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Zinc oxoacidity properties in molten LiCl-KCl eutectic
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The solubility of zinc oxide was studied in molten LiCl-KCl eutectic at 450° C. For that purpose, a
yttria-stabilized zirconia electrode was employed as a pO*~ indicator. The most common calibration
methods were reexamined, and it was shown that the ‘weighed additions’ method failed. The ZnO

solubility product was determined.

1. Introduction

From an economic point of view, electrometallurgical
processes in molten chlorides are regarded with
increasing interest. However, owing to the hygro-
scopic properties of such media, oxoacidity reac-
tions, i.e. reactions involving exchange of the oxide
ion O*~ must be well known. For example, during
molten sait electrolysis, precipitation of insoluble
oxides must be avoided because this reduces current
efficiency.

To establish an electrolysis process for pure liquid
zinc production from electroreduction of Zn(1) ions
in molten LiCl-KCl eutectic at 450° C, we studied
the oxoacidity properties of Zn in this solvent. Work
on this element at the same temperature has recently
been performed but in other molten salt baths: the
value of solubility product of the insoluble ZnO
oxide has been thus-obtained in LiCI-KCl eutectic
5mol% ZnCl, [1] and in ZnCl,—2NaCl [2].

Such an investigation requires an O activity
sensor. Owing to its conductive properties at high
temperature, a membrane made of yttria-stabilized
zirconia electrode is usually employed in molten
chloride systems [3—10].

In the present paper we have first undertaken a
reexamination of the behaviour of such an indicator
electrode in molten LiCl-KCl eutectic at 450°C.
The solubility product of ZnO oxide under the same
experimental conditions has then been determined.

2. Yttria-stabilized zirconia electrode
2.1. Description of the electrode

The indicator electrode consists of a closed-end
tube (Smm external diameter, 1 mm thickness and
260mm length) made of yttria-stabilized zirconia
(Degussa). It was filled with LiC1-KCl eutectic con-
taining known concentrations of oxide and silver
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jons (3 x 1072 and 0.75molkg™!, respectively, [10]),
which were fixed by adding weighed amounts of
Ag,O and AgCl (quality R. P. Prolabo). A silver
wire dipped in this melt formed the inner reference
Ag/Agt. The measurement of the potential dif-
ference between the internal reference electrode and
a second reference electrode dipped in the studied
electrolyte allows the relationship

pO*~ = —log xcn- (1)

to be attained, where xz- is the mole fraction of oxide
ions in the electrolyte. The potential of the stabilized
zirconia membrane electrode is related to the 0>~
activity of the external solution by the Nernst relation:

23RT
2F

where the value of the term 2.3 RT/2F at 450°C is
0.072V per decade.

The constant term E° depends on both the physical
and chemical characteristics of the membrane. There-
fore, every zirconia electrode has to be calibrated
using a molten solution with known O’ concentration.

E=E"+ pO*” @)

2.2, Principles of some commonly used calibration
methods

The mole fraction of oxide ions can be fixed using
well-known chemical equilibria. The most widely
employed ones are based on oxoacido-basic buffer
systems or on the partial or total dissociation of
oxobasic species, as described in the following:
HCI/H, 0 ‘buffer system’

2HCI(g) + O*~ = H,0(g) + 2CI~ (3)

Taking the activity of Cl™ as unity and setting the
activities of HCI and H,O gases equal to their partial
pressures (in bar), Lisy and Combes [6] have deter-
mined pKycy/n,0 in molten LiCl-KCl eutectic:

pKycy,o = —229 + 10030/T 4)
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Then, at 450° C, the value of the pO*~ is given by the
relation

2 _ Piici
pO“™ =11.58 + log (5)
Py,0
CO3™/CO, ‘system’
CO3~ <= CO,(g) + 0% (6)
The corresponding equilibrium constant
X2
KD—PCOZ( L ) (7)
Xcoz-
is equal to 7.1 x 107 at 450° C in LiCl-KCl eutectic

[10].

One calibration method is based on the first buffer
system, but two calibration methods can be derived
using the last system. If the pressure of CO, is fixed,
the system behaves as a buffer. From Equation 7,
pOz_ is given by

pO™™ = 2.15 — log (x&g;- + x¢o-) + log Pco,  (8)

where x234_ represents the concentration of carbonate
c0?

added to the solution and xgo§~ the initial CO?~ con-
centration before any carbonate addition.

