of the second
cation with a common anion is very strong. It should be mentioned that, if the second
cation is multivalent, the tranquilization effect becomes clear for the internal mobility of
a monovalent cation.

Okada et al., have interpreted the Chemla effect mainly in terms of the self-

YLD and we shall now summarize this interpretation briefly.

exchange velocity (SEV
The SEV, which can be calculated from a molecular dynamics (MD) simulation, refers
to a separating motion of neighboring cations and anions. The calculated internal
mobilities in pure LiCl and in a mixture (x;=0. 10)®® were obtained from the same MD

run as that for the SEV using an equation® based on the linear response theory. The

results of these MD simulation have been used previously for a study of the collective

(30) (31).32)

dynamics of the ions In these MD simulation, rigid ion models were used for
the pair potentials. The detailed MD procedures are reported elsewhere™. Thus, the

Chemla effect is reproduced in the SEV’s.
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Compared with molten nitrate systems, there are not so many works for chloride
systems because of its high corrosion to cell materials and its high vapor pressure. In
Table 1.1, a list of investigations is given, in which internal or external transport
aumbers of monovalent cations in additive binary chloride systems have been measured
in a wide concentration range, and therefore the corresponding mobilities are derived.
In the chloride systems, equation (1.1) holds, although Vo considerably depends on
temperature.  The quantitative meaning of A, Vo and E is not rigorous for the
moment®>. Vis the molar volume of the mixture. Vs is a modification factor due to the
finite dimension of the particles. Thus, equation (1.1) indicates that the second cation
effects on the internal mobility of the cation of interest through determining the number
density of the common anion.

It is interesting to know whether the mobilities are expressed by such equation
also in the system containing multivalent cations. The internal mobility ratios of binary
molten systems containing multivalent cations have so far been measured for the systems
given in Table 1.2. In all the systems, the mobilities of divalent cations are smaller than
that of monovalent ones, and no Chemla effect has been observed. Divalent cations
have stronger interaction with anions than monovalent ones have, and therefore
mobilities of divalent cations could be smaller.

The relationship between the structure and properties of molten rare earth
chlorides have studied systematically by Mochinaga ef al., which is summarized in Table
1.3. According to their review articles®PCYCY there is some connection between
networking structure and equivalent conductivity, that is high networking structure is
related to low conductivity. We have more precisely explored the mechanism of
conductance about each constituting cations by measuring internal mobilities in the

mixture.
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We have carried out the present experiments for the following purposes;
scientific aspects: an investigation of the conductance mechanism containing
multivalent cation in multi-multivalent chloride systems (chapter 3) and in mono-
multivalent chloride systems (chapter 4),
technological aspects: a study on applicability of the electromigration method for

nuclear waste treatment process(37)(chapter 5).
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Table 1.1 Binary mono-monovalent cations chloride systems

Two cations Method Reference
1 2
Li Na K 68
Li K H an

E (22)

K (39)

K (40)

K (16)
Li Rb K 1)
Li Cs E @2

K (41),(42)
Na K E @2)

E 43)

K (38)
Na Cs E @2
Li Ag E @4
Na Ag E )
A g K E (45),(46)
Ag Rb E @)
Ag Cs E (43),46)

E:emf method, H:Hittorf method, K: Klemm method, Z: Zone electromigration method
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Table 1.2 Binary systems containing multivalent cations

System Cation Method Reference
1 2
Nitrate Li Ca 4 (47)
K “8)
Li Sr K %)
Li Ba K “8)
Na Ca - (49)
K “8)
Na Sr K “8
Na Ba K (“48)
K Ca K GO
K Sr K G
K Ba K GDh
Chloride Li Ca E 2)
Li Sr E (53)
Li Ba E G4
Li Cd(l) E (5%
Li Pb(l) B (56)
E @3)
K (57
Na Ca E (52)
Na Sr E 3)
Na Ba E (54)
K Ca E (52)

10



(Table 1.2 continued)

Rb
Cs
Cs

Cs

Bromide Ii

Na

Na

Rb

Cs

Sr

Ba
Pb(11)
Mg
Ca

Sr

Ba
Ca

Sr

Ba

Ca
Ca
Sr
Ba
Ca
Sr
Ba
Ca

Ca

s T vo SN v R v B v AN v v B v 5 A v « B v o B v S v o A s R v > A v« B vs S « SN <5 B o I ¢ < B o3

(53

(54

(43)

43)

(52)

(58

(58

(59

(58

(58)

(60)

(61)

62

(62)

(62)

62)

(62)

(62)

(61)

(61)

Chapter 1

E:emf method, H:Hittorf method, K: Klemm method, Z: Zone electromigration method

11
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Table 1.3 Structure and properties of molten rare earth chlorides

Elements Phase diagram  Molar volume  Conductivity Refractive Index
Y (63) (63),(64) 63) (66).(67)
La (68) (69),(70) 71 (72)
Ce

Pr (73) (64) (74) (75)

N d (64) (76)

Sm 7 an

Eu

Gd (78) (79) (80) (79)
Tb

Dy (81) (82) (66),(67)
Ho

Er (83) (83)

Tm

Yb

Lu

12
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(Table 1.3 continued)

Elements X-ray Diffraction Raman Spectroscopy

Y

La

Ce (84),(85),(86) (84)
Pr
Nd
Sm
Eu
Gd 87
Tb

Dy (88),(89) (88)
Ho
Er (86),(90)
Tm

Yb

Lu

13
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Type Ia Type Ib
M
M,
M
7 M,
M X X, M, X M X Xy M,X
Type Ic Type 1d

M; X x, M, X M; X X, M, X
Type I
M;
M,
Ml X X 2 M2X

Fig. 1.1 The isotherm patterns of internal mobilities vs mole fraction of MyX in systems
(M;, My)X, where M; and M, are the smaller and larger monovalent cations,

respectively, and X is a common anion.

14
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Fig. 1.2 The isotherm of internal mobilities in the system (Li, K)CI at 673K
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Fig. 1.3 The isotherms of internal mobilities measured by the Klemm method in binary
alkali nitrates at 573K and 673K, except (Rb, Cs)NO; at 673K and 773K. For

comparison these results easily, data shown in each isotherm was recalculated from

original papers(l5)’(25)’(91)’(92)’(93)’(94)’(95)’(96)in this figure, which is rearranged from the figure

shown in V.
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Chapter 2.

Countercurrent electromigration

2.1 Principle

For explaining the principle, a schematic diagram for the electromigration is
shown in Fig. 2.1. When the electrical field is applied between anode and cathode,
cations migrate toward the cathode. The migration mobilities of each cation, #; and u;
depend on cationic radii, valences, pblarizabilities, molar volumes, and so on. During
migration, there occurs a back flow for cations, which is caused by osmotic force
keeping the liquid level constant.  This flow is called a countercurrent flow, u., which is
equal to all kinds of species. Due to this countercurrent flow, a cation with lower

mobility is enriched toward the anode.

2.2 Derivation of mass balance equation
Let us assume a mixture consisting of cations 1 and 2 and a common anion 3.

In a separation tube the flows .J, per cross sectional area in the direction from the anode

to cathode is expressed by,

J, =, -v,)e, —DVc, 2.1)
J, =(v,—v,)e, — D,Ve, (2.2)
Jy = (v, —v,)e, — D, Ve, (23)

where J, is the net flow of each component i, v, : the scalar component of the external
velocity, v_: the velocity of countercurrent flow with reference to the wall, D,: the
efféctiv_e diffusion coefficient, ¢,: equivalent concentration.

In the ,right-hand of Eq. (2.1), vi¢c;, v.c, and D,Vc, represent the migration flow,

the countercurrent flow and the diffusion flow. The convection flow can be neglected in
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the migration tube.
In a plane B where the concentration does not change during electromigration, the

diffusion flow is neglected.

Jy =, =v,)e (2.4)
Jy =(v, =v,)6 (2.5)
Jy=(vy = v,)e (2.6)

From the electrical neutrality

¢, +e,—¢;=0 (2.7)
The electrical current density /, at the plane B is

I,=1/S=F(J,+J,—-J;) (2.8)
where S is the cross sectional area at the place B, F Faraday constant and the
constant current / is assumed for simplicity.

¢ is defined as

(v, =v, (e, +¢,)

= (2.9)
{(vl +v)e, + (v, +v3)cz}

From Egs. (2.4), (2.5), (2.6), (2.7) and (2.8)

I/ F=J+J,-J,=vc, +v,¢, +vie, = (v + ;)¢ +(v, +V5)c, (2.10)

From Eqs. (2.9) and (2.10)

[d CZ

Vl +V3 = [03};}{1 +(*{;—j8} (211)
Iy G

v, +v, = (qFj{l [——03j6} (2.12)

DiViding both sides of Egs. (2.11) and (2.12) by voltage per unit length / at the place B

gives #; and u,, internal mobilities of 1 and 2, respectively;
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u, = (cngj{l +x,8} (2.13)
u, :( s j{l~x15} (2.14)
e, EF

where x; and x; are equivalent fractions of 1 and 2, respectively, at the place B, that is
before electromigration; x; + x2 = 1.
Since electrical conductivity of the mixture at the place B, x =1,/ FE and equivalent

volume of the mixture at the place B, ¥, =1/¢,

u = (%“ij{l +x,6} (2.15)

U, = (5%){1 - x,&} (2.16)

In countercurrent electromigration of molten salts, there is generally no volume flow
along the separation tube, in other words, such a condition can be fulfilled and therefore
across the plane B

JV+JV,, =0 | (2.17)
where Vi3 and Vas are equivalent volumes of pure melts 13 and 23, respectively. The
additivity of the molar volume is assumed, which is found to be generally the case.

v (1) = (e, +v,6,V ) 1 (V5 +¢,V)5) (2.18)
v_(f) could be a function of t, but actually independent of t, as far as v (¢) and
v, (¢)are independent of t.

If the volume between A and B is V, the equivalent quantity of 13 there, N (7) is

N(8)y= eV = [J,()Sdt = eV = (v, =v,)eie VSt (@ + 6V 2s) (2.19)
0

Similarly, the equivalent quantity of 23, N, (¢) is
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N, (1) = e,V = [J,()Sdt = &V ~ (v, =v)e,e;V St (eVy +¢,,5) (2.20)
0

From Eqs. (2.19) and (2.20),

by, = _(LJ{M_ Mfl} 2.21)

St/ ¢ c,

It follows from Eqgs. (2.10) and (2.21) that

(v, = v,) _ _(E) {Nl_(f) _ Nz_(f)} (2.22)

(v, +v)x, + (v, +v,)x, } It/| x X,
Therefore,
o mw) _(Ej NG N0 (2.23)
(x,u, +x,u,) Q X, X,

Equation (2.23) was derived by Klemm® and by Ljubimov and Lundén®.

Evenif JV,+.J,V,, =a#0 in Eq. (2.17), Eq (2.23) is the same, because the term
corresponding to « vanishes when the equation corresponding to Eq. (2.19) is
subtracted by that of Eq. (2.20).

