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Separation of Isotopes by Electrical Migration and Determination of Ionic
Mobilities in Molten Salts

V.N.Lyubimov

Problems of the use of ionic migration for the separation of stable isotopes under laboratory conditions and in large-scale
plant are considered. The phenomenological theory of the process, the apparatus, the mode of operation, experimental
conditions, and results obtained for twenty elements are discussed in detail. Results obtained by countercurrent and zone
electrical migration for the structure of molten salts and the mechanism of the migration of ions in an electric field are
examined. A list of 341 references is included.
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I. INTRODUCTION

Electrical migration is the directed movement of ions
in an electric field, which is superimposed on the random
thermal motion of the particles. Study of the motion of
ions in an electric field is important both for elucidating
the internal structure of a substance and the actual mech-
anism of such motion and, in application, for separating
mixtures of substances in an ionised state, in particular
for the separation of isotopes.

Electrical migration has been the subject of several
reviews1"25, some of which have become out of date. Yet
many experimental and theoretical papers are continually
being published on this method, which indicates the
unflagging interest of research workers. It therefore
appears useful to review the present-day state of the
problem.

Electrical migration can be accomplished in solids,
liquids, and gases possessing ionic conduction. The
present review considers aspects of the migration of ions
in molten salts. Information on analogous processes in
other media—solid salts, solutions, liquid metals—is
given only in the historical survey or for comparison with
corresponding data for molten salts. Reviews have been
published fairly recently on the movement of ions in
aqueous solutions26'27 and in liquid metals28'29.

II. HISTORICAL SURVEY

The separation of isotopes by the migration of ions in
an electric field is based on the fact that the mobility of
isotopic ions is greater the smaller their mass. This idea
was first put forward in 1921 by Lindemann30. Milliken
and Harkins31, however, then expressed doubt concerning
the feasibility of the process owing to possible masking of
the isotopic effect by diffusion and convection. These
misgivings appeared to be confirmed by a series of experi-
mental papers' for no change could be observed in the
isotopic composition of lithium, magnesium, or chlorine in
attempts to effect the electrical migration of their salts
in aqueous solution, and Eilert's experiment38 evidently
passed unnoticed. And although rare-earth metal ions
were successfully separated by this method37'39"42, Jette43

concluded, from a comparison of deductions from hydro-
dynamic and kinetic theories, that "differences in the
mobilities of isotopic ions are extremely small, and cannot
be detected by existing methods". Attention was there-
fore switched to other processes, and even in 1942
Kendall44 still asserted that the method was powerless to
effect the separation of isotopes.

These failures are explained by the low sensitivity of
the method of isotopic analysis—determination of the
atomic weight of the element undergoing separation —
employed at that time. An isotope effect was, of course,
present, but it was too small. This was proved later,
when mass-spectrometric and activation methods of ana-
lysis became generally available, and radioactive isotopes
began to be used as tracer atoms: when the experiments
were repeated under identical conditions, a change in
isotopic composition was not only observed qualitatively
but also measured quantitatively 45~49.

In the initial attack on problems of producing an atomic
bomb a detailed study was made of many methods—includ-
ing electrical migration—suggested earlier for separating
isotopes. As early as 1942 several groups of investi-
gators in the U. S. A. were developing this method50"58, but
the first publication appeared only in 1946.59 Accounts
appeared later of the method of operation based on the
countercurrent principle, and experimental results on the
separation of the isotopes of potassium 60'61, chlorine 62,
copper ffl, and uranium M>65

) as well as the theory of the
process 6'67. During the War interest in this method was
taken also in Germany 68"72.

In the postwar period the method of electrical migration
was developed in several directions. Countercurrent
electrical migration in aqueous solution applied to the
separation of isotopes was studied in the Soviet Union73"84,
the Federal Republic of Germany4'85"90, Switzerland91"100,
West Berlin27'fo1"114, and Israel115'116. Electrical migra-
tion combined with ion exchange in resin-filled columns or
with the use of ion-exchange membranes has been studied
in Japan117"130 and in the Soviet Union131"137. The elec-
trical migration of ions on a paper strip impregnated with
an aqueous salt solution has been studied in France by
the use of radioactive and stable isotopes13'14'138"144.

Study of the diffusion of ions in salt crystals by means
of a radioactive tracer suggested conducting this
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process with a superimposed constant electric field: in
this way electrical migration was effected in single crys-
tals or compressed powders of salts1 4 8"1 8 5. The produc-
tion of high-temperature fuel cells with solid electrolytes
enabled them to be used to enrich oxygen isotopes by the
electrical migration method 1 Β β"1 8 β.

Molten salts, which, like aqueous solutions, permit the
counter current principle to be applied and thereby the
effect of the difference in mobility between isotopic ions to
be magnified many times, have attracted great attention
from research workers. Following the successful enrich-
ment in 1947 of lithium and potassium isotopes in a mix-
ture of their molten chlorides159, more than a hundred
theoretical and experimental papers have appeared on
counter current electrical migration in molten salts:
studies have been made of the separation of the isotopes
of lithium 2 0 ' 2 1 ' l s e- 1 9 7, sodium192'™ potassium2 0 '2 1 '1 1*'1 9 1 '
192,199-201 ^ ^ ? ? - , - ? , » ^ caesium192, copper204,
s i lver 2 0 5 ! magnesium 1 9 1 ' 2 0 8 ' 2 0 7 , c a l c i u m 2 1 ' 2 0 6 " 2 i 4 , stront-
i u m 2 0 6 ' 2 0 7 . b a r i u m 2 0 6 ' 2 0 7 , z i n c 2 1 5 ' 2 1 6 , cadmium 2 1 4 ' 2 1 7 ' 2 1 8 ,
thal l ium 2 1 9 " 2 2 2 , t in 2 2 3 " 2 2 *, lead 2 1 4 ' 2 2 *" 2 2 7 uranium 2 2 8 ,
chlorine ^,167,200,229-233^ a n d b r o m i n e 2oc?,234,23 5 > T h e t e c h _

nique developed for molten salts has been used to investi-
gate electrical migration in solid salts of lithium2 3 6 '2 3 9.
The electrical migration of isotopic alkali-metal ions has
been examined also in their molten nitrates impregnating a
strip of asbestos1 0"1 4 '2 4 0"2 4 3.

In 1953 Haeffner244 detected a slight change in isotopic
composition when a current was passed through a capillary
filled with mercury. This phenomenon, named after him
the Haeffner effect, was investigated not only in mer-
cury 2 4 5 " 2 4 7 but also in molten lithium2 4 8'2 4 9, potassium2 9 0"2 5 2,
rubidium251"234, zinc2 5 5, cadmium255, gallium256"259,
indium2 5 2 '2 5 8 '2 6 0, tin255»258, and lead258 and in solid uran-
ium 2 4 5. Sharp differences were observed in the behaviour
of isotopic ions in metals and in salts. The fact alone that
in metals light isotopes accumulate at the anode—not at the
cathode as in all other media—suggests that the migration
of ions takes place by different mechanisms in metals and
in salts. Many theoreticalpapers havebeenpublished263"277

on isotope effects in the electrical migration of ions in
liquid metals.

m. SEPARATION OF ISOTOPES BY COUNTERCURRENT
ELECTRICAL MIGRATION

1. Principles and Phenomenological Theory of the Method

The underlying principle of countercurrent electrical
migration consists in producing a flow of electrolyte in the
opposite direction to the movement of the isotopic ions in
the separating apparatus. The velocity of the electrolyte
is adjusted so that the faster light isotopes overcome the
countercurrent and accumulate in the "head" electrode
compartment and in the adjacent portion of the separating
tube joining the two electrode compartments, while the
slower heavy isotopes are washed back by the counterflow
of liquid. If isotopic cations are being separated, the
cathodic compartment is the head electrode compartment
in this sense.

The mathematical description of countercurrent elec-
trical migration is based on the assumptions 6 7 '9 6>2 7 8 that
the velocities ν of the ions, their diffusion coefficients D,
and the electric field strength Ε are in general constant
at any point in the system at any instant t. A one-
dimensional process is considered: i.e. the variables

change only along the ^-coordinate in the direction of the
axis of the separating tube, whereas all parameters are
invariable in a radial direction, perpendicular to x. All
non-kinetic factors which may affect the separation (degree
of dissociation of the electrolyte, association and complex
formation by the ions, reactions involving precipitation of
a solid phase or the evolution of gases, etc.) are disre-
garded by the general theory; if one or more such
processes are superimposed on electrical migration, this
is regarded as a more complex particular case and is
considered specially. Electrode reactions are assumed
not to affect the separation of isotopes, and the electrolyte
in the electrode compartments is perfectly mixed.

Such idealisation of the conditions of the process makes
the problem much simpler to solve, while introducing only
minor errors into the final results. Furthermore, if
particular details of this method are disregarded, other
methods of separation—gaseous diffusion, thermal diffu-
sion, chromatography, etc.—can be described by the same
mathematics. The phenomenology of the countercurrent
electrical migration of ions is the same, of course, in
molten salts, aqueous solutions, and liquid metals.

