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I. INTRODUCTION

fonsiderable progress toward an understanding of the
behavior of solutions of electrolytes has been achleved by
consldering the equlvalent canductivity,l\, of such solu-
tlons to be the sum of the ccnductivities,)ﬁ, of the indil~-
vidual ionic specles present. The fraction of the total
current carried by a given specles, 1, 1s thus glven by
N;/A+ This quantity is known as the transport number, ty,
(alsc'callad "transferrence number”) of the ion under con-
slderations It 1s clear that a determination of the trans-
port numbers of the ions in a solution, as well as 1ts
conductance, 1s necessary in order to infer the values of

X; to be ascribed to the variocus lons.

An understanding of the way in which such factors as
temperature, concentration, presence of other lons and
dielectric constant of the medium affect the values of X;,
should make it possible to predict the actuasl conductivity
and transport numbers that will be found for any solution
under a specific set of condltions. Although the application
of current views on the natures of lons, solvent molecules

and their Interactions to the problem of predicting the




behavior of x;iﬁ in most cases too complex for theoretical
treatment, very successful approximations have been made
for certain limliting cases in the well known modern theories

on the physical chemistry of electrolytic solutions (1).

It seems not unlikely, therefore, that the study of
molten electrolytes, which lack the complicating presence
of solvent molecules, should lend 1tself to a corresponding
theoretlcal approach. An adequate theory of this type
should contribute much to the bullding of a more comprehen-

sive plcture of the nature of liquids in general.

The first step In developing such a theory is to col=-
lect data on specific fused salts which will give some
insight into the general behavior of molten electrolytes.
Although a great deal of conductivity data has already been
reported, very little information on transport numbers was
available at the time the present work was undertaken. A
brief reflection on the nature of the problem of measuring
transport numbers in fused salts quickly brings to light
the reason for this lack of iInformation. The sbsence of a
golvent, serving as s frame of reference wlth respect to
which the mobilitles of the lons are normally compared, ren-
ders meaningless for molten salts the definition of transport
numbers as applied to aqueous electrolytes. This becomes

clear when it is recognized that xﬁ can only be a relative




guantity, and hence remains undefined in the absence of a
sultable reference frame. Since the previous workers who
attempted transport number measurement have apparently
ignored this fact, attributing thelr difficulties to experi-
mental problems, thelr work frequently suffers from a fall-
ure to comprehend the nature of the problem. Those who did
gsee the real problem, on the other hand, have felt it to be
a8 hopeless one, and have generally dismlssed the concept of

transport numbers in pure fused salts as meaningless.

The problem here undertsken thus resolved ltself into
two parts., Flrast, a definition of transport numbers was
sought which would divide the conduectivity of a molten salt
into individual lonlc conductances in such a way that the
values of Ai thus defined would be unique propertles of the
salt, depending specifically on the nstures of the ions and
their interactiong. Second, methods of measuring transport
numbersg both in pure salts and in mixtures were sought
which would be consistent with this definition. Although a
general theory to explalin the resulis obtained could not
possibly be evolved from a limited study of thls kind, it
was nevertheless hoped that the data might be subjected to

gsome degree of mieroscople interpretation.




II. A DEFINITION OF TRANSPORT NUMBERS IN FUSED SALTS

Before a critlcal review of the avallable literature
on the subjeect 1s possible, 1t iIs Important to introduce
the definltion of transport numbers in fused salts that was
finally declded upon. This will make it possible to deter-
mine to what extent the work to be revlewed 1s consistent

with the preseni work.

Congldering the transport process from a macroscopic
point of view, it would appear that the positive lons move
in the direction of the cathode with a continuous uniform
velocity at any glven current density, while the negative
ions approach the anode in the same manner. It is this
viewpoint that makes the search for a reference frame
within the llguld itself appear to be a hopeless one.

Por, if the negative ilons are chosen ss the reference, the
posltive ions must carry all the current, while relative

to the positive ions the negative ilons have unit trsnsport
number. Thus nelther of the constituents of & pure binary
salt makes a satlsfactory reference frame. In order to
find a sultable definlition conslstent with this mescroscoplc

plcture of lonlc migration it 1s therefore necessary to go




outside the lliguid and seek an external reference.

Perhaps the first such point one might select 1s the
electrode surface. Suppose, for example, molten lead
chlorlide 18 electrolyzed between lead electrodes. As the
anode disczolves in the salt, an equivalent amount of lead
is deposited at the cathode, so that the surfaces remain
the mame dlstance apart, provided they have equal aresas.

If the transport numbers are tsken as the fractions of cyr-
rent carried by the ilons relative to these surfaces, 1t 1is
apparent that the chloride ions carry no current at all.
For the number of chloride lions in & volume of liquid adja-
cent to the electrode sﬁrface remains constant due to the
requirement of electrical neutrality throughout all parts
of the 1iquid. The lead ions, on the other hand, enter the
liquid at the surface of the ancde and are removed at the
other slde, so that they must carry all the current, If
chlorine electrodes are used, however, a similar reasoning
leads to the conclusion that the transport number of the
chloride ions must be unlty, the lead lons carrying no cur=
rent whatever. Clearly the electrode surfaces do not pro-
vide a sultable reference frame, since they define transport

numbers which depend only on the electrode processes.

An ldeal situation might be visualized which would




allow the defining of significant transport numbers consls-
tent with the approach presented thus far. Consider an
ionic ligquid subject to neither gravitational nor atmos-
pheric restoring forces, so that 1ts surface 1ls not con-
strained to lie flat and horizontal. The electrolyte be=-
tween the electrodes 1s contained In a tube, but has no
tendency to flow through the tube as the gquantity of salt
builds up or decreases around the electrodes., The transport
numbers could now be defined as the fractions of current
carried by the lons relative to a statlonary cross-section
of the tube. Although the quantities thus deflned depend

to some extent on the nature of the iInteractions between

the ions and the surface of the tube, they would at least be
more meaningful propertles of the liquld than any of the

"transport numbers" thus far defined.

The experimental impossibility of the above definition
necessitates the search for a more practical one. It should
be obvious at this point that the macroscopic picture of
lonic migration presented above does not lead to a sultable
working definition of transport numbers in fused salts. One
might justlfisbly conclude that if the transport process in-
volved only the uniform motion of all the cations in the
opposite direction from the uniformly moving anions, 1t

would be impossible unequivocably to ascribe a certain




fraction of the total current to a pasrticular lonlc speciles.
A more reallistic view of the mechanism of the conductivity

process 1s therefore required.

The usual pilcture of lonic migration in accord with
modern theorles of rate processes (2) presents the lons as
moving in short Jumps and in a very erratlic way. According
to thlis microscople pieture, only s very small fraction of
the ionsg in the liquid are moving at any given instant,
thesavbeing~tne lons which have the necessary free energy
of activatlion for migration. The actual number of such cur-
rent carriers ls a function of the temperature and of the
potential gradient, but 1s always a small fraction of the
total at normal working temperatures and voltages. It 1s
thus possible to distingulish two types of lons in the
llquld, besldes the obvious distinction between positive and
negative: those ions which are jumping, and those ions
which cannot jump beeause they lack the necessary energy.

If the former are called the current-carrying ions, then the
latter become the long sought reference frame. For 1t 1s

surely the way in which the lons move relative to this great

inert bulk of the liguid that 1s required in order to express

the conductivity of the salt in terms of meaningful individual

fonic conductances.,

The transport number of an ionic species, 1, in a fused




salt will therefore be defined as the fraction of the cur-
rent carrled by those ions of 1 which are jumping measured
with respect to that large group of lons of all sgpecles
present which are at reast relative to each other. Strictly
apeaking, of course, the transport numbers will subsequently
be defined in terms of the experiment by which they are
measured, but the experiment will be set up in such a way
that the measured quantitlies should be consistent with

definition presented here.




ITI. REVIEW OF PREVIOUS WORK

Although the literature in the fleld of transport num-
bers in fused salts la scant, 1t extends over a great mmy
years and includes some papers of unquestionable signifl-
cance. As mentioned earlier, however, some of the work
auffefs from a failure of the authors to comprehend the
problems introduced by the removal of the solvent reference
frame. Although in none of the previous papers has the
quastiﬁn of a sultable definition been adeguately discussed,
the authora'(intuitive notions of what waa}wanted led them
in some cases to measure quantities consistent with‘the trange-
port numbers here defined. These cases will be the chief

concern of the present dlscussion.

The earliest quantitative determination of transport
numbers in fused salts was carried out by Lorenz and his
coworkers (3) in 1907. These workers studled variocus mixe-
tures of PbCl, and KCl by electrolyzing the melts between
carbon electrodes in a speclally designed cell, The important
feature of thils cell is that the anode and cathode compart-
ments are separated by means of a porous clay membrane. This

permitted Lorenz to welgh and anslyze each compartment
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geparately both before and after electrolysis with a known

quantity of electricity. Msking careful allowance for the

changes in weight of the salt due to absorption into the

membrane pores, absorpilon into the electrodes, and evapora-

tion from the surface, Lorenz presented hls corrected data

in the form of the following table (3, p. 47):

Table 1

Transport data of Lorenz

meQuantity mp-Quantity
a~Quantity of Pb in of Pb in v-Decrease

of Pb catholyte catholyte 1in Pb in
PoCl deposlted before af ter cathode
(w&ign% 74 in g. experiment experiment  chamber via
95.72 1,3008 36,4561 35.5145 0.9416 0.,7240
88+04 1.2495 28.0543 26,9421 1.1113 0.8893
78.89 1.2998 17.5062 16.1660 1.3402 1.0311
78.64 1.2840 16.3221 14.9801 1,3419 1.,0451
64.83 1.2978 15.6483 14,1745 1.4668 1.1279
47.83 1.26829 12.5316 10.5109 2.0206 1.,5999
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Lorenz pointed out that when the ratlo v:a given in the last
column exceeds unity, this means that the number of lead
ions lost from the cathode chamber during electrolysis ex-
ceeds the number of lead ilons deposlited at the cathode. The
implication 1s, of course, that some of the lead lons have
migrated into the anode compartment. This could only be
possible if some of the lead were tied up wi th chloride in
such a way as to form complex anionse. Since the exact con-
centrations and formulas for these lona could not be known,
the authors were unable %o calculate transport numbers for
them, and therefore presented theilr data in the manner

indicated.

It 18 clear that the experiments described measure the
way in which the ions move relative to & porous membrane
saturated with the galt. It now becomes important to decide
whether the transport numbers defined by such an experiment
are consistent with the definition presented in the previous
section. It 1s instructive to conslider first how a pure
galt, such as Pb@lg, would behave in an electrolytic cell
that had no porous membrane separating the compartments.

Por the sske of simplicity assume both electrodes to be of
lead metal., Every gz faradays of electricity passed during
the course of electrolysis causes z equlvalents of lead

lons to be discharged at the cathode, and an equal number to

be added to the anolyte. The charge 1s carried through the
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1iquid by the migration of t, equivalents of Pb** into the
catholyte, and t, equivalents of Cl~ into the anolyte.
Bince 1 -« ty ® L, the net result is thus a transfer of t_
equivalents of PbGlg from catholyte to anolyte. Recalling
that the reference frame selected here is actually a part
of the liguid iteelf, it 1s clear that thie frame will not
remain fixed with respect to an observer as the salt is
depleted from one side and accumulates on the other. It
must move under gravity by the process known as viscous flow
in such 8 way that no change of levels is observed. The
importance of the membrane used by Lorenz now becomes
apparent. It is designed to prevent viscous flow, while
permitting the electrolytic migration of the lons. Its
use will therefore permit the measurement of the transport
numbers, provided two conditions are fulfilled:; (a) the
rate at which the accumulating salt flows back through the
membrane is negligibly emall compared with the rate of its
accumulation; and. (b) the rates at which the ilons jump
relative to the lioguid within the membrane are the same as
in the bulk of the lliquid, far from any possible influence
of surface properties. Other than the qualitative cbserva-
tion that the membrane seemed to support a difference in
levels without appreciable flow taking place, Lorenz made
no attempt to justify its use in terms of these criteris.

It was therefore impoassible to evmluate the validity of this
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method on the basls of the data presented. The signifle-
cance of the work, as well as that of the other papers to
be reviewed, will be discussed later in the light of the

work to be presented here.,

Tverdovskii's method (4) of measuring transport numbers
in earnallite, KClMgGla, made use of a similar principle.
Instead of belng sepsrated by a porous psrtition, however,
the electrode compsrtments conslsted of glass tubes drawn
out to fine caplllaries at the bottom, where they dipped
Into the melt. Again the purpose of the constrictions was
to prevent viscous flow, while permitting ionlc migration.
Thils suthor also falled Lo Justify the use of such a pro=-
cedure. He reported, nevertheless, that magnesium apparently
carries current in the form of a complex anion. Assuming
the formulas for the current-carrying species to be K+, c1-,
and Mg015', Tverdovskii's data ylelded transport numbers

for these ions of 0.2, 0.6, and 0.2, respectively.

