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ABSTRACT
The transference number of the chloride ion was determined in
pﬁre fusgd MgClZ, CaClZ, SrClZ, and BaCl2 utilizing ra_dioactive chloride
ions in a porous quartz membrane cell. On the basis of a two-step
dissociation for these salts, MGl2 = Mot scr s M++ + 2Cl17, the
extent of the second dissociation was qualitatively predicted from a
consideration of the relative mobilities of the ions.

Introduction

There is some controversy about the physical significance of Hittorf
type transference experiments in pure single component fused salts.
It is obvious that ambiguity about the reference frame for the velocities
of the ions éould result, since in the pure fused salt the solvent, to which

ion motion is generally referred, is absent. Indeed one might consider
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the ﬁhenome,non as electroosmosis since expe.rirnentally there is no dis-
tinction., On tﬁis basis Sundheim (1) has extended conventional hydro-
dynamic equations of motion to describe the movement of the ions and
ﬁas found that the trénsfereﬁce numbers defined in the reference frame
of the cell (i.e., porous plug expérirﬁénts) can be expreséed in terms of
partial viscosities ‘ofvthe ions, |

Laity (2) has discussed the conceptual difficulties of defining
transference numbers in pure siﬁgle component fused salt;sr The idea
cénveyed is‘ that the conventional porous plug transference experiments
do indeed measure a property of th.e salt,. 'i:ut the significance of this
I;foperty has not yet been clarified. However, Esin et al. (3) in\a'short
review expressed the view that ;:heré' is no basis for considering it im-
possible in principle to measure transference numbers.in i)ure single
co‘fnponent' f.used. salts using the porous plug method.

- In the present paper the.ltransfer.ence number measurec{.with respect
“to thé 'poeru‘s plug will be .i'nterpreted‘as a mea..sur"e of the mobility of the .
. iorlxv'relati-ve to the bulk fused. salt., Further comﬁenis on transference
numberls in pure fused salts will be resefveci for afuture publiéation; ’

The purpose of.this paper is to report the experimental valu=zs of
the transference.number of the chloridé ion in pure fused alkaline earth
- chlorides and then to infer certain structﬁral propefties (i.e., assﬁci-.
-ation) of the me'ltls .

Expe rimental

Materials: '"Baker Analyzed' reagent grade alkaline earth chloride

hydrates were recrystallized and dried under vacuum to remove surface
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water and gorﬁe ‘hydration water.. Complete dehydration was realized
for barium, strontium, and calcium chloride during the course of the
-.transferAence experiments during which a'dry argon atmosphere covered
the salt at all times. Vg.cuum fusion analyses (4) after sample runs "
indicated a total oxyéeh content (calculated as MO) of .les‘s than 1 mole %'
for each of these salts. |
Pure anhydrous magnesium chloride was prepared by vacuum gublim;- -
'tic;n of the chloride (near 800°C) away from the deh?dratibn impurities.
Similar ;ra'cuu;'n gas analyses gave an oxygen contamination of less ,tha;x
0.5 rﬁole % MgO. | |
' Radioactive éalts were preparqd in the same manner except that
prior to recrystallization a predetermined amount of HCl:.56 was é.dded
| to tixe aciueous solution. B
3 Apparatus: A 'V’ycor cell holder which extended about 10 in. into an
upright tube fufnace was used to support the quartz transference cell
(Fig.. 1). This arrangement allowed for a dry inert a.trriosphére over the
salt at all times. The construction of cells and ;h-e' porosity'"reduction
t:r‘ealtment qf the quartz disks have been described p‘reviou‘sly (5);
'Spectroscopic graphite rods 12 in. in length and 1/8 in. in diameter
‘were used for the electrodes. |
The 230-v\ furnace was controlled by a Bristol Electronic Cox;ltroller
sensitized by a ChromeliAllumel thermocouple,

.Initially a Heathkit Model PS-5 variable voltage regulated power

supply served as the d-c source. In some of the later work a full-wave
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Cell holder and cell




.selenium rectifier in conjunction .witl'x a pi-section filter circuit was
- employed. ‘A silver coulometer was used to determine the charge passed
‘through the cell.
| A Mociel 181A Nuclear-Chicago Decade Scaler and a Tl Dual Time;'
were used with a Tracérlab TGC-1 Géigér-Mueiler tube for determining
the beta activity. |
| Procedure: The anode and céthoae compartments were. filled with
,iﬁactive anci radioaétive' salts resp,e'ctively. AInﬁle c'asg' of,the r'naénesium
' chloride experiments the‘ filling of the cells was done in a dfy box followeci_
| by a raf)id transfer to the cell holder through which dry érgon ;xras fiowing. '
Tﬁe cell was attached to the cell holder with émall Nichrome spr;ngs and
the entire assembly lowered into the furnace.. After the desired température
was reached and suf.fibcient time allowed for the salt to 'comé: to equilibfium :
L temperature, the grai)hite electrodes were iowered into the melt and a
measure& d-c current Qas passed through the cell., The elelétrolysis