Let the mixture of isotopes to be separated consist of
mole fractions *y of η components:

When the current is switched on, the components acquire
velocities hj in the direction of the χ-coordinate, the
speed of each component being inversely proportional to
the square root of its m a s s . Thus directed movement
in the electric field—electrical migration—is super-
imposed on the random thermal motion of the molecules of
the liquid. The transport of components along the separat-
ing tube results in a concentration gradient Βΐγ/dx, which
leads to diffusion in the opposite direction to the move-
ment of the ions. The relation between these two factors —
migration in the electric field and diffusion and in the
opposite direction—determines the total flux ty °f the com-
ponent along the separating tube:

iq> = < T ' 0 _ ' D - £ L . (1)

The more mobile components, overcoming the counter-
current of liquid, accumulate at the head of the tube, while
the less mobile components are washed towards the other
end. Since the rate of the countercurrent is equal to the
mean speed of the ions, the mixture as a whole remains
stationary with respect to the walls of the tube:

2 krkv = 0. (2)

The concentration of the components undergo redistribution
along the separating tube at the rates

Ό = 2 *T ('» (3)

From the condition of continuity we can set up the differ-
ential equation

' ^ . (4)
dx dx

for the process of countercurrent electrical migration.
Since the strength of the electric field and the speeds of

the components are everywhere constant, the second term
on the right-hand side of Eqn. (4) vanishes. The inevitable
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mixing of the liquid in the cell as a result of convection
and electro-osmosis can usefully be allowed for by intro-
ducing, instead of the molecular diffusion coefficients ^D,
an effective diffusion coefficient or coefficient of inter-
mixing D' >W. There is then no need to distinguish
between the diffusion coefficients of the components, and
Eqn. (4) simplifies to

(5)

For a system of η components we have thus established a
set of η differential equations of type (5), which are
mutually dependent.

No general method has been found for solving this set
of equations, and therefore simplifying artifices are used.
A particular case of an actual η -component system—a
binary mixture of isotopes—is usually considered. Since
a two-component model can be used to describe the sepa-
ration of isotopes of polyisotopic elements280, the method
of solution is evidently applicable also in the general case.
Denoting light and heavy components by the affixes "1" and
"h", we obtain hy = 1 - V> Ύ = y, and If - ηϋ = Αν; and
Eqn.(5) becomes7 4 '2 8 1

It can also be assumed8 '2 8 2 that all the isotopes in the
mixture, with one exception, are so rare that their mole
fractions remain very small at any instant, and we then
have a set of η independent equations. When in particular
y « 1, we have instead of (6) the linear differential equa-
tion

dx dx* (V)

Mason and Weaver discovered a method for solving an
equation of the type (7) in a study of the distribution of fine
particles, suspended in a liquid, in a gravitational field.
Konstantinov and Fiks 7 4 suggested a direct solution for
countercurrent electromigration. A general solution of
Eqn. (6) was first given by Majumdar when developing a
theory of the thermal diffusion column. The general
principle of the solution of such equations, which has
since been used by all authors, consists in introducing the
dimensionless variables

Ε = — χ , τ = -—- t
3 η ' ' η'

(8)

whose physical meanings correspond to a coordinate along
the separating tube and the time, both expressed in terms
of the process parameters Av and D'. For example,
substituting (8) in (6) and replacing variables

T = { + | | , (9)

where q is some function281'284, will give an equation of the
type

g = ^ , (10)

the method of whose solution is well known.
Solutions of equations of the type (6), (7), and (10) have

been published for several actual cases of countercurrent
electromigration. If the salt containing the separable
isotopes is located entirely inside the separating tube and
is bounded by other salts at both ends, the system is
simulated by the problem of a tube of finite length L closed

at both ends «>**»»·**«*«•»*". The initial condition
represents uniform distribution of the components through-
out the length of the separation zone 0 < x ^ L a t i = 0.
The boundary conditions correspond to the fact that the
components remain within the separation zone throughout
the experiment, i.e. that their fluxes are zero at both
boundaries of the zone, which can be written e.g.

T(*. 0) = To. Φ(0. 0 = 0, <p(L, 0 = 0, (11)

where γο is the mole fraction of the component in the initial
isotopic mixture.

If one end of the separation zone is bounded by another
salt inside the separating tube, while the other end
expands into a sufficiently large electrode compartment,
the zone can be simulated by the problem of a tube of finite
length with one end closed and a reservoir of infinite
capacity at the other end246*284 or by the problem of a tube
of semi-infinite length with one end closed67'74>2β5>266>281>282.
In such a system the second boundary condition is that the
isotopic composition of the salt at the point χ = L or °°
respectively should at any time t be equal to the initial
composition.

If the separation zone occupies the whole separating
tube, terminating at one end in an electrode compartment
of small capacity (from which an enriched product can be
withdrawn), while the other end is joined to a large elec-
trode compartment, as in the preceding case, the model
problem involves a tube of semi-infinite length with a
reservoir of finite volume at one end6 7 '2 8 5. Initial and
boundary conditions are the same as in the preceding sys-
tem, but with the refinement that zero flux of the compo-
nent occurs at the point χ — - I / :

T (*. 0) = To, φ(-ΐ/, ο = 0, T(L, t) = To (12)

where V = V/A is the reduced length of the reservoir
(electrode compartment) of finite volume V, and A is the
cross-sectional area of the separating tube (if the tube is
filled with a packing, A is the free cross-section). These
problems in effect cover all concrete cases of the sepa-
ration of isotopes in an electromigration cell.

A solution to the differential equation is in general
found as a more or less rapidly converging series suitable
for practical calculations:

Τ = Ύο/(ξ. λ, η, τ), (13)

where ξ and τ are defined by formulae (8), while λ and η
are also dimensionless variables. Their physical mean-
ings correspond to the length of the separating tube and the
reduced length of the reservoir:

ι Αν r Δο , ,
λ = — L , η = — L

D' ' D'
(14)

For a tube of finite lengthy terminating in a reservoir, for
example, the solution isP"

sinh I f _ sinh i L · exp Γ — — (1 _ r ) 2 τ]
2 2 L 4 J

(15)

where the r s are the roots of the equation

(16)

Equation (15) enables the distribution of the isotopic com-
ponents along the tube to be calculated for any instant.
A similar type of solution is obtained for the other problems
enumerated above.
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It is sometimes convenient to choose the separation
factor of two isotopes

5 — τ (1 — To)

To(i-r)
(17)

instead of the mole fraction y of a component of the isotopic
mixture, as the variable for which a solution to the differ-
ential equation is sought281. Equation (17) has been
written for a binary mixture. If an element consists of
more than two isotopes, the separation factor for any pair
is a linear function of the difference between their
masses215-217>226>246. A method has been given280 for cal-
culating the separation factors of all pairs of isotopes
provided that the value of S for any one pair of the mixture
is known. Solutions analogous to (15) are found for S.

Figure 1. Dependence of separation factor S on
time τ for separating tubes of different lengths λ
with different initial mole fractions γο of enrich-
able isotope281: 1) λ = 1, y0 = 0; 2) 1, 1; 3) 2,
0; 4) 2, 1; 5) 3, 0; 6) 3, 1; 7) 4, 0; 8) 4, 1;
9) °o, 0; 10) «ο, 1.

Examination of expressions of the type (15) will give a
theoretical description of the behaviour of an isotopic
mixture during separation. Fig. 1 shows an example of
such behaviour in separating tubes of various lengths, with
one end closed and the other connected to an infinite
reservoir2 8 1: it illustrates the dependence of S on τ 1 / 2

for various reduced tube lengths λ. Initially enrichment
follows an almost parabolic curve (Breit and Friedman OT

confirmed this by numerical calculations), and then it
approaches a horizontal straight line asymptotically: it
reaches a steady state.

For low values of τ the curve is described by the simple
formula281

S = 0 " ^ (18)

i.e. initially the separation of an isotopic mixture is
independent of the length of the separating tube. This holds
provided that L > 1.8(D'/\Av I) lnS. Thus when τ is small
we can put λ = °° in formulae of type (15), which greatly
simplifies the calculations.

Fig. 1 shows that the rate of separation of the isotopes
begins to diminish sooner the smaller is λ, i.e. the shorter
the separating tube. If the closed end of the tube is

replaced by a reservoir of limited volume, the overall rate
of separation decreases: i.e. the corresponding S-T1/2

curve is inclined at a larger angle to the horizontal axis
than is the curve in Fig. 1. At τ = 0.002, for example67,
the rates of accumulation of enriched isotope in the
reservoir with 77 = 0.1 and 1 respectively are only one-
third and one-tenth of the rate for 77 = 0.

An interesting feature is the dependence of the separa-
tion factor on the content of the enri enable isotope in the
initial mixture: this is apparent in Fig. 1 in a "bifurcation"
of the S-τ1 2 curves at quite large τ, but with the system
still far from a steady state. Under otherwise similar
conditions a given separation factor is attained more
rapidly the richer was the initial mixture in the enrichable
isotope281'282. For example, the time required to reach
S = 10 with γ0 = 1 is only one-third of the time required
when γο = 0. These are obviously limiting cases for the
isotopic composition of a mixture, for in real materials
0 < y o < 1.