A modification of the above method was employed by
Shcherbakov (5) in studying the same melt. The tubes which
formed the electrode compartments wers pressed tightly
agalnst a glass plate immersed in the salt. This was again
desligned to prevent backflow, while permitting the passage
of current between the ends of the tubes and the surface of

the plate. Shcherbakov's results, although very erratic,
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were apparently in dlsagreement with those of Tverdovskiil
(4)« Shcherbakov reported that the magnesium behaves as &

cation, carrying anywhere from 2 to 50% of the current.

The first attempts to measure the transport numbers
of the ions in pure fused salts were carried out by Karpachev
and Pal'guev (6) on molten lead chloride. These workers
separated the electrode compartments by means of a plug of
tightly packed shredded asbestos. Making allowance for the
welight of salt socaked up by the membrane, they measured the
changes in weight of the compartments before and after elec=-
trolysls. They also tried putting some radiocactive Pb*"™*
in the snolyte and measuring the rate of appearance of
activity on the other side of the membrasne. Transport nume
bers calculated from the two types of measurements showed
fair agreement, the indicated value of %t_ being 0.8. Here
agaln the authors failed to justify the use of the menbrane
In terms of the possible errors discussed earlier. They
did consider the possibility of such errors, nevertheless,
and carried out experiments designed to show that the mem~
brene was not influencing the measured transport numbers.
Thie part of the work unfortunately showed a lack of under-
standing of the nature of transport numbers in fused salts.

It will be discussed shortly, along with some similar papers.

Recent work by Wetmore and his coworkers (7) describes




attempts to measure the

16

transport numbers of the ions in

mixtures of molten salts by means of a Hittorf-type experiw

ment. The well known Hittorf method (8) for determining the

transgport numbers of the lons in aqueous electrolytes ine

volves, of course, analysis of the concentration changes

occuring around the electrodes during electrolysis. These

workers electrolyzed molten mixtures of AgNOx and NaNO

between Ag electrodes in a cell consisting of two compartments

Joined by large caplllary tube. The purpose of the tube was

not to prevent backflow, but merely to reduce mixing of the

anolyte and catholyte by diffusion and convection. The

anode compartment was drained after electrolysis and ite

contents analyzed. These data, together with the results of

the analyslis to determine the composition of the original

mixture, were subjected to the following interpretation.

Starting with the equations

ny

No

0 -

where ng and ng are the

- ni-&- é(l - tl)

o
ng - zt2

tz + tS z 1

© 0,.0
Ngn, /Ny

initial numbers of egquivalents of

Agﬂﬁa and Naﬂcg, respectively, In the anolyte before

electrolysis, ny and ng

the same quantities after electroly=-
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sls with z faradays of electriclity, t;, ty, and tz the trans-
port numbers of the silver, sodlum and nitrate lons, respec=-
tively, and Hg and Ng the initial equivalent (mole) frac-
tions of the two salts in the homogeneous mixture, Wetmore
derived the equation

t1 =1 - # - N{tz (1)

H

0
whe re ¢ (Kgnl - Ning)/z.

Equation (1) can also be written in the form
tg = (# = tg)/Ng (2)

by making appropriate substitutions and rearranging.

The important step made in the development of equation
(1) was the elimination of the quantities n{ and nd. Tis
made 1t possible to obtaln experimentally an equation in
the transport numbers without using a sharply defined anode
compartment, by merely draining off sufficient anolyte to
include the total concentration change around the anode.
Although the equation does not give the exact values of the
transport numbers, llmiting approximations can be made by
assuming that the transport number of each ion lies between
zero and one. Thus, it is apparent from equation (2) that
0 & ty & Qf/Ng, since t, has 1ts maximum value when

tp = 0. Substituting these limiting values for tz into

equation (1), gives (1 = ﬁf/Ng)s‘ t1€(1 - g). It turned

out experimentally that for the concentration range studled,
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0« 162(0-.25, this expression defined valuee for t; within
rather narrow limlits., This enabled "etmore to report that
the transport number of the silver ion is very nearly a
linear function of its equivalent fraction up to Ng s 0.244,
at which concentration 0,81 ¢ t; £0.86. It should be pointed
out that these mixtures represent a particularly fortunate
cholce, the narrow limits depending on the relatlively high

value of %; at low concentration of AgNOg. \\ -J

Wetmore subsequently applied the same approach to mix=
tures of AgN05 and AgCl (9) again electrolyzed between Ag
electrodes. The results obtalned did not appear ?onsistent
with the assumptlom that the current l1s carried only by
simple ions, since in order to assign a positive transport
number to the chloride ion 1t was necessary to assume that
the nitrate ion carries at least half the current. In view
of hils results with the AgﬂOsnﬁawes system, Wetmore felt the
latter assumption to be unreasonable. He therefore suggested

that some complex cationic speeies such as AgoCl* takes part

in conducting the current.

In reviewing this excellent work of Wetmore, in which
one of the chlef experimental obstacles to the measurement
of transport numbers in mixtures was eliminated, the ques-
tion naturally arises as Lo whether the "transport fractions"

referred to by Wetmore are consistent wlth the transport
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numbers defined in the previous section. It will be noted
that in Wetmore's derivation of equation {1) no mentlon 1s
made of a reference frame. OCareful consideration of equa-~
tion (1) itself reveals, however, that mno reference frame
is necesaary. That is to say, no matter what frame the
transport numbers are referred to, the equation is still
valid. If the t's are referred to some particular refer-
ence, changing this frame to some other one merely transforms
the equation back into itself. This fact 1s perhaps most
clearly understcod when one conglders what the result would
have been had Wetmore inserted a porous membrane between
the compartments to prevent backflow. Since all concentra-
tion changes occur st the electrodes, and not at the mem-
brane, any analysls of the anolyte which includes all the
change 1s not affected by the presence of the membrane, un-
less the concentration change has actually extended back
past that pointe Thus, provided the nature of the conduc~-
tivity process 1s unaffected by the presence of the large
liquid~solld interface within the membrane, the experi-
mental anslysis will be ldentical to that obtalned in cells
without membranes.

The reference freme is, of course, partially fixed
when the assumption 1s made that none of the transport nume
bers are less than zero. For a simple ionlc melt such as

the AgNOz~NaNOz system thils assumption seems justifled. It
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is important to keep in mind, nevertheless, that the assump-
tion of simple ionic species 1s inherent In any calculation
of transport numbers which does not Include specific allow-
ance for current being carried by complex specles, and hence
that the results may be misleading when subjected to mlcro=-

gcopic interpretation.

The work reviewed thus far consists of papers in which
the transport numbers measured may be related, or even
identical, to the meaningful transport numbers defined in the
present work. Mention should also be made of some of the
less constructive approaches to the problem., ‘The purpose is
not only to show how confusing the meaning of transport
numbers in fused salts has been to some workers, but also to
save future reviewers from the task of analysing these

papers,

A series of measurements on molten bromides was car-
ried out by Isbekow (10) in 1926. He electrolyzed mixtures
of AlBrg with other bromides in a tubular cell which had no
partitition between compartments, The cathode was a plati-
num coll in each experiment, the nature of the anode depend-
ing on the mixture being studied. For the mixture of AlBra
and KBr the anode wag an sluminum plate; for the AlBrz-AgBr
mixture a silver anode was used; for AlBrz-SbBrz an antimony

plate served as anode. The metal deposited at the cathode
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in each case was the same as that of the anode material.
Isbekow calculated transport numbers by assuming in each
cage that the AlBrz acts as an inert soclvent with respect

te which the foreign lons carry current. Hls treatment was
thus snalogous In every respect to the conventional Hlttorf
method (8) for determining transport numbers in aqueous
aolﬁtlwna, the only difference being the change of solvent.
Pure aluminum bromide is known to be a very poor conductor.
Although thls fact may seem to jJustify Isbekow's assumption,
it seems most llkely that solvation of the electrolyte belng
introduced willl give rise to complex species such as AlBr;.
This prediction is apparently born out by the results on a
mixture containing 12% by weight KBr (equivalent fraction
KBr = 0.0922) for which the transport number of the K¥ ion
is reported to be l.l4. Application of the treatment
developed by Wetmore (7) to Isbekow's data gives ¢ = 1.12,
which shows that the aluminum lon must have a negative
transport number. It is interesting to note that the
transport numbers calculated by Isbekow come quite close to
those calculated from his data by Wetmore's method, provided
the assumption 1s made in the latter treatment that the

tran sport number of the bromide ion 1s zero. Thus in the
case alreasdy mentioned, Isbekow's value of 1.14 for tx

may be compared with typ (max.) = 1.12 obtalned by the other

method, making the indlicated assumption. Similarly, for a
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solution of eguivalent fraction 0.0734 AgBr In AlBrﬁ, tAg

is reported to be 0.84, while the latter method glves
%Ag(max.) = 0.85. The equivalent fraction of SbBrx in

the mixture studied was 0.250. Here the value of g,
reported 1s 0.95, which can be compared with tgp(max.) = 0.96
calculated by Wetmore's method. It should be pointed out
that the slight discrepencles are nevertheless real ones,

depending not on errors in the calculations, but on the

natures of the methods of calculastion used.

Although the assumption that AlBr, acts as an inert

3
solvent may be at least partially Jjustifled, this work of
Tgbekow seems to have established an unfortunate precedent.
For in subsequent studles on Naﬂl-PbClg and on KCl-PbClz
mixtures Antipin (11) and Baimeskov and Samusenko (12) used
similar cells to calculate even less significant transport
numbers. Realizing that lead chloride is too good a con-
ductor to be considered inert, these workers chose such
arbitrary frames asg the walls of the electrode compartments
themselves for reference. Thus, Antlpin took great pains
to welgh the compartments before and after electrolysis,
while Baimakov and Samusenko inferred the initilal weights
of catholyte and anolyte from a combination of their final
welghts with the known denslty of the original mlxture.
Although the former paper was not avallable for study and

posslble analysis of the data by the method described
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earlier, 1t appears unllkely that such an analysis would
have been frultful, since the values gquoted from this work
show irreconcilable deviations (12). The latter study not
only showed similar deviatlons, but reported the data in a
way that showed elther an Inexcusable method of analysls,
or a lack of comprehension of the first principles of
chemistry. For the flgures indlcate, in most cases, an
excess of the number of cations over the number of anions
in the same compariment, Attempts to dlscover any sort of
systematle error proved frultless, the data apparently cone-
tribﬁting nothing whatever to an understanding of transport

numbers In fused salis.

e problem of the meaning of transport numbers in pure
fused salts was consldered by Schwarz (13). He reasoned
that the transport numbers of the lons in pure salts must
depend on the nature of the electrode processes occuring,
the "transport numbers" to which he referred being tacitly
defined with respect to the electrode surfaces., Schwarz
therefore concluded that the concept of transport numbers in
pure fused salts iIs meaningless. His argument, which is
jdentical to the consideration in the previous section
(pages 4 and 5) of the case where transport numbers are
deflned with respect to the electrode surfaces, was appare

ently sufficlently convincing that Kurtah and Bockris




(14, p« 210) make reference to 1t in agreeing that transport

numbers in pure salts sre meaningless.

The work of Karpachev and Pal'guev (6) discussed earlier
containg a similar misconception. It was shown that the
transport numbers they measured in a cell containing & porous
asbestos membrane may be consistent with the quantities
defined here. In their attempt to justify the method, how-
ever, they measured quantities which bear no relation to
these transport numbers. For this experiment they employed
& ceil in which the compartments were joined during elec-
trolysis by removing & stopper which originally separated
them. At the start of the experiment only the anolyte con-
”tained radioactive Pb+Y¥, By comparing the loss of activity
from the anode compartment with that due to conveetion and
diffusion in a similar cell through which no current was
passed, the authors calculated the quantity of electricity
carried out of the anolyte by Pv*¥, It is clear that their
results, which showed large fluctuations, could have been
calculated more accurately without bothering to carry out
the experimentss For, since flow between the compartments
wag permltted, the transport numbers were defined by the
particular electrode processes taking place. In this case
the proées&as involved liberation of chlorine at the anode
and of lead at the cathode, so that the transport numbers

were 0.5 for each ilon with respect to the electrodes. The
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accumulating lead at the cathode forces some of the llquid
to flow back inte the anode compartment, however, so that
the transport number of the lead ion with respect to the
boundary of that compartment is somewhat smaller, depending

on the relative sizes of the compartments. The values

of th reported by the authors for three such experiments

were 0.09, 0.28 and 0.34.