If CO, is removed, the carbonate anions can be
assumed to be completely dissociated,

pO*™ = —log (xédod? +x5-) 9)
where xgz_ is the initial oxide mole fraction in the
solution. The most widely used calibration method,
known as the ‘weighed additions’ method, is based
on the last relationship.

To compare the three common procedures based on
the two chemical systems, calibration of a given zir-
conia electrode has been successively performed.

2.3. Experimental techniques

The melt was contained in a 650ml silica crucible
placed in a Pyrex cell described in detail elsewhere
[11]. To control the composition of the inner atmo-
sphere the cell was hermetically sealed. The upper
cover contained passages in order to introduce elec-
trodes, controlling thermocouple and tubes for gas
flow. The sodium carbonate was added through an
impervious lock chamber. The temperature of the
moiten salt was maintained constant within +1K by
means of a Hermann Morizt furnace [12]. Taking
into account the sensitivity of the zirconia membrane
to thermal shock, heating and cooling rates were
below 80° C per hour.

The LiCl-K.Cl eutectic melt was prepared accord-
ing to a well established procedure [10, 11, 13, 14]. It
was fused under a dry argon atmosphere, containing
less than 0.4p.p.m. H,O and 0.1 p.p.m. O, before
entering the galvanic cell [11].

Gaseous mixtures of HCI and H,O were obtained
by passing pure dry argon gas through a thermo-
statted aqueous solution of hydrogen chloride. The

partial pressures of HCl and H,0 were fixed by
both the temperature and the concentration of the
aqueous hydrochloric acid solution (supplied by
Prolabo). Their values are reported in ‘International
Critical Tables’ [15].

To use the CO%‘/COZ buffer system, the carbon
dioxide pressure was maintained at atmospheric.
The gas (an Airgas product) was predried and
simply bubbled through the molten salt. To use the
‘weighed additions’ method, a null CO, partial
pressure was maintained by using an intense argon
flow over the bath surface through a cranked tube.
Carbonate ions were introduced into the melt using
weighed amounts of sodium carbonate (Prolabo)
which-were predried before addition.

The potential measurement was made with respect
to an outer reference electrode which consisted of a
silver wire (0.5mm diam.) dipped in a LiCi-KCl
solution of silver chloride (0.75mol kg_l), contained
in a closed-end Pyrex glass tube [16]. The e.m.f. was
measured by means of a high impedance voltmeter
(HP multimeter 34401A) and recorded on a HP com-
puter with a G.W. Basic program. It corresponds to
the following cell:

LiCl + KCl
Ag Zr02—Y203
[AgCll,  [0*7],

zirconia indicator electrode

LiCl + KCl1
X
pO?* to be measured
AgClin
x Pyrex Ag
LiCl + KCl1

onter reference electrode Ag/AgCl

2.4. Setting-up of the calibration methods

For the HCl/H,0O and CO%~/CO, buffer systems, for
each imposed oxide concentration, the electrode
potential reached a stable value within +5mV after
less than 1h and 5h, respectively.

For the ‘weighed additions’ method, the time neces-
sary for the potential to reach a constant value was
governed by the kinetics of dissociation of sodium
carbonate. The measurement of the potential corre-
sponding to the complete dissociation of carbonate
requires an examination of its evolution over a long
time, as shown in Fig. 1: the potential decreased
rapidly for a few hours. After typically 7h, the rate
of decrease then slowed down (less than 5mV per
hour) and the potential tended towards a constant
value within £5mV after typically 24h. This con-
stant value was chosen as corresponding to the total
dissociation of the added carbonate ions.