'f:time varied from 500—2000 sec depending on fhe current uéed. Generally

a total charge of approximately 100 coulombs W#s employed. After |
electrolysié the electrodes w‘ere lifted out of the melt andlthe cell was
removed from the furnace to quickly freeze and cool. The dry argon
ﬂushiwas‘continued dgring the cooling process. .The cell was then split
carefully at the disk so as not to contaminate the anolyte with the more
radioactive catholyte salt. Both halves were dissoi‘ved in water. The
a.n;‘)lyte weight was fnuna by weighing the half cell before and after the

'salt was dissolved.with corrections made for adsorption of the salt by

N



the electrode. - The solutions were buffered below pH 10 with ammonium
acetate and ammonium hydroxide and the chloride ion was precipitated .
with excess silver nitrate. Three samples from each anolyte and catholyte
were prepared for'co.unting. Standard coincidence, self-absorption, a;ld
background corrections were made and the specific activities of the
samples, recorded. 1 , |

To be consistent with the operational definition of transference
numbers all conditions of the experiment must bé referred to the disk,
It was diécov‘ered during the expex;iments that the standardized Pt, Pt-Rh
thermocouple did not sense the rather large temperature rises within
the disk even though it was in contact with the cell directly above the
disk. In order to foliow the temperature of the disk a fading elenllent‘
Pyro Micro-Optical Pyrometer was mounted directly above the furnace.
‘Readings were taken by focusing on the disk through the small thermocouple
well in the top of the cell holder. In a few cases in which the membrane
porosity had been reduced to extremes, arcing was observed‘in a few
~ Yhot" spots'in the disk. However, for most experiments the heating was
1"nodAerate (0-50°C, with no arcing) and uniform throughout the disk. |
Cell resisténces varied from 100-1000 ohms and the curre'.nt was generally
- 100 ma, however, even a sixfold variation of 50 ma to 300 ma caused no
appreciable change in t_he equivalents of Ce~ ion transported. The temper-
ature of the disk varied linearly with the power dissipation within the-

disk which was‘ usually less than 5 w.

INote to Editor: This paragraph may be replaced with: The experimental

procedure was esseﬁtially that of Duke and Bowman (5) with a few modifications.



- Previous transference experi;'nents have been done with little or

no consideration for this dissipation of energy within tﬁe disk. Lunden (6)
did attempt tb _rneasﬁre it b)'{ Qrapping the 'leads of a smali ther.mocouple
around the disk wit.h‘ the therchouplg in contact with the outer surface“ of
the cell. It is reasorlxable to assume similar heating in P;rrex disks.  Ex-
periments with Pyrex cells in which a high current density was ﬁaintained
near the éoftening point of Pyrex should be viewed with this in mind.
Under extreme heating the fused Pyrex glass would act as 'an ion exﬁhange.
medium e;chibiting ‘only cationic conduc tio'n.

| <Diffusionalh and viscous flow due to gravity can play a major role in
tflé experimental error of the data. However,‘ for sufficiently fine disks,
blank runs for diffusion and experiments in which hydrostatic heads of
several millimeters were used,‘ indicated negligible corrections for
these .effects during the short duration of eac}; transference experiment.

Results and Discussion

For most uni-uniyalent molten salts complete dissociation is generally
assumed. However, for molten salts containing multivalent ions incomplete
dissociation (or association) may occur. Consider possible reactions for

the alkaline earth chlorides in the molten state,

MCl, = mcit + c1” e (1)
; t
mtt s cr- a,
++ +

There are three speciés, M., MCl', 'and-Cl',; to which transference

numbers, t t , and t_,' rhay be assigned.

++ O+
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The equivalents of chloride ién,transferred’ from cathode to anode
‘compartment during a radioactive chloride traced electrolysis of a pure
fused alkaline earth chloride can be shown to be

m.=(C,/C )W, /M), (2)
where Ca and (;c are the specific acti’vities of the anolyte and catholyte
salts respectively at the end of'the experiment. W_ is the weight of the '
salt in the anode compartment at the end of the experiment and M is the
eqﬁiva;lent weight of the salt.

