
Abstract. The current state of research into the oxo-acidity in
alkali metal nitrate, sulfate, and halide melts is analysed on the
basis of the proposed classification of oxo-acidity reactions
(Lux ± Flood acid ± base interactions). It is established that a
considerable proportion of literature data on homogeneous
acid ± base equilibria are incorrect, since no account is taken in
them of either the levelling of the acid (basic) properties by the
solvent or of the error in the determination of the reaction
stoichiometries. An explanation is proposed for the considerable
scatter of data on the solubilities of oxides in ionic melts, which
has been the principal inhibiting factor in the development of this
field. The reactions of melts with gaseous acid and basic reagents
are examined. The bibliography includes 171 references.

I. Introduction

Ionic melts are widely used in science and engineering as media for
various processes such as electrolysis, electrochemical synthesis,
the growing of single crystals, etc. The virtually complete dissoci-
ation of the solvents into constituent ions makes it possible to
generate high current densities in electrolysis. In the absence of
oxidants, for example H+, it is possible to obtain in ionic melts
products which cannot be isolated from aqueous solutions (alkali
and alkaline earth metals, subions, etc.). From the standpoint of
the protection of the environment, the application of fused salts as
technological solvents is specially attractive, because their use
does not entail the accumulation of liquid industrial waste.

The processes in solvent melts are appreciably influenced by
the impurities present in the initial salt starting material or formed
during the fusion of the solvents as a consequence of high-
temperature hydrolysis or the interaction of the melt with the
material of the container and the corrosive components of the
atmosphere. Such impurities include impurity metal cations and
various oxygen-containing anions (sulfates, carbonates, hydrox-
ides). The strength of the effect of the anions on the processes in
ionic melts dependsmainly on the degree of their dissociation with
formation of the oxide ion O27 as one of the products.

Reactions involving the transfer of oxide ions in ionic melts
are usually regarded as acid ± base interactions (oxo-acidity); their
treatment is then based on the ideas proposed by Lux 1 and
developed in the studies of Flood and coworkers:2 ± 4

A + O2ÿ B, (1)

where A is an acid and B a base. The oxygen index pO, analogous
to pOH in aqueous solutions, serves as a quantitative measure of
the basicity (acidity) of fused media:

pO � ÿlg aO2ÿ � ÿlgmO2ÿ ,

where aO27 andmO27 are the activity andmolality of the oxide ions
in the melt respectively.

Although studies on oxo-acidity have been carried out since
1939,1 hitherto no attempt has been made to survey or treat
systematically the results obtained and the available information
about oxo-acidity in ionic melts consists of a set of scattered and
frequently incorrect data. The present review is intended to fill the
existing gap. It is possible to identify the following main trends in
studies on oxo-acidity in ionic melts:

homogeneous (intrinsic acid ± base) reactions;
dissolution and dissociation of oxides in melts;
interaction of melts with gaseous reagents, including high-

temperature hydrolysis of the melts, elimination of oxygen-con-
taining impurities, and dissociation of Lux ±Flood bases (CO27

3 ,
OH7, etc.).

II. Homogeneous acid ± base equilibria

1. Specific features of ionic melts as media for acid ± base
interactions
Ionic melts as media in which Lux ±Flood acid ± base interactions
take place may be divided into two classes depending on the
presence in them of constitutional oxygen ions (i.e. ions entering
into the composition of the main components of the melts):
oxygen-free and oxygen-containing. We shall consider the char-
acteristic features of the acid ± base interactions in melts of the
types indicated.5

Oxygen-free melts do not contain constitutional oxygen and
the `pure' melt cannot therefore serve as a O27 donor. However,
as a consequence of the inevitable contamination of the melt by
oxygen-containing impurities such as SO27

4 , CO27
3 , and OH7, in

practice oxygen-free melts nevertheless always contain a certain
amount of oxide ions. The concentration of oxide ions in the `pure'
solvent melt is not constant but depends on the content of
impurities and the degree of their dissociation with formation of
O27, which increases in the sequence SO27

4 <CO27
3 <OH7.
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In the `pure' oxygen-free melts, the pO is usually in the range
3 ± 4.5. The use of even the strongest halogenating agents does not
permit a significant decrease in the O27 concentration and this is
the `inevitable fault' leading to errors in potentiometric measure-
ments especially when small amounts of the test substances are
added. However, in a number of instances the pO of the `pure'
halide melt is used as the `internal standard' of the melts for the
construction of acidity scales.6 ± 9

In oxygen-containing melts, the acid ± base reactions are more
complex, since in this case a competing equilibrium acid ± base
autodissociation of the solvent-melt takes place. A characteristic
feature of the oxygen-containing melts is the presence in the latter
of not only the base but also of the solvent-acid. This renders
oxygen-containing melts similar to low-temperature solvents with
an intrinsic acid ± base equilibrium.10

However, oxygen± containing melts also possess a series of
characteristic features due to the relatively high temperature of the
liquid state. Very often, the solvent-acid is volatile or unstable 1, 11

and is gradually removed from the acid melt as a consequence of
decomposition or evaporation, while the pO in such a solution
gradually approaches the corresponding value for a neutral melt.
For this reason, very frequently not only are the acid properties
levelled off in oxygen-containingmelts but an upper acidity limit is
also established.

Thus it has been observed that the highest chromium and
molybdenum oxides decompose a nitrate melt with evolution of
NO2 and with increase in temperature the e.m.f. of a cell with an
oxygen electrode is appreciably reduced.12 It has been suggested
that the nitrogen(V) oxide and the corresponding anions are
formed in the interaction of the oxides with the melt. Since the
acids indicated are very strong, one may postulate that the process

2CrO3 � NOÿ3 Cr2O
2ÿ
7 �NO�2

is fully displaced to the right and that the acid strength is
determined by the acid properties of the nitronium cation NO�2 .
The stability of the latter is low and, after the attainment of certain
concentration, its reaction with the melt anions becomes fairly
intense:

NO�2 � NOÿ3 2NO2 � 1
2
O2: (2)

The kinetic methods for the determination of the acidity of the
melt are based on this reaction. As reaction (2) occurs, the
concentration of the nitronium cation diminishes and the rate of
the process falls. Ultimately it becomes so low that a constant
e.m.f. is observed in a series of consecutive measurements. This is
in fact the upper acidity limit in the melt, which is independent of
the type of acid. The above considerations make it possible to
explain readily the temperature dependence observed by Shams El
Din and El Hosary:12 an increase in temperature leads not only to
a decrease in the stability of the nitronium cation but also to an
increase in the rate of process (2).

The presence of an upper acidity limit is also characteristic of
sulfate melts, which is apparently associated with the limited
solubility of SO3 in the latter. This is indicated by the drift of the
e.m.f. (pO) in the acid-containing melt towards the neutral point.1

2. Methods of investigation
Most diverse methods are used to investigate oxo-acidity and to
estimate the acid properties of melts. The simplest is the indicator
method, the essential feature of which has been described by
Brough et al.13 The behaviour of 11 acid ± base indicators used in
aqueous solutions has been investigated in the melts KNO3 ± -
LiNO3 at 210 8C and KSCN at 200 8C. The colour transitions of
the indicators (Ind), associated with the change in the acidity of
the medium on titration of an alkali or sodium peroxide with
potassium pyrosulfate were examined:

2HInd � O2ÿ 2Indÿ � H2O. (3)

In the nitrate melt, only the colour of phenolphthalein changed
(yellow? purple), whilst the remaining indicators were appa-
rently oxidised. In the KSCN melt, which has no oxidative
properties, colour transitions were observed for all the indicators
investigated (Methyl Red, thymolphthalein, etc.).

The use of indicators for the investigation of acidity is limited
primarily by their thermal instability and by their ready oxidis-
ability at high temperatures. Since ionic melts do not as a rule
contain water, the transition of the indicator to the protonated
form [reaction (3)] is hardly possible (the yellowing of the solution
in the reverse transition of phenolphthalein has been noted 13).
The indicator method can therefore be used only in the study of
relatively low-temperature melts (< 250 8C).

The application of spectroscopic methods for the study of the
basicity ofmelts has been described.14, 15 Duffy et al.14 constructed
an `optical' basicity scale for metallurgical slags relative to CaO
adopted as the standard. The optical basicity was determined by
estimating the changes in the frequencies of the spectral lines (the
1S0? 3P1 transition) of the Tl+, Pb2+, and Bi3+ cations in a basic
medium. X-Ray fluorescent spectroscopic study of the Na2O ± -
B2O3 ±Al2O3, Na2O ±B2O3 ± SiO2, and Na2O± SiO2 ±Al2O3

melts showed that the relative acidity of the oxides diminishes in
the sequence B2O3>SiO2>Al2O3.15 The spectroscopic methods
require as a rule the use of cooled (quenched) specimens, which
may affect the validity of the results obtained in view of the
discrepancy between the temperature of the melt investigated and
the temperature at which the acid (basic) properties are estimated.

There are data obtained in the study of the basicity of melts by
measuring the solubility in the latter of acid gases.16, 17 The
solubility of sulfur(VI) oxide in sodium phosphates has been
determined by a gravimetric method and a correlation has been
established between the basicity of the melt and the solubility of
the acid gas in the latter.16 Iwamoto 17 used CO2 andH2O in order
to determine the basicity. However, such methods are applicable
only to basic melts, because the acids present in stable acid melts
displace the indicator acid gas. Furthermore, the products of the
interaction of the acid gas with basic melts are stable, which leads
to an irreversible change in the properties of the latter.

The so called `kinetic' method has been proposed for the
estimation of the acidity of alkali metal nitrate melts. The
interaction of nitrate melts with pyrosulfate ions 18, 19

S2O
2ÿ
7 � NOÿ3 2SO2ÿ

4 �NO�2

leads to the formation of the nitronium cation, which subse-
quently interacts with nitrate ions in accordance with Eqn (2). The
latter reaction is the slowest and the overall acidity of the medium
can be inferred from its rate:

TA �
�
S2O

2ÿ
7

� � �
NO�2

�
.

The interaction of dichromate ions with chlorate ions in the
KNO3 ±NaNO3 melt involves the occurrence of two reac-
tions:20, 21

Cr2O
2ÿ
7 � ClO2ÿ

3 2CrO2ÿ
4 � ClO�2 ;

ClO�2 � Clÿ Cl2" �O2". (4)

Reaction (4) is rate-limiting. The rate of evolution of chlorine is
proportional to the quantity

TA �
�
Cr2O

2ÿ
7

� � �
ClO�2

�
.