The "mean time" / s required for a steady state to be
established is given by the formula74

-Tix— (I9)

Since |λ « π , we have 6 8 ' 7 4 ts = L2/IT2D'; a steady state
is actually established74'246 in the time t - Ats- The
maximum separation factor which can be achieved in the
steady state is determined solely by the length of the
tube281:

Sst = ex. (20)

Equations (18) and (20) are valid in the absence of with-
drawals. If enriched material is removed at a rate/) (in
cm3 s"1) from the head of the cell, the separation factor
S i i b h 9 6is given by the formula

ν Τ (0, t) (21)

where t>p = p/A(cm s"1) is the speed of withdrawal, dec is
the speed of the counter cur rent of electrolyte in the
separating tube, and y(0, t) and y(L, t) are the mole frac-
tions of enriched isotope at the instant of withdrawal t at
the head and at the opposite end of the tube. By integrat-
ing the equation of transport with continuous withdrawal

= y'T — U J , (22)

where yp is the mole fraction of the isotope in the product,
while the rate of withdrawal of the isotope is related to its
actual speed v' along the separating tube (i.e. v' is the rate
of electrical migration minus the rate of diffusion in the
opposite direction) by the expression

θρ = ο'Τ + (»'+Δο')(1—γ) (23)

(it is obvious Av' = Av), Klemm167 obtained the formula

£>'

2Av -V- Av J

(24)

where b = | (1 - fp/Δϋ). Substituting selected values for
yp and yp in Eqn. (24), together with values of Av and D'
determined by the actual conditions under which the
process is conducted, we can find the length of tube L
which is necessary for the withdrawal at a rate vp of a
product enriched to yp.
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Accumulation of the enriched isotope is most rapid in
the absence of withdrawal at the closed end of the separat-
ing tube or—rather slower—in a small reservoir. The
content of the isotope also increases with time in the
adjacent region of the tube, but a specified separation
factor is reached here with some delay, which is greater
the further the point from the end of the tube. In other
words, the region of enrichment gradually extends from
the end of the tube to its midpoint, reaching the latter in
time fi/2 = L2/irD'; at the same time impoverishment of
the mixture with respect to this isotope takes place in the
other half of the tube. The distribution of isotopes along
the tube at time t is given by formulae of type (15). In
particular, in the steady state

τ (ξ, (25)

It is easily seen that Eqn. (20) is a particular case of (25).
By time t the region of enrichment has extended to a

distance

x'=VaDrt, (26)

from the end of the tube2 8 1 '2 8 2, provided that the tube has
no reservoir at its head. The presence of a reservoir
of reduced length V has little effect285 on x', which
remains proportional to (D't)1/2, the coefficient of propor-
tionality being π 1 / 2 = 1.77 or 8/3π1/2 = 1.5 according as
L' « or »{D't)i/2.

Expanding Eqn. (18) as a series and neglecting powers
higher than the first, we obtain for small values of r the
relation2 7 8

Av
? — r 1 + 2 — • — -

Τ - Τ ο ( 1 + ^ ΰ y^rt

(27)

where ν is the mean velocity of ions of the element in an
electric field of strength E. Thus in the initial stage of
the process the accumulation of the isotope N{y - γο) over
the initial quantity, where Ν is the total number of equi-
valents of the element in the region of enrichment x', is
proportional to the migration path vt and inversely propor-
tional to the diffusion path {tiD't)112.

The quantity Δν/ν in Eqn. (27)—the relative difference in
rates of migration of the isotopic ions—is independent of
the operating parameters of the process and is directly
related to the mechanism of separation. It represents the
theoretical efficiency of counter current electrical migra-
tion, and determines the single-stage separation factor by
this method

Aw (28)

where w = v/E is the mobility of the ions, i.e. their velo-
city in an electric field Ε = 1 V cm"1.

Expressing the enrichment factor e in terms of the
relative difference between the mobilities of the isotopic
ions Δνυ/νυ—not the difference in their speeds Δν/ν—
makes it unnecessary to allow for the effect of the variable
Ε and enables an objective characteristic of the method e
to be assigned to standard conditions. In this respect a
still more useful characteristic is the mass effect sug-
gested by Klemm6 8 '2 8 2

Aw I Am

μ= —/—.
w/ m

(29)

where Διη = \m - ^m and m = \i)m + ̂ m), which enables
the efficiency of the method to be assessed independently
of the number of atomic mass units distinguishing the
isotopes j and k. If j and k are respectively a light and a

heavy isotope, we have Δνυ = hv - hw > 0 and Am =
\m _ h m < o, so that the mass effect is always negative.

Taking into account the quantity of electricity trans-
ported in time t through a cross-section of the separating
tube

Q^^vt, (30)
χ

where .F is Faraday's constant, we obtain from Eqns. (26)
and (27) the expression

(31)

for the relative difference in the mobilities of the two iso-
topes282. A method has been published8'192 for assessing
the accuracy of the calculation of e by means of Eqn. (31).

Equation (31) is easily converted into a form which is
convenient for practical calculation of the mass effect200:

μ = ιFz

MQ Am To(l-To)'
(32)

where ζ is the valency of the isotopic ions, Μ the molecular
weight of the salt, r the serial number of one of the
specimens into which the separating tube is cut after
electrolysis has ceased and the melt has solidified (see
subsection 2), Gr is the weight of salt in the rth specimen,
and the summation is made over all specimens r in which
isotopic analysis has detected enrichment with a given
isotope. This formula (32) applies to elements consisting
of two isotopes. If an element comprises η isotopes, the
mass effect can be calculated for the jth and feth isotopes
by means of the equation214

Am
(33)

where ™R r = (V/^y)r is the ratio of the contents of these
isotopes in the rth specimen, and

is the atomic weight of the element.
The overall and the single-stage separation factors, S

and a, are related by the formula

S=a« (34)

where q is the number of theoretical plates realised in the
region of enrichment. The function q in Eqn. (9) has this
physical meaning. The quantities x' and q are inter-
related by the height of an equivalent theoretical plate:

h = x- (35)

According to Westhaver 6 6 the physical meaning of h in
counter current electrical migration is the length of the
separating tube in which the isotopic ratio Jkfl changes by a
factor a. This author discussed in detail6 6 theoretical
methods for estimating h and D'. The practical calculation
of h can be based on data obtained when a steady -state is
reached. Since a differs very little from unity, it follows
from Eqn. (34) that lnS = ^ln(l + e) = qe, when substitu-
tion for q in (35) yields for the steady state

ft = (36)

It follows from Eqns. (14) and (20) that L/lnSst = D'/Δν,
and substitution in (36) gives

^ £ (37)
Δυ
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Cl,

PbBr,

(d)

Figure 2. Cells used in the application of counter current electrical migration to the enrich-
ment of: a) 35C1 in molten ZnCb (the numbering 1-9 indicates the specimens into which the
separating tube is cut for chemical and isotopic analyses after the experiment)8; b) 7Li in
molten LiBr (i = boundary between LiBr and PbBr2)

1 6 4; c) 7Li in molten LiCl;1 6 2 d) 7Li in
molten LiNOs.192

i.e. the height of an equivalent theoretical plate is smaller
the smaller is D' and the greater the rate of migration of
ions in the separating tube.

2. Apparatus and Method of Operation under Laboratory
Conditions

Fig. 2 shows typical designs of cells for electrical
migration under laboratory conditions. The cell is made
of quartz or heat-resistant glass (Vycor, Supremax,
Pyrex), the choice of material depending on the operating
temperature and the corrosiveness of the molten salt. It
consists mainly of a vertical cylindrical {a, b, d) or
U-shaped (c) separating tube. Conical separating tubes
have been suggested192'203 to provide a better counter-
current and a higher current density transported by the
enriched isotope; this increases the efficiency of separa-
tion of the isotopes provided that (τιΤ2)

υ2 < r, where Y\
and r 2 are the radii of upper and lower portions of the
conical tube, and r is the radius of a cylindrical tube of
the same volume.

The separating tube is filled with a packing satisfying
certain requirements—mechanical and thermal stability,
chemical resistance to the molten salt, and the maximum
possible thermal conductivity—in order to prevent mixing
of the melt by convection currents. The packing materials
usually employed are ground glass or quartz, from which
the cell itself is made, and also alundum, steatite, zircon-
ium oxide, zircon, and zirconyl phosphate. The packing
should first have been carefully freed from traces of
organic compounds and metallic particles by being boiled in
acid or heated in a current of chlorine, washed with water,
and dried. The free volume of a packed separating tube
is 35-45% of the volume of the empty tube and depends on
the uniformity of the particles with respect to shape and
size, not on their coarseness. The "electrical free
space" constitutes 70-80% of the geometrical free space,
since the ions are unable to move in straight lines, but
have to pass through pores between packing grains
("labyrinth effect"): in ignited asbestos, for example, the

path traversed by the ions is on the average 30% longer
than the straight line between the electrodes1 4. The
efficiency of separation is independent of the material of
the packing, but becomes higher as the latter becomes
finer. Since at the experimental temperature the density
of the packing may be comparable with that of the melt,
the packing is placed between porous glass or quartz
filters (frits) sealed into both ends of the separating tube,
in order to prevent the packing from floating to the sur-
face or being loosened by gases evolved from the melt with
the formation of longitudinal channels. Details of the
design of the cells and of the part played by the packing
have been fully discussed by Lunden8. A theoretical
analysis of the hydrodynamic flow of an electrolyte through
a packed separating tube and of various effects on the
separation factor was made by Westhaver 66.

A fundamentally different design of cell has also been
proposed and studied for work with molten salts2 0: a
horizontal separating tube without packing is divided by
frits into a series of successive compartments, in which
the melt mixes freely (Fig. 3). The advantages of such a
design have been considered for aqueous solutions 27'91~93,
and the conclusions reached are valid also for molten
salts.

Intense movement of the liquid takes place in the
separating tube during electrolysis. This results in a
shift in the levels of the melt in the electrode compart-
ments relative to their original position (Fig. 2a), and may
even cause a break in contact between the salt and the
anode163. Various methods are used to control the levels
of the melt in the electrode compartments: the initial salt
may be added to the anode compartment and excess of the
melt overflows from the cathode compartment2 0 0 '2 1 9 '2 3 3;
excess pressure is produced in the cathode compartment
by means of an inert gas i a o ' 2 1 4; etc. With a correct
choice of current density and in the absence of breaches
in the packing, no displacement of the electrolyte relative
to the cell is observed, although the components of the
mixture undergo continuous separation as a consequence
of mutual displacement of the molecules. This constitutes
one of the advantages of the counter current method over
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movement of a zone, e.g. in electrophoresis on a paper
support: with a short distance between the electrodes the
separable species, in overcoming the counterflow of
electrolyte, traverse a very long path, which ensures
high separation factors. Thus in an experiment with
cadmium chloride in a tube ~ 20 cm long the displacement
of the cations relative to the anions was estimated217

to be 3 m, and in a prolonged experiment with thallium(I)
chloride about 18 m 19.