Some confusion as to the reference frame involved 1s
encountered in evaluating the E.M.F. method used by Van
Artadalen and his coworkers (15) to measure the transport
numbers of the lons in mixtures of fused salts. 1t is based
on the well known concentration cell method used in aqueous
golutions (14, pp. 267-70) wherein the potential 1s deter-
mined with and without a liquid junction between two solu-
tlons of the salt having different concentrations, the former
potentlal depending on the ftransport numbers of the lons
crossing the junction. The author's reasoning in this case
apparently was as followa. Consider a cell containing two
solutions in contact of sllver nitrate in sodium nitrate, the
sllver ilon concentration being greater on side A than on side
B. The E.M.F. of the cell is measured using silver electrodes
in each compartment. Thils potential is taken to be a measure
of the free energy change accompanying (1) the discharge

of one equivalent of silver ions at the electrode on side A,



{2) the dissolution of one eguivalent of silver ilons at the
electrode on side B, (3) the transport of tAg equivalents
of silver lons across the Junctlon from solution B into
solution A, (4) the tran&pmrh of tma equivalents of sodium
lons from B into A, and (B) the transport of tﬂog equiv-
alents of nitrate ions from A into B, The net result 1is
thus taken to be the transfer of (1 - tAg) equivalents of
AgﬁOa from a aolution in which 1ts mole fraction 1s NlA to

one in which the AgNO_ concentration is Nyp, where NlA is

3
greater than HiB’ aceompanied by the transfer of tNa equiv-

alents of NalO, from HQB to N,,, where N, = (1 - Nyp) and

2B
NgA = (1 Nlﬂ)w This corresponds to a free energy change
of = (1 = & ) RT 1n (N3,/N)g) = ty, RT 1n (N, /N,,), pro-
vided the solutions ave sufficlently 1deal that the active
ities can be taken esqual to the mole fractions. If the
process ls carried out reversibly, a situation which 1s very
nearly spproximated by measuring the reverslble potential,
this free energy can be equated to the electrical work done
in passing one faraday of electricity at the potential of
the cell at an infinitesimal rate. This gives

E= (1 - tAg) RT/F 1n (Nm/um) + by RT/F 1n (HZB/NBA)
which can be written
E = ty, RT/F 1n (N A Non/Nop Ny p) + tﬂosﬁ"i‘/ﬁ‘ in (NlA/NlB) (3)
by making the substitution 1 =~ tag = tNa*tNO;r,' Since

equation (3) contains two unknowns, Van Artsdalen here made
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the assumption that %§03 > 0, an approximation he felt to
have been justified by Wetmore's results (7). The values
of ty, thus glven by the firat part of equation (3) were
reported (15) by Van Artsdalen for the same concentration
range as that inveastigated by Wetmore, the "concentration"
being taken in each case as the mean of the two concentrae-
tions used. The agreement was noted to be poor, since the
values of tAg were substantlally smd ler than Wetmore's in
every case,

Perhaps the most obvious shortcoming of the approach
Just discussed is the assumptlon that the transport numbers
of the ions do not depend on concentration. In an aqueous
solution of a single binary electrolyte this is not too bad
an approximation over a limlted concentration range, since
the concentrations of the two current-carrying species are
always identical. A much different situation prevalls in
the mixture of molten salts under consideration here. For
the only way that the concentration of the silver ion can be
increased is by decreasing the concentration of its competi-
tor, the sodium lon. 'The fractions of the current carried
by the two ions are therefore aslmost certain to change, a

prediction that 1s confirmed by Wetmore's dsta (7).

Assuming that the transport numbers in equation (3)

represent some sort of mean value for the two solutions, it
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again becomes important to declde what reference frame they
are being measured with respect tos. From the fact that
transport from one solution into the other is the only
lonic migration considered in the derivation, 1t 1s apparent
that the reference 1s the Junction between the two solutlons.
It should be clear that the position of this Junction 1s
defined by the two cations, since the only thing that changes
in going from one solution to the other is the ratio of
sllver to sodium ions. If these two lons have different
mobillitles, the passage of current wlll cause one ion to get
ahead of the other, so that the position of the boundary will
no longer be clearly defined. Thus 1t is not clear in this
case Jjust what the reference is. For the case where both
cationa have equal mobilitlies, so that the boundary remains
sharply defined, 1t 1s easily shown that the transport nume
bers measured by this method are trivial. For since the
cations define the junction between the solutions, the only
ions that can cross this boundary are the anions. The
reference has thus been chosen in such a way that anions are
bound to have unlt transport number regardless of their
abllity to move, the cations carrying no current whatever
with respect to themselves. Substituting tya ® O and
tNGg = 1 into equation (3) glves

E = RT/F 1n (Ny,/Nyp). (4)
Equation (4) obviously gives the potentlial that would be
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found for such a cell under thess circumstances, since the
net result of reversibly pessing one faraday would be the
tranafef of one equivalent ofmAgNOa from solution A to
gsolution B, ‘e above transport numbers are clearly not

consistent with those deflned in the present work.

Some mention sgould be made of attempts to infer
tran sport numbers from the values of related experimental
quantities. The conductivities of molten salts, for example,
were taken‘as an indication of the transport numbers of the
component ions by Bloom and Heymann (16). 'These workers
compared the conductivities of a number of salts at the
arbitrarily chosen temperature of 10% above the absolute
melting point. In comparing the alkali halides under such
conditions, they noted that the equlvalent conductivities
show a strong dependence on the nature of the cation, but
very little dependence on the anion. From this they in-
ferred that the cations probably carry most of the current
in these salts. The same considerations applied to a
number of di-univalent salts indicated that the singly
charged anions taske a much more important part in carrying
the current. Wnile such iInferences are at best qualitative
in nature, and a satisfactory justification for the arbi-
trary cholce of temperature has never been advanced, thease

studies suggest further evidence thet the conductivities of




molten electrolytes can be subdivided Into ionlec components.
Such work also helps provide s stimulus for additlional

research on transport numbers,

A different method of inferring transport numbers has
been suggested by Van Artsdalen (15). An equation relating
the self-~diffusion coefficlent of an ion to 1te conductivity
known as the Nernst-Einstein equation (2, p. 556; 17) has
been applied successfully both to solid salts and to aqueous
electrolytes at infinite dilution. It was felt by Van
Artsdalen that the equation should also be applicable to
fused salts. On the basis of Berne and Klemm's data (18)
for the diffusion of labeled T1V into normal T1Cl1, Ven
Artsdalen calculated the transport number of the thallium
lon in this salt to he 0.94. The applicablility of Nernst-
Einstein equation to fused salts seems unlikely, however,
since 1its derivation 1s based on the sssumption that the
motion of each ion 1s independent of the motion of other
lons, an agsumption that can only be valid when the current
carriers are relatively far apart. Self-diffusion data for
aqueous solutions of NaCl (19), indicate that the Nernst-
Einstein equation is not applicable to solutions of elec-
trolytes at concentrations greater than about 0.5 M, This
would seem fo rule out its use as a method of determining

transport numbers in fused salts,.
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IV. DESCRIPTION AND JUSTIFI CATION OF A NEW CELL
FOR MEASURING TRANWSPORT NUMBERS
IN PURE FUSED SALTS

A. Objectiveg in Deslgning the Cell

In the light of the discusslon in the preceding section
1t is clear that any direct method for measuring the transg-
port numbers of the ionsg In pure molten salts must include
some provision for preventing viscous flow of the reference
frame, 1.e.,, the lons which are not carrying current at any
given Ingtent, under a gravitational head., Wnile the use of
porous membranes would appear to be most effective for this
purpose, such membranes are also most likely to have an
effect on the transport numbers, due to the large liquid-
golld interface concentrated at the point relative to which
the transport numbers are belng measured. The approach
declded upon for the present research was therefore (a) to
develop a practical cell Incorporating the use of a
porous membrane, and (b} to determine to what extent the

use of such a membrane can be juatified.

One of the princlpal experimental difficulties encoun=

tered by previous workers was the accurate measurement of
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the changes taking place within the cell. In weighing the
initlal and final quantities of salt In each compertment,

it was necessary to break open each cell after a single run.
Then, allowance had to be made not only for loss due to
evaporation from the surface of the liquid, but also for the
quantity of salt sosked up by the membrane. These diffle
culties guggeated the use of a cell in which volume changes,
rather than weight changes could be measured wlthout remov-
ing the cell from the furnace, and in which the surface
areas of the two compartments would be equal, so that evape

oration errors would be negligible.

It would be impossible to deslign a cell which would be

ideally sulted to the measurement of transport numbers in
all fused salts, since individusl problems are assoclated
with the sbtudy of each salt. Thus, for example, it 1g
important to conslder such factors as the temperature range
to be emplcyed, the nature of the electrodes to be used, the
conductivity of the galt, and the stability of the molten
salt toward alr and molisture. The cell to be described was
therefore developed specifiecally for the study of one salt,
lead chloride, ?bﬂlz, being the galt that was sele cted.
The cholce was based not only on the highly lonlec character
of this relatively low melting halide, but also on the fact
that the data obtalned could be compared with that from the
already discussed work of Karvpachev snd Pal'guev (6). It
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appeared also that the use of & cell which permitted the
measurement of transport numbers in lead chloride could be
extended to a number of other salts wlthout serious modi-

fication.
Be The Cell and Accompanylng Apparatus

The cell shown In Figure 1l proved to be the most
practical of a number of modifications tested, all based on
the same principle. It 1s constructed of Pyrex glass and
stands about 5 inches high. 0f the two horizontal tubes
Joining the vertical elecirode compartments the upper is
a uniform capillary of about 2.5 mm. insglde diame ter, while
the lower 1s about 10 mm. in diameter and contains the
membrane which 1s to separate the compartments. The mem-
brane 1tself is a Corning fritted glass disk of "ultrafine"

porosity.%

While the over-all dimenslons of the cell are not
critical 1t 1s important that the section of each vertical
compartment which extends above the level of the caplllary
be uniform tubing, except for the flare at the top, of
about 6 mm. inside diameter, the two sides being as nearly

allke as possible in this regioﬁ. A plece of tungsten

#Grading used by manufacturer to indlcate relative
pore glgze.



Fige 1 Cell for determination of transport numbers
in pure fused salts.
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wire is sealed through the bottom of each vertlcal comparte
ment, from which it emerges into the hollow glass foot
~underneath. Here the tungsten ia fused to a more flexible
plece of nickel wire which projects from the cell where it
can be connected to a power source. The front of each glass
foot 12 pinched around the emerging nlckel wire to help

prevent the brittle nickel~tungsten Jolnt from breaking.

The power to operate the cell was supplied in these
experiments by & palr of six-volt storage batterles connected
in parallel. Currents determined by noting the scale de-
flection on an accurately calibrated Leeds and Northrup
galvanometer connected with known resistors in such a way

as to form a reliable ammeter.

A Hoskins electric furnace was used to maintain the cell
and salt at the deslred temperature. The model employed
had small holes through the front and back which permitted
the capillary of the cell to be 4{lluminated by a light
from behind, and observed from in front with & cathetometer.
Temperatures were determined by means of a chromel-alumel

thermocouple, the tip on whilch was located near the center

of the cell.

Cs Experimental Procedure

Sufficlent molten lead was added to each compartment
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of the cell to form pools which covered the tungsten wires
and thereby sgerved as lead electrodes. Care was taken vo
prevent atmospheric oxldation of the lead, elther by melting
it under nitrogen, or by dropping solld pleces of lead into
molten lead chloride. The remainder of the cell was filled
to a point just above the level of the caplllary with fused
lead chlorlde. This was done in such & way that an alr
bubble about 0.5 cm. long was trapped in the horizontal
capillery. The appearance of the bounding surfaces of this
bubble, when viewed through the telescope, indicated that
there would be no tendency for any liquid to flow around
the bubble, and hence that the bubble would move along

wlth the columm of 1liquid in the capillary.

On passing a current of about 0.5 amp through the cell,
the bubble was observed to move slowly in the direction of
the cathode compartment. The rate of this motion wss
measured in the following way. As the trailing edge of the
bubble passed the vertical crosshair of the cathetometer,

a timer was started and the exact current noted. About
0«5 g« of powdered lead chloride was then welghed out onto
8 deflagrating spoon. This was inserted into the oven and
emptled inte the flared top of the cathode compartment,
“causing the bubble to move rapidly back to the other side
of the crosshair. As the trailing edge of the bubble
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arrived once more at the crosshalr, the timer was stopped.
The current was again obsgerved snd the exact tlme of the

run noted. Such an experiment took about 700 seconds.