The interaction of bromate ions with dichromate in a nitrate melt
has been studied.22 The cations investigated can be arranged in the
sequence BrO�2 <ClO�2 <NO�2 in terms of their acidity. We
suggest that the introduction of the overall quantity TA by the
above investigators 18 ± 24 unjustifiably complicates the analysis of
the results, because the acidity of nitrate melts is determined solely
by the concentration (activity) of NO�2 ions and the rates of the
rate-limiting reactions (2) and (4) depend only on the concen-
trations of the cations NO�2 and ClO�2 respectively.

598 V L Cherginets



The kinetic method has been used also to investigate the
acidity of the Cu2+ and Co2+ cations in the KNO3 ±NaNO3

melt at temperatures in the range 325 ± 375 8C.23, 24 The acidity
was determined from the rate of reaction (2). The nitronium cation
was formed in solution via the reaction

M2� � NOÿ3 MO � NO�2 ,

M2+=Cu2+, Co2+.

The acidity of the cations of these metals was found to be close
to that of the dichromate ion and the cations investigated byDuke
and coworkers.18 ± 22 Evidently Slama 23, 24 made a definite error in
the estimation of the acidity of the cations, because the degree of
binding of the oxide ions O27 by the latter is determined not only
by their active properties but also by the formation of a new
phase Ð the corresponding oxides, which are virtually insoluble
in the test melt.

The deficiencies of the methods described prevent their wide-
scale employment for the investigation of the oxo-acidity ofmetals
over a wide temperature range.

The method based on the e.m.f. of cells with transport in
which an oxygen indicator electrode, reversible with respect to
O27 ions, is employed is the most promising. The ectrochemical
cells can be represented as follows in a general form:

Reference electrode | melt+O27 | O27 electrode.

In the familiar potentiometric studies, it has been postulated that
the diffusion potential is zero. Either a metallic electrode (i.e. a
metal immersed in a solution of the salt of the corresponding
cation at a definite concentration) or an oxygen electrode
immersed in a solution with a known or constant concentration
of oxide ions (concentration cells) have been used as reference
electrodes.

3. Nitrate melts
Since a large number of publications have been devoted to studies
of the oxo-acidity of nitrate melts, these systems are traditionally
regarded as most thoroughly investigated. The relatively low
melting points of both individual alkali metal nitrates and of
their mixtures permit the employment of comparatively simple
experimental apparatus. Potentiometric studies in nitrate melts
reduce mainly to the determination of the acid ± base equilibrium
constants.

The greatest number of publications concern the studies of the
oxo-acidity of the KNO3melt at 350 8C.12, 25 ± 49 The results of the
determination of the constants for the addition of the oxide ion to
higher oxides and anions of Group V elements (P, As, V) have
been published.25 ± 30 All the oxides investigated react with the
nitrate melt to form the salts of the corresponding meta-acids:

R2O5 � NOÿ3 2ROÿ3 � NO�2 .

Reaction (2) displaces the equilibrium to the right. Nitrogen(IV)
oxide is evolved until the e.m.f. decreases to * 0.5 V, which,
judging from the results of other studies, corresponds to the upper
limit of acidity in the KNO3 melt.25 ± 30 According to these
data,25 ± 30 the acid ± base product for the solvent is * 10716. As
the titrant Na2O2 is added, the following reactions take place
consecutively in the melt:

2ROÿ3 � O2ÿ R2O
4ÿ
7 ,

R2O
4ÿ
7 � O2ÿ 2RO3ÿ

4 .

R=P, As, V.

The acid properties of the oxide intensify in the sequence
V2O5<P2O5<As2O5.

Apart from these reactions, the equilibria which according to
Shams El Din et al.25 ± 27 are established when the ions HPO27

4 ,
H2PO

7
4 , HAsO27

4 , and H2AsO7
4 , added to the melt are titrated

have also been investigated. The equilibrium constants of the
reactions

2H2ROÿ4 � O2ÿ 2HRO2ÿ
4 � H2O, (5)

2HRO2ÿ
4 � O2ÿ 2RO3ÿ

4 � H2O. (6)

were determined. However, even pure salts, incorporating the
corresponding anions, decompose at temperatures very appreci-
ably below 350 8C, forming the corresponding meta- and pyro-
salts.50 In the absence of water vapour, equilibria (5) and (6)
cannot therefore occur.

The study of the acid properties of the highest oxides ofGroup
VIB,12, 31, 32 showed that chromium(VI) and molybdenum(VI)
oxides react with the nitrate melt, forming the dichromate and
trimolybdate ions respectively. After the cessation of the evolution
of NO2, the e.m.f. is close to 0.5 V, which agrees with the values
obtained for the oxides of Group V elements.25 ± 30 The products
of the interaction of chromium and molybdenum oxides with the
melt are titrated in one stage and the final products of the
neutralisation reactions are the chromate and the molybdate
respectively. Tungsten(VI) oxide is a weaker acid and does not
decompose the pure melt. Its titration takes place in one stage and
the product is tungstate ions. The acidity of the oxides investigated
increases in the sequence WO3<MoO3<CrO3.

The published equilibrium constants K 12, 25 ± 40 cannot be
called correct because the calculated values vary during titration
within the limits of several orders of magnitude of pK. This occurs
either owing to the incorrect selection of the participants in the
equilibrium (the stoichiometry) or because the authors did not
calibrate in an `acid' medium the oxygen electrode Pt(O2)
employed.

It has been established by themethod involving the titration of
the corresponding carbonates by dichromate 34 and metaphos-
phate 35 ions, i.e.

Mn=2CO3 # �A n
2
Mn� � CO2 " �B

that the acidity of the cations increases in the sequence K+,
Na+<Li+, Ba2+<Sr2+<Ca2+<Pb2+. Although this
sequence agrees satisfactorily with the electronegativity series of
themetals, nevertheless this method for the examination of acidity
must be regarded as unsuccessful because the acids employed by
the investigators for the titration not only eliminate oxide ions
from the carbonates but can also form insoluble chromates and
phosphates with the majority of the cations. The formation of
complexes or precipitates is demonstrated by the position of
barium in this series, the acidity of which is comparable to the
acidity of potassium and sodium and is appreciably lower than the
acidity of lithium. This might have influenced also the positions of
a number of other alkaline earth metals in the series considered.

The relative Lux ±Flood base strengths in nitrate melts have
been investigated.36, 37 The bases investigated were separated into
two groups: the oxide ions (OH7, O27, and O27

2 ) and the
carbonate ions [CO27

3 , HCO7
3 , (COO)272 , CH3COO7,

HCOO7]. The first group includes the bases,which,according to
the authors,dissociate fully in the melt with formation of oxide
ions. The second group is made up of weak bases. Since they all
decompose at the experimental temperature (350 8C) with for-
mation of the carbonate ion, the differences between separate
representatives of this group are confined to their reducing
properties: by reducing nitrate ions, organic acid salts promote
the accumulation in the melt of excess amounts of oxide and
carbonate ions compared with the stoichiometric concentrations.
The majority of the bases investigated are therefore unsuitable for
quantitative studies.

There exists the view 37 that oxide ions are present in nitrate
melts in the form of pyronitrate ions, which are strong bases with
strengths comparable to that of carbonate ions. From the con-
temporary point of view, the existence of the pyronitrate ion is
doubtful, because the coordination number of nitrogen with
respect to oxygen cannot exceed 3, whilst in the hypothetical
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pyronitrate it is 4. It has been shown 33 that the pyronitrate ion is
not formed in basic melts. Oxide ions can be stabilised in the melt
solely by virtue of the formation of silicate ions in the reactionwith
the material of the container (Pyrex).

The communications of Shams El Din and Gerges 39, 40 also
contain data on the behaviour of oxygen electrodes in nitrate
melts. The `anomalous' behaviour of the platinum oxygen elec-
trode has been attributed to the `peroxide' function of oxygen gas
electrodes. On the other hand, a satisfactory reversibility is
characteristic of metal oxide electrodes (of the second kind).

Experimental study of the acid ± base equilibria involving
phosphates and molybdates led to the conclusion that hetero-
polyacids are formed in nitrate melts.41, 42 This has been con-
firmed by the results of cryoscopic studies.43 Certain characteristic
features of the potentiometric titration method in melts have been
described.44, 45 The automatic titration method consists of the
following features:44 a rod of the solidified solution of K2Cr2O7 in
the test melt is lowered at a uniform rate, by means of a special
device, into the melt containing the base and the pen recorder
measures the e.m.f.'s. This method makes it possible to estimate
only the concentration of the acid in the test melt (to within 3.5%
according to the authors). The thermodynamic characteristics
could not be determined because the measured e.m.f. does not
correspond to equilibrium.

With increase in the acidity of the oxide, the decomposition
temperature of the nitrate melt falls.46 This has been explained by
the decrease in the activation energy for the decomposition
reaction as a result of the binding of the oxide ions formed by
acids. However, the observed phenomenon can be explained also,
without resorting to kinetic ideas, by the shift of the decomposi-
tion equilibrium towards the formation of oxide ions and nitrogen
oxides in accordance with the Le Chatelier rule. The affinity of the
oxide decreases in the sequence SiO2>TiO2>ZrO2>
Al2O3>MgO.

A study of the possibility of using a series of metal oxide
oxygen electrodes (Nb|Nb2O5, Ta|Ta2O5, Zr|ZrO2) in potentio-
metric studies 47 ± 49 made it possible to construct the following
acidity series in the potassium nitrate melt at 350 8C: NH4VO3 >
NaPO3 > NaH2PO4 > K2Cr2O7 > K2HPO4 > Na4P2O7 >
NaH2AsO4>K2CO3>Na2O2.

The presence in this series of certain acids, the existence of
which is doubtful, shows that the authors did not always take into
account the real processes occurring in the melt. Thus it is quite
clear that ammonium metavanadate should decompose to the
oxide V2O5, which is partly reduced by ammonia, whilst acid salts
decompose to the corresponding pyro- and meta-salts. The above
acidity series cannot therefore by regarded as uncontroversial.

