EXTERNAL TRANSPORT NUMBERS IN MOLTEN ZINC BROMIDE

In den Daten der Autoren!8 wurden die Korrek-
turen naher abgeschitzt zu maximal 209,. Da bei
den hier vorliegenden Aktivierungsenergien 0,89,
Temperaturfehler bereits zu 14%, Abweichungen im
DK fiihren, liegt die Vernachlédssigung sicherlich in
der Fehlerbreite der Messung. Sie kénnen auch die
verbliebenen Abweichungen auf der Nickelseite
nicht erklaren.

Es kann daher der SchluB3 gezogen werden, daf3
auch nach den Darkenschen Formeln ein Wieder-
anstieg des gemeinsamen DK auf der Nickelseite
nicht zu erwarten ist. Er bleibt dort sogar, trotz des
fast exponentiellen Anstiegs der Selbstdiffusion
beider Komponenten mit steigendem Kupfergehalt
iiber einen weiten Konzentrationsbereich annahernd
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konstant, da dieser Anstieg durch den stark fallen-
den thermodynamischen Faktor fast kompensiert
wird. Die beobachteten Abweichungen im Diffu-
sionsverhalten sind daher wohl auf andere Diffu-
sionsmechanismen als die Volumendiffusion zuriick-
zufithren, die sich auf der Nickelseite bei gegebener
Temperatur zuerst bemerkbar machen sollten. Dal}
bei 1000°C im Bereich der Korngrenzendiffusion
gemessene DK wesentlich hoher liegen, lassen die
in Abb. 7 mit eingetragenen Werte von 10 gut er-
kennen.

Der Deutschen Forschungsgemeinschaft gilt mein herz-
licher Dank fir die Bereitstellung apparativer Mittel, ins-
besondere der Elektronenmikrosonde.
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The external transport number ! in pure molten zinc bromide has been measured as a function
of temperature using a porous plug as velocity reference. The results can be described by the

equation (obtained by least squares fitting)

tzn+=0.791—3.68 x 10—* (T —394)

(469—562 °C)

where T is expressed in degrees Centigrade. The result is in excellent agreement with values cal-
culated according to the so-called “new formalism” developed by Larry 1, 2,

Measurements of external transport numbers in
pure molten salts require a choice of a reference
frame. The fact that this choice is not only an ex-
perimental problem but actually defines the quantity
to be measured has been clearly established by
Larry ! and Kiemm 3 in two review articles. Thus the
measurement of an external transport number (in a
pure molten salt) is in effect a study of the inter-
action between the salt and the chosen porous se-
parator between the electrode compartments. Dif-
ferent separator materials tended to give similar ex-
perimental results and this fact was taken as an
evidence that a property of the salt only (and not
of the separator material) was measured. A closer
analysis of the plug materials used (glass, porcelain,
asbestos, aluminum oxide) shows however that which

1 R. W. Larry, article on “Molten Salt Transport Numbers”
in Encyclopedia of Electrochemistry, ed. by C. A. Hameer,
Reinhold Publishing Co., New York 1964, p. 653.

2 R. W. Larry, Disc. Faraday Soc. 32,172 [1962].

3 A. Kiemy, “Transport Properties of Molten Salts”, a chap-
ter in “Molten Salt Chemistry”, ed. by M. Braxper, Inter-
science Publishers, New York 1964, p. 538 and 593.

4 F.R.Duke and R.W. Larry, J. Phys. Chem. 59, 549 [1955].

the obtained experimental accuracies there is little
reason to expect any noticeable effect when these
materials are interchanged since they are chemically
similar to each other. (Work prior to 1964 is sum-
marized in Ref. 3). Moreover, careful experiments ®
showed a small but significant difference between
the observed transport number of the nitrate ion in
molten sodium nitrate when a pyrex glass® and a
selas porcelain? separator was used. This result
does not invalidate measurements of external trans-
port numbers as such, it merely restates (the already
obvious) fact that the composite system molten salt —
porous plug is studied 8.