During each run the temperature was also noted. After
two or three such runs the direction of current flow was
reversed. This procedure could be continued as long as the
level of the liquid in each vertical compartment remalned

within the uniform section of the column,.
Pe @(nlculation of Transport Numbers from Experimental Data

The equation relating transport numbers to measured
experimental quantities is derived as follows. 'The assump=-
tion 18 first made that thé only current-carrying specles
in the melt are Pbttand €17. The passage of z faradays of
electriclty thus brings about the transfer of zt_ equive
alents of Pb012 from catholyte to anolyte accompanied by
the transfer of z equlvalents of lead from anode to cathode,
as shown in the discussion on pages 1l and 12. Letting
de012 and de be the respective densities of the two
liquids, this amounts to a transfer of [(zt. x eg. wt.
Pb012/deG&E) - (2 x eqs wts Pb/d?b)J ec. of liquid from
cathode to anode compartment, so the bubble must be dise
placed by an equal volume in the direction of the cathode.

Since the bubble is in the same place at the beginning and




end of one experiment, the salt added to the cathode come-
partment during the run must have exactly nullified this
displacement. And since both compartments are of the same
dlame ter and uniform at the surface of the ligquid, one half
the wvolume of the added liquld must flow through the caplle-
lary from the cathode toward the anode compartment in
causing thisg counter~displacement of the bubble. e former
volume may therefore be equated with one half the latter:

2t_ x eg. wte FbCl, 2z x eq. wt. Pb 1/2 wt. PbCl, added

- =

d_ ! d.
Pbul2 Pb PbClE

Solving for the transport number gives

wt. PbCL, added  eq. wt. Pb x deClg
+
2z “E;;“’
t"' - eq. wte Pb012 (5)

Experimentally 1t was found that the current remaired
very nearly constant during the course of a run, usually
showing a slight drift in one direction. In view of this,
an accurate measure of the number of coulombs passed was
obtalned by merely taking the product of the time and the
average current. The ratio R of (wt. PbCl_ added)/
(coulombs pasaed) de termined :Zcifch experimentgshould ba.
a constant. Multiplication of R by 96,500/2 gives the

Pb012
first term of the numerator in equation (5).
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In principle it should be possible to meassure the
ratio of densities required in the second term using the
same cell. Thus, if lead were added to the cathode compart-

ment instead of lead chloride, a new ratlo RPb would be

obtained. The deslred density ratio would then, of course,

be gliven by

Ropn

d
?bGlg o

dpy RPb

It was found, however, that addition of lead gave results
of poor reproducibility, due to the tendency of the metal
to cling to the glass and oxidize there, rather than run
freely into the melt. Comparison of the density ratio
obtained in thlis way nevertheless showed good agreement
with literature values, but considerably poorer sccuracy.
Density figures In the llterature were therefore used in

calceulating the trensport numbers of lead chloride to be

reported here (20,281).

The transport number of the chloride lon in Pb012
calculated by the above method from deta obtsined with the
cell desccibed 1s 0.758 + 0.014 at 565°C. It should be
pointed out that if it could be shown that the current 1is
actually carried by complex lons of known formulas, the data

could readily be reinterpreted in terms of the entities

involved. 1If, for example, the anions were PbClsﬂ, the same
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reasoning as used above would lead to the concluslon that

t_ equivalents of i?‘b(P‘z}f::l&)2 are transferred from catholyte
to anolyte for each faraday passed. The only change in
equation (5) would be the substitution of eq. wt. If’t:’(r.*“bcl:,))2
for eq. wt. Pbma, gso that the actual value of t_ would be
one-third of the value calculated on the assumption of a

slmple anion.
E. Effects of Experimental Variations

1. GQuantity of added salt

The quantity of salt added during the course of a single
run was varled from less than O.1 to more than 2 g. Since
these experiments were all run at about the same current,
this meant that the time of the run also varied over more
than a twenty-fold range. The data showed no change in

RPbGl with these variations, all the values obtained
, 2
lying within the expsrimental error.

2. Coll dimensions

The dimenslons of only two parts of the cell appeared
to be important. These are the diameter of the horizontal
capillary and the dlameters of the vertical compartments
above the level of the level of the capillary. The latter

mast be small enough so that & small increase in the volume
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of 1iquid in one compartment causes the level to rise appre-
cisbly, since the hydrostatic pressure difference between the
compartments depends only the difference in levels. It was
found that tubes as large as 13 mm. in diameter did not
permit sufficlent head to form for accurate results. If the
tubeg are too small, on the other hand, surface effects may
hinder rapid equilibration of the levels. The 6 mm. tubing
finally selected was small enough so that the bubble would
move on addltion of a few milligrams of salt, but large
enough so that no appreciable caplllary rise of the molten

salt could be observed in the tubes

The importance of uniformity of these tubes was shown
in the discussion of the method of calculating results. In
practice 1t wag found that reversal of the direction of
current flow sometimes gave appreclable differences in the
value of RPbClﬂ‘ Changing the direction frequently and
averaging the results, however, always gave values in good
agreement with previous work, soc that absolute symmetry of

the cell of this part of the cell is not essential.

The horizontal ecapillary must be large enough so that
the column of liquid containing the bubble moves easily and
smoothly under a small pressure gradlent. When a 2.0 mm.
capillary was used, the movement of the bubble was observed

to be Jerky end irregular. The measured values of Rpvc
2
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for the cell containing this capillary were found to be

quite erratic. The bubble movement with the 2.5 nme. capil=
lary, on the other hand, appeared much smoother, the measured
results being considerably more reproducible. Chm ging to

& 2.7 mm. capillary brought about no further improvement in

the resulis.

de Temperature

Most of the experiments on lead chloride were carried
out at a temperature of about 56500‘ Changing the tempera-
ture changes the denslity ratlio of lead chloride to lead,

80 that a different value of prela 18 to be expected even
if the transport numbers remain unchanged. This change of
density ratlo was the only apparent effect when the tempera-
ture was ralsed to 635 C. The value of t_ measured at the
higher temperature was 0.757 + 0.009 for seven experiments,
which can be compared with 0.758 + 0.014 for twenty-two

: (4]
experiments at 565 C.

The use of Pyrex for a cell of this type 1s not
practical at temperatures above 60006., gince the glass
becomes so softened that the cell begins to deform. Attempts
to adapt Vycor or quartz to this use bring in additional
experimental problems, such as the difficulty of sealing

tungsten wires through these materials and the difficulty of
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obtalning fritted dlsks of the proper porosity. For this
reason the present work was not extended to higher tempera-

tures.

4. Porosity and material of bthe membrane

3ix different membranes were tested to determine the ef=-
fect of changing the pore silze and the material of which the
menmbrane 1s constructed. The results indlcated a dependence
on pore size for pores of greater than a certain minimum dis-
meter. Provided the pores were small enough, however, nc de=-
pendence on the chemical nature of the membrane material

could be detected, The speciflic data are shown in Table 2.

The coarge, medium, and fine porosity menmbranes were
already avallable in the form of Pyrex sealing tubes. The
center section of the cells containing the other three
menbrenes had to be made especlally for thls purpose. Thus
a Pyrex Buchner type funnel containing an ultrafine porosity
fritted disk was converted lInto such a tube. The average pore
dismeters quoted by the manufacturer {22) for these four
dlsks are 4060 microns, 10~15 microns, 4-5.5 microns and
0+9«1.4 microns, respectively. The asbestos plug was made
by packing finely shredded wet asbaatoa against a coarse
porogity dlsk In a tube, drying, and sealing s other disk

on the other side. A circular plece was cut from an unglazed




43

Table 2

Summary of results of transport number experlmentg on fused

PbCl, at 565 Ce using various membranes

3 A'Vgu
No. Rep 01 x10~ deviation
of 2 of b
Merbrane expts, (avg.) RPbClz (avge)
"Coarse" porosity® b
fritted glass disk 1 0 w0338
"edium" poroaitya |
fritted glass disk i1 0,988 +0.045 0.669%0.,016
"Fine" porosity®
fritted glass disk 26 1.079 $0.,048 0.711%0.017
"Ultraline" porosity?
Asbestos packed
between two "coarse"
porosity® disks £0 1.165 $0.060 0.742x0.020
Porcelain disk cut
from unglazed plate 25 1.1980 t0.064 0,750%0.022

8Grading used by manufacturer to indicate relative pore

size.

bRubble did not move.
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plate and sealed into a tube to form the porcelain membrane.

It will be seen from Table 2 that the results obtained
with the latter three membranes show excellent agreement
among themselves, all lylng within the same range of ex-
perimental error. The values for the first three membranes
are all smaller, progressing downward as the pore size be-
comes larger. Cases In which the bubble falled to move even
when a "fine" porosity disk was used are discussed in the

gection immedlately following.

5+ Strength of current

In the investigation of the cell containing the coarse
porosity membrane it was noted that addition of a small
quantity of salt to one side of the cell caused the bubble
to move rapidly in the opposite direction. Passage of
current through the cell nevertheless caused no detectable
movement of the bubbles It thus appeared that movement of
the liguld in the capillary was more rapid than flow
through the membrane under a large hydrostatic head, while
the latter process was more rapld under s small one. Since
the rate of flow of a liquid through a conastriction should

always be directly proportional to the head, thils apparently
paradoxical result could only be explained by assuming that

the liquld containing the air bubble in the caplillary had a
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certain inertial resistance to flow which was greater than
that for the ligquid in the membrsne. In view of the fallure
of the bubble to mbve in transport experiments using the
coarse membrane, backflow through the membrene seemed a
likely explanation for the low results obtained with the
medium and fine porosity disks as compared with the other
three results. The above reasoning therefore suggested

that at low enough currents, for which the rate of accu=-
mulation of liquid in one side ls very slow, the bubble

might also fall to move in cells containing the latter two

menbrane s.

Thls prediction was verified when 1t was found that the
bubble falled to move in the cell containing the fine poros-
lty disk at currents below about 0.075 amp. At currents
slightly above thls level, nevertheless, the value of

EPbClg was not appreciably different from the value obe

tained using a current ten times as strong. It was also
observed that no such lower limlt could be found for the

cell containing the ultrafine porosity disk,
Fe Vallidlty of Transport Numbers Measured by This Method

The data presented In Table 2 show that the average

deviation of RPbGlg i1s generally around + 5%. At first
glance this may not appear to be very good reproduclbility
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for experiments in which the quantities actually measured,
the current, the time, and the welght of salt added, can be
de termined with considerably greater accuracy. When it is
resllzed, however, that the addlition of 100 mg., of salt to
one compartment changes the difference in levels by less
than 1 mm., the experimental preclsion 1s seen to be re-
markably good. A possible source of error might be the
tendency of some of the added salt to cling to the walls of
the cell above the melt. The precislion of the results would
seem to indlcate, however, that the quantity of salt thus
retained by the walls does not vary significantly from one

run to the next.

Precise control of the temperature was not a major
factor in these experiments. It 1s likely that appreciable
temperature gradients existed within the cell 1tself, since
such gradients are almost certaln to be present in a muffle
furnace with a large cavity at such elevated temperatures.
The demonstration of the lack of dependence of the transe-
port numbers on temperature over a 700 range indicates that
such thermal gradients cannot be considered a source of

error in these experimenta.

It was pointed out in the literature review that the
use of membranes in the measurement of transport numbers has

never been justified by previous workers. The important
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sources of error to be considered are the possibility of
backflow and the influence of the liquid-solid interface
in redefining the transport numbers. It 1s Instructive to
consider how each of these might be expected to affect the

data in changing from one membrane to another.

If some of the accumulating ligquid flows back through
the membrane, 1t 1s clear that the measured value of RPbGlg
will be lowe That this is Indeed the cause of the flrat
three low results in Table 2 was demonstrated by the
fallure of the bubble to move even with the fine porosity
fritted disk at sufficilently low current. The extent of
such backflow should depend not only on the dlameters of
the pores, but also on thelr shape and length. Although
the latter factors must certainly have been very different
in the ultrafine fritted glass, the asbestos, and the
porcelain membranes, the results in all three cases were
identical within the experimental error. Coupling this
fact with the lack of current dependence demonstrated for
the ultrafine porosity membrane seems to Justify the con-

clusion that backflow did not cause apprecilable errors in

these experiments.

A similar argument seems to rule out the presence of
Interfering surface effects. Such effects would be ex-

pected to show a strong dependence not only on the size
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and shape of the pores, but alsoc on the chemlcal nature of
the inside surfaces of these pores. For example, a surface
that adsorbs positive ions more readily than negative would
facllitate the passage of negative lons, thus increasing
the spparent transport number of the negative ion. It 1s
well known in the study of related electrokinetic phenomensa
that quantitative measurements are so sensltive to the chemie
cal nature of the surface that they are difficult to repro-
duce from one glass capillary to another. The complete
lack of dependence of RPbC&g on the chemlical nature of the
membrane demonstrated by the data in Table 2 thus seems to
prove that surface effects do not play a major part in defin-

ing the transport numbers measured by this method.