The standard deviation of ¢ is represented as follows,

2 2 2 2
o, = [ﬁj o’ {ﬁ} gjﬁz[ 3‘9) ol +Z( 5‘9) ol
@Cl &kz i=1 07\[11' ' i=1 ﬂin '

Therefore, standard deviations of internal mobilities o, and o, , respectively
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2.3 Experimental procedure
For employing electromigration in molten chloride systems, we should introduce
Cl, gas into the cathode to prevent from depositing of Li metal®®.  However, in this
construction, chlorine gas, which is poisonous, has to be used. Therefore, Haibara and
Okada® revised the cell. Molten PbCl, was used around the cathode and reduced to
Pb metal in order to prevent the Li reduction. ~ As this type of the cell seems to be more
easily to manage than the former, the experiment was performed by the electromigration
cell, which is shown in Fig. 2.2.
The container for the salt bath, I, and the cathode compartment, G, were made
of alumina(Nikkato Corp., SSA-S grade). The melt bath, D, which contained a
mixture of LiCI-KCl of the eutectic composition was kept in a large container. In the
cathode compartment, molten PbCl, F, was loaded for reduction of Pb” instead of the
reduction of bath components. The main container was covered with a graphite cap, O.

The cathode compartment had a hole of Smm ¢ as a melt channel which was packed
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with quartz wool. Both cathode and anode, A, were made of a super fine graphite rod
(5mm ¢ ).(Toyo Carbon Co., Ltd.) The cathode rod was covered by alumina ceramics,
C, for protection from corrosion. Migration tubes, M, were made of quartz glass.
The upper part of the migration tube had an outlet for Cl, gas, P.  The lower part of the
migration tube was packed with alumina powder, L, (100 z m ¢ )(Nishio Chemical Ind.)
in order to prevent convection of the melt in the migration tube (4mm ¢ ). Quartz
wool was packed at the bottom, J, and at the end of the anode in contact with the melt,
N. Temperature was kept constant with a temperature controller(Shimaden Co., Ltd.
DSL) and measured by a Chromel-Alumel thermocouple, K, during migration.

Since the melts should be kept under Ar gas atmosphere for preventing rare
earth chlorides from oxidation and LiCl from hydration, we have performed all
migration in an Ar-flow environment. The sample melt of a given composition was
well mixed in another quartz vessel. The sample melt was introduced into the migration
tube through the bottom by sucking with a handy pump(Shinku Kiko PS-05). The
migration tube with sample melt was quickly moved and set into the migration cell. A
constant DC current supplier(Kikusui Electronics. Corp. PAD 500-0.6A) fed electric
currents less than 0.2A. Transported charge was measured by a Cu coulometer.
After several thousand Coulombs of charge was transported, the migration tube was
taken out from the bath and the salt was quenched quickly. The tube was cleaned
outside and cut into several pieces of 7~8 mm length also in the glove box. The salt
in each fraction was dissolved to diluted hydrochloric acid for analyzing the amount of

. each cation.
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Fig. 2.1 Schematic diagram for countercurrent electromigration
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Fig. 2.2 Cell for countercurrent electromigration

A: graphite electrode; B: Silicone-Teflon stopper; C: alumina sheath; D: molten salt bath
(LiCI-KC1 eutectic); E: alumina cement; F: molten PbCly;; G: anode compartment; H:
molten Pb metal; I. large container; J. quartz filter; K: thermocouple, L: alumina
powder; M: migration tube; N: quartz wool; O: carbon cap; P: Cl, gas outlet; Q: Teflon

sealtape;
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Chapter 3.

Internal cation mobilities in molten multivalent-multivalent cation chloride

systems

3.1 Background

Chemla and Okada have reviewed internal mobilities of various monovalent
cations in binary molten systems with a common anion®. They state that, when the
Coulombic attraction between cation and anion is expected to be the dominant factor for
the electrical conductance, the internal mobilities are well expressed by
u=[A4/V -V,)]exp(—£/ RT) 3.1
where V is the molar volume and A, £, and V, are parameters characteristic of the
considered cation and nearly independent of the cocation. Equation (3.1) holds, for
instance, for the molten binary chlorides (Li, M)Cl (M=Na?®, K® Rb® and s and
(Na, K)CI®. In the binary monovalent cation systems the Chemla effect usually
occurs”, which has been interpreted in terms of the self-exchange velocity®.

We expected that the data of the internal mobilities would yield a hint about the
electrically-conducting species in melts consisting of multivalent cations. To my
knowledge, mobilities was not measured in additive binary divalent cation systems, while
internal mobilities have been studied in binary alkali-alkaline earth nitrates™**” and
halides"™"P.  Thus, the main aim of our study was to measure the internal cation
mobilities in the binary divalent cation system (Ca, Ba)u2Cl and to obtain insight into
the electrical conductance in divalent cation chloride melts.

~ Moreover, the mobility data of these mixtures of rare earth elements provide

useful information on a separation of rare earth elements by the contercurrent

electromigration methods. Mobilities in molten mixture systems with trivalent cations
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and a common anion have not yet been published. In this chapter, I have also
measured the internal mobilities in two molten binary systems of trivalent rare earth
element ions, (Y, La)usCl and (Y, Dy)asClL Some properties of pure YasCl,
LaasCl and Dyas/Cl related to the mobilities are summarized in Table 3.1. The ionic
radius of Y*' is distinctly smaller than that of La®, and similar to that of Dy".

The structure of the pure melts of CaCl, and BaCl, has been previously studied

(14),(15)

by neutron diffraction?", X-ray diffraction and Raman spectroscopy(m). Based

on the hole model, Bockris ef al. assumed that the main positively charged entities in

D This assumption was,

alkaline earth chloride melts would be MCI™ complexes
however, doubted later™. It has been argued™ that even for ZnCl, melts in which the
species are polymerized the electrically-conducting species are not be such ones as

ZnCl" or ZnCly".

Structural properties of the pure rare earth chloride melts have been studied by

(19) 20),21)

neutron diffraction”’, X-ray diffraction and Raman spectroscopym)’m). The Y™
or Dy*" containing species existing in such chloride melts are conjectured by X-ray
diffraction and neutron diffraction to be six-coordinated [RCI(,]3', where R is the rare
ecarth atom. If the main electrically-conducting species is an anionic one such as
[RCI]*, the lighter isotope of R should be enriched at the anode, because the lighter
species migrates faster toward the anode.

For elucidating the main electrically-conducting species in rare earth chlorides, 1
have measured the isotope effect for melts of trivalent cation systems. The isotope
. effect on internal cation mobilities in countercurrent electromigration has been studied in
a Vkariety of molten salts"®, though no data on the isotope effect for melts of trivalent

cation systems have been reported. The countercurrent electromigration method can

give accurate and precise data even for very small difference in the internal mobilities,
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for example, between two isotopes. One of the aim of the work described in this
chapter was to learn by measuring the isotope effect in electromigration whether the
electrically-conducting species containing rare earth elements, was cationic or anionic.
Molten DyCl; was chosen mainly, because the melting point is not too high (991 K) and
partly because Dy has 7 stable isotopes; By 0.06%, P*Dy: 0.10%, "Dy: 2.43%,
$1Dy: 18.9%, '“Dy: 25.5%, '“Dy: 24.9%, '**Dy: 28.2%. The abundance ratios of the
first two isotopes are quite low, and measurements were thus obtained with the other 5

isotopes.
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3.2 Experimental
3.2.1 Reagent

CaCl, and BaCl, (Kanto Chemical Company, Inc.) of reagent grade were used
without further purification. The salts were vacuum dried overnight at ca. 450 K.
Anhydrous chemicals YCl;, LaCls and DyCls were prepared by the chemical reaction of
the oxides(Mitsui Mining Smelting Company, Ltd.) with excess NH4Cl (Kanto Chemical
Company, Inc.), and purified by sublimation at 1273 K under a reduced pressure to
remove gases (NHs, HCI), residual NH4Cl and oxichloride impurities. The apparatus

for the purification is shown in Fig. 3.1, which has been described in detail®”.

3.2.2 Conventional ac technique

The conductance cell used is shown in Fig. 3.2.  The cell was made of quartz, the
inner diameter and length of the capillary being ca. 2 mm and ca. 10 cm, respectively.
Before measuring conductivity of the melt at each concentration, the conductance cell

t%?  The cell constant was evaluated to be 142.87

was calibrated with pure NaCl mel
ecm”. Various molar ratios were prepared by mixing the pure salts in accurately
weighed quantities in a glove box filled with dry Na.

A conventional ac technique was applied to obtain the polarization-free resistance
of the melt by varying the input frequency from 1.0 to 10 kHz. The experimental

temperature for each sample melt was varied by ca. 900 to 1200 K. The apparatus

used for the measurement has been described in detail®.
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3 2.3 Countercurrent electromigration

For the experiments in (Ca, Ba)uCl and (Y, La)asCl, the concentrations and
temperatures shown in Figs. 3.3 and 3.4 were chosen in view of the phase
diagrams(27)’(28). The phase diagram of (Y, Dy)a3Cl was not available in literature.

After sufficient mixing at a desired composition, the mixture was melted in a small
quartz vessel under an Ar gas flow. The electromigration cell was shown in chapter 2;
The diameter of diaphragm part of the separation tube was 4mm. The temperature
was kept at the preset value within * 2 K during electromigration with a temperature
controller. The transported charge after each run was measured by a Cu coulometer
and a commercially available coulometer (Hokuto Denko HF201) in a series of
measuring internal mobilities and isotope effects, respectively. The contents of alkaline
carth elements and rare earth elements in each fragment were determined by an ion
chromatographic analyzer (IC 500 Yokogawa Hokushin Electric. Co, Ltd.) and by an
inductively coupled plasma (ICP) spectrometer (ICPS-5 Shimadzu Corporation),
respectively. For measuring the isotope effect, the isotope ratios of Dy were measured

by a mass spectrometer (Finnigan Mat 261).
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3.3 Results
3.3.1 Electrical conductivity

The polarization-free resistance (R, ;) of the melt was estimated by linear
extrapolation of the measured resistances (R__ ) to infinite frequency by an empirical

@DG9 a5 shown in Fig. 3.5.

relation
R._. =R, +Co™" (3.2)
where @ and ( are the frequency and a fitting parameter, respectively. The
temperature dependence on the conductivity of each concentration in (Y, La)q3)Cl and
(Y, Dy)an)Cl systems are shown in Figs. 3.6 and 3.7, respectively. The measured
values were fitted to a linear function of temperature, and the calculated parameters are
given in Table 3.2. The conductivity isotherms at 1073 K in (Y, La)usCl and (Y,
Dy)a3)Cl are shown in Figs. 3.8 and 3.9, respectively.

Conductivity data in molten (Ca, Ba)u,Cl have already been measured by

Kochinashvili and Barzakovskii, which are shown in Fig. 3.10°",
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3.3.2 Internal mobilities

The relative differences in the internal mobilities of cations 1 and 2, g, are
defined as
e=u, —u,)lu, (3.3)
where u_ is the average cationic internal mobility of the mixture, u_ is related to the
conductivity x , and the molar volume V_ of the mixture given by
u, =xV,_ I F (3.4)
where F is the Faraday constant and the molar unit is defined as Mz CI(M: cation, Z:
cationic charge).

The & values were calculated by an equation based on the material balance®

e=—(F/Q)N,/x,—-N,/x,) (3.5)
where ( is the transported charge, N,,s are the quantities in mole of (1/Z)M* in the
separation tube on the anode side of the position where the chemical composition has
remained unchanged during electromigration, and x; and x, are the mole fractions of
cations 1 and 2, respectively, before electromigration (x1+x,=1).

The ¢ values in (Ca, Ba)anCl system and in both (Y, La)us)Cl and (Y, Dy)as)Cl
systems are given in Tables 3.3 and 3.4, respectively, together with the main
experimental conditions.