Br,

Figure 3. Horizontal cell20 without packing:
1) porous sintered-glass discs; 2) thermo-
couple.

Electrical migration must be arranged in such a way
that the components do not leave the separation zone, e.g.
as a result of electrode reactions. This is ensured in two
ways. The first method consists in neutralising the
products of the electrode reaction and regenerating the
original salt in the electrode compartment. Metals
deposited on the cathode in molten halides are continuously
oxidised by gaseous chlorine or by bromine or iodine
vapour in a current of argon, entering the cathode com-
partment through either a special tube or a hollow cathode
(special investigations have been made8'20'163'184 to
elaborate a cathode); a current of nitrogen dioxide, alone
or mixed with oxygen, or of the vapours from fuming
nitric acid is used for this purpose in molten nitrates.
The quantity of oxidising gases supplied should always be
considerably larger than stoichiometric to ensure satura-
tion of the melt in the cathode compartment; otherwise,
corrosive metals, especially alkali metals, will rapidly
put the electrodes and the walls of the cell out of action.
The results of many experiments have shown that the most
corrosion-resistant materials for cathodes are graphite
and carborundum with halides, and aluminium and stain-
less steel with nitrates; the most corrosion-resistant
anodes are made of carbon and graphite for halides, and of
platinum for nitrates, while gold anodes have been used
with sulphates193'236 . Data on the stability of various
materials in molten salts and metals have been compiled
in Ref. 286 and in standard tables287.

Molten metal anodes can be used in the separation of
isotopic anions, with tungsten wires as conducting elec-
trodes (leads). Thus in the separation of chlorine iso-
topes 9'229'230 molten lead or zinc dissolves to form the
corresponding chloride, so that chlorine does not leave the
separation zone, and enrichment with the light isotope 35C1
takes place gradually at the salt-metal interface. The
same procedure is used in the separation of bromine iso-
topes '235. If the opposite process—deposition of metal
from the salt—takes place at the cathode, the molten salt

remains held between two regions of molten metal—
cathodic and anodic—and the only apparent result is the
transport of metal from anodic to cathodic compartments
(Fig. 2a), with no evident separation of isotopes. Liquid
metals—lead, zinc, mercury—have sometimes been used
as cathodes also in the separation of alkali-metal iso-
topes8'193, but the alkali metal then underwent reduction
and formed an alloy with the metal of the cathode, so that
ions were removed irreversibly from the separation zone,
and played no part in the subsequent process. Lunden
has made a detailed study of this method238'288'289.

The second method Of retaining the components in the
separation zone is to exclude any contact between the
separable species and the electrode. This is accomplished
by placing an ancillary salt, having the same gegenion as
the working salt, between the latter and the electrode
(Fig. 25). A sharp boundary is formed between the two
salts, which is especially noticeable when the salts differ
in colour or have sufficiently differing refractive indices.
The relative positions of the salts in the separating tube
are determined by the ratio of their densities at the tem-
perature of the experiment (to avoid mechanical mixing the
denser salt should be below the boundary, which is the
main factor governing the form of tube chosen) and by the
relative mobilities of unlike ions (e.g. the salt having the
more mobile cation should be located closer to the
cathode). The common ion passes freely through the
boundary, which is the only obstacle to the unlike ions: in
fact, the more mobile the ions of the salt the higher its
conductivity and the weaker the electric field on that side
of the boundary; when, therefore, the "foreign" ion, which
may be e.g. less mobile, penetrates the boundary into the
zone occupied by the salt, it immediately begins to move
more slowly than in its "own" salt, lags behind the ions
of the first salt, and returns back through the boundary.
However, this mechanism is not sufficiently effective with
small differences in mobility between the ions, and the
boundary between the salts remains blurred or "diffuse".
If necessary the working salt can be bounded by other
salts at both ends: relative densities and conductivities
must satisfy the above requirements for both salt pairs
forming the two boundaries. Conditions for the production
of a boundary between molten salts and its behaviour have
been surveyed165. A boundary is an excellent indicator
of movement of the salts along the separating tube, and is
often used to measure various characteristics of the salt
systems.

Special precautions are necessary when filling the cell
with the salts: no bubbles of air or other gases should
remain in the separating tube; hygroscopic salts should
absorb as little moisture as possible during filling; and the
free surface of molten metal electrodes should not be
oxidised before contact has been established with the molten
salt. Filling is therefore conducted either under a vacuum
or in an atmosphere of an inert gas; if necessary the
initial position of the zone of the working salt in the sepa-
rating tube is controlled by producing a difference in gas
pressure between the electrode compartments.

The choice of conditions of electrolysis is dictated by
the aims of the experiment. The design of the furnace
should ensure that the thermal field inside it is as uniform
as possible and is constant with time. The minimum
working temperature is determined by the melting point
of the most refractory of the salts used, and the maximum
working temperature by the volatility of the salts and the
temperature at which the glass of the cell begins to soften.
In practice a vertical temperature gradient along the cell
cannot be avoided, especially if the separating tube is not
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immersed in a melt but is surrounded by air. Further-
more, the heating effect of the electric current produces a
radial temperature gradient in the tube: special measure-
ments have established that the difference in temperature
between the centre of the tube and its outer wall may
reach 200 deg in individual cases' The electric field
in the separating tube should be as strong as possible,
but there is always an upper limit to the current, depend-
ing on the thermal conductivity of the salts and the
materials of the cell: if the current density is too high,
regions of local overheating appear in the packing, which
may cause serious disturbances of the process and even
the need to discontinue the experiment. In measurement
of the electrical transport characteristics of salts the
duration of an experiment is usually a few days, but with
lithium salts 10-12 h is sufficient for isotopic effects to
be measured by modern methods of analysis. Neverthe-
less, reliable means of measurement and automatic
control have been developed which enable the process to
be conducted continuously for several months or years in
order to obtain the necessary quantity of enriched
material.

The progress of electrical migration is monitored by
means of electrical measuring instruments and also
visually, by observing that no visible disturbances occur
in the cell (a stationary boundary between the salts in the
separating tube is often a convenient indication of the
steady occurrence of the process), for which purpose the
cell is placed in a vertical tubular electric furnace made
of transparent fused quartz. The results of the separa-
tion are evaluated by studying the distribution of the com-
ponents along the tube after the experiment. For this
purpose the cold separating tube is divided into lengths
of 1-1.5 cm, and chemical and isotopic analyses are made
on every sample. Sometimes the accumulation of an
isotope in the electrode compartment is observed by with-
drawing after a certain time a sample of the molten salt
for analysis.

3. Experimental Conditions for and Results of the Separa-
tion of Isotopes

Data on all published molten salt systems in which
counter current electrical migration has been studied are
compiled in Table 1. Certain data on electrical migra-
tion in solid salts, aqueous solutions, and liquid metals are
included for comparison.

Table 1 shows that, for isotopes of the same element,
the mass effect depends on the medium in which electrical
migration is conducted: in solid and molten salts μ — 10"2;
in aqueous solutions it is usually 20-30% of its value in
melts (for uranium isotopes the mass effect is larger in
solutions than in melts, apparently because of the super-
imposition of the isotope effect of exchange between
different species present in solution); in liquid metals
μ - 10 ~5; and in solid metals the mass effect is extremely
small. Metals are clearly of no interest as media for
the practical separation of isotopes. Solid salts will
evidently also find no application, for it is impossible to
accomplish a counter current process (but see Ref. 156 to
158). Solutions of salts in water and other solvents
continually attract attention by the convenience and safety
of their use for enrichment and by the simplicity of the
apparatus, but a substantial defect is the considerable
consumption of energy in the "useless" transport of the
solvate sheaths together with the ions. Thus molten salts

are the most suitable media for the separation of isotopes
by the electrical migration of ions.

Despite several experimental difficulties (high tempera-
ture, restricted choice of materials resistant to the
corrosive action of melts, and with several elements the
absence of salts of sufficiently high electrical conductivity
which do not undergo thermal decomposition), electrical
migration in molten salts has definite advantages: maxi-
mum mass effects are accompanied by a far wider tem-
perature range for molten salts, which makes artificial
cooling of the separating tube unnecessary (with aqueous
solutions this is required to avoid their boiling), while the
heat produced by the passage of the electric current through
the melt makes a substantial contribution to the thermal
balance and may completely eliminate the need for addi-
tional heating of the melt 1 6 ; a counter current of elec-
trolyte is far easier to provide in molten salts than in
solutions; and molten salts are liquids having the maxi-
mum concentration of separable isotopes (apart from
liquid metals), which ensures a higher yield of product
from apparatus of a given size.

4. Separation of Isotopes in Large-scale Plant

In laboratory apparatus, where working with small
quantities of material involves a small consumption of
energy, the tendency is to achieve maximum enrichment
is as short time as possible, which determines the »
design of cells and the choice of experimental conditions.
The organisation of large-scale production involves the
solution of a large complex of engineering problems,
consideration of which is beyond our scope, as well as
economic problems. In the present subsection we shall
deal only with a few questions of principle.