Additionsal support for these conclusions comes from
two of the papers considered earlier. The membrane used by
Karpachev and Pal'guev (6) was an asbestos plug considerably
larger than the one used in these experiments. Thus the
channels within the former membrane were undoubtedly of
different size, shape and length than those in the latter.
These workers neverthele ss reported a value of about
0.78 £ 0.03 for t_, which 1s well within the experimental
error of the value obtained in the present work. The work
of Lorenz and Ruckstuhl (3) indicates an indirect confire

mation of this value in the following way. The data of
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Lorenz given in Table 1 (p. 10) can be used to calculate
"vpansport numbers" for pott by assuming that only simple
ions carry current in the mixtures, regardless of the
validity of the assumptione. Whlle such transport numbers
may not express the actual fraction of current carried by
Pp**, they are an indlcation of what happens to the lead
lons during electrolysis. A plot of these transport numbers
vs. equlvalent fraction Pblly is shown in Figure 2, all the
data for the mixtures being taken directly from the work

of Lorenz and Ruckstuhl (3)e. It is immediately noted that
all but one of the points fall very nearly on a straight
line, Adequate justification for the extrapolation of such
a8 line cannot be presented at this time. It does seem sig=-
nificant, nevertheless, that the extrapolated value of tpp
is identical with the value measured in the present work,
as 1s shown In the figure. This would seem to add Lorensz!
clay partition to the list of membranes for which the

measured valw of tp in PbClE is invariant.,

b

The lack of interfering surface effects 1s indicated by
the results of still another experiment» This was the meas-
urement of the temperature dependence of the resistance of
a transport cell containing pure PbCl,. Considering ele c-
trolytic conductance as a rate process, the temperature

dependence of the conductivity of an electrolyte is a



Fig. 2 Dependence of tpy O concentration in

mixtures of P‘bClg and KCl.
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measure of the "activatlon energy of ionic migration® (16).
The value of this quanitlity, denoted here by E*, is readily
obtained from the following consideration. Let the speeific
conductivity be expressed in the exponential form that 1s
customaerily used %o represent the temperature dependence of

any rate process (2):

]
K AQE/RTQ

A plot of 1nW ys. 1/T should thus give a straight line of
slope E¥/R. Nesrly straight lines have been found experi-
mentally for many fused salts (16?. This ha s been taken to
mean that the process of lonic migration In a molten salt
can be characterized by an experimental activatlon energy
which 1s closely relsated to the heat of activatlion defined
in the theory of rate processes (2). Since the heat of
activation 1s postulated to be dependent on the microscopic
mechanism of the process, the experimental activation energy
should reflect changes In that mechenism. Thus, if the
insertion of the membrane affected the rates of motion of
the ions relative to the bulk of the liquid, a change in the
activation energy of conductivity might well be expected to
accompany thls change of mechanism. This would be especially
likely if the individual ionic specles actually have inde~
pendent activation energles, so that conductivity can be

expressed as a sum of exponential terms:
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¥
T W (6)
1

Mathematical analysis of equation (6) for the case where

1 = 2 reveals an interesting consequence which evidently waa
not suspected by previous workers., The assumption in the
past (16) has been that obbtalning a straight line from s
plot of log® vs. 1/T indicates one of two things about the
relative values of Ei and Egz el ther they both have the
same value, or one i1s so much greater than the other that
the corresponding ion contributes negligibly to the conduce
tivity. It can be shown, however, that there are actually

a wide variety of vaelues of the E;land A, for which & plot

1
of logK® vs. 1/T gives a curve which 1s not distinguishable
from an experimental stralght line over a temperature range
of several hundred degrees. The "activation energy" cal-
culated from the slope of such a curve always lies some-
where between the two values of E; selected, depending on
the magnitude of each term as determined by both A; and Ei.
S8ince the transport numbers in a pure binary salt should be
a measure of the relatlve welghts of the two terms, any

alterastion of the transport numbers should cause a correspond-

ing change in the experimental activation energy of conduc-
tivity.

The resulte of activation energy determinations on pure

e e S
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Pbﬁlg in cells with and without membranes are compared in
Figure 2, the data for the latter being taken directly from
the work of Bloom and Heymann (16, p. 410). Only the slopes
of these lines are to be compared, the absolute magnitude of
the former conductivlity depending on the unknown cell con-
stant. It should be noted that the e#perimental procedure
used in the present work was extremely crude compared with
the careful work of Bloom and Heymann, who employed an
elaborate system of temperature control (16). The data for
the cell with the ultrafine disk were taken by merely meas-
uring with a 1000 cyclé conductivity bridge the resistance
of a typlcal trensport cell (Figure 1, p. 10) filled to a
level below the capillary with pure FbCly and standing in
the muf'fle furnace, The temperature measured by the ther-
mocouple was thus that of the alr in a region immediately
outslde the cell, the assumption being made that this was
also the temperature of the salt within the disk.® Readings
were taken as the oven was allowed to cool slowly, so that
thermal equilibrium was not really established. 'The slopes
of the two lines shown In Figure 3 nevertheless show good

sgreement, the calculated activation energles lying within

¥Almost the entire IK drop across the cell occurs wlithe
in the membrane, the actual resistance of a cell containing
PbClge being about 10 ohms,




Fig. 3 Dependence of experimental activation energy of conductivity of

pure PbCly, on nature of cell,
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0.5 kcal. Since this sort of preclision 1s seld om exceeded
for such measurements, except in the most carefully con-
trolled experiments, it can be stated that the presence of
the membrane leaves the activation energy of lonlc migration

unchanged within the experimental error.

Btill snother factor remains to be taken into considera-
tion in justifying the use of the cell descrlbed for measure-
ment of transport numbers in fused salts. This 1s the
possible influence on the measured transport numbers of
metal from the electrodes dissolved in the salt. While the
exact nature of the solutions formed is not yet well under-
stood, the qualitative observation 1s that the color of
normally yellow molten PbCla, for example, 18 changed almost
to black at temperatures above 600°¢, by the addition of the
metal. Reports of quantitative determinations of the extent
of this solubility vary, but the most recent work of Corbett
and von Winbush (23) indicates that the dissolved metal
constitutes less than O.1l mole per cent of the melt in this

CB 5€ .

To determine the possible effect of dlissolved lesd
metal on the nature of ionlc migration In fused PbClg the

following experiment was carried out. A transport cell cone

taining a fine porosity fritted disk was filled with pure




molten PbClz, 80 that the tungsten wires served as eiec=-
trodes., The Temperature dependence of the eonductivity of
this cell was now measured, readings being taken with an
accuracy of about one part in three hundred. Following
this, the salt was decanted into a beaker containing lead
metal. The liquids were allowed to stand in contact at
600%C, until the very dark color of the salt phase indloated
probably saturation with the metal., The salt was then
decanted back into the cell and its conductivity agsin meas-
ured as a function of temperature. The resistance readings
teken at every temperature over more than a seventy degree
range were cbserved to be identlcal with the values pre-
viously obtained for the pure salt within the accuracy of
the instrument. The fact that the presence of dissolved
metal affects nelther the magnitude nor the activation
energy of the conductivity of the sslt would appear to

Justlfy the conclusion that the transport numbers also re-

main uneffected.

Strictly speaking, the absence of surface effects due
to the membrane and the absence of any influence of dis-
solved metal on the transport numbers should be justified for
each partlcular salt investigated. The above dlscussion
suggests a simple experiment which may be used as a general

eriterion to indicate the validity of the method for any
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particular salt under consideration. By comparing the
tempergture dependence of the conductivity messured in a
transport cell containing the electrodes to be used with
corresponding data for the pure salt obtalned using inert
electrodes, 1t should be possible to decide whether these
factors have any influence on the mechanlsm of the conduc~
tivity process. A significant change in the slope of the
log (1/R) vse 1/T curve would probably indicate the in-

applicability of the method for the salt being studled.
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V. A CELL FOR MEASURING THE TRANSPORT NUMBEHRS
OF THE IONS IN MIXTURES OF FUSED SALTS

The cell described in the preceding section cannot be
uged for the exact determination of the transport numbers
of the 1ops in & melt contsining more than two current-
carrying specles. Under certain conditions, however, 1its
use should yleld an equation in two unknowns which could be
solved simultaneously with the equation obtained from experi-
ments of the type carried out by Wetmore (7) to give the
exact tfansgort numbers of all three ions in a mixture. The
conditions referred to require that the densitles of catholyte
and anolyte remaln equal above the level of the capillary
durlng the course of electrolysis. Attempts to clrcumvent
this requirement by the use of a modified version of the cell
will be described along with the experimental results of
trensport number measurements on a mixture of AgNOS and
ﬂaﬂﬂg, preaantea in the following section. The present sece
tlon willl describe a cell which was developed for the pUrpo se
of obtaining in a single experiment the transport numbers of

all lons in any experimentally feasible homogeneous mixture

of salts,.
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The transport cell is i1llustrated in Figure 4. It 1s
congiderably smmller than the other cell standing only about
2 inchee high. Again the cell 1s made of Pyrex gl ss and
consliats of two compartments separated by an ultrafine
porosgity fritted glass disk. Tungsten wires sealed through
the bottom of each compartment and Joined to nickel wires
provide contact with the metal electrodes to be used. No
feet are necessary, since the cell etands in a sand bath

which can be placed directly into the furnace.

The procedure for operating the cell is as follows,
Samples of the homogenous mixture of sslts to be studled
already ground into a powder are welghed accurately into
each of the two sides of the cell, uQing enough salt to f1ill
1t nearly to the %ep.* The cell 1s now burlied in the sand
bath so that sand comes almost to the top on the outside.
After placing the bath in the furnace with the tip of a
thermocouple burled next to the cell, the temperature is
raised to the desired level and the whole systsm allowed
to stand untll the temperature inside the bath agrees with
the furnsce temperature. It should be noted that better

temperature control is desirable in these experiments in

- ,
On melting, the liquid levels should not qulte reach
the top of the center section. e




Fig. 4 Cell for measuring transport numbers in mix-

tures of fused saltis.
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order to cut down mixing of the electrolyte by convection
ang Adiffusion under a temperature gradient, If the actlva-
tion energy of conductivity criterion for the valldity of

the method discussed in the preceding section is to be used,
the messurements should be carried out at this point. To
earry out the actual run a known guantity of electricity

is passed through the cell. An upper 1limit on the atrength
of current that can be used ls established by the fact that
the fritted dlsk tends to overheat and fuse together when

the electrical energy being expended exceeds about two

watta,

When the run is complete, the bath 1s removed from the
furnace and the cell qulckly withdrawn from the sand. After
cooling the cell is carefully broken at the disk. This 1is
not d@ifficult, d nce the glass is streined and may already
be cracked at this point. The disk 1s now broken away from
the salt on the other side, any adhering salt being care-
fully scraped inte the appropriate compartment. The contents

of each compartment are now analyzed for the exsct number of

equivalents of each lonic species present by a sultable

procedure.

The trensport numbers are readily calculated from the

data as follows. Except for the speciles changed at the
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electrodes, the number of equivalents of each lon transferred
from one side to the other during the passage of gz faradays

is given by zt,, the direction of the transfer belng deter-

i
mined, of course, by the charge on the ion. The corresponde.
ing transfer for the lon formed at one electrode and removed
at the other 1s z{l -~ t;) in the direction opposite to that
of 1ts migrations To find the actual amounts transferred
from the experimental data the total number of equivalents
of each ion in the cell, nyp, 1s first obteined by adding
the numbers of equlvalents of 1 In the cathode and anode
compartments, Ny and ngpe Division of nyqp by the sum of
all such terms glves the inltial equivalent fraction of i,
Kg, in the original nomcganaoﬁa mixture. The original number
of equivalents of 1 in each compartment, ngg or ngA, is thus
given by multiplication of ﬁi by the total number of equive
alents of all ions present 1n1tiallyvin that compartment,
n%c or n%a¢ The latter quantities are found by assuming
that equal smounts of salt were lost from each compartment
by absorption inte the membrene and by svaporation before
the run was started. The total initlal guantity of salt is

+ taken to be the same as the final number of equivalents found
in both compartments. The fraction in each compa rtment
Initially i given by the ratio of the welght of solid salt
put into that compartment originally to the total welight of




salt put into the cell. Multiplication of this fraction by

the final total of equivalents of all specles analyzed thus

gilves the initlal number of equivalents to be taken for

each compartment. The transport number of a catlon, k, not

reduced at the cathode, for example, ls given by tK =

(nkﬂ - nﬁc)/z, where the quantities on the right are detere

mined by the method Just described.

The possibllity that errors due to backflow of the

liquid through the membrane may be Introduced is obviously

inereased with this cell, since a

will probebly exist from the time

small difference in levels

the salt melts., The

qualitative observation that 8ll the salte studled appear to

show very little tendency to flow

disks seems at least partially to

through ultrafine porosity
Justify the method. For

example, a difference In levels of about 1 em. of AgNOg, the

least viscous salt studied, showed no apparent decrease on

being left in a transport cell at
melting point) for almost a week,
made that the rate of flow with a
the same &s that wlth no current,
on this observation indicate that
flow will be negligible when this

number experiments.