The internal mobilities of M;** and M;*" are obtained from
u, =&V, /1 F)1+x,¢&) (3.9)

u, =(xV,_ [/ F)1-x¢&) (3.7

- As the density data of the mixtures were not available, we assumed additivity of the
molar volumes of the relevant pure melts®”. In Tables 3.5 and 3.6 the calculated
and u, are also given together with the molar volume and the conductivity.

The isotherms of the internal mobilities in the systems (Ca, Ba)aCl, (Y, La)as)Cl
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and (Y, Dy)asCl at 1073 K are shown in Figs. 3.11, 3.12 and 3.13, respectively.
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3.3.3 Isotope effect

The results of five runs are summarized, together with the main experimental
conditions, in Table 3.7.

For one of these experiments, the distribution of the Dy isotopes in the separation
tube after electromigration is shown in Fig. 3.14. Figure 3.14 shows that the isotopes
are more enriched in the 2nd fraction than in the 1st one, because the salt in the 1st
fraction also contained unelectromigrated material. Otherwise, the heavier isotopes
were enriched toward the anode, which means that the lighter isotopes migrated toward
the cathode.

Relative differences in the internal mobility of Dy isotopes of mass numbers,
M=160, 161, 163 and 164, with reference to that of M=162, ¢,,, have been calculated
from eqn. (68) in ref. ©?
ey = ~(F 1O m (e 1" =x{% [ x,7), (3.8)
where n, is the molar quantity of DyusCl in the i-th fraction, xo is the isotope
abundance ratio before electromigration, x; is the ratio in the i-th fraction after
electromigration; /' is the Faraday constant, and () the transported charge. The
summation was taken from fraction 1 to the fraction where the original isotope ratio did

not change during electromigration. The calculated ¢,,’s are shown in Fig. 3.15.
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3.4 Discussion
3.4.1 Molten (Ca, Ba),)Cl system
Figure 3.11 shows that, although uc. in pure Caun)Cl is greater than ug, in pure
Baan)Cl, tca is smaller than ug, in all the investigated conditions. However, it is
conjectured from the isotherms in Fig. 3.11 that at sufficiently low xg. particularly at low
temperature (below the melting point) the smaller cation would be more mobile than the
larger one. These features resemble those for the system (Li, Na)CI®.  This
resemblance is presumably caused by the fact that among the interactions between alkali
and chloride ions the ones between Li and Cl and between Na and Cl are particularly
strong and that their relative difference is comparable to that for Ca and Cl vs. Ba and Cl.
Both mobilities decrease with increasing concentration of the larger cation. This
decrease is steeper for the smaller cation. This rule for the present system is quite the

@ and nitrates”.  From Figs. 3.3 and 3.11,

same as that for the binary alkali halides
the Chemla crossing point is not expected to appear in the liquid state range of the
present system.

Both uc, and wug, are plotted for 1073 K against the molar volume of the mixture
in Figure 3.16. With increasing molar volume, both #c. and up, decrease. This
tendency is also the same as that found for the alkali chlorides and nitrates®®.

We have conjectured that in molten alkali chlorides the electrically-conducting
species are monoatomic alkali and chloride ions® because (i) the internal mobilities in
(Li, Cs)CI calculated based on the linear response theory® for the MD trajectories are
- strictly proportional to the self-exchange velocities, that is the separating velocity of

t, which is usually found for

neighboring cation-anion pairs, and (ii) the free space effec
systems containing polyatomic species, is not found experimentally for such systems as

(Li, Cs)Cl.
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In the present system, ug. smoothly increases with increasing concentration of
CaanCl also in its high concentration range. This indicates that the free space effect
does not occur, which suggests that polyatomic species are not involved as the current-
carrying species. Thus, since the above-mentioned general rules for the mobility
isotherms in alkali chlorides hold also for the present system, one is led to believe that
the electrically-conducting species in the alkaline-earth chlorides are also monoatomic.

The reciprocal of #c. and ug, is plotted against the molar volume in Figure 3.17.
These lines seem to lie on straight lines, as expected from (3.1). The parameters for
(3.1) are given in Table 3.8. Figure 3.17 also suggests that the Chemla crossing point
would shift toward higher concentrations of the smaller cations with increasing
temperature.  This trend is similar to that found in alkali chlorides and nitrates™ >,

sce and up, are compared with uy, and ™ at 1073 K in Figs. 3.18 and 3.19,
respectively. The ionic radii of Ca®* and Ba®" are similar to those of Na' and K',
respectively; the ionic radii of the 6-coordination state are 100 pm for Ca®’, 102 pm for
Na’, 135 pm for Ba®* and 138 pm for K®”.  The mobilities of the divalent cations are
considerably smaller than those of the monovalent cations. This can be interpreted
qualitatively in terms of the cation-anion interactions. Since the coulombic interaction
of the divalent cation with CI” is considerably stronger than that of the monovalent
cations.  Although the self-exchange velocities have not been computed for the
alkaline-earth chloride systems, one can assume that the self-exchange velocities for the
alkaline-earth ions are by about factor of 3 smaller than those for the alkali ions of
- smaller sizes.  This also suggests that electrically-conducting species are the
monoatpmic ions in the present system. The fact that the isotope effect on the internal

1(36)

mobilities of pure Caqr)Cl and BausCl™” is not extremely small compared to that of

alkali halides also supports this assumption.
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3.4.2 Molten (Y, La),5CI and (Y, Dy)/3CI systems
Figure 3.12 shows that ur, is greater than uy in all the investgated conditions i.e.,
the larger cation La*" is more mobile than the smaller one, Y* A Chemla crossing

@ and

point does not appear. This feature resembles those for the systems (Li, Na)Cl
(Ca, Ba)ayCl.  In all those cases the coulombic interactions between the cations and
chloride ions are strong, since in (Li, Na)Cl the cation-anion distance is relatively small
and in (Ca, Ba)q2)Cl and (Y, La)u3Cl, the cations are multivalent.

It has been found the internal mobilities are approximately proportional to the
self-exchange velocities (SEV), which are defined as the separating velocities of
neighboring unlike ion pairs®” and may be calculated by molecular dynamics simulation.
All the following apparently anomalous phenomena concerning electric conductance of
molten salts can be qualitatively reproduced by considering the SEVs: the Chemla

(39

{(DCHOBY 5 maximun of electrical conductivity as a function of temperature®™”, a

effec
maximum electrical conductivity of some salts such as LiCl and LiBr as a fuction of

pressure””, and an increase in the isotope effect of mobilities with temperature

©)41)

To show how the SEVs of two cations change in accordance with number density
of common anions and how the change depends on the cationic “size”, the potentials felt
by Li' and K" ions collinearly located between two Cl' ions can be schematically
depicted. In an example, in Fig. 3.20, two CI'-Cl distances of 580 and 670 pm are given
which approximately correspond to CI'-CI” distances at 1000 K for melts of the fictive
NaCl-type crystalline structure, of pure LiCl and KCl, respectively, using the Tosi-Fumi
- potentials™®.  As the concentration of the larger cation increases, the average distance
betWeen neighboring CI ions usually increases, and the cations become less favorable to

move away from the referenced ClI' ion toward the other. The magnitude of the

decrease in the SEV is greater for the smaller sized cation than for the larger one, as can
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be seen in Fig. 3.20.

The main factors infuencing internal mobilities of monovalent cation molten salts™
have previously been considered to be: (7) ionic radius and charge, (i7) distance between
like ions, i.e., molar volume, (iii) ionic mass, and (i) kinetic energy, 1.e., temperature.
Factor (7) determines the repulsive and attractive parts of cation-anion potentials. In
other words, this factor determines the shape of the pair potential shown in Fig. 3.20.
Factor (ii); Mixing of two salts having a common anion corresponds to a change in the
average distance between two anions, as shown by 4comparison of two CI-CI distances
in Fig. 3.20. The effect (iif) of the mass is small, but if all other factors are equal, the
ion having a smaller mass has always higher mobility, as is discussed later. Figure 3.20
reveals that the potential profiles felt by the cations change considerably in accordance
with the CI-CI' distances as well as with the pair potentials. Therefore, at a given
temperature, the magnitude of the SEV is mainly determined by a combination of factors
(7) and (if).

The (Y, La)usCl system is interesting in that the molar volume of YasCl is
greater than that of LagsCl, whereas the ionic radius of Y*" ion is smaller than that of
La*" ion, as given in Table 3.6. Figure 3.12 shows that, with increasing xi., that is with
decreasing molar volume, the internal mobilities of both Y3+ and La’" increase. The
behavior is generally found for binary monovalent” and divalent cation systems with a
common anion. The magnitude of the increase is, however, greater for the larger
cation, La*>*, than for the smaller one, Y*', a tendency that has not been found in other
systems studied. The reason is not entirely clear; a considerable difference in the short-
rangé order around the two cations may be ralated to the difference in the crystal
structure, and thus, in the volume change on melting, as given in Table 3.6.

In Fig. 3.21, the internal cation mobilities of the present system are plotted
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against the molar volume in comparison with those of typical monovalent and divalent
cation systems. The mobilities become smaller in going from monovalent to trivalent
cations, presumably because the cation-anion coulombic interaction becomes stronger.
The magnitude of the decrease in the mobilities as a function of the molar volume is in
the order: trivalent > divalent ~ monovalent. As the coulombic potential surfaces
between unlike ions have steeper gradients with increasing cation valence, it is
reasonable that the increase in molar volume corresponding to increase in the CI'-CI
distance influences the SEV more in going from monovalent to trivalent cation systems.
The fact that the decreasing magnitude is relatively moderate in these divalent cation

(13)

chlorides may be related to the fact, found by neutron diffraction’ that the nearest Cl-

(I distance does not change greatly in going from CaCl, to BaCl,. The average CI'-CT

distance strongly affects the SEV, as presumed also from Fig. 3.20.

The uy for (Y, Dy)asCl is appreciably greater than‘upy in the investigated range.
When these pure salts are compared, the cationic radii, the molar volumes, and the
conductivities are much the same, but the cationic masses are quite different. Thus, the
effect of the difference in mass may overcome the small difference in the ionic radii,
where the latter effect presumably favors Dy Cl having a slightly larger cationic radius
(see Table 3.6). The value of the mass effect® 1 ,defined as the ratio of the relative
mobility difference, &, to the relative mass difference, has been calculated and is given
in Table 3.9.

The precision of the concentration ratio of the two rare earth elements obtained
- from independent measurements by ICP is inevitably not so good as that of the isotope
rati.o measured by mass spectrometry. Nevertheless, it may be concluded that the
values of the mass effect of the two cationic species in the (Y, Dy)us)Cl are not so

different from those for the Dy isotopes of pure DyqsCl and are not extremely small
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when compared with those of alkali or alkaline-earth ions in their halides (e.g.,
—~u=0071 in KCI and 0.051 in CaCL"” where the main electrically conducting
cationic species are conjectured to be the nonassociated cations™). The lifetime of
such nonassociated species is, however, as short as ~ 0.5 X 1070 The
predominant species containing a lighter rare earth isotope (or element) migrates toward
the cathode faster than that containing a heavier one. These experimental findings
suggest that the main electrically conducting cationic species is nonassociated trivalent
M ions. Structural studies have suggested that trivalent rare earth cations in chloride
melts exist as octahedral units [MCls]> “**. Thus, the electrically conducting species
is not the same as that of species found by Raman spectroscopy, neutron diffraction, and
so on. It has been suggested by Saboungi ef al."® that the network of the unit is loose
on a much longer time scale. If we assume that the unit is also partially loose on a
much shorter time scale, even where the proportion of such a loose cation-anion pair is
small, this could be clarified by calculating the distribution of the SEV for each pair. In
fact, our assumption does not contradict the information yielded by neutron diffraction,
because neutron diffraction supplies information on space-averaged as well as time-
averaged structure.