Moreover, whatever the mass of added carbonate,
we observed that from this constant value the poten-
tial started to increase towards a reproducible value
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Fig. 1. Typical variation of the zirconia elec-
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(Fig. 1). This value corresponded to pO*~ = 6 accord-
ing to the calibration curve, and was close to the
measured value of the zirconia electrode potential
detected when ‘dry’ argon was bubbled through
pure molten LiCl-KCl eutectic at 450° C. This limit-
ing value of pO®*~ = 6 was also reached when, from
a high potential value imposed by the gaseous mix-
ture of HCI and H,O, argon was bubbled through
the melt. Thus, argon bubbling caused the oxide
ions to be removed until equilibrium with the residual
water vapour pressure contained in the dry argon flow
was established. Water vapour behaved as an oxo-
amphoter species, according to the following reac-
tions [3]:

2HCI(g) + 0% == H,0(g) + 2CI~ 3)

or
H,0(g) + O «—20H" (10)

With the ‘weighed additions’ method, it was noticed
that the measurement of the potential depended on
the argon flow rate when this flow was not suffi-
ciently large. For low flow rates the measured poten-
tial value appeared too high and corresponded to an
oxide ion concentration lower than expected. This
phenomenon may be attributed to an inadequate
removal of gaseous CO, resulting from carbonate
dissociation. In these conditions, total dissociation
was not obtained. These results show the difficulties
linked to the ‘weighed additions’ method.

Therefore, the two first methods based on
oxoacido-basic buffer systems are fast and efficient,
but limited to a narrow pOz_ domain, taking into
account the values of the equilibrium constants and
of the gas partial pressure ranges or minimum,
usable sodium carbonate masses. The third method

Table 1. Values of the zirconia electrode potential E with respect to pO*~,

maintained at 20° C

Y

trode potential when sodium carbonate is
introduced into molten LiCl-KCl eutectic
under argon atmosphere.

is the most widely used because it is simple and easy
from a theoretical and experimental point of view.
However, it must be employed carefully because of
the influence of the argon flow rate on the CO, gas
elimination and also because of the difficult choice
of a significant value for the potential of the zirconia
electrode.

By testing these three methods, and especially that
based on the HCI/H,O buffer system, we also noticed
that the response of the zirconia electrode potential to
a change in oxide concentration was fast. The long
time needed to reach a stable potential, particularly
observed with the CO%‘/COZ system, may be attri-
buted to the slow establishment of the dissociation
equilibrium, rather than to the electrochemical
kinetics of the indicator electrode.

2.5. Results

Taking into account the above remarks, we measured
values of the zirconia electrode potential with respect
to the oxide ion concentration. The results are pre-
sented in Table 1 for the HCI/H,O buffer method,
Table 2 for the CO3 /CO, buffer method and Table
3 for the ‘weighed additions’ method. In Tables 2
and 3, the pO*~ values have been calculated taking
into account the correction term xgozf corresponding
to the presence of CO%‘ resulting from the substitu-
tion of the gaseous Ar + HCl + H,O mixture by CO,
gas. The potential versus pO®~ curve is shown in
Fig. 2. The experimental points are well situated on
the calibration straight line, the equation of which is

E(mV) = —471 + 62.8 pO*~ (11)

This calibration curve obeys the theoretical Nernstian
law (Relation 2).

corresponding to differing concentrations of aqueous HCI acid solution

HCI solution Pyo*/mmHg PHZOJr /mmHg PO~ (mole fraction scale) E/mV
concentrationfwt % Relation 5

28 4.9 6.32 9.3 144
32 50.5 3.81 11.5 240
36.6 132.0 2.95 12.5 303

* Pyq partial pressure of HCI from [15].
Py, partial pressure of H,O from [15].
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Table 2. Values of the zirconia electrode potential E with respect to
pO?~, corresponding to differing carbonate addition under an atmo-
spheric pressure of CO,. Before any addition, E was equal to
—98mV in pure argon atmosphere and —49mV in CO,. Thus, the
value ofxgog_ of 2.16 x 107° was deduced

xé’{l)dz_3 pO* (mole fraction scale) E/mV
Relation 8

13%x 1077 6.6 —66

56x107° 6.3 —78

23x 1074 5.8 -102

Finally, each of the three procedures were consis-
tent with the other two and allowed calibration of
the yttria-stabilized zirconia electrode over a large
range of pO®~ from 2 to 13, and the verification of
its Nernstian behaviour in LiCl-KCl eutectic at
450° C [10]. This indicator electrode will be used to
determine the solubility product of ZnO in the same
experimental conditions.

3. The ZnO solubility product

The ZnO solubility product Kg(ZnO) is defined by the
following relation:

Ks = XZn(my X Xo2- (12)

where xz,(y) and xq2- represent, respectively, the mole
fraction of Zn(ir) and O*~ species. In fact, Kg(ZnO) is
an apparent solubility product, because of the differ-
ing possible forms of the Zn(11) species (free Zn", zin-
cates, chlorozincates).