4. Sulfate melts
The intrinsic acid ± base dissociation equilibrium is established in
sulfate melts:

SO2ÿ
4 SO3, solv+O2ÿ. (7)

Such systems have been investigated to amuch smaller extent than
the nitrate melts, which can be explained by the relatively high
melting points of both the individual sulfates and their eutectic
mixtures. Another possible cause is the very low stability of the
acid solutions in suchmelts. Indeed, reaction (7) should lead to the
formation in themelt of SO3, which is a gas at themelting points of
the known eutectic mixtures of alkali metal sulfates. The sulfate
melts may contain SO3 as a result of the formation of polysulfates,
for example the pyrosulfate SO3

. SO27
4 . According to reference

data,50, 51 the decomposition temperatures of pure pyrosulfates do
not exceed 460 8C and in solution they should be even lower.
Under the conditions of continuous renewal of the atmosphere
over the melt, i.e. in an argon or nitrogen stream, the process
involving the evaporation of the acid SO3 from the sulfate melt,
i.e.

SO3, solv SO3, gas (8)

should be displaced fully to the right according to the Le Chatelier
rule and equilibrium cannot be attained in acid solutions. From
the standpoint of the study of oxo-acidity, the eutectic mixture of
potassium, lithium, and sodium sulfates (0.135 : 0.78 : 0.085) with
a melting point of 512 8C may prove to be the most promising.52

In this case, studies may be carried out at lower temperatures than
in the classical study 1 and hence acid and basic solutions will be
more stable.

The oxygen electrode Pt(O2) has been calibrated and an
acidity scale has been constructed 1 in the K2SO4 ±Na2SO4 melt
at 800 8C. The study of the thermal stability of the pyrosulfate
showed that the enhancement of the acidity of the cations of the
melt lowers the decomposition temperature of the latter.3

Measurements of the acidity of centimolar solutions of
sodium pyrosulfate and peroxide showed that the extent of the
acidity scale in the K2SO4 ±Li2SO4 ±Na2SO4 melt at 550 8C
amounts to 10 pO units.53, 54 Hence it is easy to determine the
acid ± base product for the solvent: it is 10714. The range of
stability of the VO2+ ion is pO=8.5 ± 10.6.

In conclusion of the topic of oxo-acidity in sulfate melts, one
should mention the study 55 in which the potentiometric titration
of MoO3, Cr2O

27
7 , PO7

3 , P2O
47
7 , and V2O5 with sodium carbo-

nate in theK2SO4 ±Li2SO4 ±Na2SO4melt was achieved at 625 8C.
The e.m.f. jump was observed at an acid : carbonate molar ratio of
1 : 1. In the case of vanadium oxide, the ratio was 1 : 3. There is no
information about the equilibrium constant.

5. Silicate melts
The studies of silicatemelts are as a rule of applied importance and
these systems are widely used in industry (slags, glasses, etc.).

A number of studies 56 ± 58 have been devoted to the depend-
ence of the acidity of silicate melts on their composition. Together
with SiO47

4 , the polyanions (SiO3)
67
3 and (SiO2.5)

67
6 exist in the

PbO±SiO2 system (NSiO2
=0 ± 0.6) at 1100 ± 1200 8C.56 A

decrease in the ratio Na2O/SiO2 in fused glasses diminishes the
basicity, whereas magnesium oxide hardly affects the basicity of
the melt.57 The study was carried out with the aid of the Ag(O2)
oxygen electrode in concentration cells.

The platinum oxygen electrode is satisfactorily reversible in
the PbO±SiO2, Na2O ±CaO±SiO2, andMO±PbO±SiO2 silicate
melts, where M is an alkali earth metal cation.59

The application of the membrane oxygen electrode for the
monitoring of the acidity of fused silicates during glassmaking has
been described.60 The study of the basicity of Na2O±Al2O3 ± SiO2

melts by an e.m.f. method showed that Al2O3 exhibits weaker acid
properties than SiO2.61

Under the conditions of the corrosion of the glasses Na2O . x-
Al2O3

. 2SiO2 (x=0±0.4) in alkaline earthmetal nitratemelts, the
degree of interaction of the melt with the silicate increases with
decrease in the radius of the alkaline earth metal cation, i.e. with
intensification of its acidity.62

The influence of the charge and radius of the cation in the
oxides Tl2O, PbO, CdO, ZnO, and Bi2O3 on the basicity of the
lead metasilicate melt has been investigated potentiometrically at
800, 850, and 900 8C.63

6. The equimolar KCl ±NaCl mixture
The reversibility of the oxygen gas electrode Pt(O2) in chloride
melts has been investigated and the constants for the acid ± base
equilibria involving chromium(VI), molybdenum(VI), and tung-
sten(VI) oxides and anions have been determined at 700 8C.64 ± 69

The constants for the addition of the oxide ion to chromium oxide
and sodium metaphosphate have been found.64 ± 66 It has been
established that the titration of CrO3 proceeds in accordance with
the scheme

2CrO3 �O2ÿ Cr2O
2ÿ
7 ;

Cr2O
2ÿ
7 �O2ÿ 2CrO2ÿ

4 ;
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and the equilibrium constant is 2.886103 for the first stage and
1.461071 for the second.

The metaphosphate ions are also titrated in two stages:

2POÿ3 �O2ÿ P2O
4ÿ
7 ;

P2O
4ÿ
7 �O2ÿ 2PO3ÿ

4 :

The equilibrium constants for the first and second stages are
(2.88�1.2)6103 and (2.5�1.4)610 respectively.

An excess of the titrant (O27) leads to the formation of basic
phosphates, to which the authors attribute the composition
PO7

3
. 2O2ÿ. When sodium carbonate is used as the titrant, basic

products are not formed. The Ba2+ and Li+ cations exhibit
appreciable acid properties in a chloride melt; the equilibrium
constants for the addition of the oxide ion are 8.16103 and
3.536102 respectively.

The study of the acid properties of MoO3 and the correspond-
ing anions showed that the equilibrium constants for the addition
of the oxide ion, i.e.

2MoO3 � O2ÿ Mo2O
2ÿ
7 ,

Mo2O
2ÿ
7 � O2ÿ 2MoO2ÿ

4

are 56104 and 880�880 respectively.67
Two studies 68, 69 were devoted to the determination of the

constants of the acid ± base equilibria involving a tungsten(VI)
oxo-compound. The titration of tungsten oxide in the melt is also
a two-stage process:

2WO3 �O2ÿ W2O
2ÿ
7 ,

W2O
2ÿ
7 �O2ÿ 2WO2ÿ

4

with the equilibrium constants 1460�390 and 880�880 respec-
tively. The platinum oxygen electrode exhibits a satisfactory
reversibility with respect to oxide ions in a chloride melt.69 The
slope of theE ± pO relation is close to 2.3RT/2F (F is the Faraday),
which corresponds to the electrode process

1
2
O2 � 2e O2ÿ

.

The above results served as the basis for further electro-
chemical studies on electrochemical reduction reactions of
Group VI metals.70 ± 72 The theoretical foundations and principles
of controlling electrochemical processes involving the isolation of
metals and their compounds with nonmetals (carbides, borides,
silicides) from ionic melts have been developed.73

In a study of the acid ± base equilibria in CaWO4 solutions, the
solubility of CaO in the KCl ±NaCl melts at 1000 K was found to
be* 0.084 mol.%.74 The solubility of scheelite in a chloride melt
at 1000 K is 1073.5 mol kg71. The equilibrium constant for the
reaction

WO3 �O2ÿ WO2ÿ
4

is* 10.
According to Combes and Tremillon,74 the polyanionW3O

27
10

(pK=12.7) is formed on reverse titration. Thus the titration curve
is not reversible. The results may be accounted for by the
elimination of WO3 from acid chloride melts in the form of the
oxide chloride. Under the conditions of reverse titration, the
substance used as the titrant is lost in an uncontrolled manner.
These considerations apply also to other studies in which titration
involving the transition from a base to an acid was resorted to in
the investigation of the acid properties of the oxo-compounds of
Group VI elements.

The acid ± base equilibria in solutions of phosphorus(V) oxo-
compounds have been investigated at 700 8C with the aid of the
membrane oxygen electrode Pt(O2)|ZrO2(Y2O3).75 In the melt
with the ratio Na2O : P2O5=1.67 ± 3, the polyphosphate ions are
formed:

PnO
ÿ�n�2�
3n�1 � PO3ÿ

4 Pn�1O
ÿ�n�5�
3n�5 .

The corresponding equilibrium constants have been deter-
mined. The solubilities of the polyphosphates formed have been
found by the cryoscopic method.

The titration of V2O5 takes place in two stages:76

V2O5 �O2ÿ 2VOÿ3 ,

2VOÿ3 � O2ÿ V2O
4ÿ
7 .

The pK for the first and second stages are 79.3�0.3 and
78.3�0.3 respectively.

The acid ± base properties of certain higher oxides and oxo-
anions in chloride melts at 700 8C have been investigated in a
series of studies.77 ± 81 The results, presented in Table 1, agree
satisfactorily with the analogous data obtained with the aid of the
membrane oxygen electrode Pt(O2)|ZrO2. The application of the
platinum oxygen electrode leads to pK values which are lower by
approximately 3 ± 4 orders of magnitude. In chloride melts, the
Cr2O

27
7 ion is unstable and decomposes with formation of

equimolar amounts of CrO3 and CrO27
4 .79

7. Other alkali metal halide melts
Empirical acidity series in KCl and CsI melts at 700 8C have been
quoted.6, 7 The practical value of these studies is that the
SO27

4 /S2O
27
8 , WO27

4 /W2O
27
7 , and PO37

4 /P2O
47
7 buffer solutions

proposed by the authors, which have satisfactorily reproducible
pO values, may be used as standard solutions for the calibration of
oxygen electrodes in alkali metal halide melts.