The molar volume of Y3, Cl is slightly larger than that of Dy3Cl, whereas the
cationic radius of the former is smaller than that of the latter. Even in this mixture
system, the general rule holds that, with decreasing molar volume, the mobilities
increase and that the increasing magnitude is greater for the smaller size cation®.

The general factors () - (iv) given above for monovalent cations seem to hold also
for fhe present ITI-III valent cation mixture systems. It would be impossible, however,
to predict a priori from the ionic radii alone which of two cations in a charge-symmetric

binary system is more mobile under given conditions. For example, comparison of the
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potential profiles for Li" and K, shown in Fig. 3.20, cannot predict which SEV of the
two cations is greater. Calculation of the SEV may be helpful for further microscopic

insight into the internal mobilities in the present system.
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3.4.3 Isotope effect
Figure 3.15 as well as Fig. 3.14 demonstrates that the species containing the
lighter Dy isotopes migrates toward the cathode and is therefore cationic.

The mass effect, u, defined as &,, divided by the relative mass difference®?,
has been calculated. The calculated values of u are averaged for the 4g,’s
(M=160,161,163 and 164) at each electromigration, and given in Table 3.7. It seems
that 1 pl slightly increases with increasing temperature in the investigated range as in
most of other salts">“P®) though the tendency is not so clear here, because of the
experimental errors.

The mass effects of cations in various pure chloride melts so far studied™” are

plotted against the mass of the cations in Fig. 3.22. Empirical equations were

presented for the mass effect of the cations in molten monovalent and divalent cation

halides™®:
=-015/(1+M/21M ) (3.92)
u=-0079/(1+M/21M ) (3.9b)

where M- is the mass of the halide ion, that is 35.5 in the present case. For some
divalent cations such as alkaline earth and Pb(II) ions eq.(3.9b) holds and for others eq.
(3.9a) does. With increasing mass of the cation, the mass effect seems generally to
decrease. This decrease is partly due to the decrease in the external transport number
for the heavier cation, The relative difference in internal cation mobilities ¢! is related
to the relative difference in external cation mobilities ¢ by

&l =1l (3.10)
where ¢°is the external cation transport number. Equation (3.10) implies that the

isotope effect on the internal cation mobilties &! is smaller with decreasing external

cation transport number. However, it should be also kept in mind that external
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transport numbers have been measured only for limited salts and are influenced by the
nature of the external solid materials to some extent. External transport numbers of
external mobilities cannot be measured by countercurrent electromigration.
Convenient methods for measuring external transport numbers of pure molten salts are
not available at present.

The electrically-conducting species in alkali halide melts such as LiCl and CsCl are
conjectured from molecular dynamics simulation to be monovalent alkali metal ions and
chloride ions®.  The mass effect of the Dy is not particularly small as compared with
those of other monovalent or divalent cations as seen from Fig. 3.22. The calculated
values from the empirical relations (3.9a) and (3.9b) (eq. (3.9)) are -0.047 and -0.025,
respectively; the present experimental value -0.032 is between these two and not so
different from these. Thus, the main electrically-conducting species in DyCls melt are
also conjectured to be trivalent cations, Dy, and therefore chloride ions CI'.  However,
the lifetime of such electrically-conducting species as Dy’ is assumed to be short and of
apsorder. This needs to be clarified by molecular dynamics simulation.

Similar situation was found for molten zinc chloride; whereas the existing species,
from spectroscopy and diffraction studies, appear to be chains of chloride tetrahedra
about Zn cations“™*®_ the electrically-conducting species are Zn>" and chloride ions, as

is shown by the isotope effect*”.
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Table 3.1 Some properties of pure Y3ClL, LaasCl and Dyus)Cl

enm—

Rare earth chloride YasCl LaasCl Dy Cl
Atomic number of cation 39 57 66
Atomic weight of cation 88.9095 138.9055 162.50
Cationic radius, pm 90.0%% 103.28% 91.28%
Crystal structure type AICL®Y ucL®? AICL®Y

Coodination number of
cation in the crystal solid 6 9 6

Coodination number of

cation in the melt ~6 ~6* ~6@0H2D
Melting point, K 987%? 11507 9284
Charge in molar volume

on melting, % 0.45%? 19 462 03262
Molar volume at 1073 K,

10° m® mof™ 25.46°? 25.00%? 25.36°%
Conductivity at 1073 K,

Sm” 51.2 110.7%Y 56.2
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Table 3.2 Parameters of electric conductivity, x =—-A+ BT .

—

(a) (Y, La)anCl

XLa AS m™) B(Sm™ K™ Standard deviation (S m™)
o 0 162.1 0.1988 0.1

0.102 160.8 0.2030 0.3

0.207 1548 0.2048 0.2

0.493 146.6 0.2122 0.2

0.601 178.5 0.2460 0.1

(b) (Y, Dy)asCl

XDy AS m™) B(Sm’' K™ Standard deviation (S m™)
0.251 161.5 0.2004 0.1
0.501 1554 0.1958 0.1
0.784 1428 0.1848 0.2
0.901 1454 0.1876 0.3
1 143.7 0.1863 0.2
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Experimental conditions and & in the molten system (Ca, Ba)a)Cl at 973 K (a) and

1073 K (b).

o RunNo. xga o(C) &

@
1 0.25540.001 11241 -0.029+0.005
2 0.257+0.001 920.4 -0.034+0.004
3 0.3204+0.002 2602.2 -0.034+0.002
4 0.32340.001 15333 -0.03540.004
S 0.347+0.000 1310.0 -0.042+0.008
6 0.36540.001 1806.9 -0.04440.005
7 0.36610.000 1311.4 -0.02540.000
8 0.418+0.001 2576.3 -0.03540.001
9 0.437+0.001 2258.1 -0.035+0.001
10 0.450+0.001 1111.1 -0.060+0.008
11 0.509+0.002 13823 -0.044+0.002

(b)
1 0.033+0.001 2231.8 -0.04110.003
2 0.03340.002 1530.6 -0.050+0.002
3 0.05540.001 22138 -0.03710.001
4 0.099+0.000 1337.3 -0.045+0.002
5 0.106+0.001 1555.2 -0.04340.001

6 0.134+0.001 2033 4 -0.047£0.002

7 0.164+0.001 2203.6 -0.051£0.003
8 0.184+0.001 803.9 -0.046%0.003
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(Table 3.3 continued)

9 0.339+0.000 1602.8 -0.05540.002
10 0.445+0.000 1158.0 -0.051+0.001
11 0.614+0.001 1010.3 -0.05340.002
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Table 3.4

Experimental conditions and & in the molten systems (Y, La)asCl (a) and (Y,

Dy)asCl (b) at1073 K.

(a)(Y, La)amCl

RunNo. x. o(C) £

a-1 0.104+0.008 1746 -0.169+0.019
a-2 0.23140.006 1729 -0.192+0.006
a-3 0.276+0.011 1443 -0.211+£0.013
a-4 0.387+0.008 1428 -0.268+0.018
a-5 0.512+0.004 1124 -0.206+0.014
a-6 0.608+0.008 3011 -0.196+0.006

(b)(Y, Dy)anCl

RunNo. xpy o(C) £

b-1 0.150+0.004 3236 0.040+0.003
b-2 0.277+0.001 1233 0.095+0.004
b-3 0.546+0.004 2536 0.046+0.003
b-4 0.556+0.003 2270 0.077+0.003
b-5 0.77340.005 2065 0.078+0.003
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Table 3.5 Internal mobilities of Ca** and Ba”" in the molten system (Ca, Ba)uCl at

973 K (a) and 1073 K (b).

54

Run No. X, x-10? V. -10° uy, -10° ug, -10°
(Sm™) (m* mol™) (m*>V'sh (m*V's™h
(a)
] 0.255 1.44 27.46 4.20+0.08 4.08+0.01
2 0.257 1.44 27.48 4.21+0.07 4.09+0.01
3 0320 141 27.78 4.16+0.04 4.02:+0.01
4 0.323 141 27.79 4.16+0.06 4.02+0.01
5 0347 1.40 27.91 4.16+0.08 3.99+0.02
6 0.365 1.39 28.00 4.15+0.07 3.98+0.01
7 0.366 1.39 28.00 4.1140.02 4.00+0.00
8 0418 1.37 28.25 4.10+0.03 3.96+0.01
9 0.437 1.36 28.34 4.08+0.02 3.95+0.01
10 0.450 1.36 28.41 4.1340.07 3.89+0.02
11 0.509 1.34 28.69 4.06+0.03 3.89+0.01
(b)
1 0.033 1.92 26.93 5.56+0.08 5.3440.00
2 0.033 1.92 26.93 5.6140.08 5.3440.00
3 0.055 1.90 27.04 5.5140.07 5.3240.00
4 0.099 1.87 27.26 5.50+0.08 5.27+0.00
5 0.106 1.87 27.29 5.48+0.06 5.2610.00
6 0.134 1385 27.43 5.47+0.08 5.2340.01
7 0.164 1.83 27.58 5.4610.08 5.1940.01
§ 0184 182 27.68 5.42+0.08 5.18:0.00
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(Table 3.5 continued)

9 0339 1.74 28.44 5.3010.05 5.024+0.01
10 0.445 1.69 28.96 5.21+0.04 4.95+0.01
11 0.614 1.62 29.80 5.10+0.03 4.84+0.02
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Table 3.6 Internal mobilities in the molten systems (Y, La)u3)Cl (a) and (Y, Dy)ass)Cl (b)

at1073 K.

(a)(Y, La)asCl

Run No. X1, K V_-10° uy, -10° u,, -10°

(Sm™) (m® mol™) (m*V's™h (m* V's™h
0 512 25.46 1.35
a-1 0.104 5738 25.42 1.5040.00 1.7540.03
a-2 0.231 652 25.36 1.64+0.00 1.97+0.01
a-3 0.276 678 25.34 1.68+0.01 2.05+0.02
a-4 0.387 73.9 25.28 1.74+0.01 2.25+0.02
a-5 0.512 81.7 25.22 1.91+0.01 2.35+0.01
a-6 0.608 873 25.18 2.01+0.01 2.4540.01
1 (111)°" (25.00)* 2.88

“Extrapolated values with respect to temperature®™

(b)(Y, Dy)anCl

Run No. xpy K V_-10° uy, -10° p, -10°

(Sm™) (m’ mol™) (m* V*'s™) (m* V7T
b-1 0.150 523 25.45 1.394+0.00 1.33+0.00
b-2 0277 529 2543 1.43+0.00 1.304+0.00
b-3 0.546 542 2541 1.46+0.00 1.40+0.00
b-4 0.556 542 25.40 1.49+0.00 1.38+0.00
-b-5 0.773 552 25.38 1.54+0.00 1.434+0.00
1 56.2 25.36 1.48

The sign + represents the standard deviation.
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Table 3.7 Main experimental conditions and the results of electromigration.