-Cathodvic migration of radioactive chloride was not observed in ex-
periments in .whi’ch the radioactive salt was initially in the anode com-
partment, This does not exclude the e'xistenég of the MC1% ion. On
the c,ont'rary this is consistent with rapid equilibration of the IvICl‘Jr
ions with its chloride ion environment. Thé only conditions fequir-'ed
.are that the rate of exchange of Cl" ions is rapid with respect to the
time required (a £ew seconds) for the ion to'pass through thé disk and
that t; >t The fi:st;condition is Satisfied by the very natufe of these
fused salts. Had the 1Aast condition been reverséd (i,e., t_< t+) then
é.n;adic r-nig.ration of radioactive chloride would not be observed. And
finally,if t_ = t+ the radiocactive tracer would not migrate, other than 'by
diffusion, from either compartment. Thus the net motion of the chloride
:ion may be described by defining the net equivalents of chloride ion
transferrgd as |

m=tZ-tZ o (3)

where Z is the number of Faradays of electricity passed through the cell.
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The experimentally determined quantity, m/Z,l is listed in Table I
for each of the four-alkaline earth chlorides over the indicated tempefature
© range. Included also are Yalues obtained from the data nf Lunden (6)
for ZnCl2 .and Duke and Laity (7) for PbClZ. Although the m/Z values
are reported as temperature independent, it should be mentioned that a

slighf linear increase of m/Z with temperature was observed for CaClZ.
The probability of existehce of d§ubly negative vacancies in the liquid
' seems small with univalent anions-present. On this basié, if the mobility
: of.the M-F+ i'on is assumed to be negligible in comparison with the mo-
bilitieg ofAthe MC'1+ and Cl  ions, then the relative concentrations of the
_ions may be estimated. For the mobility of the MC1? ion satisfying the

<2u_, valueg, of the degree of dissocié.tion for the

++

condition u_/2 <u_

reaction, MC1+.-:: M + Cl 7, were found to range between zero and

unity as shown in Table I. Dissociation increased for each salt progres-
sively down the Group HA chlorides. One may conclude fréfn the small
value fognd for ZnCl2 that an appreciable concentration of aésociated

2 molecules exists in the melt. Equivalent conductivity and viscosify-

data argué in favor of this conclusion also. The dissociation for MgCl2

- ZnCl

.was somewhat greater than for ZnClZ, and the dissociation fqr PbCl2 .
was approximately that found for BaClZ.

.Dégrees of dissociation for the alkaline earth chlorides have been
predicted by Markov and Delimarskii (8). From a consideration of a
semi-émpirical expression for the electrical conductivity and the rather

drastic assumption that the chloride ion will have the same ‘mobility in




10

the corresponding states (i.e., in the‘neighborhood of the melting points)
for thg'different-salts,i tfaey concludg that BeClz'is mostly molecular while
BaCl, exists mainly as Ba®t and C17 ions. with about 30% of the Ba*t

ions associated as BaCl+. While their results_aré compatible with those
proposed in this paper, the means by which they were obtained are
questionable.

In conclusion, analogous dis soc‘iation‘could be predicted by assuming
Stokes' law and effective ion radii for the siﬁgly charged species after
s_efting u, ., ;0. However, the use of Stokes' equation' for describing
the motion of.ioﬁs in fused salts is fundamentally unsound even though

order of magnitude agreement is generally found between observed. and

calculated values.
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Table I. Chloride transference numbers and per cent dis-

sociation in fused alkaline earth chlorides

a, x 100
Number of : 1 Case 1 Case II Caselll Temp. range,
Salt exp'ts - m/Z t u=u /2 uw=u_ ou =2u L °C
zZnCl, 0.27+£,08  0.64 0 27 55 435to 673
MgCl, 6  0.52%.04 0.76 23 52 . 73 730 to 920
CaCl, - 29 . 0.58+.09 0.79 31 58 76 780 to 1100
SrCl, 19 0.74+,07 0.87 54 74 86 880 to 1165
BaCl, 15  0.77%.09 0.89 59 77, 88 960 to 1100
PbcL,t . 0.76:.01 0.88 57 76 87  565to 635

% Tracer method.
%k S_tandard deviation errors.
© 1 Bubble-cell method.

t tCalculated as MC1? and C1™ from the experimental data.



12

-REFERENCES .

B.j' R. Sundheim, Private communication.

. R. W. Laity, J. Chem. Ed., 39, 67 (1962).
. O. A. Esin, G. A. Teterin, and I. N. Zakharov, Zhurn. Fiz.

Khim., 33, 1887 (1959).

V. M. Horrig.an, V. A. Fassel, and J. M. Goetzinger, Anal.
Chem., 32, 787 (1960). . '

F. R Duke a.nd A, L. Bowman, J. Electrochem. Soc., 106, 626

' (1959).

8 ..

A. Lundén, U. S. Atomic Energy Commission Rept. 'IS-114,
Apnl 1960. .
F. R. Duke and R. W. Laity, J. Phys. Chem., 59, 549 (1955).

B F Markov and Yu - K Dehmarsku, Ukram Zhurn. Khim.,

: 19. 255 (1953)