The acidity series in the sodium iodide melt at 700 8C have
been constructed by Rybkin and Banik.8 The authors conclusion
that the carbonate and hydroxide ions are bases of equal strength
cannot be regarded as correct, since the acidity scales were
constructed using solutions in which the contents of the test
reagents were the same (0.01 mol kg71), whereas it follows from
the equations

Table 1. The constants of certain acid ± base equilibira in KCl ±NaCl and
NaI melts.77 ± 81

Equilibrium 7pK

m a N b mol.%

KCl ±NaCl melt, 700 8C

2POÿ3 �O2ÿ P2O
4ÿ
7 8.01� 0.1 10.67 6.67

POÿ3 �O2ÿ PO3ÿ
4 5.93� 0.1 7.26 5.26

POÿ3 � 2O2ÿ PO5ÿ
5 7.24� 0.1

CrO3 � 2O2ÿ CrO4ÿ
5 8.41� 0.1 9.77 7.77

Cr2O
2ÿ
7 �O2ÿ 2CrO2ÿ

4 7.18� 0.1 7.18 7.18

2CrO2ÿ
4 �O2ÿ Cr2O

6ÿ
9 1.60� 0.2 4.26 0.26

MoO3 �O2ÿ MoO2ÿ
4 8.32� 0.2 9.65 7.65

MoO3 � 2O2ÿ MoO4ÿ
5 9.71� 0.3 11.37 7.37

WO3 �O2ÿ WO2ÿ
4 9.31� 0.2 10.64 8.64

WO3 � 2O2ÿ WO4ÿ
5 10.67� 0.5 13.33 9.33

B4O
2ÿ
7 �O2ÿ 4BOÿ2 4.82� 0.1 2.16 4.16

BOÿ2 �O2ÿ BO3ÿ
3 2.37� 0.2 3.17 1.70

V2O5 �O2ÿ 2VOÿ3 6.95� 0.2 6.95 6.95

V2O5 � 2O2ÿ V2O
4ÿ
7 12.23� 0.1 14.89 10.96

V2O5 � 3O2ÿ 2VO3ÿ
4 12.30� 0.1 14.96 10.96

V2O5 � 5O2ÿ 2VO5ÿ
5 13.88� 0.5 19.20 11.20

2GeO2 �O2ÿ Ge2O
2ÿ
5 4.18� 0.4 6.84 2.84

NaI melt, 700 8C

2VOÿ3 �O2ÿ V2O
4ÿ
7 5.40� 0.3 7.10 4.10

V2O
4ÿ
7 �O2ÿ 2VO3ÿ

4 1.68� 0.3 1.68 1.68

B4O
2ÿ
7 �O2ÿ 4BOÿ2 5.02� 0.8 3.37 5.37

a In units of molality. b In units of normality.
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2OHÿ H2O" � O2ÿ
, (9)

CO2ÿ
3 CO2" � O2ÿ

(10)

that the amount of hydroxide should be twice as great. One mole
of O27may be formed from 1 mol of CO27

3 , whereas only 0.5 mol
of O27 may be obtained from 1 mol of OH7. Indeed, in another
study by the same workers it was shown that the hydroxide ion is a
stronger base than the carbonate.82

Certain results of the study of the acid properties of boron(III)
and vanadium(V) oxo-compounds in the NaI melt at 700 8C,
carried out by Cherginets,81 are presented in Table 1.

The comparative Lux ±Flood base strengths (OH7, CO27
3 ,

SO27
4 in the NaI melt at 700 8C have been established by titration

with sodium pyrophosphate.82, 83 The first of these bases reacts
with the acid in proportions of 2 : 1, whilst the others are
neutralised in proportions of 1 : 1. Depending on the e.m.f. jump
at the point of equivalence, the bases investigated can be arranged
in the sequence OH7>CO27

3 >SO27
4 in terms of the decrease in

basicity. The equilibrium constants have not been quoted.
In a number of instances, the substances introduced into the

melt actually exist in the latter in another form. For example,
potassium nitrate and nitrite decompose to the oxides at the
experimental temperature.6, 7

This applies also to pyro- and per-sulfates 6, 7 and also to acid
phosphates.8 The acidity of the pyrophosphate in an iodide melt is
much higher than that of the metaphosphate ion according to the
data of Rybkin and Banik.8 However, the titration of phosphorus
oxo-compounds proceeds in accordance with the scheme

POÿ3 P2O
4ÿ
7 PO3ÿ

4 ;

and the acidity of the pyrophosphate should therefore be lower,
because in the conjugate pair `metaphosphate ± pyrophosphate'
the latter is the base. The frequently observed lack of correlation
between the pH of aqueous solutions of salts and the pO of the
analogous solutions in themelt (this usually applies to phosphorus
oxo-compounds) is due to the difference between the processes
occurring during neutralisation. The neutralisation of phosphoric
acid in aqueous solutions proceeds in stages in accordance with
the scheme

The analogous sequence in melts assumes the form

A correlation should therefore be sought between the acidities of
an aqueous solution of the anion and a solution of the correspond-
ing anhydro-acid in the melt. The salts NaPO3 and Na4P2O7 can
be readily obtained by pyrolysing the corresponding acid salts, but
the reverse processes hardly occur in aqueous solutions and the
above substances exist as the salts of the independent acids HPO3

and H4P2O7. On the other hand, in the case of meta- and pyro-
arsenates, which exhibit a greater tendency to hydrolyse, a
correlation between the pH of the aqueous solutions of these
anhydro-compounds and the pO of the solutions in the melt
should be observed. Thus the breakdown of the correlation in the
case of phosphorus oxo-compounds is only apparent, because it is
induced solely by kinetic limitations.

Analysis of literature data makes it possible to discover also a
fundamental inaccuracy which has arisen in the studies of oxo-
acidity in nitrate melts, in particular in KNO3. As a constituent of
thismelt, theNO7

3 ion is capable of dissociating with formation of
O27 in accordance with the equation

NOÿ3 NO�2 � O2ÿ
,

which is thus the equation of the intrinsic acid ± base dissociation
of the solvent.84 In the potassium nitrate melt, there is a possibility
of the levelling off of both acid properties,84 i.e.

and basic properties (as has been observed by De Andrade et
al.),85 i.e.

O2ÿ � 2K� K2O . (12)

This implies that acids stronger thanNO�2 and bases stronger than
K2O cannot exist. According to Eqn (11), the acid ± base titration
curves for solutions of strong acids of equal concentration should
be identical. This permits a fresh look at the results obtained in
earlier studies.39 ± 42

We shall consider the potentiometric titration data for sol-
utions of oxo-acids (Fig. 1). The curves presented virtually
coincide (despite some difference between the initial concentra-
tions of the acid). This means that the process

NO�2 � O2ÿ NOÿ3 ,

occurred in all cases, whereas the above investigators 39 ± 42 per-
formed their calculations on the basis of reaction equations with
other stoichiometric coefficients, which in fact led to an appreci-
able drift in the calculated equilibrium constants.

The levelling of the acid strengths in oxygen-containing melts
makes the latter an unsuitable medium for the determination of
the equilibrium constants for processes involving strong acids.
The melts of alkali metal halides, in which this phenomenon is not
observed, are more suitable for this purpose. Since the physico-
chemical properties of ionic melts (ionic densities, charges, and
radii)ç are usually similar, the application of the acidity scale
obtained for onemelt in order to characterise anothermelt is more
justified than, for example, the use of different low-temperature
molecular solvents, the physicochemical properties of which
(relative permittivity, donor ± acceptor properties) differ
extremely significantly.

H3PO4 H2PO
ÿ
4 HPO2ÿ

4 PO3ÿ
4 .

OHÿ OHÿ OHÿ

1
2
P2O5 POÿ3 1

2
P2O

4ÿ
7 PO3ÿ

4 .

1
2 O

2ÿ 1
2 O

2ÿ 1
2 O

2ÿ

A +NOÿ3 �NO�2 :O27) A : O27 +NO�2 , (11)

çThe radii of the NO7
3 and Cl7 ions are 0.165 and 0.167 nm respec-

tively.10

0.4

0.2

0

70.2

E /V

0 0.04

1

2

3

4

m0
O2ÿ /mol kg71

Figure 1. Potentiometric titration curves for solutions of the oxo-acids

CrO3 (1), MoO3 (2), WO3 (3), and PO3 (4) at concentrations of

*0.1 mol kg71 in the KNO3 melt at 350 8C (according to data in

Refs 39 ± 42). The arrow indicates the error in the measurement of the

e.m.f.
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III. The solubilities of oxides in alkali metal halide
melts

The dissolution of oxides in alkali metal halide melts is accom-
panied by the interaction of the ions of the oxides with those of the
melt (solvation). These interactions are superimposed on the oxide
dissociation process and lead to the formation of halo-complexes
and oxides of the alkali metals. Furthermore, part of the molec-
ular oxide also dissolves. Thus the following equilibria are
established in a saturated solution of the oxide:

MOsolid MOsolution , (13)

MOsolution M2++O27, (14)

M2� � nHalÿ MHal2ÿnn , (15)

O2ÿ � 2Kt� Kt2O, (16)

where Kt+ is the cation of the melt (Cs+, K+, and Na+).
Since the formation of complexes between the anions of the

melt and various cations proceeds to approximately the same
extent, one may postulate that the dependence of the solubility of
the oxide on the nature of its constituent metal is determined
primarily by the degree of interaction of the metal cation and the
oxide ions in the melt, which is an acid ± base process as defined by
Lux and Flood.

According to Lux and Flood, the equilibrium constant of
reaction (1) may serve as a quantitative measure of the acidity of
the chemical compound or ion. If all the participants of this
reaction are in the dissolved state, then the equilibrium established
in the homogeneous system may be regarded as of the acid ± base
type. However, the solubility of the majority of oxides in melts is
limited (the excess oxide precipitates). Thus, the oxide ions are
eliminated from the melt not only as a result of the reaction with
the cationic acid but also as a result of the formation of another
phase (i.e. a deposit of the oxide). In the study of the solubilities of
oxides in melts by potentiometric titration, one must therefore
take into account equilibrium (13). It follows from
Eqns (13) ± (16) that the binding of the oxide ions by the metal
cations is in general a heterogeneous process, as a result of which a
new phase (the metal oxide) is formed. In this case, the affinity of
the cation M2+ cannot be unambiguously related to the comple-
tion of the M2++O27 interaction in the melts. The solubility of
the oxide (SsMO) in the melt can be determined, taking into
account its incomplete dissociation, as the sum of the activities
(concentrations) of the metal cations and the undissociated oxide:

SsMO � aM2� � aMO, (17)

where aM2+ and aMO are respectively the activity of the metal
cation and of the undissociated oxide in the saturated solution.

Since the concentration of the undissociated oxide in the
saturated solution is as a rule extremely difficult to determine, in
practice the solubility product PMO is used as the characteristic of
the solubility of the oxide:

PMO � aM2� aO2ÿ . (18)

According to the Law of Mass Action, in the region of
saturation of the solution the dissociation constant of the oxide
can be expressed in the form

KMO �
aM2�aO2ÿ

aMO

. (19)

Comparison of Eqns (18) and (19) leads to the expression

KMO �
PMO

aMO

. (20)

The complete set of the constants characterising the equilibria
in the saturated solution of the oxide can be obtained, provided
that two parameters of Eqn (20) out of three have been found.