Run No. 1 2 3 4 5
Electric current (mA) 300 100 200 200 200
Voltage (V) 180~210 60~75 80~110 190~200 200~220
Duration (hr) 22 64 40 43 26

Transported charge (C) 22740 22757 28014 29812 18235
Temperature (K) 1073+3 97313 973+2 1023+2 104342

Separation tube

length (mm) 152 150 100+30+20”200 200

int. diam. (mm) 4 4 4+8+4Y 4 4

£-10*  M=160 33402 3.5+03 3.2408 29+02 4.1+0.1
161 22402 23+04 21407 22+02 2.0+0.1
163 -1.9402 -2.0403 -2.0+0.6 -1.8+0.1 -1.9+0.1
164 39401 -5.1+04 -52+03 -3.5402 -3.8+0.1

~u 0.030 0035 0034 0029  0.032

“From the anode side, the tube was made of three parts fused together, of 4, 8, and 4

mm internal diameters and 100, 30, and 20 mm in length, respectively.
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Table 3.8 Parameters for # in Eq. (3.1) in the molten (Ca, Ba)u,)Cl.

Cation A4 E Vo
(107 m’ Vs mol™) (kI mol™) (10° m® mol™)
Ca 1.22 19.1 -0.961(973 K)
-0.837(1073 K)
Ba 1.36 18.4 -5.769(973 K)

-4.121(1073 K)

Table 3.9 Values of mass effect y in the molten binary system at various compositions

at 1073 K.

Runno b-1 b-2 b-3 b-4 b-5 %
XDy 0.150 0277 0.546 0556 0773 1

- U 0.017 0.16 0.079 0.13 0.13 0.032

*Measured for the Dy isotopes in pure Dy3,Cl melt.
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quartz crucible

Fig. 3.1 Apparatus for sublimation of rare earth chlorides.
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g .
RN
&

Cell Circuit

Fig. 3.2 Schematic diagram for the electric conductivity measurement: the cell and
circuit. 1, Pt electrode; 2, gas bypath; 3, U-shaped quartz cell; 4, Ar gas; 5, sample
melt; 6, function generator; 7, variable resistor;, 8, resistor; 9, capacitor; 10,

synchroscope for zero detection.
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Fig. 3.3 Concentration and temperature ranges of the measurements of ¢ for the system
(Ca, Ba)(1/2)C1(27).

-+ measured points.
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Fig. 3.4 Concentration and temperature ranges of the measurements of ¢ for the system
(Y, La)(1/3)C1(28).

- = measured points.

62



R/ Q2

-O—O— T e e e 4\)—_
o O o]
300} .
0—0 O——O— ——O—
-O0—O- O——O0— —0——

200k oo o

0 0.1 02 03

Fig. 3.5 Frequency dependence of resistance measured.
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Fig. 3.6 Temperature dependence of electric conductivities in the molten system (Y,
La)uCl

®: pure Yi5Cl, O: x1.=0.102; M: x1,=0.207; [J: x1.=0.493; A: x1,=0.601.

- The dotted lines are drawn by the equation with the parameters in Table 3.2.
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Fig. 3.7 Temperature dependence of electric conductivities in the molten system (Y,

Dy)asCl

®: pure Y5 Cl, O: xp,=0.251; B xpy=0.501; [I: xpy=0.784; A: xpy=0.901; A:
- pure Dy, CL

The dotted lines are drawn by the equation with the parameters in Table 3.2.
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Fig. 3.8 Isotherms of the electric conductivity at 1073 K in the molten system (Y,
La)usCl.  The value for pure LagsCl shown in parentheses is extrapolated from that
for the melt®® with respect to temperature. The dashed line is drawn by a least squares

it k/Sm™ =517+585x,, .
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Fig. 3.9 Isotherms of the electric conductivity at 1073 K in the molten system (Y,

Dy)as)Cl.  The dashed line is drawn by a least squares fit: x /S m™ =518 +4.64x,, .
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Fig. 3.10 Isotherm of the electric conductivity at 973 K and at 1073 K in the molten
system (Ca, Ba)uyCI®Y.  The dashed line is drawn by a least squares fit:
k/Sm =159 667x,, +320x2, (973 K)

x/Sm™ =194 - 682x,, +266x;, (1073 K)
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Fig. 3.11 Internal cation mobilities in the molten system (Ca, Ba)u)Cl at 973 K and
- 1073 K.
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Fig. 3.12 Isotherms of uy and ug, in the molten system (Y, La)u)Cl at 1073 K.

For pure Lag3,Cl, see the legend of Fig. 3.8.
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Fig. 3.13 Isotherms of #y and upy in the molten system (Y, Dy)qusCl at 1073 K.
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M _ M 162 M _ M 162
ANES AN S A NES A /x,".

72




Chapter 3

=
. 0 -
W
ok % i
b i
:
6

] ! ] ] ]
160 161 162 163 164

Fig. 3.15 The isotope effect of internal mobilities of Dy in molten DyamCl

O:Runl; O:Run2; A:Run3; @: Run4; M:Runs.
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Fig. 3.16 uc, and up, at 1073 K vs. molar volume.
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Fig. 3.17 The reciprocal of mobilities in the molten system (Ca, Ba)u)Cl at 973 K and

1073 K.
Qe @:upa.

The dashed lines are drawn according to (3.1) with the parameters in Table 3.8.
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~ Fig. 3.18 Internal cation mobilities of Na" and Ca* at 1073 K vs. molar volume.
o buCa(this work), A: pure uc,, O, [J: ux, in the system (M, Na)Cl (M=Li and K);
A pure Una. The dotted lines are drawn by a least squares fit of the form of (3.1).

As for the dashed line, see the legend of Fig. 3.17.
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L B buBa(this work); O: uk in the system (Na, K)CI®.  As for the dotted and dashed

lines, see the legend of Figure 3.18.
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Fig. 3.20 Potentials felt by Li" and K" ions located collinearly between two CI ions.
These potentials are obtained by superposition of the pair potentials™® shown here.
- The magnitude of one-dimensional kinetic energy at 1000 K is given for comparison.
The separating motion bf the cations located at the arrowed position from the referenced

Cl' ion (left-hand side one) during the process of the varying CI—CI distances is
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Fig. 3.21 Internal cation mobilities vs. molar volume at 1073 K in some molten binary
systems. In the inset the values in the molten system (Y, La)us3)Cl are shown.
Ay, A ug in (Na, K)CI®. O uc,, W up, in (Ca, Ba)anyCl. O: uy, @: ug, in

(Y, bLa)(1/3)C1.
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Fig. 3.22 The mass effect in molten chlorides plotted against the cation masses.
Temperature dependence of the mass effect has been measured for some salts.

However, the dependence is small enough for the present comparison.
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Chapter 4.

Internal cation mobilities In molten monovalent-multivalent cation chloride

systems

4.1 Background

In previous chapters, we have shown the internal mobilities, #, in various molten
binary chloride systems containing multivalent cation measured by Klemm’s
countercurrent electromigration method. For example, the internal cation mobility
isotherms at 673 K in (M1, Myu)NO; (My=Li, Na, K; My=Ca, Sr, Ba) are plotted
against x, in Fig. 4.1. In the molten binary “system (K, M)NO; (M=Ca, Sr and
Ba) ", uy decreases with increasing xyg; x is mole fraction. This tendency could be
interpreted in terms of the tranquilization effect by M*" ions. Meanwhile, uy; increases
with increasing xx; this trend may be attributed to the agitation effect by K" ions.
However, the conductance mechanism of the alkaline earth cation in its higher
concentration range cannot be discussed, since these alkaline earth nitrates are not stable
in molten state. Thus, in this chapter the mechanism of the ionic conductance in molten
binary monovalent-multivalent cation chloride systems will be discussed partly in
comparison with the nitrate systems. For this purpose the system (K, Ca»)Cl and (K,
Dy3))Cl were chosen. Internal mobilities of the (K, Ca2))Cl system have so far been
measured by the EMF mothod®; however, since the EMF method is inherently inferior
to the Klemm method®, we have remeasured the internal transport numbers in the
‘present system by the Klemm method. Internal mobilities in I-III cation systems were
not previously measured, whereas electric conductivities of such systems have been

measured in some chlorides®* M),
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4.2 Experimental

The chemicals KCI and CaCl, (Kanto Chemical Co. Inc.,) used were of regent
grade. These salts were vacuum dried at ca. 400 K for several hours. DyCl; was
prepared by the same procedure as stated in chapter 3. After mixing in a chosen ratio,
they were put in a small quartz vessel and melted. The apparatus and procedures used
were also similar to those described in previous chapters. With a temperature controller,
during electromigration, temperature was kept at 1073 K within +2K and 1093 K within
2K on molten system (K, Caup)Cl, and (K, Dyus)Cl, respectively.  After
electromigration for several hours, the separation tube was taken out of the large
container and cut into several pieces for determining the K™ and Ca®*' with emission

spectrometry, the Dy’ with ICP spectrometry.
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4.3 Results

219 \which are

‘Both of the phase diagrams in the present systems are available
shown in Figs. 4.2 and 4.3. Especially, the mixture of the composition K;DyCls has a
congruent melting point at 1078 K, which is higher than those of pure KCI (1048 K) and
pure DyCl; (928 K).  Thus, electromigration was performed in the (K, Dy3))Cl at 1093
K, whereas we performed electromigration in the (K, Ca(1))Cl system at 1073 K.

In the present study Cau»)Cl and Dyus)Cl is regarded as a molar unit, unless
otherwise stated.

& 1is defined by
e=(u, —uy)/u, 4.1
where u, = x,u, +x,u, (u;is the internal cation mobility of i and x; is the mole fraction:
X, +x, =1).

The ¢ values were calculated by an equation as shown in chapter 2
e=~(F/Q)N,/x,—N,/x,) (4.2)
Since the difference in the mobilities of K~ and Ca™, K™ and Dy’" are large, these ions
were easily separated each other by electromigration. Therefore, much electric current
could not be transported for the measurement of ¢, which, in turn, inevitably involved
relatively large errors of &. The ¢ values in the molten (K, Caq))Cl and the molten (K,
Dyus))Cl are given in Tables 4.1 and 4.2, respectively, together with the main
experimental conditions.

The u values are calculated from the ¢ values and data available on the electrical

9)(11) 9),(12)
( Vm

-conductivities x and molar volumes of the mixtures.
u =&V, | F)(1+x,¢) 43)
u, =&V, F)Y(1-x,&) (4.4)

It should be mentioned that in the present case & is not the relative difference in
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the internal mobilities, since u. is not the average cation mobility™.

The average cation
mobility u#,. may be expressed by

U, = YU, +y,u, 4.5)
where y; is the mole fraction of i when CaCl instead of CaunyCl is regarded as a molar
unit; y is related with x by

Ve = 2% [ (L+xg) (4.6)

Vea = Xca [ (2—%¢,) (4.7)

and when DyCl; instead of Dy Cl is regarded as a molar unit;

Ve = 3% [ (1+2xy) (4.6°)

Yoy = ¥y /(3—- Zny) 4.7)

87



Chapter 4

4.4 Discussion
4.4.1 Internal mobility of monovalent cation

The isotherms of ux and uc, at 1073 K are shown in Fig. 4.4,  uy is much greater
than uc, over the whole concentration, as expected from the results on the molten
systems (K, M(l/z))NOg(l)’(z). ux decreases with increasing xc,.