250°C, (40° above the

If the assumption can be
D«Ce current flowing is
rough calculations based
the contribution of back=

cell 1s used in transport
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VI. SOME SPECIFIC TRANSPORT NUMBER DETERM INATIONS

The experimental applicationa of the methods developed
that were actually carried out will now be described. The
results obtalned for four pure fused salts are summa rized
in Table &, the detalls of these experiments being presented
on the pages immedlately following. Results of a determina-
tion on a mixture of salts will also be considered in this

seoction,

Table &

Results of transport number determlnations on
four pure fuged saltis

Salt Temp. (°c.) No. of expts. t. (avg.)
PbCL,, 565 22 0.758 4 0.014
635 7 0.757 % 0.009
Pbﬁrg 506 11 0.653 t 0.013
600 5 0,674 3 0,003
T1C1 475 3 0.496 & 0.004
5056 2 0.492 3 0,001
AgNO. 285 2 0.24 3 0.02
275 2 0.2¢4 ¢ 0.02
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A, Lead Chloride
1. Materials

Fisher certified reagent lead chloride was used. Fur-
ther purification did not seem necessary, since smmall amounts
of impurities had no aepparent effect on the results. The

lead metal used for the electrodes was "Baker Analyzed"

" reagent grade.

2+ Procedurs and obgervations

All pertinent informatlon relating to the study of thils
salt was presented in the description of the cell, its use

and its justification. Papers describing the work have also

been published in the literature (24,25).
B. Lead Bromide
1. HNaterials

Fisher purified lead bromide was recrystallized from
0«1l N HBr. The crystals showed s melting point of 570°C‘,
which ldentifies them with pure PbBr, rather than the sub-
stance melting at 480°C. which has of ten been misteken for
this compound in the past {26)., The lead metal again was

"Baker Analyzed" reagent grade.
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2« Procedure and observations

Pure PbBrgAmalta to a red liquid. Based on the degree
of darkening produced by addition of the metal, the qualita=-
tive estimte 1s that the solublility of lead in this salt is
somewhat smaller at the temperatures employed than in PbClz.
In order to test the validity of using lead electrodes and
an ultrafine fritted disk the resistance of the transport
cell was measured as a function of temperature. The acti-
vation energy found in this way is compared in Figure 5
with that calculated from specific conductivity data for

the pure salt given in International Critical Tables (27,

Vols VI, pe 148). The agreement 1s even better than might
be expected, considering the possible magnitude of experi-

mental e rIors

In spite of the low melting point of this salt, it
was not found possible Lo carry out accurate transport num-
ber measurements at a temperature of about QSOOC., gince
the vliscous and surface properties in thls region are such
that the bubble does not respond readily to a small differ=
ence in levels. Warming the salt to 500°C. eliminates this
problem, however, sc that reproducible reéults ¢ould be
obtained at the la tter temperature. The average value of

Rppgr, 500°C, was found to be (1.395 4 0.,050) x 10~°
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for a series of eleven axperimentc; comb;nation of thls
figure with density data In the l1literature for the salt

(28, pe 74) and the metal (21) gives ter > 0.653 ¥ 0.013,

At 6oa°a; the reproducibility was found to be even

better, the average value of R being (1.498 + 0.010)

PbBr
2
x 10 5* This gives a value of 0.,674 Tt 0.003 for the transe

port number of the bromide lon at the higher temperature.

Cs Thallous Chloride

1., lMaterials

Fisher purified thallium {ous) chloride was recrystal-
11zed from 0.01 ¥ HClL, Spectrographic analysis of the salt
revealed no apprecisble metal Ilmpuritles. The metal for

the electrodes was Sargent CP thallium metal.

2. Procedurs and observations

The solubllity of the metel in the salt is reported (23)
o]
to be 0.09 mole per cent at 550 C. Flgure 6 shows a come
parison of the tempersture dependence of the conductlivity of

T1Cl saturated with the thallium, measured in s transport

cell, with that reported in Drossbach's Elektrochemie gew

schmolzener Saelze (28, p. 73). It will be noted that the

former curve showed a very significent time dependence,
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Fig. 5 Lependence of experimental activation energy of conductivity of

pure Pb8r2 on nature of cell.
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the activation energy snowing sn increase of about 7 keal.
after the salt had stood in the furnace for 48 hours. The
magnitude of the conductivity showed & corresponding de-
crease for this period. Analysis of sslt taken from the
cell at the end this time showed that an appreclable frace-
tion had been transformed Into the oxlde Tl 0. Since
elther hydrolysias with water vapor or exchange of chloride
with atmospheric oxygen could account for thls change, an
attempt was made to reduce both of these factors by passing

dry nltrogen through the furnsace.

In spite of the effort to slow down oxide formation,
the measured values of the transport numbers showed a o milar
time dependence, which was obviocusly connected with the cone
hamin&timn of the melt. The runs on flrst filling the cell
with freshly purified salt three separate times, however,
showed excellent agreement among themselves. Movement of
the bubble is very slow for thlis salt, so that only about
two runs could be made each time before the effect of oxide
formetion on the results began to become noticeable. The
latter effect always produced a downward trend in the value
of RTlGl eventually rever slng the direction of motion of
the bubble. Over the 48 hour perlod for which the change
in activation energy is shown in Figure 6 the value of

Rpp gy 26 525° C. fell from (0,283 % 0,001) x 10™° to




Fig. € Dependence of experimental activation energy
of conductivity of pure T1Cl on nature of cell and on

effects due to standing in alr at 500°C. for 48 hours.
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«(1.35 + 0.07) x 10~°, If any significance could be at=
tached to transport numbers calculated from the latter value,
this change would correspond to a deorease of 0.33 in the
transport number of the enion. It seems reasonably certain,
however, that the correct transport numbers for TlCl corre-

spond to the values of R obtained with the fresh salt,

na
for which the measured activation energy showed good agree=-
ment with that calculated from the literature data as 1s

ghown in Pigure 6.

The calculation of actual valuesg of the transport nume
bers depends, of course, on an accurate knowledge of the
densities of both salt and metal. While the former density
figures were avallsble in Conway's tables of electrochemical
data {29, p. 28l), the latter had to be inferred by linear

extrapolatlon of the data given in International Critical

Tables (27, Vols II, p. 463) for the density of ligquid
thallium in the temperature range 302 to 353°C, This is
perhaps not a bad apgroximation in view of the relatively
small thermal expansion of liquid metals, but 1t should be
pointed out that 1t is probably this figure which determines
the accuracy of the ecalculated transport numbers. The rea-
son for thls is that in the equation relating the transport

numbers to experimental quantities (see equation 5, P.37,

for example) the density term turns out to be weighted much
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more heavily than the term calculated from Rpjpp, due to the
relatively small value of this experimental number. For
measuremen ts on freshly purified T1CL the average values of

RTlGl found were as follows: for three experiments at

il

475°C., R = (0.284 £ 0.025) x 10™%; for two experiments at

EOSQC., R (0.275 t 0.002) x 10*3; for two experiments at

1

525°C., R = (0.883 ¢ 0.001) x 10”°. The corresponding aver-
age values of ty for this salt are 0.496 & 0,004, 0.492 t
0.001 and 0,493 ¥ 0.000, respectively, where the indicated
errcor in sach cass refere only to that part of the measure-

ment carried out in this worke.
De Silver Nlitrate
l. Materlals

"Baker Analyzed" silver nitrate was recrystalllized from
water, dried one hour at 110°C., fused st 230°C. for 15 min-
utes, cooled rapldly, ground to a powder snd stored in a
desiccator. Silver metal electrodes were plated onto the
tungsten wires in the cell from an aqueous bath of the
following composition: AgNOy - 34 gfl., KCN - 58 g./1.,
NagCOz = & g«/1le, KNS = 20 g./1. The snodes used in this
electrolysis were made from Fisher certified reagent silver
metal, the process being carried out at room temperature

using a current density of about 6 ma/sq. om.
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2. Procedure and observations

The greatest experimental difficultlies In the present
work were encountered in the study of pure AgNOz. A number
of innovations were necessary which may be found useful in

the application of the method to other salts.

Although pure Agﬁ@a melts at aﬁout 31008., the temperae-
ture range that can be studied 1s limited by the rate of
thermal decomposition of the salt, which proceeds with
falrly repid formation of bubbles at temperatures much
above 300°C. Slow decomposition ococurs even below the
melting point, but the activation energy of conductivity
meagured af ter allowing the molten salt to stand below
300°C. several hours nevertheless showed excellent agreement
with careful work reported in recent literature. Specific
data are plotted in Flgure 7, the literature values being
taken from the work of Byrne, Fleming and Wetmore (30).

The results in Figure 7 also seem to justify the use of the
membrane aﬁd of sllver electrodes. Here the metal shows no

apparent tendency to dlssolve In the salt.,

The plating procedure for forming the electrodes was
found necessary in order to insure that tungsten at the
anode 1s completely coated. If any of the wire is exposed,

evolution of gas from the anode is observed during elec=
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trolysis. Sealing of silver wires through the gl ss to
~elrcumvent this difficulty was shown to be possible, but

very difficult.

5t11l more trouble was found at the cathode. Elec-
trolysis of molten silver aalts produces deposits of the
metal which grow out rapldly from the surface of the cathode
in the form of dendrites, or "trees," as they are commonly
called. This presented a ssriocus problem, for by the time
a few coulombs of electricliy were passed through the cell
the trees would have grown right through the membrane and
into the anode compartment. It was found possible, however,
to greatly alter the nsature of the deposit by superimposing
& relatively large alternating current on & small pulsating
direct current. The clrcult with which this was accomplished
is shown in Figure 8. The actual currents observed on the
amme ter and galvanometer are 360 ma AC and 24 me DC, respece
tively, the latter belng about one-half that calculated by
Ohm's Lew (14, p. 9) due to its pulsating nature. The
current may be represented by & dlstorted sine wave, the
area under the peaks being slightly greater than that above
the troughs. Sllver 1s thus alternately deposited and dise
solved at the "cathode" during easch of the 60 cycles per
second, a little more of the former teking place each time

than the latter. The experimental result of this arrangement




Fig. 7 Dependence of experimental activation energy of conductivity of

pure AgNO, on nature of cell.
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1s that dendrites are much denser and shorter for a given
quantity of electrieity. It was found that a current of
this magnitude could be passed for several hours before

the growth reached the membrane.

Even when the arrangement deseribed 1s employed, the
method 1s subject to further limlitations., It is unsatisface
tory, for example, below about 220°C,, the deposit agaln
growing too rapldly to pérmit significant experiments to be
run., Since the nature of the deposit actually depends on
the current density, the slze of the electrodes used is

also an important consideration, The indlcated arrange-
ment 18 satisfactory for electrodes at least 1 sq. cm. in

surface area, provided a suffilciently high temperature is

malntalned.

Addition of about 10 mg. of the powdered salt to one
compartment of & transport cell containing pure AgNOy does
not create sufficlent head to move the bubble. This is
apparently due to stronger surface forces malntaining the
level of 1iquid in these tubes, since the viscosity of
AgNOx 1; actually less than that of Pleg (31, pp. 1624~5).
A modification of the cell was therefore constructed, de-

signed to magnify the effective head produced by a small ine

crease in volume. The new cell was 1dentical to the one




Figs. 8 Circult used to reduce tree growth at cathode during electrolysis
of fused AgﬁOsa
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shown in Figure 1 (p. 33) in every respect, except that the
top of one electrode compartment was fitted with a ground
glass stopper., This stopper serves to seal off the comparte
ment, so that no liquid can accumulate or be depleted from
thet side without movement of the bubble. Assuming the alr
trapped in the space between the stopper and the liquild to
behave ideally, a simple calculation shows that the effective
head produced by adding a given volume of salt to the stop-
pered compartment is about 500/dh times as great as the core
responding head in an unstoppered cell, where 4 1a the dene
sity of the salt and h the height of the trapped colummn of
air. It is clear that by filling the cell nearly to the

bottom of the taper and Inserting the stopper 1t can thus be

made more than 1000 times sz sensitive in this respect.

Bmployment of the modified cell sacrifices two important
advantages of the original version. First, the cell can no
longer be used as a null instrument, so that accurate cali-
bration of the volume of caplllary per unit length and
accurate measurement of the distance moved by the bubble
become necessary. Second, and more important, the restric-
tlon of one compartment to a constant volume means that
changes in density due bto thermal fluctuations no longer
affect both compartiments equally. For example, a slight

rise In the temperature of the furnace, which would have
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cauged both sides to expand upward about equal;y in the
first cell, now causes the bubble to move In the direction
of the unéﬁoppared gide., Unless the temperature can be
rigorously controlled, the bubble thus acquires a thermal
background motion which, of course, is indistingulshable
from its motion due to the pessage of current. In the case
of Agi0g still another background motion is superimposed,
due to the slow thermal decomposition of the salt releasing
bubbles of gas in the sealed compartment. The latter motion
is, of course, unldirectional, and 1s usually sufficlently
small end uniform that it can be corrected for in the cal~-

culations.