Owing to the lack of well developed and generally accepted
methods for the determination of activity coefficients and their
dependence on the concentrations of the corresponding species in
fused salts, in practice the calculation of concentration parameters
is usually resorted to.

1.Methods for the investigation of the solubilities of oxides in
melts
In the study of the solubilities of oxides in oxygen-containing and
halide melts, different versions of the isothermal saturation and
potentiometric titration methods are usually employed.

The isothermal saturation method consists in the successive
addition of the test oxide to the solvent melt until the formation of
a saturated solution. The instant of saturation is established both
with the aid of potentiometric measurements 85, 86 and by a
titrimetric procedure (by determining the concentration of the
metal forming the oxide in a sample of the melt).87 The final result
is the determination of the `total' solubility in accordance with
Eqn (17), which, when account is taken of Eqns (18) and (20), may
be expressed in the form

SsMO � P
1=2
MO �

PMO

KMO

. (21)

Naturally, if the potentiometric method with a precalibrated
electrode system is used to monitor the degree of saturation,
then, knowing the amount of added oxide and the equilibrium
molality of the oxide ion in the melt, the parameters of its
dissociation can be determined separately. However, this case is
more of an exception. Furthermore, in order to obtain a repre-
sentative selection it is necessary to carry out a series of experi-
ments, which requires much time and a considerable expenditure
of reagents.

The method involving the analysis of melt samples 87 is used
fairly widely, but it may lead to distortion of the results as a
consequence of the contamination of the sample by suspended
oxide particles. It is therefore necessary to take measures to
prevent the formation of suspensions in the melt, which greatly
complicates the technique of the measurement.

The isothermal saturation method is very convenient in
studies over a range of temperatures, but it can hardly be used to
determine the solubilities of oxides of the type MgO, NiO, Al2O3,
etc., which are extremely sparingly soluble in nitrate and halide
melts. As a rule, the data obtained in such investigations do not
permit the simultaneous estimation of the solubility product of the
oxide and its dissociation constant with the exception of limiting
cases where the oxide is either fully dissociated or, conversely, is
hardly dissociated. Since the `pure' melt itself contains oxide ions,
in the determination of the solubility errors may arise which
become especially pronounced if the solubility is comparable to
the concentrations of the oxide ion in the `pure' solvent melt.

The potentiometric titrationmethod is applicable over amuch
wider range. It makes it possible to determine the solubility
product and in many instances (when an unsaturated solution
region is present on the titration curve) also to calculate the
dissociation constants of oxides in melts. Potentiometric studies
are as a rule carried out in cells with transport, but this does not
lead to significant experimental errors, because the potentials of
liquid compounds in melts are insignificant.88

2. The KCl ±LiCl melt (0.405 : 0.595)
The solubility of the Fe(II, III) oxides in the KCl ±LiCl
(0.405 : 0.595) melt has been investigated.89, 90 Potentiometric
and diffractometric studies showed that, on precipitation by the
donor of oxide ions (CO27

3 , pure FeO is formed, whereas trivalent
iron is deposited as the LiFeO2 ±LiyFe17yO solid solution. The
solubility products of the iron oxides FeO, Fe3O4, and Fe2O3 are
1075.4, 10736.3, and 10729.16 respectively. The Fe3+ cations
oxidise the chloride melt with liberation of chlorine. An evident
disadvantage of these studies is the use of sodium carbonate,
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known a priori to be incompletely dissociated, as the base, which
undoubtedly influenced the calculated solubility products. Fur-
thermore, it is not comprehensible how it was possible to obtain
Fe2O3 by deposition if the corresponding cation is unstable in the
chloride melt.

The qualitative study of the solubilities of oxides in the
KCl ±LiCl melt at * 500 8C was based on the visual monitoring
of the solubility.91, 92 KOHwas added to a solution of the chloride
of the test metal in the melt. If the oxide was not then precipitated,
it was regarded as soluble (CdO, PbO, BaO, CaO, Ag2O).
Otherwise the oxide was regarded as sparingly soluble (CoO,
NiO, ZnO) or insoluble (MgO, BeO, Al2O3). Copper(II) oxide
proved to be unstable in chloride melts and its dissolution was
accompanied by the reduction of Cu2+ ions toCu+. The chlorides
of certain other metals in the highest oxidation states, for example
TiCl3, FeCl3, and AuCl3, behave similarly. The addition of the
corresponding metal chlorides to a melt containing other oxides
led to the dissolution of the latter as a result of the occurrence of
reactions of the type

2CuCl2 � ZnO# ZnCl2 � 2CuCl � 1
2
O2 ".

A significant difference between the solubilities of the oxide in
`the powder form' or prepared in situ, i.e. by adding KOH to a
solution of the corresponding chloride, has been noted. The
solubilities of CaO and CdO obtained by the latter method are
much higher.

Saturated solutions of various oxides have been investigated
polarographically.93, 94 The degree of interaction of the oxide with
the melt was inferred from the potential, the shift of the polaro-
gram, and the change in its form compared with theoretical data.
It has been established that, in the electrochemical reduction of a
cation, the stage involving the acid ± base dissociation of the
corresponding oxide is rate-limiting. The stability constants of
the oxides were found to have the following values (in mol.%):
CoO Ð (9.9�1.9)6103, NiO Ð (6.8�0.8)6103, PbO Ð
(3.4�1.3)6103, and Bi2O3 Ð (8.7�3.5)6103. The equilibrium
constant for the formation of the plumbate ion from PbO is
(2.0�1.6)6102. Cadmium, copper, and silver oxides were fully
dissociated under the experimental conditions, which agrees with
other data.91, 92

The estimation of the solubilities of a series of oxides was
undertaken in order to elucidate the possibility of using the
corresponding metal oxide electrodes (electrodes of the second
kind) as indicator oxygen electrodes.95 The solubilities of the
oxides at 500 8C were found to have the following values (in
mol kg71): NiO Ð 3.361074, BiOCl Ð 6.861074, PdO Ð
9.461073, PtO Ð 3.3261072, and Cu2O Ð 3.861072.

3. The KCl ±NaCl melt (0.50 : 0.50)
The study of the solubilities of CaO, SrO, and BaO over the range
of temperatures from Tm to 900 8C was carried out by an isotopic
method.96 Together with the KCl ±NaCl melt, the pure individual
potassium and sodium chlorides were also used as the solvent. The
solubilities of the oxides increased in the sequence CaO<SrO<-
BaO. The solubility products of the oxides in the KCl and
KCl ±NaCl melts were found to be similar and somewhat lower
than in the NaCl melt. Comparison of the experimental data with
the results of thermodynamic calculations showed that the sol-
ution contains simultaneously both the molecular oxide MO and
the M2+ and O27 ions formed on its dissociation.

In an analogous investigation,87 the solubilities of the oxides
in the temperature range 700 ± 810 8C were determined by meas-
uring the concentrations of the metal cations in the solidified melt
specimen using the complexometric titration method. Compar-
ison of the observed solubility products with theoretical estimates
made it possible to calculate the activity coefficients of the oxide
ions in the saturated solutions studied. The quantities obtained
can hardly be regarded as correct, because they are influenced
significantly by the incomplete dissociation of the oxides in the
melt and by the deviations from ideality of the solution induced by

the presence of doubly charged alkaline earth metal cations and
O27. The contribution of each of these components was not
estimated separately.

The acid properties of the Ca2+, Li+, and Ba2+ cations have
been investigated 97 at 700 8C and the constants for the acid ± base
equilibria

2Li� �O2ÿ Li2O,

Ba2� �O2ÿ BaO,

were found as 353 mol.% and 81 mol.% respectively. It follows
from these data that all the cations investigated are appreciably
acid.

The acidity of the cations of the main subgroup elements
weakens with increase in the atomic number of the element,
whereas in the Group B elements and in transition series such
behaviour is not observed.9 Careful analysis of the data of
Ovsyannikova and Rybkin 9 showed, however, that the weaken-
ing of the acid properties occurs also in the Zn ±Cd diad.
Although the above study can in fact be regarded as systematic,
it is difficult to extract from it any quantitative data for the
estimation of the solubilities of the oxides, since the additional
equilibrium (7) is superimposed on the main acid ± base equili-
brium (14) in the KCl ±NaCl melt, because all the cations
investigated were added to the melt in the form of sulfates and
the influence of this equilibrium was not estimated quantitatively.
The use of sulfates should evidently lead to the formation of a
deposit and the evolution of SO3 from the solutions containing the
most acid cations.

Furthermore, the results of the above workers 9 are in direct
conflict with the phenomenon of the levelling of basic properties
described in the preceding section. According to potentiometric
data, the content of O27 at equilibrium in the BaSO4 solution is
ten times higher than in the K2SO4 and Na2SO4 solutions at the
same concentration. The concentrations were found to be higher
to a somewhat lesser extent in solutions containing Cs+ (by a
factor of 3.2), Sr2+ (by a factor of 2), andRb+ (by a factor of 1.2).
It follows from the equation

MO � 2Na� M2� � Na2O

that, when the metal cation in the melt based on sodium salts is a
weaker acid than Na+, the equilibrium should be displaced to the
right and the basicity of O27 is limited by the basicity of Na2O in
the corresponding melt. The addition to the melt of a small
amount of a compound with cations less acid than Na+ should
therefore induce the same effect as the addition of an equivalent
amount of the corresponding sodium salt (since the authors
investigated solutions at a concentration of 0.01 mol kg7,
Mn+/Na=0.0026/n). However, the results obtained in the
above study 9 conflict with this conclusion.

The solubilities of ZnO, HgO, NiO, and SrO have been
investigated by the potentiometric titration method, with the
initial transition from the acid to the base and then from the base
to the acid.98 The characteristics corresponding to the solubility
product and the dissociation constant were calculated from the
experimental data. Unfortunately the average values of the
calculated parameters of the equilibria are not quoted in the
above study 98 (the averaging was carried out by Combes et al.99).
It was found that the calculated values of KMO and PMO for the
forward and reverse titrations differ significantly. This constitutes
yet another piece of evidence in support of the need to apply a
single research technique in the search for correlations. In the
sequence MgO<NiO<ZnO<SrO, the solubility increases. In
a later study,9 a somewhat different series of cations was found.
However, preference should be given to the results obtained by the
potentiometric titration method.