3.1. Solubility product determination

The solubility product can be determined by two
procedures: either xz,q) is maintained constant in
LiCl-KCl eutectic and the oxide ion concentration
corresponding to ZnO precipitation is determined,
or inversely xqn- is fixed and the Zn(m) species
concentration at the onset of ZnO precipitation is
measured. In all cases, xp:- is determined using the
zirconia electrode.

The first method has been primarily tested. The
Zn(m) species concentration was fixed by dissolution
of a weighed quantity of ZnCl, zinc chloride (Pro-
labo product) into molten LiCI-KCl eutectic. Oxide
ions were introduced into the mixture by addition of
weighed amounts of sodium carbonate in an argon
atmosphere.

Table 3. Values of the zirconia electrode potential E with respect to
pOZ’, corresponding to differing amounts of carbonate addition in a
dry argon atmosphere. The initial oxide concentration xgz_ is
2% 107

Xcor- Gas flow pO®~ (mole fraction scale) E/mV
Relation 9

23 %107 CO,* 5.8 —-102

argon 3.6 —238

3.8x 1074 argon 3.4 -277

* Result from the earlier method.

)
E/mV = —471 + 62.8p0%"

Fig. 2. Calibration curve of yttria-stabilized zirconia electrode. Key:
(O) HCI/H,O buffer system; (%) CO§‘ /CO, buffer system; (1)
‘weighed additions’ method.

However, no interpretation of the evolution of the
zirconia electrode potential (i.e. of the oxide con-
centration) could be clearly established. Differing
weights of added sodium carbonate gave two types
of zirconia electrode responses, summarized in Fig.
3. In both cases, whatever the added quantity, the
potential (thus the pOz_) decreased as soon as carbon-
ate was introduced, resulting from the CO%" decom-
position, and finally increased again systematically
towards the initial value corresponding to pO*~ = 6.

When the quantity of carbonate was too low in
order to induce ZnO precipitation (curve (a)), the
0%~ species were removed from the melt because
of the establishing equilibrium with oxoacid residual
water vapour in argon: no plateau was observed on
the curve.

In contrast, when enough sodium carbonate was
added, three regions on the experimental curve
(noted (b) on Fig. 3) could be distinguished: part I
corresponds mainly to the dissociation of carbonate
ions. The plateau IT may be due to the precipitation
of zinc oxide. Along part III, the pO*~ decreases as
long as the process of carbonate dissociation is
operating, and then it increases for the reason men-
tioned above (Section 2.4). Nevertheless, the measure-
ment of the potential corresponding to the plateau for
several additions did not yield reliable results. The
plateau IT may not result from pure ZnO precipi-
tation, because equilibrium reactions linked to the
oxoacido-basicity properties of H,O interfere. This
method failed and appeared unusable. Conse-
quently, the second method was used.

The pO?  of the electrolyte was maintained
constant by the CO3™/CO, buffer system under an
atmospheric pressure of carbon dioxide (Relation 8).
Zn(1) species were then supplied into the molten solu-

tion by zinc anodic oxidation, by the reaction
Zn —— Zn(u) +2e” (13)

The principle of the method is as follows. The
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Fig. 3. Typical responses of the zirconia electrode when sodium carbonate is introduced into molten LiCI-K Cl eutectic—0.3% ZnCl, under
argon atmosphere, according to a low (a) or a high (b) carbonate mass.

Zn(II) species concentration in the electrolyte was
determined from the value of the open circuit poten-
tial of a zinc electrode. This potential should first
increase according to the Nernst equation,

23RT

_2‘F— IOg XZn(u) ( 14)

where Ezp/z7qa) and Ej, /zn@) Tepresent the potential
and the apparent standard potential of the Zn/Zn(1)
couple, respectively.

The zinc electrode potential should remain constant
from the onset of zinc oxide precipitation. Thus, from
the limiting value of xz,;) noted x,, and from the
fixed value of xq.-, the magnitude of the solubility
product can be calculated from Relation 12.