The actual experiments were carried out as follows,
Aftei stoppering the cell contalning the bubble, the system
was allowed to come to thermal equilibrium in the furnsace
with only the symmetrical AC current flowing. The pulsating
DC current was then added, so that only a small heating
effect was thereby produced, The position of the bubble
at varlous iIntervale was noted to the nearest 0.01 cm.
with a measurlng cathetometer. It was observed that the
bubble always moved away from the stoppered side when the
current was first started, regardless of the direction of
the DC. Tis was apparently due to the addltlional heating

amounting to about 0.2 watte at the membrane. It took about
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1000 seconds for a new equilibrlum position to be reached,
after which sny motion of the bubble that occurred could
not be dlstinguished from the normal background described
above. This behavior was the same both at 225 and st 275°C.,
regardless of the direction of DC current flow. The trans
port numbers of the lons in pure ﬁgﬁoa thus appear to have
values such that the volume of slt transferred from catho-
lyte to anolyte on electrolysis is equal to the volume of
silver metal transferred from ansde to cathode. On the
basle of denslty figures in the literature for the salt (30)
and the metal (27, Vol. I, p. 103), the transport number of
the nitrate ion that would cause such & result is 0.24. In
view of the errors discussed, however, the accuracy of this

figure 18 probably not better than ¥ 0.02.

E, Equimolar Mixture of Silver Nitrate and Sodium Nitrate

1. Materials

"Baker Analyzed" sodium nitrate was dried for several
days at 110°C, Other reagents were the same as those used

for the study of AgNOx, silver electrodes being plated into

the smaller cell shown in Plgure 4 (pe 60) in the same

MENNEY «

A standard solution of 0.3 N AgNOy was made by welghing
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s sample of the sslt, purified as described in the previous
section, into a 1000 ml. volumetric flask end diluting to

the mark.

"Baker Analyzed" potassium thlocyanate was used to
make up a solution about O.4 N« This solution was standard-
ized against the AgNOz solution using ferric smmonium sulfate

ag indlcator.

A l.l ¥ solution of NaOH wes standardized agalnst pri-

mary standard potassium acid phthalate.

"Nalcite" cation exchange resin was charged with 3

HNO, made Dby diluting Baker and Adamson C.P. nitric acid.

2. Procedure and results

The modifled cell developed for use with AgNOz was first
tested to determine its practicabllity for use on AgNOz~NaNOx
mixtures. Electrolysis of such mixtures In this cell should
cause a transfer of [(1 - tﬁg)vkgﬁca - tﬁavﬁaﬂosl cc. of salt
from catholyte to snolyte accompanied by a transfer of ng
ces of silver from anode Lo cathode for each faraday passed,
where the V} refer to the partiasl equivalent volumes of these

substances. From density data for this system (30) it is

known that the equivalent volumes are additive over the whole
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concentration range, so that these guantlitles could be used
in conjunction with experimental data obtained from the cell
to glve an equation in two unknownsg. This eguation could
then be solved simultaneously with the one obtained by Wet-
more (7) to give the exaet values of all three transport num-
bers. It was found experimentally, however, that thermal
fluctuations of the bubble in these dilute solutions of
AghNOz were much greater than for the pure salt, the resulting
background being too large to sllow collecting of any
signifiecant data. The method was thus inapplicable to the
present case, but may yet be found useful for a similar ons,
e+Ze, PbCly, and KCL. It should be emphasized that it is
necessary to use the sbtoppered cell for such mixtures, since
the denslty changes in the compartments during electrolysis
would otherwlse give rise to a difference in the levels of

the two sides.

Only one attempt was made to apply the method for deterw
mining trensport numbers in mixtures described in Part V.
While this experiment was a partial fallure due to inadequate
control of tree growth, the results obtained nevertheless
seem to demonstrate the usefulness of the method. The

following details of the experiment are noteworthy.

Te mixture was made up by melting btogether the two
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galts in a beaker in the furnace, stirring the liguid
thoroughly, and cooling rapidly. The salt was then ground
up and three samples taken for analysls. Each sample was
dissolved in water which was then passed through the ion
exchange colum. Titration of the acld liberated wlth
standard base thus gave the total equivalents of cations.
The colum waa.then regenerated with acld, and the liberated
salt solution titrated wiih thiocyanate. The number of |
equivalents of Agﬁoa thus found permitted exact calculatlon
of 1ts equivalent fraction in the melt. The three samples
tested showed the mixture to be homogeneous, the equlivalent

fraction of AgNOs being 0.45.

After £filling the cell with the mixture and warming in
the furnace, the temperature dependence of the conductivity
wag measured. The data are plotted in Flgure 9, where they
may be compared with those of Byrne, Fleming and Wetmore (30)
for a mixture of almost the same composition.% The experi-

mental activation energles so obtained are seen to show good

agreement.

In carrying out the electrolysis the DC current used wa s,

unfortunately, too high, so that trees were found to have

%*xperimantal activation energies show little dependence
on concentration in this region.
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grown through the membrane. The DC used in this case was
about BO ma. Leater tests showed that 25 ma would have been

satisfactory.

The growth of trees through the membrane brings the two
electrodes together into the same compsartment. It is clear
that no further concentration changes take place after this
happens, since the net result of electrolysis, until the
electrodes become shorit-circulted together, is merely the
transfer of silver from one point to another wi thin the same
compartment. It can therefore be stated the actual number
of coulombs which caused the measured changes to occur was
some fractlon of the measured number. The quantity of trees
remaining in the cathode compartment after breaking the
cell indicated that this fraction was probably at least 1/g,
Some llmits on g, the number of faradays passed, have thus

been established.

Anslyslis of the data obtained shows some interesting
resulta. The upper limlt on gz establishes an upper limit
on the transport number of the silver lon of 0.67, while
a lower limit for tﬁg is similarly established to be 0.34.
The values of tNa corresponding to the same limits on Z are
0,37 and 0.75, respectively. In each of these cases, as for

all Intermedlate values of z selected, the sum of the cation




Fig. 9 Dependence of experimental activation energy of conductivity of

equimolar Agﬁ&s-NaKOS mixture on nature of cell.
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transport numbers is a little greater than unlity. Tpking
the possible experimental error into consideration, the
following conclusions asbout thls system thus appear to be
justified: (a) the transport number of the nitrate ion 1is
zero, or slightly negative; (b) the transport number of the
silver ion 1s less than the value of at least 0.82 found by
Wetmore (7) for a mixture in which the equivalent fraction
of AgNOx is O.24, l.0., tAg decreases wlth increasing con-
centration of silver lon in this reglon. The run should,
of course, be repeated, not only In order to determine

the exact values of the transport numbers, but also to

agcertain the degree of precision that can be expected.
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VII. DISCUSIION

The attempts of séma previous workers to measure
transport numbers that were reviewed earlier can be evale
usted more fully iIn the 1light of data given in the present
work. Thus, 1t has already been shown that the work of
Lorenz (3) and of Karpachev and Pal'guev (6) can probably be
congldered valld within the accuracy of the measurements.

In both these cases the compartments were separated by mem-
branes of relatively low porosity, such as those that have
been shown here to give the most conslistent results. It
waskalsu shown here, however, that membranes of slightly
greater porosity may permii appreclable backflow. This
observation mekes the methods of Tverdovskii (4) and Shcher=
bakov (5) appear rather questionable. The constrictions
by which their compartments were separated must have been
large compared with a fine porosity fritted glass disk, so
that backflow would be a considerable factor for liquids
wlth viscoslities comparable to that of PoCly such as they
studied. The probability of such error appears especially
likely when it is reecslled that these workers offered the

accumulating 1liquid no alternative path by which to equalize
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hydrostatic pressure differences, as was done in the present

WO TK

It hag already been shown that a knowledge of the exact
chemical formulas of the lonlc species that carry the current
in the melt is required before the transport data can be
subjected to mlcroscoplc interpretstion. No sultable methods
have yet been establlished for determining the degree of
complexing of the ions In a molten salt. For a medium in
which all the lons are so close together 1t 1s even 4iffi-
cult to say Just what 1s meant by the term "complex ion."

The concept as used here, of course, refersg to those aggre-
gates of lons that move as a unit in transporting current

through the salt,

An experiment which might be used to test for the
presence of such complexes is the following. A cell of the
type shown in Pilgure 4 (p. 60) 1s filled with a pure salt,
some labeled cation being put into the cathode compariment
only. After electrolysis the anode compartment is analyzed
for the labeled ion. Correction for possible diffusion and
convection is found by comparing the result with that for a
similar run in which only AC current was passed. The eXw
periment would thus show the extent to which complex anions

may be involved in the migration process. A similar experi-
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ment starting with labeled anlons In the anode compartment

could indicate the presence of complex catlions.

Very crude experiments purporting to be of the type just
described were reported by Wirths (32) in 1937. Using &
three~chambered cell in which the compartments were separated
by fritted glass partitions, he attempted to measure the
relative rates at which radioactive lead lons from the center
compar tment appeared In the cathode and anode compartments
during electrolysis of Pb(lp and of PbCly-KC1l mixtures. The
results on the pure salt showed Inexcusably large devistions
in the quantity of sctivity found in the catholyte, but
demonstrated that the activlity thus transported to the
anolyte was in every case smaller than that found for the
average blank run, a number of which were carried out to
determine the extent of diffusion and convection. The
magnitude of the former deviatlons is too great to be ex-
Plained by diffusion and convection errors. Apparently
it migt be attributed to the author's method of emalysis for
radloactivlity, which is not sufficiently described to permit
evaluation. The absence of any complex lead-containing

anions in pure ?bClg nevertheless appears to be established
by Wirths' results.

Tne data presented by thils worker for Pb(lp-KCl mixtures
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show still poorer reproducibility. Other than the observa=-
tion that the results are not inconslistent with the assump-
tion that lead-containing snions carry some of the current,
no further conclusions casn be drawn from this work. It was
pointed out earlier that Lorenz' experiments on the same
system (3) give evidence that some of the le ad ions are 80
complexed. This 1s best shown by the plot of tp, vs. con-
centration based on his data shown in Figure 2 (p. 50).

It will be noted that for equivalent fractions of Pb(llo

less than 0.87 the calculated transport numbers for the lead
ion are negative, the compositlion of the melt at that point
corresponding to the compound KC&‘PbClQ.% Further evidence
of complex ion formation in this system is shown by the work
of Bloom and Heymarnn (16, p. 410) who noted that the equiva-
lent conductivity of pure Pbll, is reduced by the addition
of KCl, the equivalent conductance vs. composition curve
passing through a minimum at equivalent fraction PbCls = 0.6,
It is clear that studies such as those just described help
glve an insight Intec the nature of lonic aggregation in

mixtures of fused salts.

Assuming the lack of complex lons in pure PbClo indlcated

*mhe theoretical significance of the linear relation
shown, if any, is not readily apparent.
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by the experiments of Wirths (32) to be a fact, the 1likely-
hood that such lons play an important part in carrying the
current in pure Pbﬁrg and in T1C1 appears small in view of
the chemical similarities, particularly the conductlvities,
of these salts. Some idea of the factors affecting lonie
mobility in molten salts can thus be gained from a ccnsidera-

tion of the measured transport numbers.

It 1s immedistely noted in comparing the flgures
(Table 3, ps 64) for Pbll, and PbBrg, salts which differ
prinecipally in the size and mass of the anion, that an
increase 1A size and mass of an lon apparently reduces 1ts
ability to carry current. That the mass of an ion 1s an
important factor in 1ts abllity to migrate has already
been shown by Klemm (33), who has used electrolysis of
molten salts as & method for separsating 1sotopea.% Con~-
sidering the transport numbers found for T1Cl, in which
both ions are singly charged, it thus appears that the
larger masgs of the thallium ion 1s compensated by its

smaller slze, so that both these factors are important.

This view 18 consistent with that presented earlisr of

* e experiments are set up in such a way that the
separation depends on the rate of ionlc migration, not on
the rate of the electrode process.
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Bloom and Heymenn (16), who suggested that the smaller
catlons in the alkall halldes carry nearly all the current,
It should be noted that the salts they chose for comparison

all had cations much lighter than ¥,

The princlpal difference between PbClg snd T1Cl is in
the slze and charge of the catlon, the mass of each being
about the game. Here the figures indlcate that the smaller
slze of the lead ion apparently falls to compensate for a
retarding effect due to its double charge. Thus, what might
have been thought to be an advantage for the lead ion is
really a handlcap, the stronger forces of electrostatic
attraction apparently making it more difficult for the ion
to leave 1ts Immediate environment. A similar behavior
has long been known to exist for ilonic migration in solid
electrolytes. Transport numbers around unity are usuaslly
found for the cations of uni~univalent salts, while the

anion generally carries most of the current in di-univelent

salts (34).