The justification of an operationally defined
quantity such as the external transport number lies
in its potential usefulness. It has been shown? that

5 R. J. Lasrie and V. A. Lawms, J. Electrochem. Soc. 110, 810
[1963].

6 Obtained from Corning Glass Works, USA.

7 Obtained from Selas Corporation of America, USA.

8 C. Sinistri, J. Phys. Chem. 66, 1600 [1962].

9 R. W. Larry and C.-A. Ss6BLowm, J. Electrochem. Soc., to be
published.
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transport numbers can be used with excellent accu-
racy to correlate diffusional and electrical mobility
in all studied monovalent molten salts (a somewhat
more extensive comparison is made in Table 1) but
not in the divalent salts lead chloride and lead bro-
mide *» > 10, Thus the difference between these two
salt types can be studied in this way. It will be
shown below that there is at least one divalent salt
(ZnBr,) for which the correlation works and that
conclusions can be drawn about different degrees of
“association” of the ions in the melts.

Experimental

Commercially available zinc bromide (Riedel-
de Haen AG., Seelze-Hannover) was vacuum distil-
led and stored under vacuum until the time for the
experiment. Reagent grade zinc metal (E. Merck
AG., Darmstadt) was used for the electrodes without
further purification.

A method similar to that of Fiscuer and Kiemm !
was used. The metal and the salt were molten under
vacuum in the upper part of the experimental cell (see
Fig. 1) and the experiments were performed in an
argon atmosphere. A Pyrex glass frit (James A.
Jobling & Co., Ltd.) with diameter 10 mm and
thickness 1.5 mm was used as a separator between the
electrode compartments. The mean pore diameter of
each frit was individually measured by the factory and
it ranged from 0.9 to 1.4 microns (corresponding to
porosity grade 5). Veridia precision-bore vertical capil-
laries with a diameter of 2.00 mm were used and the
salt level changes during the electrolysis were recorded
withaGriffin & George (London) cathetometer.
Three separate furnace windings were used in order
to eliminate vertical temperature gradients. The heat-
ing current was supplied by a voltage stabilizer (Phi-
lips PE 1002 Elektron). The temperature during a
run could be kept constant to better than +0.2 °C
(which is the accuracy of the temperature recording
equipment). The practical upper temperature limit was
about 600 °C since the cell was made of pyrex glass.

Electrolysis currents of the order of 50 mA were
used in order to keep local heating inside the frit low.
The temperature was measured with a thermocouple
pressed against the cell wall at the edge of the frit.
Thus most of the heating effects inside the frit were not
recorded by the thermocouple. This local heating can

10 C.-A. Ssorom and J. Axpersson, Z. Naturforsch. 23 a, 239
[1968].

11 W. Fiscuer and A. Kremy, Z. Naturforsch. 16 a, 563 [1961].

12 The temperature dependence of the viscosity of ZnBr, is
unknown. The temperature dependence of the (conduc-
tivity) ! can be used with sufficient accuracy since the
correction term is very small (less than 5°C): J. O’M.
Bockris, E. H. Crook. H. Broom, and N. E. Ricuarps, Proc.
Roy. Soc. London A 255, 558 [1960].
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however be estimated with good accuracy as follows:
The hydrostatic flow of salt through the cell is almost
entirely determined by the viscosity of the salt inside
the frit. Comparing the flows when known alternating
currents pass through the cell to the flow without cur-
rent (when the frit temperature is equal to the furnace
temperature) gives a measure of the change in viscosity
due to local heating inside the frit. This change is con-
verted into a temperature increase and thus the true
frit temperature can be calculated 2. The maximum
power dissipated inside the frit was less than 1 watt
which corresponds to a temperature correction of +5 °C.

The external transport number is calculated with
one of the two equations !

) B s [, 28
. = VZnBrs 2™ dt)¢=0 1

(low hydrostatic resistance),

1 hy F A(dIn h/de)1-0

b) tgr = Vinbrs (VZ" = I )
(high hydrostatic resistance)
where
tgy = external transport number of the Br -ion,
V7u8r, = molar volume of zinc bromide 13,
Vzn = molar volume of zinc 14,
F = Faraday constant,
A = cross-sectional area of the vertical capil-
laries,

1 = electrolysis current (about 50 mA),
h = height difference between the salt levels in

the capillaries. & is counted positive when
the salt level is highest in the cathodic

compartment,
h. = h atinfinite time (equilibrium),
t = time.