EZn/Zn(H) = Eé)n/Zn(n) +

3.2. Experimental details

Two experiments were performed with two fixed
values of pO*~ :p02* =3 and p02‘ =4,

These experiments were conducted in the same gal-
vanic cell described above (Section 2.3). Its arrange-
ment is presented in Fig. 4. The silica crucible had
two compartments in order to prevent the reduction
of the Zn(i) species formed by anodic oxidation
during electrolysis. The cathodic compartment was
the crucible itself containing a zinc chloride solution
(Xzn@m = 5 % 1073) and the cathode consisted of a
tungsten wire (Alfa product with a diameter of
1 mm) immersed in the catholyte. The anodic com-
partment was constituted by a thin-wall spheric
bubble (33 mm diameter) at one end of a Pyrex glass
tube (Fig. 5). It contained 6cm® of molten LiCl-
KCl eutectic melt with a fixed oxide concentration
(supplied by a known weight of sodium carbonate)
and about 3 g of pure liquid zinc (Prolabo). A tung-
sten wire immersed into the liquid zinc pool and
sheathed by a Pyrex glass tube formed the zinc

electrode which constituted the anode. Its equilib-
rium potential was measured against a Ag/AgCl refer-
ence electrode also placed in the anodic compartment.
The zirconia pO*~ indicator electrode was immersed
in the anolyte. Gaseous CO, was bubbled through
this solution by a narrow Pyrex glass tube and
flowed up to the cathodic compartment.

Co,
A ®

L

Co,

Fig. 4. Electrolysis cell adapted to the study of the zinc oxoacidity
properties: (1) anodic compartment; (2) cathodic compartment;
(3) cathode; (4) LiCl-K Cl eutectic containing 0.5% ZnCl,; (5) con-
trolling thermocouple.
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Fig. 5. Anodic compartment for the study of zinc oxoacidity proper-
ties: (1) zirconia electrode; (2) Pyrex glass tube for bubbling CO,
gas; (3) LiCI-KCI eutectic with fixed pO®~; (4) pure liquid zinc
pool; (5) tungsten wire protected by Pyrex glass tube; (6) Ag/AgCl
reference electrode.

The Zn(1) species concentration in the anolyte was
gradually increased coulometrically by a series of elec-
trolyses performed using a CNB Electronic galvano-
stat. The applied currents ranged from 2 to 10mA
and the duration of each electrolysis was taken corre-
spondingly between 10 and 15 h for the lowest current
and only one minute to 3h for the maximum current.
After each anodic oxidation sequence, the equilibrium
potential of the zinc electrode was measured while the
amount of Zn(1) species supplied by successive elec-
trolysis in the anolyte was calculated on the basis of
Faraday’s law, assuming that current efficiency was
100%.

3.3. Experimental results

The equilibrium potentials of the zinc electrode
Ez4/znw) are displayed with respect to the calculated

171
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Fig. 6. Variation of equilibrium potential of the zinc anode with
respect to the total concentration of Zn(u) species formed by oxi-
dation into the anolyte where pO*~ is 4.

total concentration of formed Zn(i) species Xz
on a semi-logarithmic plot. Figure 6 shows the data
deduced from the experiment with pO>~ equal to 4.
As anticipated, the experimental points fit reasonably
well a straight line the slope of which is consistent with
a two electron exchange at 450° C (Relation 14), and
from the detectable value x,, they then begin to
form a plateau. When reaching the plateau, the preci-
pitation of insoluble zinc oxide was visually observed
through the cell wall. Formation of insoluble zinc
carbonate is not questionable because pO*~ remained
constant. Indeed, under atmospheric carbon dioxide
pressure, precipitation of ZnCO; should induce an
increased oxide ion concentration; this was not
observed.

A few erratic potential values were measured. These
are attributed to the formation of a superficial oxide
layer on the zinc electrode due to a gradient of
Zn(1) species concentration. Indeed, moving the elec-
trode or stirring the anolyte induced a potential drop,
possibly because the oxide layer was disrupted. The
quality of the electrical contact between the tungsten
lead and molten lead is not questionable, because
tungsten is insoluble in pure liquid zinc and perfectly
wetted by this metal [17, 18].