The solubilities of a series of oxides in the KCl ±NaCl melt at
1000 K have been investigated also in other studies.85, 99 ± 101 Two
steps were observed on the Mg2+ titration curve: the first
corresponded to the formation of Mg2O2+ and the second to the
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formation of MgO.99 Although the potentiometric studies of the
solubilities ofMgO in this and analogous chloridemelts have been
frequently performed, no one else observed a similar phenom-
enon. There is usually only one e.m.f. jump, corresponding to the
reaction

Mg2� � O2ÿ MgO#.
The use of BaO for the titration of alkaline earth metal cations
cannot be regarded as correct either, because in this case the
substances precipitated are not the individual oxides but their
solid solutions with BaO, the solubility of which differs from that
of the pure oxide. The principal result of the studies quoted is the
conclusion that the solubilities of the oxides increase in the series
of alkaline earth metals MgO<CaO<BaO (the solubility of
MgO was measured by the potentiometric method and those of
the remaining two oxides were found by the isothermal saturation
method). The temperature dependence of the solubility of zirco-
nium(IV) oxide in the KCl ±NaCl melt assumes the form 102

NZrO2
= (75.7� 3.1)61076+ (7� 3)61079T.

The solubility of ZrO2 at 700 8C is insignificant even in an acid
medium, so that the use of membrane electrodes based on
stabilised ZrO2 should not lead to an appreciable contamination
of the test melt by zirconium(IV) compounds.

The solubilities of 11 oxides of s2 and 3dmetals at 700 8C have
been investigated (Table 2)103, 104 The existence of a correlation
between the solubilities of the oxides and the crystal-chemical
radii of the cations r was established:

pPMO � pPr!1 �
k

r2
. (22)

In a number of instances, the results obtained by different work-
ers 98 ± 101, 103, 104 agree well with one another, which can be
accounted for by the virtually identical experimental conditions
(the method for the determination of the solubility, the titrant, the
molality of the cation, etc.). However, the discrepancies are
usually fairly considerable. Such a scatter of the results has not
so far been accounted for and the impossibility of a systematic
treatment of the results naturally did not promote the develop-
ment of studies on the solubilities of oxides in alkali metal halide
melts.

Solubility data can be divided into two groups depending on
the method for their determination (Fig. 2); within each group,
the solubilities of one oxide have similar values. A fairly unex-
pected result of the comparison of the available literature data is
the conclusion that the solubilities of oxides found by the
isothermal saturation method are as a rule several orders of
magnitude lower than the values calculated from potentiometric
data, although in the former case one determines SsMO and in the
latter only s2�M .

The higher solubility in melts of oxides prepared in situ was
first noted by Delarue,91, 92 although no explanation of the results
was given.

The solubility of any substance depends on the size of its
crystals in contact with the solution. For substances dissolving in
the form of molecules, this dependence is expressed by the
Ostwald ±Freundlich formula:105

RT

M
ln
S1

S2

� 2s
d

�
1

r2
ÿ 1

r1

�
,

where S1 and S2 are the solubilities of the crystals with the radii r1
and r2 respectively,M is the molecular weight, d the density, and s
the surface energy.

For dissociating substances, the analogous equation assumes
the form

RT

M
ln
P1

P2

� 2s
d

�
1

r2
ÿ 1

r1

�
,

where P1 and P2 are the corresponding solubility products.
In particular, it follows from the equations presented that an

increase in crystal size leads to a diminution of solubility. For this
reason, larger particles should be deposited from concentrated
solutions than from dilute solutions. The increase in the size of
crystals in a concentrated solution of the cation can be explained

Table 2. The values of pPMO and pKMO for certain oxides in alkali metal halide melts (on the mole fraction scale).103, 104

Oxide KCl ±NaCl (700 8C) CsCl ±KCl ±NaCl (600 8C) CsCl ±KCl ±NaCl (700 8C) CsBr ±KBr (700 8C) CsI (700 8C)

pP pK pP pK pP pK pP pK pP

BaO 4.66 4.75 �4.5 5.16 4.98

SrO 5.44 2.30 5.81 2.71 5.54 2.14 6.82 2.45 6.28

CaO 6.72 7.73 3.71 6.86 2.99 9.93 3.76 7.50

MgO 11.62 12.68 11.68 12.76

MnO 9.13 9.73 9.49 10.70

CoO 10.24 10.92 10.50 11.33

NiO 11.38 12.60 11.42 12.71

Cu2O 6.53 6.95 3.29 6.35 2.59

ZnO 9.28 8.80 8.15 11.03

CdO 7.35 7.54 7.09 9.35 8.00

PbO 7.47 4.47 8.21 5.08 7.04 4.03 8.52 5.81 7.80

MgO CaO SrO BaO

4

6

8

2

5

2

3

4

1

pP

Figure 2. The solubilities of alkaline earth metal oxides in the

KCl ±NaCl melt measured by the isothermal saturation (open squares)

and potentiometric titration (filled squares) methods: (1) according to the

data of Combes and coworkers;85, 99 ± 101 (2) according to the data of

Delimarskii et al.;98 (3) according to the data of Shapoval and Tsiklauri;97

(4) according to Volkovich's data;87 (5) according to the data of Chergi-

nets and coworkers 104, 110 (at 700 8C).
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by the ageing of the oxideÐ recrystallisation, which is faster when
the concentrations of the reactants increase.

Under the conditions of oxidative titration, a finely dispersed
metal oxide is formed and begins to `age' as a consequence of the
occurrence of recrystallisation, i.e. of the increase in the size of the
crystals and the decrease in the surface energy sS, which leads to a
decrease in solubility (solubility products). The recrystallisation is
promoted by prolonged maintenance at a high temperature and
for a high concentration of the corresponding ions in solution. The
first case obtains, in particular, when studies are performed by the
isothermal saturation method, where the oxide is subjected to
preliminary heat treatment or sintering and the pellets obtained
are kept in the melt for several hours. In the second case, the
transfer of the substance from small to large crystals is evidently
accelerated.

We may note that the solubilities of the oxides quoted by
Delimarskii et al.98 are somewhat higher than those obtained by
the present author. This can apparently be accounted for by the
fact that the study of Delimarskii et al.98 was carried out in more
dilute solutions (0.01 mol kg71), where ageing is somewhat
slower. A significant disadvantage of dilute solutions is the very
marked change in the concentration of the cation during the
period of the investigation and hence the poor reproducibility of
the results. The measurement of the solubility of NiO in the
KCl ±NaCl melt may serve as an example. Titration of a solution
at a concentration of 0.01 mol kg71 yields pPNiO=7.95�0.20
(Delimarskii et al.98 obtained 8.32), whereas at a concentration of
0.05 mol kg71 we have pPNiO=9.03�0.06. However, in this case
too the values of pP differ by an order of magnitude. The results
quoted 98, 101, 103, 104 for magnesium and barium oxides were
obtained by titrating solutions at a concentration of
0.05 mol kg71 and they agree very well with our data. In the
vicinity of the equivalence point, the values of pPMO frequently
decrease slightly. This is apparently also caused by the difference
between the dimensions of the crystals deposited from the melt.

4. The solubilities of the oxides in other alkali metal halide
melts
The solubilities of the oxides of s2 and 3d metals in the
CsCl ±KCl ±NaCl (0.455 : 0.245 : 0.30, eutectic) melt have been
investigated at 600 and 700 8C (Table 2).106 ± 111 A method for the
separation of the regions of existence of unsaturated and saturated
solutions of the oxides, ensuring that the calculated dissociation
constants and solubility products of the oxides respectively are
correct, has been proposed and justified. The solubilities of the
oxides in lithium-free chloride melts at the same temperature are
identical (in mole fractions) and the temperature variation agrees
with the Schroeder equation.

The solubilities of the oxides in the 2CsBr .KBr melt at 700 8C
are lower than in the analogous system with the Cl7 ion.112 ± 114

Thus, SrO which is moderately soluble in chloride melts, becomes
sparingly soluble in the bromide melt, whilst the sparingly soluble
calcium and cadmium oxides become virtually insoluble. The
range of oxides the solubilities of which can be investigated in
the CsI melt 115 is still narrower than in the case where systems
with other halide ions are employed (Table 2). The results of the
investigations have shown that the iodide melt occupies an
intermediate position between the chloride and bromide melts as
regards the solubilities of the oxides in it.

The linear dependence of pP on r72 holds for all the alkali
metal melts investigated.106 ± 115 This makes it possible to employ
the relations indicated (Table 3) for the estimation of the solubil-
ity products of the oxides from the cationic radii. Furthermore, on
the basis of the results quoted,110, 111 it is possible to calculate the
solubilities of the oxides also at other temperatures by means of
the Schroeder equation. When one halide anion of the melt is
replaced by another, the degree of association of the melt ions
changes, which exerts a decisive influence on the solubilities of the
oxides.

The study of the solubility of ZrO2 in the potassium meta-
phosphate melt and in KCl ±KPO3 mixtures at 800 8C showed
that the solubility of zirconium oxide reaches 1.34 mass% in pure
KPO3 and 3.25 mass% in the equimolar KCl ±KPO3 mixture.116

The increase in the solubility of ZrO2 with decrease in the KPO3

concentration is caused, according to the authors, by the depoly-
merisation of the latter and by the enhancement of the acid
properties of the melt. At a KCl concentration above 60 mol.%,
the solubility of ZrO2 falls sharply, apparently owing to the
decrease in the acidity of the melt because the intensification of
the dissociation of themetaphosphate under these conditions is no
longer compensated by the decrease in the concentration of the
acid.

The solubilities of nickel and thorium(IV) oxides in the
KF±LiF melt at 550 8C have been studied potentiometrically
using a membrane oxygen electrode.117, 118 The solubility product
of NiO is 1.361076, which is appreciably higher than in the
chloride melt. The solubility of NiO apparently increases as a
result of the formation of stable fluoride complexes of Ni2+.