The isotherms of ux and upy at 1093 K are shown in Fig. 4.5. sk is much greater
than up, over the whole concentration, as also expected. ux decreases with increasing
XDy-

It has previously been found that in molten binary alkali nitrates, the internal
mobilities, #; of cation 1 are well expressed by an empirical equation:

u, =(A/V, -V,)exp(-L / RT) (4.8)
where 4, E and V, are constants nearly independent of the kind of coexisting cations; R is
the gas constant, 7' the temperature. ux’s in the present systems are plotted against the
molar volume together with those in molten system (Na, K)CI'? in Fig. 4.6.

The dotted line is drawn assuming a type of Eq. (4.8) for ux in (Na, K)CI. The ux
in (Na, K)CI increases with decreasing molar volume, which is the normal case, as
expected from Eq. (4.8). On the other hand, wux in (K, Cau)Cl and (K, Dyqs))Cl
decreases. In other words, ux in (K, Caup)Cl and (K, Dyqs)Cl decreases with
increasing mole fraction of Ca*" and Dy*", respectively. This may be accounted for in
terms of the tranquilization effect’” by these cations on ug.  The tranquilization effect is
assumed to occur by a strong Coulombic interaction of cations with a common anion,
that is CI ion in the present case. Figure 4.6 shows that at a given molar volume the
tranqﬁiliz,ation effect by Ca®" is stronger than that by Dy, although the interaction of
Ca®-Cl is presumably weaker than that of Dy**-CI"  This apparent contradiction may

be explained in terms of the difference in the number of these cations per CI ion. The
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ratio of the numbers of Ca®"/CI" is considerably greater than that of Dy**/CI; for example,
at Vu=35X10°m’mol”, x¢,=0.643 and xp,=0.681, that is Ca®/C'=0.322 and Dy*'/CI
=0.227. Thus, the apparently more effective tranquilization effect by Ca** than by Dy**

is due to the more condensed number density of the multivalent cation.
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4.4.2 Internal mobility of multivalent cation

Figure 4.4 shows that uc, increases with increasing xx. The uc, measured in the
present study is plotted against the molar volume V5, in Fig. 4.7, where uc,’s in the
system (Ca, Ba)u)Cl previously measured at 1073 K are also shown for comparison.
uc, in the present system is larger than the extrapolated value of uc, in the molten system
(Ca, Ba)qCl.  This may be attributed to the agitation effect by K™ ions; the separating
motion of Ca®" ions from the neighboring CI ions are agitated by the more active motion
of the coexisting K" ions, since the Coulombic interaction of the monovalent cation with
the CI ion is considerably weaker than that of the divalent cation.

Figure 4.5 shows that upy decreases with increasing xx. The up, measured in the
present study is plotted against the molar volume V, in Fig. 4.8, where up,’s in the
-system (Y, Dy)asCl previously measured at 1073 K are also shown for comparison.
Although up, in the present system seems to decrease with increasing molar volume, the
profile of upy in the present system as a function of molar volume is clearly different from
that in (Y, Dy)asCl.  As molar volume increases, Dy*" ion will be more associated with
the neighboring Cl” ions. Raman spectroscopic studies suggest that there exist such
species as [LnCls]” in the mixture system (KCI-LnClL)(Ln: La®®0(9 yU7 Gt
Neutron and X-ray diffraction studies of pure LnCl; melts also suggest that even in the
pure melts the octahetral unit exist, which is connected to other units by edge- or
corner-sharing (Ln: Y(neutron)"”, Nd(X-ray)*”, La, Ce, Pr, Nd, Gd, Dy and Sm (X-
ray)®). X-ray diffraction has been performed also for a mixture melt of the
-composition K3DyCls??,

| Figure 4.5 suggests that at x¢>0.5(a concentration of xx=0.5 equal to yx=0.75
corresponds to KzDyCl) upy seems to become particularly small. This is presumably

because an isolated species of [LnCls]* is formed. This would not necessarily lead to a
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conclusion, however, that in this concentration range such anionic species as [DyCls]” is
also electrically-conducting species. It would be presumably impossible that such a
large species becomes an electrically-conducting species. This could be examined by
studying the isotope effect of Dy in electromigration. We have not yet succeeded in
measuring the isotope effect of Dy in the mixtures rich in K" by electromigration, because
in such mixture systems K and Dy*" were separated each other before electric current
enough for the isotope effect measurement was passed. On the other hand,
measurement of the isotope effect of Dy in pure molten Dy Cl suggests that the
electrically-conducting species containing Dy is Dy*" ¥,

The formation of such species as [DyCls]* with increasing xx could be explained
based on the Coulombic interaction.

Figure 4.5 also shows that, while xk increases, upy seems to be nearly constant at
least in the range xx=0~0.3. This demonstrates that in this range the electrically-
conducting species of Dy does not change much, and is therefore assumed to be mainly
Dy, although such species as [DyCls]* is expected to exist partially.

Figure 4.8 shows that, as molar volume increases, upy in the present system does
not decrease so much as that in (Y, Dy)asCl.  With increasing molar volume, that is
with increasing xx, the number of more free ClI ions will increase. This in turn will
make separating motion of Dy’* from CI favorable to some extent, which is called the
agitation effect on up, by K'. Inthe system (K, Caqpy)Cl, with increasing molar volume,
that is with increasing xx, #c,’s do not vary much. In both cases the two opposite
effects mentioned above, that is the association and the agitation, are assumed to be

superimposed on upy, and uc.. In the former case, however, the association may be

more pronounced than in the latter case.
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Table 4.1 Main experimental conditions and the internal mobilities in the molten system

(K, Ca(l/z))CI at 1073 K.

JCCaa Q & 2 K Vm uKa Zlcaa
(C) (Sm™ (10°m’mol™)  (10°m2v'sh
0 223 4923 11.37

0.067+0.004 982 0.499+0.038 207 4775 10.574+0.135.47+0.19
0.333£0.007 2005  0.344+0.014 167 41.83  8.09+0.28 5.5940.56
0.487+0.005 1970  0.210£0.017 152 3845 6.67+0.13 5.40+0.07
0.658+0.004 1076  0.036+0.004 141 3466 5.20+0.21 5.02+0.11
0.669+0.006 2013  0.085+0.004 141 3441 5.3240.20 4.89+0.10
0.675+0.001 1529  0.061+0.001 141 3430 5.2340.11 4.9240.05
0.693+0.003 2120  0.06240.001 141 33.89 5.17+0.13 4.86+0.06

0.698+0.008 1588  0.1211+0.004 141 33.77 5.3640.21 4.76+0.09

0.802+0.004 1670  0.068+0.002 147 31.56  5.1240.17 4.78+0.04

1 209 27.09 5.86
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Table 4.2 Main experimental conditions and the internal mobilities in the molten system

(K, DY(1/3))C1 at 1093 K.

XDy 0 e® K Via ux" Upy'

(C) (Smh) (10°m’mol™) (10°m*V's™)
0.24140.005 1411  1.2040.02 174 4438 10.28+0.000.69+0.12
042040002 610  1.5610.02 141 4038 9.79+0.05 0.54+0.06
0.53240.035 617  1.40+0.06 123 3806 8.45+0.28 1.68+0.27
0.67040.012 536  2.10+0.03 103 3522  9.05+0.13 1.15+0.20
0.760+0.002 2089  1.38+0.00 914 3337 6.48+0.01 2.1130.00
0.836+0.000 684  1.80+0.01 828 3180 6.84+0.03 1.92+0.01
10.913+0.004 649  1.95+0.02 747 3020 6.51+0.05 1.94+0.02
0.945+0.002 1184  1.58+0.02 718 2955 5.49+0.04 2.01+0.01
1 670 2841 1.97

*The sign * for xpy, & and # indicates the errors due to the chemical analysis.
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Fig. 43 Phase diagram of the system KCl-DyasCl
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The molar volume of pure Dy(3Cl appears to be slightly smaller at 1093 K%
than at 1073 K%,

This inconsistency comes from the different origins of the cited
references.

<>I Upy in (Y, Dy)(1/3)Cl, A Upy in (K, DY(1/3))C1.
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Chapter S.

High enrichment of uranium and fission products in ionic salt bath by

countercurrent electromigration

5.1 Background

The PUREX method was originally planned for separation of U and Pu. Many
investigators have proposed several nuclear fuel cycle concepts by modifying the
PUREX method, in most of which radioactive materials are to be vitrified to inorganic
matrix and stored in the underground. The Integral Fast Reactor (IFR) concept
proposed by Argonne National Laboratory” contains a sophisticated idea of
pyrochemical treatment in the nuclear fuel cycle. After electrowinning U as well as
transuranium elements (TRU), a small amount of the fuel elements and a large amount
of fission products are left in the melt bath. In the IFR concept, after removal of the
fuel materials, the salt bath containing fission products will be occluded into the zeolites
and stocked as the deposits. However, from a standpoint of the harmonization of
nuclear systems with global environment,

(Dwe should remove the residue of U and TRU completely for minimization of nuclear
waste and utilization of rare fuel elements,

@we should also make an effort to separate the fission products each other for
incineration or utilization of medical tracers, rare materials and so on.

Thus, Shimizu and Fujii-e have proposed Self-Consistent Nuclear Energy System
(SCNES)®, which aims at zero release of radioactive materials out of the fuel cycle®, as
shown in Fig. 5.1. In the SCNES we need to separate fuel elements and fission products
into the following groups;

1) U and TRU should be recycled as fuel elements,

104



Chapter 5

2) a series of fission products whose half-lives are more than 1 year should be returned
back to the reactor core for their incineration, and the other should be cooled down
and released from the fuel cycle.

As one of the most feasible candidates for the SCNES is a metallic fuel fast breeder
reactor (FBR), we have adopted pyrochemical treatment of metallic fuel as a chemical
separation process. One of concepts using molten chlorides as solvent is shown in Fig.
59 After the electrorefining and drawdown process, all alkali halides, alkaline-earth
halides and some amounts of rare earth halides from fission products still remain in the
salt bath. Thus, in order to use the salt bath repeatedly, we have applied a
countercurrent electromigration method which originated from isotope separation(e.g.
enrichment of SO,

As mentioned in Chapter 4, from data on internal mobilities in the molten KCl-
Dyas(Cl mixture’” and the molten KCl-Cagn)Cl mixture”™, Dy and Ca are assumed to be
much enriched from their low concentration melts. Horinouchi and Okada have
measured the internal mobilities in the molten LiCl-CsCl mixture®, where Cs was
enriched at the anode at xcs < 02  Then, we have proposed to apply the
electromigration method to chemical separation process to remove fission products.

There are two methods proposed for separation of alkali metals and alkaline-earth
metals from the mixture solution. One of them is to use crown ethers(w)’(l1)’(12)’(13)’“4)’
100NN Crown ethers have excellent selectivity for each alkali metal and
alkaline-earth metal by trapping into different sizes of cages. These, which are
polymerized or kept in resin, may be used as ligands for extractor or separation columns.
Fission products can be absorbed and eluted by selecting the ligands, solvents and

cluents. These properties lead to a complicated separation process, which cannot be

performed in the molten state.
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(20),(21),22)

The other process is concerned with inorganic ion exchangers For

example, some series of zeolites can adsorb alkali metals and alkaline-earth metals into
different sizes of holes according to the ionic radii. We can trap most of all the
clements into the holes if we can select several species of zeolites.  This technique can
also be applied to the pyrochemical treatment of the molten salt containing fission
products as described in the IFR concept™. However, if we want to keep the
adsorbed molecules in the matrix firmly, we should make calcination over 973 K.  Then,
this absorbed molecules cannot be readily taken out again.  This character plays a merit
for deposition but a demerit for utilization of the radioisotopes.