The design of industrial equipment is similar to that
shown in Fig. 2d: vertical separating tubes, into which
electrodes are inserted from above, are lowered into a
molten-salt bath. The advantages of this design192 are that
the separating tube can be moved vertically to control the
counter current of electrolyte (e.g. with very compact
packing, of grain diameter < 0.1 mm, the rate of flow of
the melt in the tube is so diminished that its level in the
anode compartment should be 3-5 cm below the level of
the melt in the bath in order to create additional hydro-
static pressure), the temperature gradient along the
separating tube becomes negligible owing to the intense
convection in the bath, and the separating tubes are easily
replaceable and simple in construction. A substantial
disadvantage, however, is the unavoidable diffusion of ions
through the walls of the tube, intensified by the electric
field (direct experimental evidence of such a process has
been provided101), which may considerably diminish or
even eliminate altogether the effect of separation of the
isotopes, so that the choice of material for the separating
tube and the thickness of its walls are of decisive
importance. Thus in the separation of calcium isotopes
the necessary enrichment was ensured only by use of tubes
made of several varieties of alumina213.

If light isotopes are to be concentrated, a cathode of
suitable design is immersed in the electrode compartment
of the separating tube, and several anodes are arranged
symmetrically around the tube, in such a way that the bath
forms the anode compartment of the installation When
a steady state is reached, enriched material is withdrawn
regularly from the cathode compartment of the tube, and
an equivalent quantity of the initial salt is added to the
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bath. When heavy isotopes are to be concentrated, on the
other hand, the bath forms the cathode compartment, and
enriched material is withdrawn from the upper space, not
occupied by the packing, of the tube (the anode compart-
ment) 2 0 ' 2 1 3. If, however, both cathodic and anodic sepa-
rating tubes are immersed in the bath, both light and heavy
isotopes can be concentrated in the same installation; an
electrode at zero potential should be lowered into the bath
to prevent disturbance of the electrical conditions in the
individual tubes and the bath as a whole. Klemm172

described the mode of operation of such an installation for
separating the isotopes of lithium, in which the ratio of
the numbers of cathodic and anodic tubes was 1: 2, the
quantity of material enriched with the light isotope ^ i to
90 at. % was 8.2% of the total quantity of salt removed from
the separating tubes, whereas 91.8% of the whole salt was
enriched to 99.974 at. % with the heavy isotope 7Li.

The choice of optimum dimensions for the separating
tube is governed by the relation between the required
separation factor S and the rate vp of removal of the
product from the plant, together with the mechanical and
thermophysical properties of the materials of which the
plant is made. Thus S is proportional to the current
density, i.e. inversely proportional to the diameter of the
tube; and the permissible rate of withdrawal, which is
still insufficient to cause serious disturbance of the steady
state, is directly proportional to the diameter of the
separating tube. In the separation of lithium isotopes in
the molten chloride with S = 3-4 and a very small with-
drawal the optimum tube diameter has been estimated184

as 10-15 mm; but with considerable withdrawal (several
grams of lithium chloride per day) and S = 2, the dia-
meter must be increased to 30 mm.

From Eqn. (24) and the requirement of minimum energy
consumption Klemm167 found that the optimum conditions
for the concentration of 7Li from 92.7% to 99.974% (S = 310)
were a separating tube 22.8 cm long with the product
removed at a rate of 2.8 cm day"1. The electrical energy
consumed was 11 kW h per gram of lithium enriched with
7Li. The energy consumption for the concentration of 6Li
from 7.3% to 90% was1 7 2 60 kW h g"1. Neubert and
Klemm 2 0 8 calculated the energy consumption and the cost
for calcium chloride enriched with the 4 Ca isotope: a
single value of the separation factor, which must be
achieved by electrical migration in order that the total
cost of the product should be a minimum, corresponds to
each value of the sum of overhead expenses in preliminary
enrichment with 46Ca by electrical migration followed by
complete enrichment on an electromagnetic separator. In
the equipment of Me"nes et a l . 2 U 25 kW h of electrical
energy was consumed per gram of calcium in which the
initial content of 46Ca had been doubled. Westhaver66

estimated energy consumptions in the separation of potas-
sium isotopes in aqueous solution: enrichment with 41K
from 14.2% to 21.3% in a tube 4.6 cm long requires
14 kW h g"1 potassium.

Equation (37) shows that the chief parameter of an
actual tube as a separating device74 is the ratio D'/v, so
that its diminution is one of the most important engineering
problems. Experience of the operation of large-scale
installations20' 7 ' 1 8 4 ' 1 9 2 shows that under optimum condi-
tions D' does not exceed Dmore than 3-4 fold: i.e. it is
of the order of 10"4 cm2 s"1. Since the mobility of ions in
a molten salt is ~ 10 "4 cm2 V"1 s"1, the quantity h is
around 2-3 mm with a field of 3-5 V cm"1 in the tube: i.e.
the dimensions of separating devices of this kind can be
considerably smaller than in other methods for the sepa-
ration of isotopes.

IV. APPLICATION OF ELECTRICAL MIGRATION TO THE
STUDY OF THE STRUCTURE AND TRANSPORT PROPER-
TIES OF MOLTEN SALTS

1. Measurement of Ionic Mobilities by Counter current
Electrical Migration

A cell with a separating tube can be used not only for
applied purposes—for the separation of isotopes—but also
as a scientific research tool. A large proportion of the
experiments reflected in Table 1 were undertaken with the
aim of measuring the relative difference in mobility
between isotopic ions, a quantity which is necessary for
theoretical conclusions and generalisations with respect
to both the structure of the medium in which the ions move,
in particular molten salts, and the mechanism of the
actual movement of the ions.

Table 1 shows that the mass effect has a tendency
to decrease with increase in the atomic weight of the
separable element, which can be expressed by the empiri-
cal formula 29°

(38)

where μ' is a constant, Μ = km., and ra+ and ra_ are the
masses of the cations and anions forming the salt.
Klemm 279»208

) having published a summary of measure-
ments of μ+ for seventeen metal halides in the molten state,
noted an interesting regularity: the mass effects of iso-
topic cations of salts having a layer lattice in the solid
state conformed closely to the curve described by Eqn. (38)
with μ' = -0.15 and k = 2.1; but for cations of salts not
having a layer lattice the appropriate values were -0.079
and 2.1 respectively. Both curves are shown in Fig. 4,
from which it is evident that all halides have values of μ+

grouped about these curves. Attempts to select other
values of μ' and k had only partial success8 '2 0 0 '2 2 7.

Klemm's suggestion208—that if the above rule is valid
magnesium and cadmium bromides, the corresponding
iodides, and the iodides of calcium, zinc, and lead, which
have a laminar structure in the solid state, should when
molten have values of μ+ close to curve A, while those of
strontium and barium bromides should be close to curve Β
—has since been verified for Cal2, Cdl2, Pbl 2, 2 1 4 and
CdBr2,

2 1 8 and also for SnCl2,
223 SnBr 2, 2 ή and Snl2.

 2 2 4 The
results made a more careful formulation of the rule
necessary214, the two types of salts being delimited by an
empirical curve (the broken curve Cin Fig. 4), for which
an analytical expression was not found.

Experimental values of μ+ for alkali-metal and thallium
nitrates are also plotted in Fig. 4. Lunden and Ekhed196

found that the variation in μ+ for the alkali-metal nitrates
is best represented by the equation

— μ+ = 0.0848 (1 + mJ46)-\ (39)

provided that values of μ+ are taken at temperatures 5%
above the absolute melting points of the corresponding
nitrates. It is evident that μ+ for thallium(I) nitrate does
not obey the rule. It is noteworthy that values of μ+ for
solid lithium sulphate and lithium hydride fit well on
curve A.

Attempts to find a similar relation for isotopic anions
were undertaken2 2 9 '2 3 5 in the absence of sufficient experi-
mental results. Similar series of salts in the order of
diminishing μ_ —RbCl > T1C1 > KC1 > PbCl2 > CdCl2 >
> ZnCb and RbBr > PbBr2 > ZnBr2—can be distinguished
from the results in Table 1. If this type of relation does
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exist for anions, it is obviously more complicated. In
any case, the rule formulated by Herzog and Klemm231—
that the isotope effect in ionic mobilities is larger the
greater the number of the heaviest possible gegenions
surrounding the separable isotopic ions in the melt—is well
satisfied for cations, and with large exceptions for anions.

•f
ojs

U.W

U.US

1 1 3 4 5 5 m+/m.

Figure 4. Graphical expression of Klemm's "halide
rule" 2 7 9 ' 2 0 8, where the curves represent: Α) μ =
0.15(1 + mj2.1m.)~1; Β) μ = 0.079(1 + mj2.1m-)~1;
C) boundary between salts having layer and coordinated
lattices in the solid state. The experimental points corre-
spond to: a) molten chlorides; b) molten bromides;
c) molten iodides; d) molten nitrates; e) solid salts:
1) Lil; 2) LiBr; 3) Li2SO4; 4) LiCl; 5) ZnBr2; 6) a-Agl;
7) MgCl2; 8) RbBr; 9) Cdl2; 10) Snl2; 11) KC1; 12) CdBr2;
13) SnBr2; 14) PbL·; 15) CuCl; 16) ZnCl2; 17) RbCl;
18) AgCl; 19) CdCl2; 20) SnCl2; 21) T1C1; 22) UCU;
23) LiH; 24) LiNOs; 25) Cal2; 26) CaBr2; 27) NaNCfe;
28) KNCfe; 29) CaCl2; 30) RbNCfe; 31) CsNCfe; 32) SrCl2;
33) PbBr2; 34) TINOs; 35) BaCl2; 36) PbCl2.