The solubility products (inmole fractions) of Co3O4,NiO, and
Y2O3 at 1100 K in the NaCl melt are (0.99 ± 3.3)610711,
(1.9 ± 4.9)610712, and (1.4 ± 2.2)610736, while those in the
Na2SO4 melt are (0.8 ± 2.2)610710, (1.6 ± 8)610711, and
(4.5 ± 6.4)610731 respectively.119, 120 The excess titrant leads to
the formation of the anionic oxo-complexes NiO7

2 , CoO7
2 , and

YO7
2 in the melt.
The solubility products of zinc oxide and K2ZnO2 in the

potassium chloride melt at 800 8C are 2.361078 and 3.2610712

respectively.121

A number of studies have been devoted to oxo-acidity in alkali
metal chloridemelts to which cations with a high acidity have been
added: MgO±BaCl2 ±CaCl2 ±NaCl,122 CaO±CaCl2 ±
KCl ±NaCl,123 CeCl3 ±KCl ±NaCl,124 and ZnO±NaCl ±
ZnCl2125, 126 The cationic acids influence significantly the acid ±
base processes in ionic melts as a result of the binding of the oxide
ions. This increases the solubilities of the oxides in such melts (see,
for example, Refs 122 and 123).

IV. The reactions of melts with gaseous acid and
basic reagents

The gases present in the atmosphere over the melt can react both
with its principal components and with impurities. In reactions of
the first kind, which include, in particular, hydrolysis, the gas
(H2O) behaves as a Lux ±Flood base, supplying O27 ions to the
melt. In reactions of the second type (purification of melts by
halogenating agents, dissociation of bases), the gaseous reagent is
an acid.

1. High-temperature hydrolysis of melts
Reactions of this type have been investigated mainly in relation to
individual alkali metal halides and their mixtures. The hydrolysis
of the solid and fused sodium chloride in the temperature range
600 ± 950 8C has been investigated by a `dynamic method',127

which consists in passing nitrogen, containing water vapour,
through a layer of solid or fused sodium chloride:

Table 3. The coefficients of Eqn (22) for alkali metal halide melts (95%
confidence limits).

Melt T /8C pPr!1 k

KCl ±NaCl 700 1.8+ 0.9 0.053+ 0.01

CsCl ±KCl ±NaCl 600 1.7+ 2.0 0.057+ 0.01

CsCl ±KCl ±NaCl 700 1.7+ 0.3 0.054+ 0.02

CsBr ±KBr 700 3.2+ 1.8 0.053+ 0.01

CsI 700 2.65+ 0.58 0.052+ 0.01
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NaClsolid, liquid+H2Ogas NaOHsolid, liquid+HClgas . (23)

The HCl evolved was determined titrimetrically.
The rate of evolution of HCl can be described by the following

equation:

dn

dt
� u pHCl

p
, (24)

where p is the overall pressure, pHCl the `equilibrium' partial
pressure of HCl, and u the rate of supply of the moist gas.

The equilibrium constant of reaction (23) is

K � gnpHCl

NpH2O

, (25)

where g is the activity coefficient of NaOH inNaCl. Integration of
Eqn (24) taking into account Eqn (25) leads to the expression

n �
�
2uNpH2O

K

pg

�1=2
t1=2,

which is linear in terms of the n ± t1/2 variables. Evidently this
relation should pass through the origin of coordinates (t=0,
n=0). However, it was found that reaction (23) is complicated by
the diffusion of NaOH in NaCl and the authors 127 therefore
improved the model by introducing into the latter a correction l,
which is in essence the time required to reduce the diffusional
limitations to a minimum:

n �
�
2uNpH2O

K

pg

�1=2�
t� l

�
exp

�
ÿ t

l

�
ÿ 1

��1=2

.

The hydrolysis of sodium chloride occurs to a slight extent,
although the rate of evolution of HCl exceeded the expected value
as a result of hydrolysis on dissolution of NaOH in NaCl.

An evident disadvantage of the abovemethod is the use in it of
the hypothesis that the partial pressure of HCl in the gas phase is
equal to the equilibrium partial pressure. Judging from the
experimental method, it should in fact be much lower, because
NaCl is hydrolysed albeit at a low rate.

The same method has been used to investigate the high-
temperature hydrolytic and oxidation reactions of sodium
iodide.128, 129 According to the estimates made, the heats of the
reactions

NaI�H2O NaOH�HI, (26)

NaI� 1
2
O2

1
2
Na2O2 � 1

2
I2 (27)

are 32.8�2 and 13.9�1 kJ mol71 for solid sodium iodide and
30.6�2 and 9.3�2 kJ mol71 for fused sodium iodide. Hence it
follows that the latter shows a greater tendency to oxidise than to
hydrolyse. In contrast to NaOH, sodium peroxide is almost
insoluble in crystalline sodium iodide. The conclusions reached
cannot be adopted without stipulation, because they are based on
the values of DH and not DG for the reactions indicated above.

A simple but unquestionable method has been used to inves-
tigate high-temperature hydrolysis in the KCl ±NaCl melt.101 A
mixture ofHCl andH2O, obtained by passing an inert gas through
aqueousHCl solutions at a definite concentration, was passed into
the melt. Measurements of the equilibrium O27 concentration by
the potentiometric method made it possible to calculate the
equilibrium constants for the process

H2O� 2Clÿ O2ÿ � 2HCl (28)

(pK=55.36103T71740.2). At 1000 K, pK& 15.1 and equili-
brium (28) is therefore displaced to the left.

A similar method has been used to investigate the hydrolysis
of the KCl ±LiCl melt at 500 8C (pK=9.77�0.4).130 The hydrol-

ysis of the chloridemelt is thermodynamically unfavourable and is
fully suppressed in the presence of bases (at a concentration of
*1073 mol kg71).

The cells

(H2O+H2)Au|NMOH+(17N)MX(l)|MX(l)|C(X2), (29)

where the symbols M and X designate the alkali metal and the
halogen respectively, have been used to investigate the hydrolysis
of individual alkali metal halide melts (with the exception of
lithium salts).131

The e.m.f. of cell (29) is related to the concentrations of the
reactants by the expression

E � E0 � RT

F
ln
P
1=2
H2

P
1=2
X2

PH2O

aMOH,

where PH2
and PX2

are the partial pressures of hydrogen and the
halogen over the melt respectively.

The logarithms of the equilibrium constants

ln K � F

RT
E ÿ DG0

HX

RT
� ln

P
1=2
H2

P
1=2
X2

PH2O

aMOH

are negative, which indicates that the hydrolysis of alkali metal
halide melts is thermodynamically unfavourable. The tendency
towards hydrolysis of melts of individual alkali metal halides
diminishes with increase in the radii of both the cation and the
anion. According to the results of Smirnov et al.,131 the solutions
of alkali metal hydroxides in the corresponding individual chlor-
ides are close to ideality.

2. Elimination of oxygen-containing impurities from alkali
metal halides
The studies of the elimination of oxygen-containing impurities
frommelts are as a rule of an applied character and are performed
in melts having industrial applications. Various halogenating
agents, usually hydrogen halides or the halogens themselves, are
used to eliminate the impurities:132 ± 138

2HX" �O2ÿ H2O" �2Xÿ, (30)

X2" �O2ÿ 1
2
O2" � 2Xÿ,

where X is the halogen. However, the water formed in reaction
(30) exhibits the properties of a Lux ±Flood acid, i.e.

H2O � O2ÿ 2OHÿ,

and this retards the purification process. The cessation of the
effect ofXHmay lead to partial hydrolysis, because, as can be seen
from the previous section, the type (30) reactions are reversible.
The shift of process (30) to the left is also promoted by the thermal
instability of HBr and HI.

The effectiveness of the purification of melts based on lithium
salts by hydrogen halides is much lower. Water dissolves in the
KCl ±LiCl melt in appreciable amounts and is firmly retained at
temperatures up to 400 8C.139 When dry HCl is passed for 1 h,
H2O is not fully removed.

The effectiveness of the purification by the halogens depends
on their oxidation-reduction potentials and decreases from chlor-
ine to iodine. In addition, the latter can disproportionate:

3I2 � 3O2ÿ 5Iÿ � IOÿ3 .

The iodate ions formed are stable in the melts and oxygen-
containing impurities are thus not removed from the iodide melt.

The effect of ammonium halides NH4X involves the forma-
tion of the corresponding hydrogen halide as a result of thermal
dissociation:140 ± 142

NH4X � NH3" � HX". (31)

However, the addition of NH4X is recommended only for the
drying and heat treatment of the initial components and its use for
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the industrial purification of the fused salts is undesirable because
it is much easier to ensure the continuous supply of the corre-
sponding hydrogen halide into the melt being purified. Ammo-
nium halides constitute a very convenient means for the removal
of oxygen-containing impurities from melts before the investiga-
tion: the addition of these crystalline salts lowers the equilibrium
concentration of oxide ions to 1075 ± 1076 mol kg71.109

It is believed that the most convenient method for the
elimination of oxygen-containing impurities from alkali metal
halide melts is carbohalogenation.143 ± 150

The effectiveness of CCl4, COCl2, Cl2, and the C+Cl2
mixture (C is acetylenic carbon black) can be explained by the
occurrence of the reactions 143

CCl4" �2O2ÿ CO2" �4Clÿ, (32)

COCl2" �O2ÿ CO2" �2Clÿ, (33)

C� Cl2 �O2ÿ CO�CO2�" �2Clÿ. (34)

Thermodynamic analysis of reactions (32) ± (34) showed that the
effectiveness of the purification is in all cases approximately the
same,144 but reaction (32) has the advantage that highly toxic
reagents such as chlorine and phosgene are not used in it. For this
reason, CCl4 has been used in virtually all the subsequent studies
involving the carbochlorination of melts.145 ± 149

It has been suggested that CHBr3, CBr4,150 C2H5Br, and
CH3I 142 be used for the removal of oxygen-containing impurities
from bromide and iodide melts. A significant advantage of
carbohalogenation is the fact that this process leads to an
appreciable decrease in the concentration of transition metal
cations in the melts being purified. However, in the purification
of melts by halogen-substituted compounds with a low halogen
content, carbon (carbon black) accumulates in the melt and is
displaced by the crystallisation front when single crystals are
grown.143 The presence of a suspension of carbon in alkali metal
halide melts is not always desirable and this method cannot
therefore be recognised as universal.

The carbohalogenation of the melt leads to the formation of
CO2, which reacts with oxide ions and lowers the equilibrium
concentration of O27 and induces the accumulation of the fairly
stable carbonate ions CO27

3 . The latter are themain form in which
oxygen-containing impurities exist in melts purified in this way.

The use of halo-derivatives of silicon for the purification of
iodide melts 151 is based on the reaction

SiX4 +2O27 SiO2, solid#+4X7,

the product of which is silicon dioxide, which is separated from the
melt as a consequence of the differences between the densities.
Thermodynamic analysis showed 152 that the effectiveness of the
purification of iodide melts diminishes in the sequence SiH4> -
HI>I2.