The electromigration method has an advantage for the pyrochemical treatment
due to its simple construction for being able to use the same container with the
conductive melt bath. Iwasaki and Takagi have already demonstrated enrichment of La
in the NaCl-KCl equimolar mixture bath®. 1n the present work, we have employed
two series of experiments;

(Dmolten NdCly, UCls and UCls in the LiCI-KCI eutectic mixture as examples of fuel
elements,
@molten CsCl, SrCl, and GdCl; in the LiCI-KCl eutectic mixture as examples of fission

products.
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5.2 Experimental

In a series of experiments (D, high grade chemical NdCl; was prepared from
Nd,O3(University of Marie Curie, Lublin, Poland). Oxide was dissolved in
concentrated HCl. Nd»Os » H,O was crystallized from solution. Anhydrous Nd,Os
was prepared by dehydration of Nd;O0; + H;O and NH;Cl mixtures under reduced
pressure followed by distillation of product under vacuum. The details of preparation

A

procedure were described by Gaune-Escard et a UCls was prepared from

UsOs(Merck) by hydrogen reduction to UO,, and then chlorination with CCly vapors®®.

UCl; was prepared by reduction of sublimated UCls with Zn®”.  Completeness of the
synthesis was verified by DTA. LiCl (B.D.H. Ltd.)and KC(PPOCH) were dehydrated
by heating under gaseous HCI to melting. Excess of HCI was removed by dry Ar. All
reagents were stored in sealed glass ampoules under dry Ar.

In a series of experiments @), high grade chemicals LiCI-KCl of the eutecitic
composition (59mol%LiCl + 41mol%KCl) and SrClz (both were supplied by APL
Engineered materials, INC.), CsCl and GdCl; (both were provided by Rare Metallic Co.,
Ltd.) were used without further purification. All reagents were kept in sealed
ampoules filled with dry Ar before use.

Especially, the cell for electromigration was revised in (D as shown in Fig.
5.3, The cell was considered to be divided into the main part for anode (migration
tube) and the substitute part for cathode. The melt bath, which contained a mixture of
solvent salt LiCI-KCl eutectic composition and fuel component (UCl;, UCly, NdCl),
was kept in the main container. In the sub container, PbCl, was melted for reduction
to Pb metal instead of the reduction of ionic bath elements. The main container and the

sub container were connected by two branch pipes. One of them was gas bypass and

the other was ion bypass through quartz wool. Both cathode and anode were made of
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super fine graphite rods (Smm ¢ ). The upper part of migration tubes had an outlet for
Cl, gas. The lower part of migration tubes were packed with alumina powder (100 u m
¢ ) in order to prevent the melt from convection in the migration tubes (4mm ¢ ).
Temperature was kept at 873 K with a temperature controller(Eurotherm Ltd.) and
measured by a Pt-PtRh10 thermocouple during migration.

Since all equipments needed to be kept under Ar gas to prevent NdClg, UCl; and
UCl4 from oxidation, we constructed Ar flow system, which is shown in Fig. 5.4. Ar
gas line of vinyl pipe was connected by sticking with epoxide polymer. Ar gas was
purified by the purifier(Unigaz) during experiments. During migration, Cl; gas was
trapped by NaOHaq. solution. Before electromigration, migration tubes were
preheated and saturated by Ar and then moved into the main cell. The sample melt
containing NdCls, UCl; and UCl, with desired compositions was well mixed by Ar gas
bubbling. The melt was introduced into the migration tubes by suction through a T-
type stopcock. Constant current supplier(Unitra - Unima, Poland) fed electric currents
of 20mA and 50mA. Transported charge was measured by a Cu coulometer. After
about 1000C was transported, the migration tubes were removed from the bath and the
salt was quenched quickly. The edge of the migration tubes were covered by epoxide
polymer immediately and cleaned outside and cut into several pieces with 7~8 mm
length in a glove box. The salt in each fraction was weighed for estimating the amount
of solvent salt and dissolved in hydrochloric acid. The amount of Nd was analyzed by
the Arcenazo III method (colorimetry: A = 650nm)®® by a colorimeter(Carl Zeiss,
Jena). The amount of U was analyzed also by the Arcenazo III method after reduction
by Zn metal( A = 665nm)*®®. The amount of Li and K was determined by ICP
spectrophotometry(Perkin-Elmer).

In the series of experiments @), the cell used for electromigration was of the
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similar type shown in Chapter 2.  Especially, the melt bath contained a mixture of LiCl-
KCl of the eutectic composition as well as sample salts(CsCl, SrCl, and GdCI;). The
melt was well mixed and was introduced directly from the salt bath into the migration
tube through the bottom by sucking with a handy pump. Temperature was kept at 873
K * 2 K during migration.  Since the melts should be kept under Ar gas atmosphere for
preventing GdCl; from oxidation and LiCl from hydration, we have performed all
migration in an Ar-flow glove-box(Vacuum Atmosphere Corp. MO40-2) with
purification columns. The amount of Sr, Li and K in each fraction was determined by
flame spectrophotometry and Cs was determined by absorption spectrometry(Hitachi
Corp. Z-6100). The amount of Gd was analyzed by ICP spectrometry(Seiko Denshi
Kogyo SPS-7000).

We have performed a series of experiments of CsCl (xc=0.0042~0.0891) in the
LiCl-KCI eutectic melt at first and then a few experiments of SrCl, (xs=0.0013~
0.0120) in the LiCI-KCl eutectic melt. Then, we have employed all the reagents (CsCl,
StrCl; and GdCl) (xc=0.0048~0.115, x5~=0.0013~0.0217, x64=0.0001~0.0034) in

the LiCI-KCl eutectic melt.
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5.3 Results

& was defined as,
g:(ul—uz)/; 5.1
where #; was the internal mobility of 1, that is, Nd, U, Cs, Sr, Gd, u, was the average
internal mobility of the solvent, that is the LiCI-KCl mixture of the eutectic composition,
u was the average cation mobility of all the cations concerned. The & values
were calculated by Eq.(5.2) based on the material balance,
e=~F/QO)N,/x,—N,/x,) (5.2)
where O was the transported charge, Ny the total quantities in mole of (1/Z)M”" in the
separation tube from the anode to the position where the chemical composition
remained unchanged during electromigration and xy the mole fractions before
electromigration. The LiCI-KCl mixture has a Chemla crossing point at x;~0.78 at
873 K®. However, for a conventional calculation, LiCI-KCl eutectic was considered
to be a quasi-one component system, because the mobilities of Li and K are very similar
at the eutectic composition®”. The & < 0 means that Nd, U, Cs, Sr or Gd migrates
slower than Li and K. The values of & are given in Tables 5.1 and 5.2 together with
the main experimental conditions.

One of the results of the salt distribution along the tubes in each fraction in the
system of NdCls in the LiCl-KCI eutectic melt and one of the results in the system of
UCl; and UCly in the LiCI-KCl eutectic melt are shown in Figs. 5.5 and 5.6, respectively.
One of the results of the salt distribution along the tubes in each fraction in the system of
CsCl in the LiCI-KCl eutectic melt and another result in the system of CsCl, SrCl, and
GdCls in the LiCl-KCl eutectic melt are shown in Fig. 5.7. In Fig. 5.7, the upper

abscissa indicates the distance from the anode.

110



Chapter 5

5.4 Discussion
5.4.1. System of NdCls, UCIs or UCly in the LiCI-KCl eutectic melt

Figures 5.5 and 5.6 show that the electromigration method can concentrate Nd or
U near the anode area on the condition of the initial concentration more than xy = 10
Table 5.1 shows that even though ¢’s are much scattered, U and Nd migrates much
slower than Li and K. As ¢3+’s and gy#’s are smaller than &wa3+’s, Uranium is
more concentrated from the same initial concentration. Calorimetric investigations®"
suggest that anionic species e.g. [NdCls]” are stable, especially in lower concentration of
rare earth cations. It is assumed that most of Nd ions and U ions are made complex
ions with chloride. On comparison between UCl; and UCls systems, the &u#+’s are
nearly equal to g13+’s. gu3*’s and gu#’s are calculated on the average to be -0.95
and -0.914, respectively. In previous works™®, internal moblilities were much
influenced by the difference of the cationic charge. However, in UCls system, the color
of solidified salt in the migration tubes in the area near the anode changed from red to
yellow-green. It is supposed that this change of color is caused by oxidation of U* by
chlorine gas. The relative difference of internal cation mobilities is calculated by the
material and charge balances through an arbitrary plane where the concentration

3 . g . o e
unchange. As some amount of U*" was oxidized to U*" in the area near the anode, it is

supposed that U* migrated through the plane in the UCl; system.
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5.4.2. System of CsCl in the LiCI-KCI eutectic melt

Figure 5.7 shows the electromigration method can concentrate Cs near the anode
area on the condition of the initial concentration xc> 4X10%.  The values of - &, in
this system are plotted against xc, in Fig. 5.8. The values of -&., seem to be almost
constant at xcs < 0.09. Though the data on - &, are scattered at xcs < 107, Cs migrates
more slowly than Li and K.

As we mentioned before, the Chemla crossing point exists in the isotherms in the
molten LiCl-CsCl mixture®. Although the mobility isotherms have not yet been
measured in the molten KCI-CsCl, there must also exist a Chemla crossing point. In
the molten binary®” and ternary alkali nitrates®”, we have found that the internal
mobilities of alkali ions are approximately expressed by an empirical equation:
u={4/(V,~V,)}exp(- E/ RT) (5.3)
where Vy, is the molar volume and 4, Vo, and E are constants characteristic of the cation
of interest and nearly independent of the coexisting cations. Also in the chloride
systems, such an equation is assumed to exist. In the LiCI-KCI system and the LiCl-
CsCl system, V,.’s at the Chemla crossing point are ~32 X 10°m’mol” ©, and ~35 X107
Sm’mol™ ® respectively, at 873 K, while the KCI-CsCl system has not been studied yet.
Therefore, in the ternary mixture of LiCI-KCI-CsCl, there will not exist a molar volume
(and therefore a composition) where the mobilities of these 3 cations are equal. Thus,
the sequence of wuii, wx and uc, is dependent on the composition. As far as

concentration of CsCl is low, there must be a concentration range where #cs<ur; ~ ux.
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5.4.3. System of CsCl, SrCl> and GdCl; in the LiCI-KClI eutectic melt

In the mixture of CsCl, SrCl, and GdCl;, Cs, Sr and Gd can be enriched near the
anode, as shown in Fig. 5.7. Figure 5.7 shows these are more enriched in the 2nd
fraction than in the 1st one, because the salt in the 1st fraction happened to contain salt
unelectromigrated to some extent. Although such a case often occurs, this does not
affect the calculation of the & value by Eq. (5.2)°%. Figure 5.7 shows also that, - &,
and -¢,, are clearly larger than -&,,. The coulombic interaction between Gd’" and CI
and between Sr** and CI is much stronger than that between Cs' and CI. In the
molten KCI-Dy3C1and KCI-Cag,Cl ® Dy and Ca were well enriched from their low
concentrations, respectively, as mentioned previously. Thus, this electromigration
method could be effectively used for separation of multivalent cations from monovalent

cations.