Correlations of μ+ with ionic radii are clearer than with
ionic masses. For nitrates Okada and Saito1 9 2 '2 2 2 sug-
gested a linear relation between μ+ and r+, but the empiri-
cal formula

— μ+=1/(20.9Γ+ —2.4) (40)

derived by Lunden and Ekhed 1 9 6 i s a far better description
of such correlation, which applies also to thallium (I)
nitrate. With nitrates this formula (40) i s satisfied better
than (39) 1 9 6, and a still better correlation

ν+) (41)

exists between μ+ and the volume V+ of the cation: thus the
deviation in experimental values of μ+ for the lithium iso-
topes from those calculated by means of Eqns. (39)-(41) is
respectively 53%, 1%, and 0.4%. For halides Klemm279

found that μ+ is correlated more closely with rjr~ than
with mjm-.

The temperature variation of the mass effect has been
studied for several salts. A linear relation is obtained in
all cases, expressed by empirical formulae of the type

- μ =a[l+&(/-<„)] (42)

where a and b a re constant coefficients and to (°C) is a
fixed temperature. Table 2 gives values of these three
p a r a m e t e r s together with the temperature range for which
formulae (42) have been derived. The mass effect is seen
to decrease with temperature for thallium and chlorine

isotopes in thallium(I) chloride and for tin and lead iso-
topes in tin(n) and lead(n) chlorides respectively; it is
almost independent of temperature for lithium isotopes in
solid lithium sulphate, chlorine isotopes in rubidium
chloride, and bromine isotopes in the bromide; and in the
remaining cases it increases with temperature. There are
several discrepancies in the results of different workers:
for example, μ+ for lithium isotopes in the nitrate has been
found to increase1 9 6 and to decrease1 4 '1 7 2 with tempera-
ture (in Ref. 14 the coefficients in Eqn. (42) were not
calculated). Lund6n and Ekhed19e suggested several
reasons for such discrepancies, but also emphasised the
strong influence of difficulty controllable parameters on
experiments, which diminished reliability of the results.

Table 2. Values of the constant a, b, and ίο in Eqn. (42).
Elements for whose isotopes this relation has been found
are indicated by bold type in the formulae of the salts.

No.

1
2

3

4
5

6

7

8

9
10
11
12
13
14
15
16
17

18

Molten salt

LiCl
LiNO 3

LiNO 3

«LiCl—'LiCl 1

«LiNOs—'L1NO3*
Li 2 SO 4

L i 2 S O 4 - K 2 S O 4 * *

KNO 3

KC1
KCI
RbCl
RbCl
RbBr
RbBr
T1C1
T1C1
SnCl 2

P b C l 2 * * *

a

0.111
0.0718 +
1+0.0007
0.0860 +
1+0.0012

0,335
0.167

0.139,+
+ 0.009
0.129

0.0385 +
+ 0.0012

0.071
0.062
0.048
0.109
0.072
0.115
0.045
0.077
0.069
0,024

b

+0.00237
—0.00067 +
+ 0,00024
+0,00023
1+0,00024
+0.000412
+0,000976
—0.0003 +
±0.0006

+0.000735
+0.00324 +
+ 0.00039
+0,0013
—0.0001
+0.0012
+0.0013
+0,0003
+0.0001
—0.001
—0.00192
—0.0003
—0,033

610
360

375

610
254

600

625

337

820
820
750
790
740
800
470
565
340
530

Temp.
range,

°C

670—900
265—460

313—488

620—780
280—440
600—790

625—835

354—586

820—1020
820—980
750-980
790—960
740—950
800—970
470—680
565—730
340—590
530—640

Ref.

195
192

196

195, 291
195

236—238

193

201

200
200
200
200
200
200
221
231
223
226

•Calculated by authors from measurements of ratio of

electrical conductivities for isotopically pure lithium salts.
•""Calculated by Reviewer from results of Expts. 96-98

and 100 in Table 1.
•••Calculated by Reviewer from results of Expts. 228 and
229 in Table 1.

Mass effects for the isotopes of five elements (shown in
bold type) have been measured in the molten salt mixture
LiCl-KCl, 159LiBr-NaBr and LiBr-KBr,20'178'180'182'183'
«6,197 L i 2 S o 4 _ K 2 S O 4 , 1 9 3 ' 1 9 4 L i N O s - L i 2 S O 4 , 1 9 2 L i C l - P b C l 2 , 1 6 5

SnCl2-PbCl2,
225 CdBr2-Cd,2 1 8 and CdCl2-Cd.232 In most

cases measurements were made in a narrow range of
compositions, which is probably why no clear dependence
of μ on the chemical composition of the melt could be
detected. The work of Chemla et al. showed that variation
in the content of lithium and potassium bromides in the
separating tube during electrical migration had no apparent
effect on the separation of lithium and potassium isotopes.
On the other hand, Klemm and Monse studied the com-
position variation of μ in the LiCl-PbCl2 system, and
showed that the mass effect of lithium isotopes remains
almost unchanged over the range 100-25 mole % of lithium
chloride, but increases sharply at lower contents of this
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salt (Table 1, Expts.4-9), and -μ+ = 0.296 at 5.3 mole %
LiCl. This rule is fully consistent with the value -μ+ =
0.32 for potassium isotopes in a mixture of 2 mole % of the
chloride with lithium chloride15e (Expt. 109). The
abnormally high value of -μ+ = 0.261 obtained by Lunde"n1M

for lithium isotopes in the bromide (Expt. 19) is explained
by considerable contamination of the lithium bromide
melt with other salts, as has been established by control
experiments1 7 3 '1 7 4 (Expts. 20-25). This relation is
probably widespread: Klemm216 showed that the mass
effects in the diffusion of hydrogen in solid palladium, of
lithium in molten lead, and of copper in solid silver
sulphide are respectively -0.45, -0.47, and -0.44, of the
order of ten times the values of μ for these cations in
molten salts. A common feature of all these processes
is the dilute state of the separable species. Neverthe-
less, over the range 10-80 mole %of tin(II) chloride in
lead(n) chloride the tin isotopes have2 2 5 -μ+ = 0.012
(Expts. 224-226), which is one-fifth of the mass effect in
pure tin(II) chloride.

Klemm and Monse165 proposed a method for measuring
the absolute difference in mobility between the isotopic
lithium ions in the LiCl-PbCl2 system. The formula used
for the calculations was

1.0

where κ is the electrical conductivity, Jc and ^c are the
molar concentrations of the components in the initial
molten salt, and JN and H/Vare the numbers of moles of the
components in the enrichment zone x' after the passage
of Q coulombs of electricity through it, the remaining
symbols having the same significance as in Eqn. (31).
Variation in the mole fraction of lithium chloride from
to 0.053 is accompanied by an increase in A6'7wfrom
3.93 x 10"5 to 7.10 x 10~5 cm2 V"1 s"1.

Counter current electrical migration has proved
extremely fruitful in studies of the transport properties
not only of isotopic ions but also of ions of different ele-
ments in mixtures of molten salts. It has been used to
measure the relative mobilities of Li+ and Pb2+ in LiCl-
PbCh; 6 5 Li+ Na+, and K+ in various mixtures of their
bromides20'23^178'1*0 and nitrates 2 3 ' 1 8 8 ' 1 9 0 ' 2 9 2 ' 2 9 3 ; Na+, K+,
and Rb+ in mixtures of their nitrates2 9 4; Li+ and K+ in
L12SO4-K2SO4;193

Li+ and Ca2 + in i)
2+

and Ag+

iNO,):*;294 Li+ and Ag+ in Li2SO4-
Ag2SO4;

193 Ca2+, Sr2+, and Ba2+ in mixtures of their brom-
ides 2 1 1 ' 2 9 5; Li+, K+, and Ca2 +in mixtures of their brom-
ides2 1 1; Sn2+ and Pb2+ in SnCl2-PbCl2;

2 2 5 Cl" and NO3" in
AgCl-AgNO3;

296 NO3" in LiNO3-KNOs;297 Cd dissolved in
CdCl2

 a and in CdBr2;
2 1 8 and also Pb dissolved in PbCl2.2 9 8

The technique of measuring transport numbers of ions in
individual melts was developed by Fischer and Klemm2",
and their temperature dependence in thallium(I) chloride
and zinc chloride was measured. A general phenomenolo-
gical theory of the measurement of transport in molten
salts by this method was put forward by Klemm 30°.

2. Measurement of Ionic Mobilities by the Electrical
Migration of a Zone

The electrical migration of ions can be investigated
also without production of a counter current of electrolyte,
by the use of the classic principle of paper electro-
phoresis3 0 1. Fig. 5 illustrates the experimental arrange-
ment 14 for molten salts: inside a tubular electric furnace
1 is fixed, in an exactly horizontal position, an asbestos

strip 2 (typical dimensions 600 x 12 x 0.3 mm), the ends
of which dip into small baths 3 and 4 containing melts of
the same salt together with conducting electrodes 5 and 6.
The asbestos strip has previously been washed in acids,
ignited, and impregnated with the molten salt solvent.

3

Figure 5. Experimental arrangement for studying
electrical zone migration14.

U/6Li

Μ IS 28 30 31

Figure 6. Distribution along migration path of zone
after completion of experiment12 for: 1) concentra-
tion of lithium; 2) isotope ratio 7IA/*Li.