In order to obtain (dInh/dz);-, the hydrostatic
backflow under a hydrostatic head is measured
when an alternating current equivalent to the elec-
trolysis current is passed through the cell. In the
present case (dInh/dt);_o was of the order of (60
minutes) ~! and thus both equations could be used
although eq. a) was preferred due to its simplicity.
(The agreement between results from the two equa-
tions was excellent.)

13 J. O’M. Bockris, A. PiLra, and J. L. Barroy, J. Phys. Chem.
64, 507 [1960].

14 Y. Matuyama, Sci. Rep. Tohoku I 18 (19/46), 30 [1929].
— C. M. Saecer and E. J. Asn, Bur. Stand. J. Res. 8, 37
[1932].
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The experimental cell is shown in Fig. 1. A more
detailed description of a similar apparatus is given

in Ref. 9.

Silicone rubber stoppers

Three-way stopcock, connected
to vacuum and argon system

45cm Veridia capillaries (diameter 2.00 mm)

Molten salt (ZnBr, )

Fritted disc

Molten metal (Zn) electrodes

Tungsten wires

Fig. 1. Experimental cell for measurements of external trans-

port numbers in molten salts. The three lower tubes are actu-

ally not in one plane (in order to save room inside the cylin-
drical furnace).

Results and Discussion

The experimental results (46 independent meas-
urements) can be summarized by “least squares”
fitting % in the equation

tpr=0.791 — (3.68 = 0.59) (T —394) x 10~
(469 — 562 °C)

where T is the temperature in degrees Centigrade.
The stated error is a standard deviation!® and the
eqution has a standard error of estimate 6 of 0.004.
The agreement between the results from experiments
with different cells is seen to be excellent in spite
of the experimental difficulties always encountered
with zinc bromide.

A comparison with the zinc chloride results ob-
tained by Fiscuer and Kremm!! shows that the
transport numbers of the two zinc salts are very
close to each other and that the temperature depen-
dences are almost the same. The calculation accord-
ing to the “new formalism” 1: 2

t,=}(4/P+z, D.[RT~z_D_[RT)/(4/F)

15 A. Hawrp, Statistical Theory with Engineering Applications,
John Wiley & Sons, New York 1952, p. 522.

16 Handbook of Chemistry and Physics, 46th ed. p. A-198,
The Chemical Rubber Co., Cleveland 1965.
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gives a tz;+ of 0.76 at 450 °C as compared to the
experimental value 0.77 (see Table 1). A similar
comparison is not yet possible for zinc chloride since
no reliable self-diffusion data are available 17.

It has been noted elsewhere !! that the pore size
should be larger than a certain (yet unknown) criti-
cal size in order to avoid influences of the pore size
on the transport. The critical pore size is very small
since the external ion transport is determined within
a few ionic diameters of the interface between salt
and pore wall &% 18, This view is supported by the
results of the experiments by Larry and SsoBrLom % 18
where a change in the properties of the double-layer
at the frit-melt interface produced a pronounced
change in the observed transport number. Moreover,
different frit materials do give different experimen-
tal results % 9 18,

A comparison between experimentally obtained
cationic transport numbers and the corresponding
values calculated according to Larry 2 is made in
Table 1. The accuracy of the calculated values can-
not be expected to be better than about 10 —20% in
view of the errors involved in the self-diffusion
measurements. There is nevertheless a remarkable
agreement between the two sets of values for all
salts except PbCl, and PbBr, (and perhaps CdCl,).
An attempt has also been made to predict the tem-
perature dependence. There is reason to expect some
success since the temperature dependences of the
diffusion and conductivity data are often more ac-
curately known than the absolute values. Unfortu-
nately only few transport number experiments have
been accurate enough to detect any temperature de-
pendence at all. Nevertheless the direction and mag-
nitude of the temperature dependence is reasonably
well described for AgNO; and ZnBr, while TICI is
somewhat undecided. There is of course no reason
to expect agreement for PbCl, and PbBr, .