The use of silicon halides for the purification of the melts used
in the growing of single crystals does not lead to the appearance of
additional impurities, because the processes are carried out in
quartz (i.e. containing silicon) containers.

Although the methods of purification described are fairly
effective in most cases, some kind of oxygen-containing and
cationic impurities characteristic of each method always remain
in the melt. The method of purification must therefore be selected
depending on the aims of the subsequent application of the melt.

3. Dissociation of Lux ± Flood bases
The problems of the dissociation of oxide ion donors (Lux ±Flood
bases) in ionic melts is important both for experimental studies of
oxo-acidity and for technological purposes.

Investigators have paid particular attention to strong bases:
hydroxide, carbonate, and peroxide ions and barium oxide. The
dissociation of the last two bases proceeds in accordance with the
equations

O2ÿ
2 O2ÿ � 1

2
O2", (35)

BaO O2ÿ � Ba2�.

The dissociation of barium oxide (see Section III) leads to the
accumulation of `foreign ions' Ba2+ in the melt. Furthermore,
BaO exhibits a limited solubility in ionic melts. This imposes a
series of limitations on the practical use of this compound. It
should not be used for the investigation of the solubility of alkaline
earth metal oxides with which BaO forms solid solutions, for the
investigation of acid ± base equilibria in solutions of anions in
which Ba2+ forms insoluble compounds [Ba3(PO4)2, BaCrO4,
etc.], and for the investigation of bromide and iodide melts, in
which incomplete dissociation takes place.

As regards the remaining three bases mentioned above, their
behaviour in ionic melts requires separate consideration. The
point is that alkali metal hydroxides distill without decomposition
at temperatures above 1300 8C, while sodium and potassium
carbonates melt without decomposition at 854 and 890 8C respec-
tively and theCO2 pressure over their melts is low even at 1000 8C.
The thermal dissociation of sodium peroxides begins at 460 8C,
whilst K2O2 melts without decomposition at 490 8C.51 Thus the
above bases should be sufficiently stable under the conditions of
the majority of investigations (200 ± 800 8C).

On the other hand, their dissolution in melts in the absence of
conjugate acid gases (H2O, CO2, O2) in an inert atmosphere
should lead, according to the Le Chatelier rule, to complete
dissociation with formation of O27, which is bound by the melt
cations. The degree of decomposition of the base is determined by
the concentration and acidity of the cations,the association of the
melt ions, temperature, the solubility in the melt of the conjugate
acid gas, and its content in the form of impurities in the inert
atmosphere. Owing to the diversity and complexity of these
factors, the estimation of the strength of the bases from the results
of thermodynamic calculations is frequently incorrect. It is there-
fore difficult to overestimate the contribution of experimental
studies to the solution of this problem.

Potentiometric studies of the dissociation of O27
2 in nitrate

melts have shown 153 ± 156 that at temperatures in the range
200 ± 350 8C the main form in which oxygen ions exist in basic
media is O27

2 , because oxide ions are oxidised in accordance with
the reaction

O2ÿ �NOÿ3 NOÿ2 �O2ÿ
2 .

Naturally, the use of a gaseous oxygen electrode in potentio-
metric studies leads to the appearance in the atmosphere above the
melt of gaseous oxygen, which also oxidises the O27 ions. The
decrease in the basicity of themelt both owing to the enhancement
of the acid properties of the cations constituting themelt 156 and as
a result of the decrease in the concentration of oxygen ions 157, 158

lowers the stability of O27
2 . Under these conditions, themain form

in which oxygen anions exist in the melt becomes O27.
Studies of the stability of the O27

2 ions in higher-temperature
chloride and sulfate melts 69, 117, 118, 159 have shown that the per-
oxide ions may be formed in appreciable amounts only in the
presence of gaseous oxygen, whilst in an inert atmosphere they are
decomposed fully to O27. The constants of equilibrium (35) at
1100 K in NaCl and Na2SO4 melts are 0.05 ± 0.07 and
0.03 ± 0.05 respectively.

The behaviour of carbonate ions in nitrate melts has been
investigated.160, 161 The experimental results show that CO27

3

dissociates fully in these melts and the oxide ions formed are
stabilised as a result of the formation of pyronitrate. On the other
hand, it has been shown 162 on the basis of potentiometric studies
that carbonate ions are not fully dissociated in fused nitrates. In
order to establish the truth, cooled specimens of carbonate
solutions in nitrate melts were subjected to titrimetric analysis 163

by standard methods.164 It was found that the consumption of the
acid on each of the two titration steps is the same and carbonate
ions are therefore fully stable in nitrate melts.

608 V L Cherginets



The temperature dependence of the dissociation constant for
the carbonate ion in KCl ±NaCl melts is given by the following
equation:165

pKCO2ÿ
3
=1.326104T717 8.4.

At 1000K, pK=4.8. According to Combes et al.,165 the carbo-
nate ion can be used as the reference base at temperatures above
1000 K, because it should be fully dissociated at low partial
pressures of CO2.

The use of sodium carbonate as a strong base and in the
determination of the solubility products of CaO and MgO in the
BaCl2 ±CaCl2 ±NaCl eutectic melt at 600 8C has been
described.122 The study was performed on the assumption that
the base employed is fully dissociated without testing it. The
correctness of the results obtained is therefore doubtful.

Potentiometric study of the dissociation of the carbonate ion
in the KCl ±NaCl melt at 700 8C showed 66 that the carbonate
does not dissociate fully even in the absence of CO2 in the
atmosphere over the melt. The `formal' stability constant of
CO27

3 , which was understood as the ratio [CO27
3 ]/[O27], was

2.5�0.5 (the concentrations were expressed in mol.%). It was
postulated that the partial pressure of CO2 over the melt is
constant. It was found that, even at concentrations of the order
of 1073 mol kg71, the degree of dissociation of CO27

3 in the
KCl ±LiCl melts at 500 8C and in KCl ±NaCl at 700 8C does not
exceed 70%.130 Thus the hypothesis 165 of the complete dissocia-
tion of the carbonate ion at temperatures of *1000 K has not
been confirmed.

Only a few quantitative studies on the dissociation of OH7 in
melts are known. It has been established potentiometrically 166, 167

that the constant for equilibrium (9) in theKNO3 ±NaNO3melt at
500 K is 10718. This indicates the stability of OH7 ions. There are
no data in the studies quoted on the stability of the hydroxide
under a dry atmosphere.

The hydroxide ions do not decompose fully in the KCl ±LiCl
melt at 400 8C.168 It may be that this is associated with the fact
that the above melt retains water fairly strongly.139 According to
polarographic 91, 92 and potentiometric 130 data, an increase in
temperature to 500 8C leads to the complete decomposition of
the hydroxide.

In order to investigate equilibrium (9), an O27 donor was
added to the KCl ±NaCl melt, after which the equilibrium e.m.f.'s
were measured at water vapour pressures from 1 to
8 mmHg.101, 169 The calculation of the constant for equilibrium
(9), based on the e.m.f.'s obtained, showed that the temperature
dependence of the pK in the range 737 ± 817 8C is expressed by the
equation

pK=8.156103T717 6.75.

It has been shown 130, 170 that the dissociation of hydroxide
ions in alkali metal halides does not correspond to Eqn (9) and
that the decomposition of OH7 proceeds in accordance with the
scheme

�OH�2ÿ2 O2ÿ �H2O. (36)

The pK values for reaction (36) in the KCl ±LiCl melt at 500 8C
and the KCl ±NaCl melt at 700 8C are 2.76�0.15 and 2.22�0.06
respectively. In the absence of water vapour in the atmosphere
over the melt, equilibrium (36) is fully displaced to the right in
both systems. The main form of the existence of hydroxide ions in
the melts is dimers, while OH7 ions may be present only in trace
amounts and do not exert an appreciable influence on the
equilibria investigated. A possible cause of the formation of the
dimers (OH)272 in the melts is the formation of a hydrogen bond.
The existence of such bonds in the OH7 ± containing NaCl melt
has been indicated.102, 171

Thus, among the bases examined, only Na2O2 and NaOH
dissociate fully at temperatures above 500 8C and may be recom-
mended for investigation. The application of BaO and CO27

3 is

less desirable, because their solubility is limited and they do not
dissociate fully even in high-temperature melts.

V. Conclusion

The above analysis of literature datamade it possible to discover a
series of causes which prevent the development of studies on oxo-
acidity in ionic melts. Evidently the existing view that the proper-
ties of ionic and molecular liquids are fundamentally different
precludes the application of the approaches and rules developed
for molecular solvents to the study and treatment of data on oxo-
acidity in ionic melts. This state of affairs led to the isolation of
studies on oxo-acidity in melts from the investigation of acid ± -
base equilibria in other media. This resulted not only in a low
scientific level of the studies carried out (for example, in nitrate
melts) but also in the absence of any qualitative development of
the field under consideration. Ultimately, studies on homoge-
neous equilibria virtually ceased completely and the rate of
accumulation of data on the solubilities of oxides diminished
sharply.

The results of the investigation of acid ± base reactions in
nitrate melts require a significant revision. It is essential to alter
the very approach to further studies on oxo-acidity: the acid ± base
solubility products should be determined in oxygen-containing
melts, while the acid ± base equilibrium constants should be
determined in oxygen-free melts, having made sure beforehand
that the proposed mechanism of the acid ± base process corre-
sponds to reality.

The lack of an explanation of the scatter of data on the
solubilities of oxides has still remained the main reason retarding
the development of this field of study. Such an explanation has
now been given on the basis of the Ostwald ±Freundlich equation.
In order to establish the general rules governing the solubility of
oxides in ionic melts, it has been suggested that a single technique
be used for themeasurements (the same electrodes, identical initial
concentrations of reactants). However, the solubilities obtained
should nevertheless be treated with a certain degree of caution
because the method of preparation of the initial oxide may exert a
fairly considerable influence on them (Fig. 2). Studies on the
interaction of melts with gaseous reagents have begun to develop,
which may be accounted for by the great applied importance of
the results.

Overall, the study of the acid ± base interactions in melts is far
from being completed. After the boom in the development of this
field observed in the 1960s ± 1970s, which did not, however, yield
significant results, the time has come to proceed to serious
systematic investigations.
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