The method of investigation consists in applying to one end
of the asbestos strip a few milligrams of the salt contain-
ing the isotopes, and passing through the system a con-
stant current, under whose influence the initial spot (zone)
of the salt 7 moves along the strip. If the zone contains
radioactive isotopes, its movement can be followed
conveniently by means of a counter. Owing to the differ-
ence between the mobilities of isotopic ions, their concen-
trations within the zone undergo redistribution in the
direction of migration: the more mobile light isotopes
accumulate at the forward edge of the zone, and the slower
heavy isotopes at the rear. The experiment is continued
for 2-4 h, after which the asbestos strip with the solidified
salts is cut, in the region occupied by the zone, into
transverse bands about 5 mm wide, in each of which the
isotopic composition of the test element is determined, and
if necessary a chemical analysis of the salt mixture is
made. Typical results for the electrical migration of a
zone in molten salts are illustrated in Fig. 6.

The phenomenological theory of electrical zone migra-
tion is simpler than that of counter current migration.
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Chemla10'13 showed that movement of the zone in the direc-
tion of the electrical field and extension of its boundaries
by diffusion can be regarded to a first approximation as
mutually independent processes. Substitution of variables
y = χ - £Δ ν in Eqn. (7) then leads to the equation of Fick's
law

(44)

in which the coefficient of molecular diffusion D (not the
coefficient of mixing D') is used. In fact diffusion and
electrical migration are not independent processes: Arni-
k a r 48,49,302 s h o w e d t h a t t h e f i n a l d i s t r ibution of the com-
ponents in electrical zone migration is not identical with
their distribution in pure diffusion. The difference
between the actual distribution curve for lithium isotopes
along the zone and the symmetrical Gaussian curve is
readily seen from Fig. 6. In order to calculate the rela-
tive difference between the mobilities of the isotopic ions
we construct concentration distribution curves for each
isotope along the zone, using curves 1 and 2 in Fig. 6. The
curves obtained for the distribution of the isotopes are
similar to curve 1 for the distribution of the element, but
their maxima are displaced a distance Δχ', and it is easy
to show that

Δαι
(45)

where χ' is the distance traversed by the whole zone. This
formula has been discussed critically1 4 '3 0 3. Experimental
conditions and measurements of the mobilities of isotopic
ions by electrical zone migration in molten salts are
collected together in Table 3, which includes for com-
parison some data on aqueous solutions with various
kinds of paper as support.

Like counter current migration, zone migration is widely
used to measure the electrical transport parameters of ions
in molten salts. Besides asbestos, glass-fibre cloth and
plates of sintered alumina powder are employed as sub-
strates. This method has been used to measure the
mobilities and the transport numbers of ions of alkali
metals, silver, and thallium in pure alkali-metal
nitrates 1 1 ' 1 2 ' 2 4*' 3 0 3- 3 1 2 and in their mixtures 3 1 3 ' 3 1 5, alkaline-
earth metal ions in alkali-metal nitrates 1 1 ' 1 2 ' 3 0 3 ' 3 1 3 ' 3 1 4 ' 3 1 6

and their mixtures with alkaline-earth metal nitrates 3 1 7 ' 3 1 8,
ions of multivalent metals—copper, zinc, cadmium,
cobalt, chromium, cerium, lead, and thorium—in alkali -
metal nitrates 3 1 3 ' 3 1 4 ' 3 1 9, in potassium thiocyanate319, and in
LiCl-KCl eutectic3 1 3 '3 , and chloride, bromide, and
nitrate anions in alkali -metal nitrates 1 1 ' 1 2 ' 2 4 3 ' 3 0 3 ' 3 0 6 ' 3 1 5 .
Radioactive isotopes have been widely used in these
investigations as tracers in following the movement of the
zone along the migration path.

3. Comparison of the Two Methods of Electrical Migration
—Frame of Reference

Comparison of Tables 1 and 3 shows fairly close
agreement between values of the mass effect determined by
electrical zone and counter current migration for isotopes
in the same salt. Lunden321 made a detailed comparison
of results obtained by the two methods for molten nitrates.
Nevertheless, Table 3 shows that the mass effect varies
in complicated fashion with the mass of the element, with
the composition of the solvent medium impregnating the
asbestos support, and also with the temperature. The
effects of all these factors on the mobility of isotopic ions

are closely interrelated, so that all the experimental
results accumulated up to the present time (Tables 1-3)
must be taken into account in order to establish general
rules. Attempts at the interpretation of experimental
results in the light of individual measurements (often only
the interpreter's own) are considered below.

Table 3. Experimental conditions of and results obtained
by electrical zone migration.

No.

1
2
3
4
5
6

7
8
9

10
11
12
13
14

15

16
17
18
19
20
21
22

23
24
25
26
27
28
29
30
31
32
33
34

Working
salt

LiNO3

ditto
B

»
LiNO3

ditto
NaNO3

ditto

»

»
»

»

»
NaNO3

ditto

»

NaN0 3

ditto
»

»
KNO3

RbNO3

RbNO3

ditto
»

CsNO3

ditto

*

Solvent medium*

NaNOa+KNO3

ditto

»

10% soln.
NH4NO3

ditto
NaNO 3+KNO,
LiNO3

ditto
NaNOa
KNO3

CsNO3

NaNOa+KNO^**

NaNOa+KNO 3***
NaNO 3+KNO 3

NaNO 3+KNO 3

ditto
»

0.04% soln.
NaCl

soln. NaNO3

ditto

NaNOa+KNO3

NaNOa
soln. NaNO3

ditto
»

NaNO3+KNO3

NaNO3

soln. NaNO3

Potential
gradient,

1

Vein"1

10
10

6
10
16
1.5

4
14
10
10
10
10
10
10

10
10
10
10
10
10
10
12.5

17.5
17.5
17.5
17.5
10

9.1
17.5
17.5
17.5
10
10

—

Path o£
zone,
cm

26.0
23.4
21.0
31'
20

56
35
30
30
30
30
30
30

30
30
30
30
30
30
30
—

_

40
42

41
40
40

Temp.,°C

250
300
350
350
300

room.4

room 4

300
305
355
358
358
435
355

355
255
304
340
374
404
434

room.4

1
26
38
49

350
350

3
28.5
48

350
350

35

α

1.0137
1.0102
1.0090
1.014
1.03
1.0036

1.0038
1.010
1.0040
1.0058
1.0070
1.0088
1.0057
1.0071

1.0080
1.0053
1.0060
1.0076
1.0090
1.0076
1.0073
1.003

1.0029
1.0048
1.0065
1.0083
1.00274
1.00158
1.0011
1.0014
1.0017
1.0027
1.0036
1.0097

—μ

0.089
0.067
0.0585
0,091
0.19
0.023

0.024
0.10
0.046
0.067
0.080
0.101
0.0655
0.0815

0.092

0.061
0.069
0.086
0.104
0.086
0.084
0.035

0.038
0,055
0,075
0.095
0.0548
0.0691
0.047
0.060
0.073
0.060
0.080

—

Ref.

14
14
14

11, 12
240

10, 13, 45

139
12, 241

243
243
243

243
243

243

243

243

243
243
243
243
243

138

140

140
140

140
14

10,12,14,242
141
141
141

13, 14

10
12

*The NaNOa + KNO3 mixture always contains 45 wt. %
NaNOs.

**The mixture contains 75 wt.%NaNO3.
***The mixture contains 25 wt.%NaNO3.

In the comparison of mass effects obtained by different
methods and the assessment of their reliability, it must
be borne in mind that any determination of a velocity
presupposes agreement on the frame of reference: in the
present case this is an object, selected inside or outside
the electrolyte, relative to which the speed of the ion is
measured. A "convenient"295 system is one in which the
separation factor a is independent of the electric field
strength in the electrolyte. Different frames of reference
are chosen279 depending on the medium in which the ions
migrate: in solids the surface or the stationary crystal
lattice is selected, in solutions the solvent, in molten salts
the centre of gravity of the oppositely charged ions, and in
liquid metals the flux of conduction electrons. In pure
molten salts the choice is a fundamental question, involv-
ing controversy about the advisability of applying the
concept of transport number to such salts 1 9 ' 3 0 0 ' 3 2 2" 3 2 4. If
the gegenions are chosen as reference, the transport
number of the test ions is unity: i.e. they alone are
regarded as current carriers and move within the melt,
while the gegenions are at rest (this gives rise to the
concept of a quasi-crystalline lattice in molten salts).
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Physically, however, it is also possible that both cations
and anions may move relative to the walls of the vessel,
which may also be chosen as stationary frame of reference:
in such case both types of ions have fractional transport
numbers. The possibility of displacement of the melt as
a whole relative to the walls makes incorrect measurement of
these quantities highly probable. The use of a porous
diaphragm—packing in the separating tube or an asbestos
support—tends to diminish the probability of such displace-
ment, in the ideal case to zero (Eqn. 3).

Measurement of transport numbers and ionic mobilities
relative to these two frames of reference—gegenions
inside the molten salt and a porous diaphragm outside the
salt—yields different values for these quantities, which
Klemm19>300 proposed calling "internal" and "external"
respectively. Formula (29), which is a definition of the
mass effect, shows that the choice of frame of reference
affects only the one quantity

(46)

differs from unity, the difference between the mobilities of
the two isotopes in the electric field is 3 2 B

A'"w = Iw -*w = 2 Γ,\'wi-kw, + (w, - 2 Trwr) (ikKim - 1 ) 1 . (49)

Since the mobility of the element as a whole is composed
of the mobilities of its species in different states w =
Σ Γ Γ ^ Γ , it follows from formulae (29) and (49) that2 9 0

(50)

Numerical estimates showed Klemm2 1 5 '2 3 1 '2 9 0 that the effect
of the isotope exchange equilibrium between different
states is not significant in molten salts: i.e. the second
summation in Eqn. (50) could be neglected. However, the
precisely opposite view is also held243: isotopic exchange
actually makes the chief contribution to Aw/w, and the first
summation in formula (50) is negligible in comparison with
the second.