Table 1 shows that the salts can be divided into
two groups: One group (containing all monovalent
salts plus zinc bromide) where the theoretical trans-
port numbers agree with the experimental values and
one group (containing the divalent salts lead chlo-
ride, lead bromide, and cadmium chloride) where
the theoretical and experimental values disagree.
The reason for this general behaviour is probably

17 Work is in progress in this laboratory in order to measure
the self-diffusion coefficients in molten ZnCl, .
18 R. W. Larry and C.-A. Ss6srom, J. Phys. Chem., in press.
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External transport number ¢,

Salt Temperature Calculated Data from Observed Data from
°C Ref. No. Ref. No.
NaCl 860 0.60 21, 22 0.62 + 0.04 25
RbCl 785 0.54 21, 22 0.58 + 0.04 25
CsCl 685 0.46 21, 22 0.57 + 0.01 25
TIC1 450 0.47 21, 23 0.42 4 0.01 1
500 0.47 0.43
550 0.47 0.44
LiNO3 350 0.81 21, 22 0.84 + 0.06 25
NaNOg3 350 0.65 21, 22 0.70 + 0.01 5
KNOs 350 0.54 21, 22 0.60 + 0.03 25
CsNOg 450 0.50 21, 22 0.4 (uncertain) 25
AgNO3 200 0.68 21, 22 0.80 + 0.02 26
250 0.67 0.78
300 0.66 0.76
CdCl 605 0.85 21, 22 0.66 + 0.01 25
PbCl, 550 0.53 21, 23 0.23 + 0.02 9
600 0.52 0.24
ZnBrz 400 0.83 2124 0.79 27
(extrapolated)
450 0.76 0.77
500 0.75 0.75
550 0.76 0.73
PbBrs 450 0.62 21,10 0.37 + 0.02 9
500 0.62 0.36
550 0.64 0.34

Table 1. Cationic transport numbers in pure molten salts. A comparison between the experimentally observed values and the

theoretical values according to Larry 1, 2, The calculated values cannot be expected to be accurate to better than +10—20%

due to the errors involved in the determinations of the self-diffusion coefficients. The errors stated in the “observed” column
are the reproducibilities reported by each worker.

to be found in the interaction at the salt — frit wall
interface where the value of the observed transport
number is determined. A larger fraction of doubly
charged positive ions (in this case lead ions) than
of singly charged positive ions will be immobilized
in this layer due to electrostatic interaction with the
(negative) oxygen ions in the glass surface. Thus a
greater fraction of the current will be carried (rela-
tive to the glass surface) by the anions in the di-
valent salt than might be expected from the theoreti-
cal equation (which holds for the monovalent salts
according to Table 1). The reason for the agree-

19 R. W. Larry, Ann. N.Y. Acad. Sci. 79, 997 [1960].

20 C. A. AnceL and J. W. Tomuinson, Disc. Faraday Soc. 32,
237 [1962].

21 Equivalent conductance values obtained from: G. J. Janz,
A. T. Warp, and R. D. Reeves, Molten Salt Data, U.S.-
AFOSR No. 64—0039 [1964].

22 Self-diffusion data obtained from Ref. 3, p. 590.

ment in the case of zinc bromide is that this salt
has a complex structure in the melt!®. Cadmium
chloride has been discussed in terms of partial “as-
sociation” to CdCl*-ions2?’. The comparison in
Table 1 supports this view since the agreement be-
tween observed and theoretical values is much better
than of the lead salts but not as good as that of zinc
bromide.
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23 C. A. AxcrrL and J. W. Tomwuinson, Trans. Faraday Soc. 61,
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24 C.-A. SséBLom, Z. Naturforsch. 18 a, 1247 [1963].

25 External transport number data from Ref. 3, p. 593.

26 P.Dusy and H. H. Kerroce, J. Phys. Chem. 68,1755 [1964].

27 This work.