From linear regression analysis of the experimental
data, assuming the siope value of the straight line
as equal to 72mV per decade, the magnitude. of .
EJ Jzn(n) against the Ag—AgCl reference was deduced
for each test:

Epy iz = —595£80mV  for pO*” =3
Ego/za = —630£50mV  for pO*” =4

Table 4. Values of the solubility product K of zinc oxide ZnO in molten LiCI-KCl eutectic at 450° C. x,, is the Zn(i ) species concentration in the
anolyte when ZnO is precipitating, determined from the experimental curve, x;*, and from chemical analysis of the anolyte, xgmal

/4

p 02— x ;xp K. Sexp
(mole fraction scale)

(mole fraction scale)

x l?nal K Sanal

(mole fraction scale)

3 [1 x107°-6.3 x 1077]
4 32 %1072

[1x107%-6.3 x 1074
3.2x 1078

1.1 x 1076
2.4 %107

1.1x 1072
2.4 x 1072
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Table 4 presents the values of the solubility product
Ks(ZnO) calculated from the deduced values of x;™°
and from the Zn(II) species concentration, xr‘;‘nal,
obtained from chemical analysis of the anolyte when
ZnO precipitation was observed. The results are
consistent.

Finally, the magnitude of the cologarithm of
the solubility product of ZnO in LiCl-KCl eutectic
at 450°C is pKg=15.6+0.3, (correspondingly
Ks(ZnO) = 2.5 x 107°) on the molar fraction scale
and pKg=3.1+0.4, (correspondingly Kg5(ZnO) =
8.1 x 107*) on the molality scale.

3.4. Discussion

Since the equilibrium potential of the zinc electrode
obeys the Nernst equation, it may be assumed that
the activity coefficient of zinc ions remains constant
in molten LiCI-KCI eutectic containing high oxide
molar fraction (107 and 1073) when the Zn(m)
species mole fraction is below 1x 107 and
3 x 1072, respectively. This agrees with a previously
published study [1].

Although the purpose of this work was not to deter-
mine the value of the apparent standard potential of
the couple Zn/Zn(11) in molten LiCl-KCl, values of
EY /znmy €an be deduced from the experimental
results. The order of magnitude obtained in the
present study is consistent with values published
in other literature: —756mV/Ag—AgCl [1] and
—729mV/Ag—AgCl [19]. These authors suggested
strong complexation of the Zn(i) species in such
media [19-23].

Values of solubility product of zinc oxide at 450° C
have already been published by other workers. The
published values, calculated using the molality scale,
are 2.1 x 1072 in ZnCl,~2NaCl [2] and 7.13 x 107>
in LiCl-KCl eutectic containing 5mol% ZnCl, [1].
The difference of two orders of magnitude between
our result (8.1 x 10™%) and that obtained in ZnCl,—
2NaCl [2] can be explained by the different acidities
of the two media. In LiCl-KCI eutectic containing
5mol% ZnCl,, the difference of one order of magni-
tude may result from the method of determination
based on the compiete dissociation of sodium carbon-
ate [1], which may fail as shown above. Nevertheless,
the value deduced in LiCI-KCl eutectic is satisfac-
tory, considering the two consistent results obtained
from different tests and the comparison with pub-
lished data.

4. Conclusion

This work confirms the use of the zirconia electrode in
molten LiCl-KCl at 450° C to measure the oxoacidity
of this medium and showed the sensitivity of the
electrode potential response to changes in oxide

concentration. The electrode calibration was success-
ful for values of p02_ ranging from 2 to 13 and
showed the necessity of using the ‘weighed addi-
tions’ method carefully. The method is widely
employed because it is simple experimentally and
theoretically but problems result due to the kinetics
of the carbonate decomposition reaction. Calibration
of the electrode, based on an oxoacido-basic buffer
system, is the best method.

The study of the zinc oxoacidity properties in
molten LiCI-KCl eutectic at 450° C consisted in the
determination of the solubility product of zinc oxide
ZnO. The determination of Kg by titrating a Zn(ir)
solution by oxide ions was disturbed by the slow
kinetics of carbonate decomposition. Therefore the
solubility product was obtained by precipitating
ZnO oxide by anodic oxidation of Zn(m) species into
molten LiCl-KCl eutectic containing an oxide con-
centration fixed by the CO3~/CO, buffer system.
From the evolution of the zinc electrode potential
with respect to the Zn(u) species concentration,
values of Kg(ZnO) and Egp, /zn(n) Were obtained and
were consistent with other published data.
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