If the "self-transport number" Τ is defined as the ratio
of external u to internal w ionic mobilities of the element19

the mean mobility of the isotopic ions to be separated.
According to this the internal mobilities of ions should
exceed in absolute magnitude the external values, and
therefore the internal mass effects, measured by counter -
current electrical migration, should be smaller than the
external mass effects, measured by electrical zone migra-
tion under identical conditions. Comparison of the values
of μ for alkali-metal nitrates in Tables 1 and 3 shows
general conformity to this principle.

4. Structure of Molten Salts and Mechanism, of Ionic Migra-
tion

Among the numerous theoretical papers on the inner
structure of molten salts and the mechanism of the move-
ment of ions in them under the influence of an electric
field, we shall consider only those relating to the problem
of the mobility of isotopic ions and their separation. The
reasons for the occurrence of an isotope effect in electrical
migration have not been established unambiguously.
Investigators usually choose the most soundly based (in
their opinion) model for the structure of a molten salt and
for intermolecular interaction, and compare with experi-
mental results the macro-values calculated on the basis
of this micro-model.

To explain the differences in the mobilities of isotopic
ions in molten salts we suppose that the element can exist
in several states (as free ions, ion-pairs, etc.). The
mole fraction of the element in state I isT\ = C\/C, where
C is the molar concentration of the element in the melt,
C\ is the concentration of a species in state Z, and ΣΓ^ = 1.

The mole fraction of the ith isotope in this state is iyi =
i/ V

τ — JL· (51)

i, and ?Vl = 1. The mobility of the zth isotope in
i

the electric field is
2 ΐγτ/
i

2 ΓΛ
(47)

If the equilibrium constant for the exchange of isotopes j
and k between states I and m

Kim =
'ΤιΤη (48)

we can rewrite Eqn. (50), on the assumption that the second
summation is close to zero, in the form

ι τ"
(52)

since Au\ = Aw\. Only two states of the species—mobile
and stationary—need be distinguished in ionic liquids2 6 1 '2 6 2.
In terms of the theory of rate processes, activated ions—
i.e. those occupying interstitial sites, sites adjacent to
holes, etc. in the quasi-crystalline lattice—can be regarded
as mobile167. Thus mobile ions migrate through the
quasi-crystalline lattice formed by the stationary species,
by making spontaneous jumps between adjacent equilibrium
positions with an average frequency zs (s" 1 ). 2 1 6 This is
proportional to the thermal vibration frequency ν of the ions,
which is in turn proportional to m'~1/z, where m' =
mM/(m + M), in which m is the mass of the ion making a
jump and Mis the total mass, arbitrarily concentrated at
a point and vibrating together with the ion, of particles
which surround this ion immediately before the jump2 9 0.
Since the summation in Eqn. (52) is made only over the
mobile states I = b, it follows that

= AUb/ub = Δν/ν = — g^

and formula (52) becomes

μ = _ _ , (53)

The mean rate of migration u^ of mobile ions is pro-
portional to their total number of jumps per second: ζ =
zs + zi, where z\ is the frequency of jumps induced by
processes in the immediate environment of the ion, e.g. by
jumps by adjacent ions. Therefore

* T« T«

If we bear in mind that the frequency of induced jumps is
independent of the mass of the isotopic ions and, passing
from finite differences Am and Am' to infinitesimals dm
and dm', differentiate Eqn. (53), we obtain

(54)
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Thus a theoretical basis has been found for formula (38),
and the constant it contains μ' is interpreted as -\Ίζ$/ζ.

It is also useful to introduce the concept of the intrinsic
mobility wo of an isotopic ion—its mobility in the iso-
topically pure compound—when the molten salt contains
only this isotope of the given element. Since w = A/F,
where Λ is the equivalent conductance of the molten salt
and F i s Faraday's constant, the ratio of the intrinsic
mobilities of two isotopic ions is equal to the ratio of the
equivalent conductances of the isotopically pure molten
salts, and since the difference between the molar volumes
of such salts can be neglected195, this ratio is equal to the
ratio of their conductivities κ, which can be found experi-
mentally. Values of this parameter have now been deter-
mined for the systems "LiCl-'LiCl,195>291 6LiNO3-vLiNO3,195

and 6Li2SO4-
7Li2SO4.326

In the absence of any interaction between the moving
ions the mass effect attains the limiting value2 7 9 of μ =
-0.5. But in an actual substance this interaction cannot
be neglected. Even in an ionic gas, which may be so
degenerate that only two-body collisions need be con-
sidered, and the effect of the charges of surrounding ions,
i.e. the ionic atmosphere, can be neglected, the intrinsic
mobility of the ions depends on the reduced mass of the
component cations and anions of this gas2 5 > 2 0 0:

A

wo=A m+-\-m_
(55)

where A is a factor which is independent of the masses.
The intrinsic mass effect then becomes

\w0 I Am
HO — , ·

w0 I m

3 In w0

d\n m
(56)

Calculation by means of Eqn. (56) of μ0 for lithium
chloride, nitrate, and sulphate yields respectively -0.42,
-0.45, and -0.47, whereas the corresponding values
measured in the molten salt are -0.35, -0.18, and
-0.28. 1 9 5 ' 3 2 6 This indicates that the mass of the anions
has a stronger effect on the intrinsic mobility of the cations
in molten salts than in an ionic gas. The ratio η = μο/μ is
interpreted1 9 5 '3 2 6 '3 2 7 as the mean number of cations
involved in the elementary step of electrical migration by
being bound into a single group. For the above lithium
salts it has the values 2.39, 2.56, and 2.0. Whether these
numbers can be linked with the number of spontaneous and
induced jumps by ions and in what way is still being
examined more closely; in any case these results reflect
the fact that the ions in molten salts cannot move independ-
ently of each other.

Ionic conductivity, migration, and diffusion data do not yet
enable us to suggest a more detailed model for the struc-
ture of molten salts. Thus Klemm300 showed, when
considering the phenomenology of the transport of ions in
pure molten salts, that it was impossible to choose the best
among models presupposing that a molten salt consists of
two components (cations and anions), three components
(cations, anions, and a quasi-crystalline lattice), or four
components (cations, anions, lattice, and neutral com-
plexes). Lunden328 found that parameters calculated
specially for molten alkali-metal nitrates on a basis of
all three models agreed qualitatively with the experimental
results. Attempts to apply similar models to solutions of
cadmium in cadmium chlorideZJ2 and of lead in lead(II)
chloride298 also showed the impossibility of selecting one
of them unambiguously on the basis solely of data on the
transport properties of the molten salts.

The theoretical concepts used to explain the tempera-
ture dependence of the mass effect have been modified and

refined as experimental data have accumulated25*167'200'231'
2 7 9 ' 3 0 3. A model was suggested25 taking into account the
most recent measurements of the mass effect at different
temperatures. With rise in temperature the structure of
an ionic melt passes successively through three different
stages (Fig. 7): a quasi-crystalline structure—a lattice
with a few free ions within—predominates at low tempera-
tures (stage I); then the lattice breaks down into electrical-
ly charged polyionic groups (stage II); and at very high
temperatures the melt consists mainly of neutral ion-pairs
with a small proportion of free ions (stage ΠΙ). The
situation is less favourable for a large mass effect in the
second stage than in stages (I) and (ΠΙ), in which a larger
number of mobile groups of ions are present. Experi-
mental results show larger mass effects in solid than in
molten salts, and the above estimates indicate that they
should also be larger in an ionic gas than in a melt. Thus
on passing from a solid through the melt to the gas the
mass effect has a tendency to pass through a minimum (the
smooth variation in the function may be disturbed abruptly
at the melting point and the boiling point200).

Θ Θ

Θ

Figure 7. Model of change in structure of molten salt
with rise in temperature .

From a comparison of this model with Table 2 it may
be supposed that, for example, molten thallium(I) and
lead(II) chlorides are located somewhere between stages (I)
and (Π), and molten alkali-metal halides somewhere
between stages (II) and (ΙΠ). The contribution of quantum-
mechanical effects to isotopic differences in the mobilities
of light elements such as lithium can be neglected at high
temperatures1 9 5 '2 0 0, but in lithium nitrate electrical
migration takes place at relatively low temperatures, and
these effects may be appreciable: hence the difference
between the temperature dependence of μ+ for this salt and
for other alkali-metal salts. The variation of the mass
effect for sodium isotopes in the NaNO3-KNO3 eutectic
(Expts. 16-21, Table 3), which is "unusual" in terms of
this model, is explained243 by the predominant effect at
low temperatures of the proportion of combined displace-
ments of ions, which increases with temperature, and by
the predominant effect at high temperatures of the isotopic
exchange constant (48) between ions and neutral com-
plexes, which decreases with temperature. On the whole
these views evidently do not contradict a three-stage
model, and the above categorical statements on the rela-
tive contributions of the first and second summations in
Eqn. (50) to the mass effect are refined. The most
correct hypothesis is apparently that the separation of
isotopes in the electrical migration of ions takes place by
several parallel mechanisms279, whose relative contri-
butions to the overall effect varies with temperature.
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APPENDIX

Since this paper was submitted for publication a mono-
graph3 2 9 and several papers have appeared on the elec-
trical migration of ions in molten salts3 3 0"3 3 9, aqueous
solutions , and solid salts3 4 1.
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