The values of -&., in the mixture system are plotted also in Fig. 5.8. In this
system, - &., decreases with increasing xc.. At higher xc,, the Chemla crossing point,
where ¢, = 0, is expected to be observed. -&, in the mixture system is less than
those of the system containing mainly Cs. This may be accounted for in terms of the
tranquilization effect®™ by Gd** and Sr*" on internal mobilities of Cs'. The
tranquilization effect occurs by the strong coulombic interaction of cations with the
common anion CI. In the molten KCI-DyqCl” and KCI-CaCl® mixtures, internal
mobilities of K~ decrease with increasing mole fractions of Dy’" and Ca®’, respectively,
owing to the tranquilization effect. The trantluilization effect becomes more effective
for the second monovalent cation of a larger ionic radius, because CI' ions are more
attracted to multivalent cations in the large-monovalent cation neighbors than in the

(36)

small-monovalent ones When CI ions are associated by multivalent cations, the

tranquilization effect of these cations on the internal mobility of the monovalent cation
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will occur. Thus, the electromigration method will be used as a powerful tool to
separate multivalent materials from coexisting Cs".

On the other hand, Gd was more concentrated at its lower concentration as seen
from Table 5.2. Raman spectroscopic studies suggest that there exist anionic
complexes such as [GdC16]3' in the mixture with the alkali metal chlorides®”.
Thermodynamic studies of mixing enthalpy®® also suggest that these anionic complexes
are stable, especially at lower concentration of rare earth cations. Thus, in lower
concentration of Gd, this associated species is conjectured to be the main electrically-
conductive species.

For the future R&D, we should estimate the energy required for the
electromigration process by using data available for the fission yields at the equilibrium
state as well as the data on g, ’s for each element. We should check the limit of
maximum concentration in the migration column, because the salt containing
concentrated elements will be solidified near the anode if its melting point is high.
Furthermore, for application of the electromigration method to the practical plant, we
should arrange the column so as to take out the concentrated fission products

continuously.
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Table 5.1 Experimental conditions and relative difference in internal mobilities at 873 K.

(1a) NdCls system

Run No. current(mA) o(C) N3+ £y
a-1 50 905 8.35x10™ -0.198
a2 20 998 1.31x10° -0.133
a-3 50 1040 2.60%x 107 -0.238
a-4 20 965 4.45x10° -0.274
a-5 50 1068 5.45%x10° -0.535
a6 20 1260 7.22%X107 -0.286
a-7 50 805 1.19x 107 -0.503
a-8 20 1144 1.28%10% -0.613
a-9 50 1003 2.51x107 -0.704
a-10 20 1063 2.34X107 -0.734

(1b) UCl; system

Run No. current(mA) o(C) xu3+ Eyn
b-1 50 978 4.75%10° -1.12
b-2 20 934 2.94% 107 -1.39
b-3 50 1074 1.48x10™ -0.848
b-4 20 925 1.31x10* -0.377
b-5 50 994 9.05x10™ -0.782
b-6 20 957 8.77 X 10™ -0.970
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b-7 50 987 2.63%x107 -0.873
b-8 20 951 1.64x 107 -1.24
(1c) UCl, system

Run No. current(mA) o(C) Xyt &
c-1 50 1009 291107 -1.39
c2 20 835 7.04%x107 -1.59
c-3 20 955 1.24x 10" -0.652
c-4 50 983 1.04x10° -0.733
c-5 20 943 1.06x10° -0.777
c-6 50 908 2.11%x10° -0.693
7 20 908 2.11x107 -0.563
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Table 5.2 Experimental conditions and relative differences in internal mobilities at 873 K.

(2a) system of CsCl in the LiCI-KCl eutectic melt

Run No. current g Voltage xcs Ecq

(A)X(h) (c)y ™
a-1 0.06 X11 2436 15 0.0042+0.0002 -0.067+0.019
a-2 0.1X12 4379 25 0.0043+0.0002 -0.123+0.010
a-3 0.1X6 2237 25 0.0049+0.0003 -0.0601+0.007
a-4 0.2X6 4485 45 0.0090+0.0007 -0.085+0.011
a-5 0.1X14 5026 25 0.01254+0.0004 -0.099+0.007
a-6 0.1X19 6902 25 0.0146+0.0005 -0.145+0.008
a-7 0.2X6.5 4716 45 0.0374+0.0021 -0.091%0.010
a-8 0.1X12 4643 20 0.0418+0.0054 -0.065+0.016
a-9 0.2X7 5053 50 0.0679+0.0037 -0.086+0.008
a-10  0.1X10 3647 30 0.083610.0184 -0.089+0.040
a-11 0.1X16 6001 25 0.0891+0.0039 -0.078%0.006
(2b) system of SrCl in the LiCI-KCI eutectic melt
Run No. current Q Voltage xs: &,

(A) X (h) ¢y
b-1 0.2X3 2222 50 0.001340.0006 -0.33+0.21
b-2 0.1X1.5+0.2X21237 60 0.0026+0.0002 -0.2610.03
b-3 02X1.5 1220 60 0.0120+0.0009 -0.63+0.10
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(Table 5.2 continued)

(2¢) system of CsCl, SrCl; and GdClsin the LiCI-KCl eutectic melt

Run FP current 0 Voltage xum En
(A)x(h) (¢)y ™
c-1-Cs 0.1X15 5450 25 0.0048+0.0005 -0.053+0.016
-Sr 0.00134+0.0000 -0.3610.02
-Gd 0.0001£0.0000 -14.4+1.1
c-2-Cs 0.2X12 8550 50 0.115+0.018 -0.0451+0.010
-Sr 0.0021£0.0003 -6.39+1.02
-Gd 0.0034+0.0003 -0.49+0.05
¢c-3-Cs 0.2X3 2259 50 0.0695+0.0024 -0.061+0.010
-Sr 0.0217+0.0010 -0.39+0.03
-Gd 0.0034+0.0002 -0.67+0.06
c-4-Cs 0.2X6 4556 50 0.0645+0.0014 -0.073%+0.005
Sr 0.0241+0.0043 -0.38+0.08
-Gd 0.0006+0.0002 -3.28+1.36
c-5-Cs 0.2X16 11760 45 0.0651+0.0029 -0.061+0.004
-Sr 0.0015+0.0004 -3.83+1.10
-Gd 0.0007+0.0002 -0.99+0.22
c-6-Cs  0.05X15 3323 20 0.0118+0.0006 -0.075+0.011
-Sr 0.0044+0.0001 -0.32-+0.01
_Gd 0.0028+0.0002 -0.23+0.02
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(Table 5.2 continued)

The sign + refers to the errors of chemical analyses.
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Fig. 5.3 Electromigration cell.

A: graphite electrode; B: Ar gas inlet; C: covers; D: gas bypass; E: molten LiCI-KCl
(eutectic) + sample salt (NdCls, UCls, UCLy); F: sub-container; G: molten PbCly; H:
molten Pb metal; I: main-container; J: quartz wool, K: thermocouple; L: alumina |

powder; M: migration tube; N: Ar gas outlet; O: Cl, gas outlet.
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Fig. 5.4 Ar circulating system for electromigration.
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Fig. 5.5 One of the concentration profile in the migration tube of NdCls system (Run No.
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Fig. 5.6 One of the concentration profile in the migration tube of UCl; and UCls system
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Chapter 6.
Conclusion

The profiles of the isotherms of the internal cation moblities in (Ca, Ba)uzCl
system are similar to those in alkali chlorides, although the values of uc. and ug. are
smaller than those of un, and u, respectively, by a factor of 2~3. The present results
suggest that the general rules so far found for the internal mobilities in the binary alkali
chlorides hold also for those for binary alkaline-earth chlorides. The main electrically-
conducting species in alkaline-earth chloride melts are conjectured to be monoatomic
ions.

In (Y, La)as)Cl, ura is greater than uy over all the range investigated.  The larger
cation, La’", is more mobile than the smaller one, Y, probably because the cation-anion
interaction is weaker for the former than for the latter. The isotherms of # as a function
of the molar volume are quite similar to those observed generally for binary monovalent
and binary divalent cation systems in that the mobilities increase with decreasing molar
volume, but are different in that the increasing magnitude is greater for the larger cation
(La’") than for the smaller one (Y*). This difference may be ascribed to the difference
in the coordination structures of the two cations in the molten state.

In (Y, Dy)as)Cl uy is slightly greater than up,.  Since the difference in the cationic
radii is very small, the difference in the masses is probably the dominant factor in the
mobilities.

The main cationic electrically conducting species are conjectured to be the
nonassociated trivalent cations in all the rare earth chloride melts, although their lifetime
is presumably very short.

The isotope effect on internal mobilities of Dy has been measured in molten

Dyas)Cl by countercurrent electromigration. The lighter Dy isotopes migrate faster
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toward the cathode. If the mass ratio of the cation to the anion is taken into account,
the isotope effect of Dy is large as compared with those of monovalent and divalent
cations. Thus, the main electrically conducting species in molten dysprosium chloride
are conjectured to be nonassociated Dy’" and therefore also CI ions.

Internal cation mobilities in the molten binary systems (K, Caun)Cl and (K,
Dyas)Cl have been measured by Klemm’s countercurrent electromigration at 1073 K
and at 1093 K, respectively. Especially, this was the first trial of this method applied to
a molten (alkali metal-rare earth metal) cation mixture system with a common anion. ug
is greater than #uc, in the whole concentration range, as previously observed in the
systems of nitrates. ux is much (ca. 3~10 times) greater than up, in the whole
concentration range, as expected. Thus, this method may be used for effective
separation of monovalent ions and multivalent ions.

As concentration of multivalent cations increases, uK’ considerably decreases.
This decrease is ascribed to the tranquilization effect by multivalent cations which
strongly interacts with CI” ions.

As concentration of K increases, #c, gradually increases. This increase may be
attributed to the agitation effect by active monovalent cations. Meanwhile, as
concentration of K increases, upy gradually decreases and becomes considerably small in
the concentration range rich in KCI. This decrease may be attributed to a promoted
association of species containing Dy*" and generation of the isolated species [DyCls]”.
It could not be concluded by the present experiment, however, whether the electrically
conducting species containing Dy is cationic or anionic in the concentration range rich in
KCl.

We have carried out two series df experiments of countercurrent electromigration

using the LiCI-KCI eutectic melt solvent: the solutes wereONdCl, UCl; or UCl,, @
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Chapter 6

CsCl, SrCl, or the mixture of CsCl, SrCl; and GdCl;. We have measured the relative
differences in internal mobilities, &,,’s for each experiment with respect to that of the
solvent salt, where the mobilities of Li and K are regarded as practically equal. In the
system of NdCl;, UCh or UCl in the LiCI-KCl eutectic melt, Nd and U were
concentrated. As U is better enriched than Nd, we can show also the applicability of
the electromigation method for separation between U and rare earth elements. In the
system of CsCl in the LiCl-KCl eutectic melt, Cs was also concentrated. ~As Gd and Sr
were enriched better than Cs, we can propose applicability of the electromigation
method for separation between multivalent materials and monovalent materials. If we
apply the electromigration method to remove the fission products from the ionic bath, we
should pass a little electric charge to the cell at first in order to remove U, Gd and Sr, and
then, contiﬁuously we should transfer more charge to the cell for removing Cs. If we
can find the column arrangement in order to take out the concentrated fission products
continuously, the electromigration method may be applied to the salt bath cleaning

process as well as to treatment of high-level radioactive wastes.
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