The observatlons just considered for the three molten
halides also appear consistent with the resulte found for
pure AgNOze. In this salt the cation i1s heavier than the
anion, but much smaller, the charges being the ssme. It 1is

therefore not surprising to find the sllver ion carrying
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three-fourths of the current. In:the case of the AgNOz-NaNOgz
mixtures, however, it 1s apparent%that other factors must be
taken into consideration. Here the results show the silver
ion carrying most of the current when present to a smaller
extent, but apparently glving way to sodium ion conductance
as the concentration of sllver ion 1ls iIncreased., It should
be pointed out that this conclusion 1s not based solely on
the result of the single experiment described, but on addil-
tional data of Duke and Ida (35) using experiments similar
to the type employed by Wetmore (7). The work indicated
that at stlll higher concentrations of silver ion the
sodium carries an even larger fraction of the current, so
that 1t is apparently the cation present to the smaller

extent that 1s the more mobille in such mixtures.

Much more data must be gathered before 1t will be
possible to form a comprehensive plcture of the micro-
scoplc nature of the conductivity process in fused salts.
An 1important step in the development of such an understande
1ﬁg would be to find a relation between ionic transport
by diffusion through the salt and ionic migration under
an applled potential. It was shown earlier that the use
of the Nernst-Einstein equation is probably not valid
for molten electrolytes. This equation relates the cone

ductivity of an lon to its self-diffusion coefficient,
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Di’ by the expression

D, P22

Ne 2L
RT

where F 1s the faraday and Zy the charge on the lon. It
was pointed out that the derivation of the equation in-
volves the assumption that the two processes have the same
mechanism. Reflection on the end result of these two pro-
cesses brings to light their fundamental difference. Cone
sidering the "gelf-diffusion” of labeled thallium lons
Into TiCl, for example, 1t 1s clear that the net result
observed is the Ilnterchange of cations, i.e., the labeled
thallium fons take the place of normal thalllum ions in the
liquid and vice versa. In electrical conductance, on the
other hand, the exchange of position 1s between thallium
lons and c¢hloride ions. It 18 clear that in order for the
mechanliams of the two processes to be considered the same,
it 18 necessary that the exchanges mentioned here each
conslst of two independent steps taking place in opposite
directions. The Nernst-Einsteln equation is thus valid
only for those limiting cases where the motions of ions
are few and far between. In the fused salt, however, it 1s
not unlikely that the diffusion of some of the chloride
ions may be coupled with the diffusion of some of the

thallium lons. This would effectively amount to a transport
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of TLCl "molecules,” which would show up as movement of the
thallium ion in self-diffusion experiments, but would cone
tribute nothing to the conductivity of the thalllium lon,
Thus it 18 not surprlsing that the transport number of 0.95
calculated for the thallium ion by Van Artasdalen (15) from
self~diffusion data of Klemm (18) is almost twice the

actual value of 0.51 found in the present work,

In consldering the relation between diffusion and
conductance, 1t is insgtructive to compare the activation
energies of the two proceases. The experimentsl activatlon
energles should not be compared, however, since theoretical
treatment shows that the experimental activation energy of
dgif fusion differs from the heat of activation by the quanti-
ty RT (2, p. 187), while the experimental activatlion energy
in the latter case 1s the same as the heat of activation,
Thus, even In the limiting case the Nernst-Einstein equa-
tion shows that the temperature dependence of the conduce
tivity of an lon should correspond to the temperature de-
pendence of the quantity (Ds/T). Since the transport num-
ber of the thallium ion has been shown in the present work
to be Independent of temperature within the experimental
error, the conduetivity of the whole salt should show very
nearly the same temperature dependence as the conductivity

of the cation, i1.e., the chloride ion must have the same
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activation energy of conductance as the thallium ion if the
fraction of the current carried by each 1s to remain un=-
changed with changing temperature. A comparison of the heat
of activation of self-diffusion of the thallium ilon in T1Cl
with the heat of activation of conductivity of the salt 1s
shown in Figure 10, the data for the former curve being
taken from the work of A. Klemm (18) and that for the

latter from conductivity measurements of Tubandt and Lorens
(38) combined with density data of W. Klemm (37). It

should be noted that since the density of a g8alt 1s a func=
tion of temperature, it is important to use equivalent rather
than speciflc conductance in such comparisons. The agree-
ment between the slopes of the two curves shown in Figure

10 suggests that there may well be some correlation be-~
tween the two processes which would make s more inclusive

theoretleal approach to the problem worthy of further in-

vestigatlon.

As just noted for the case of T1Cl, the lack of de-
pendence on temperature of the measured transport numbers
indicates that 1f the conductivity of a molten electrolyte
can be expressed as a sum of exponentlal terms (equation (6),
pe 52), the activation energies of each of the ions must be
very nearly equal. Of the salts listed in Table 3 (p. 64)

only in PbBrﬂ do the transport numbers show any significant
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dependence on temperature. Even for thls case the dependence
is small enough that 1t might possibly be explained by ex=-
perimental error. If 1t should be found for fused salts
generally that the transport numbers show no dependence on
temperature, then the conclusion might be justified that the
rate determining step of the migratlion process 1ﬁvolves the
gimul taneous motion of both catlons and anions, so that the
exchange referred to above could not be further subdivided
into individual jumps. The transport number data presented
here, however, are not sufficiently accurate to justify the
conclusion that the indlvidual lonlc activation energles
are the same for a given salt. Over the limited variations
of temperature for which they were measured, a change in

the transport numbers whigh lay within the experimental
error of these figures could correspond to a difference in
activation energies for the two lons of as much as 0.5 keal,
In the one case where a significant change was actually
noted, that of Pbﬁrg, the indlcated difference between the
activation energies calculated for the two ions 1s about

1.2 keal, the experimental error of this figure clearly

being quite large.

The type of significance which might be attached to
such measurements of the temperature dependence of the

transport numbers will now be illustrated briefly by cone
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sidering the data In the present work to be sufflciently
accurate to warrant such interpretation. Consildering first
the figures for Pbclg, it will be noted that no temperature
dependence of the transport numbers was observed. This
suggests that the EI of equation (6) are the same for both
ions. Looking at the values of the transport numbers them-
selves, however, it 1s clear that the chlorlide lon carrles
the larger fraction of the current. Thus 1t must be that
Ag of equation (&) 1s considerably larger than App.
According to the theory of reaction rates (2) this indicates
that the entropy of activation is more favorable for the
8ingly charged lon. The results on Pb8r2 would seem to be
consistent with this interpretation. For in this case the
data indicate that the bromlde ion carries the larger
fractian of the current in spite of having the larger
activation energy of migration. Thus, it again appears that
the doubly charged lon undergoes the larger entropy decrease
in attaining the activated state., In T1LCl, where both ions
have the same charge, the activation energies again appear
to be the same for each lon., This time, however, both 1lons
carry equal fractions of the current, indicating once more
that it is the relative charges of the lons that most stronge
ly influence the relastive values of Ag+ The experimental

error in the AgNOas measurements was oo great to bring this




Fig. 10 Heat of activation of self-diffuasion of thallium ion in TiCl com-

pared with heat of aetivation of conductivity of TiCl.
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salt into the present discussion. On the basls of the plc=-
ture presented here, however, one might expect to find a

larger activation energy for nitrate than for the silver lon.

(ne view of the microscoplc nature of the liquld state
suggests that some reglons are to be found in which there
existe & high degree of order, as in a solld crystal, whlle
other regions have a considerably more random structure (38).
If such a picture has some degree of valldity, the question
arises as to which type of regions are more favorable for
ionic migration. The very low conductivity and high activae
tion energy of conductance observed in solld salts suggest
that highly ordered reglons are not too conducive to the
movement of iona. 'The relatively high conductance and low
activation energy in liquid salts may thus be due to the
relative ease with which the lons can move in dlsordered
regions of the liquld, mligration in the more ordered regions

~contributing little to the conductivity of the melt.

Buch & pleture might be used to help explain the inter-
esting results obtalned in the measurement of transport nume
bers in the AgﬂOanﬂaNos mixtures. It was pointed out that
as Agﬂﬂg is added %o Namog the transport number of the silver
lon increases rapldly until at an equivslent fraction of

0.24 the silver ion 1s carrying more than 80% of the current.
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As more of the silver salt is added, tAg

off, the sodium ifon carrying & larger and larger fraction

then begins to drop

of the current. A corresponding behavior for the other

cation seems to hold when NaNO, 1s added to AgNOz, the transe

3
port numbers of the two cations probably being nearly equal
for an equimolar mixture as was indicated by the experiment
carried out in this work. It should be pointed out that the
equivalent conductivities of the two salts are not far apart,
that of AgNOz being slightly larger, end that the varlation
of equivaslent conductsnce with concentration is very nearly
linear in going from one pure salt to the other (30). e
experimental energies of activation, on the other hand, seem
to show irregular variations over the concentration range
(30), which might be expected in view of the behavior of the
transport numbers. The structure of the liquild suggested
above might help account for these observations in the

following way.

In a pure salt, NaNOz, for example, the fraction of the
liquid that might be consldered disordered 1s principally a
function of temperature, and contains the same ilonic specles
as are present in the ordered regions. When a small amount
of Agﬁas is added, the latter salt may be considered as an

impurity In the former. The silver lons are too far apart
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to collect into any sort of ordered lattice with respect to
each other, and do not fit neatly into NaNOz lattices. The
sllver ions thus become centers of discrder in the melt, the
net result being that the disordered fraction of the ligquid
is concentrated in the nelghborhood of the silver ions.
Since, as was Indlcated above, these are probably the reglons
in which electrical conductlivity takes place, the silver lon
has a much higher mobility when present to a minor extent,
The same argument may be used, of course, to explain the
behavior of Agﬁoﬁ containing a small fraction of NaNO;. The
Intermediate concentrations probably have appreclable frac-

tiona of each catlon In disordered regions.

It should be emphaslzed that the above discussion is
entirely within the realm of speculation, and is not to
be consldered a comprehensive explanation of the observed
transport numbers. It serves to indicate, however, the way
in which the study of transport numbers in fused salts may
contribute to the development of a general theory on the
nature of the liquid state. A great deal of information
from many different sources must be taken into consideration
in the constructing of such a theory, and 1t is hoped that

the pre sent work may stimulate further investigation in a

relatively unexplored and challenging fleld.
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VIII. SUMMARY

1. The meaning of trensport numbers in fused salts
ﬁas been dlscussed in the light of the inapplicabllity of
the usual definition appl;ed to electrolytic solutiona. A
miceroscoplie definition has been proposed which permits
divislon of the conductance of molten electrolytes into a
sum of wmeaningful ionie conductances which depend on the

abllity of each ion to move through the bulk of the liquid.

2+ Attempts of previous workers to measure transport
numbers in fused salts have been reviewed with respect to
thelr validity and significance. It has been shown that,
while a few of the papers present significant data, the
failure of any previous investigators adequately to con-
sider the nature of the quantities they were measuring has

led in other cases to the publicatlon of completely useless

or uninterpretable experimental results.

3» A cell has been developed for meassuring the trans-
port numbers of the ions in pure molten salts. It has two

vertical electrode compartmenits separated by a porous gla sa
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membrane, The displacement during electrolysis of an ailr
bubble in a capillary tube connecting the two compartments
yields data which can be combined wlith known density data
to calculate the trahsport numbers, assuming the simplest
formulas for the current-carrying lons. The validity of
the use of this cell for transport number measurements in
fused ?bﬂlg has been verified by a number of different ex-
periments and theoretical consglderations. A criterion for

indicating its applicabllity in other cases has also been

proposed.

4, A cell for measuring transport numbers in mixtures
of fused salts has been described. The electrode comparte
ments are again separated by s porous glass membrane. Re=
sults with this cell are found by determining the actual
guantity of each ion transferred from one compartment to

the other on electrolysils.

5. Application of the former cell to a number of pure
fused salts has ylelded the following experimental transport
numbers for the negative ions: FbCly « 0476 at 565 and at
635°Cs; POBr, = 0.65 at 500 and 0.67 at 600°C.; TICL - 0.49+
at 475, at 505 and at 525°C.; AgNOz - about 0,24 at 225 and
at 275°C, In an equimolar AgNOz -NaNOz mixture use of the

latter cell has Indicated that the nitrate ion cerries a
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negligihle fraction of the current, while the maximum trans~

port number of the silver ion is less than 0.67.

8. An experiment has been proposed which would permit
evaluation of the extent to which complex lons carry current
in molten salts. It has been shown how such information,
combined with that of the type assembled in the present work,
may be of considerable use ln the development of a theory

of the llquld state.
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