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Coulomb attractions between polyvalent cations and anions in alkali halide melts lead to the
formation of complex ions and to the solubilization of oxides of some cations by their halides. We
have observed such solubilizations of Al;O3 in LiCI-KCl eutectic melts. In addition, we predict
and observe the dissolution of a number of other oxides by AICl; in LiCI-KCI melts. We also
predict that solubilization will be better in other halide solvents. Our results suggest possible
new media for pyrometallurgy and chemical and electrochemical processes.

We have observed the solubilization of Al,S; and
Al,O; by AICI; in LiCI-KCl eutectic melts [1—3].
Such solubilization occurs because of the formation
of complex species such as AlS*, and perhaps AlO™,
in which a major part of the binding stems from the
coulomb attraction between the polyvalent ions Al
and S72 or O72 Such coulomb complexing is an
important concept which should be significant in
the solubilization of many other polyvalent oxides
by their own halides in melts such as alkali halides.
A large number of oxides (and possibly sulfides)
can be solubilized by their own halides or by other
halides of metals (such as AlCIl3) which solubilize
their own oxide. A simple analysis of the phenom-
enon leads to predictions concerning the best sol-
vents for strong coulomb complexing [1, 2]. This
phenomenon should be significant in pyrometal-
lurgy and in chemical and electrochemical process-
ing as it makes possible a range of new solvents for
oxides and sulfides.

In this communication we will discuss our work
on oxide solubilization. First, we will discuss the
concept of coulomb complexing and its conse-
quences. Following that, we will present our prelim-
inary experiments to test our predictions in the
LiCI-KCl eutectic melt. As we shall see, our experi-
ments confirm the prediction that a number of
oxides are completely solubilized by AICI; in the
LiCl-KCl melt. According to the concepts we dis-
cuss, solvents other than LiCI-KCI should perform
this solubilization much better.

Reprint requests to Prof. Dr. M. Blander, Chemical Tech-
nology Division, Argonne National Laboratory, Argonne,
Illinois 60439, USA.

Coulomb Complexing

We define a coulomb complex as a species in
which most of the energy of “bond” formation
arises from the classical electrostatic attractions
between oppositely charged ions. For example,
when an Al+*? ion is dissolved in an alkali halide,
the trivalent AlI*? ion replaces a monovalent alkali
ion with a net charge of + 2. Similarly a divalent O~
ion replaces a monovalent halide ion with a net
charge of — 1. Consequently, if there were no shield-
ing by the solvent ions, there should be a large
coulomb attraction between the Al** and O~ ions.
If the interionic pair potential is given by
(A/r"+ Z,Z.e*/r) where A is a constant dependent
on the sum of the ionic radii, r is the distance
between the ions, e is the charge on the electron,
and Z, and Z_ are the anion and cation net charges,
then the energy for forming an AIO* or AIS™ species
from separated Al*? and X2 ions would be approxi-
mately — 2e?(n — 1)/nd where d is the sum of the
radii of the Al*3 and X2 ions. If we choose a typical
value of n=9 and we use the Pauling radii to
calculate d, then the energy for forming an AlIO*
species is about — 1.29 MJ/mole and for an AIS*
species it is about — 1.05 MJ/mole.

Using a statistical mechanical expression [4] for
the formation constant, K, in terms of the energy of
formation, AE:

K =Z[exp(- AE/RT) — 1], (1)

the above energies (for values of Z=4-6) would
lead to a value of K of about 10° for the AIO*
species and about 1076 for the AIS* species at 723 K
(for the reaction: Al*3 + X2 = AIX*). These values
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of K are very much larger than our preliminary
measured value of 10% for the AIO* species and a
value of less than 10" for the AIS* species in the
LiCl-KCl eutectic [1—3]. Obviously there is a con-
siderable degree of screening, probably of the O~2
and S72 ions by the small Li* cations. Screening is
more effective with the large sulfide ion than with
the smaller oxide ion and reduces the energy more
than 85% (AE>- 0.16MJ/mole) for the AlS* species
as compared to about 70% (AE =—0.39 MJ/mole)
for the AIO* species. One would predict that such
screening would decrease, and the formation con-
stants increase, if one increases the radius of the
smallest alkali cation in the melt. An analogous but
probably smaller effect will occur with an increase
of the radius of the halide ion.

When the only complex is AIX™ then the solubili-
zation of oxides is governed not only by the forma-
tion constant, K, but also by the solubility product,
K,. The concentration of the AIX™ ion (and hence
of Al,X;) in the Henry’s law region is governed by
the relation

xaixs = K (Kgpxam)'”? . (2)

Thus, in deducing solubilization one must consider
the solvent dependence not only of K but also of
K. As has been shown [1, 5, 6], solubility products
can often be predicted a priori based on independent
data and theoretical considerations.

Coulomb complexing of oxide ions should be
significant with other polyvalent cations. For ex-
ample, if we increase the radius of the trivalent
cation from that of Al*3 to Y™ and to La*™® (with
Pauling radii of 0.50, 0.93, and 1.15 A, respectively),
the energy of coulomb complexing will become less
negative and K will decrease. However, if coulomb
interactions make important contributions to the
lattice energy of the solid, it is likely that the K,
will increase with an increase of radius to that

solubilization could occur if there is compensation

for the decrease in K in (2). All other factors being
equal, coulomb complexing will increase with cat-
ionic charge so that, e.g. tetravalent ions such as
Ti** and Zr** should form relatively strong bonds
and divalent ions such as Mg*? and Ca*? should
form relatively weak bonds.

In addition to the possibility of oxides other than
Al,O; being solubilized by halides of the same
metal, one should be able to solubilize oxides which
react with AICl; in solution to form a halide by a

reaction such as:

(1/2n) MO, (solid) + (1/3) AIC5(soln)
- (1/6) Al,O;(solid) + (1/2n)MCl,,(soln) . (3)

If AIO* is the only complex species then with an
excess of AICl; the total reaction will be

MO, (solid) + n-AlCl;(soln)
— MCl,,(soln) + n-AlOCl(soln) , (4)

where both products of the reaction are soluble.
(Analogous reactions should occur with other metal
halides if they solubilize their own oxides.) There
will be an enhancement in the solubilization of
MO, (solid) by AICl; it the M*™" ion itself com-
plexes oxide ions. This will result in the need for
smaller amounts of AICI; to solubilize an oxide than
would be calculated based on Egs. (3) and (4). The
presence of Al*® and O~2 containing complex ions
other than AIO™ may alter our specific conclusions
i.e. that reaction (4) will be predominant but will
not negate our general conclusions that a large
number of oxides will be solubilized by a combina-
tion of reaction (3) and those reactions responsible
for the observed solubilization of Al,O3. A measure
of the ability of AICI; solutions to solubilize oxides
is the standard free energy change for reaction (3).
Data were available to calculate these quantities for
a number of oxides in the LiCl-KCl eutectic at
450 °C [7—-9]. These are given in Table 1. Of course
this table is not exhaustive and many oxides for
which no data are available should also react to go

Table 1. Standard Free Energy Change for the Reaction
(172n)MO,(solid) + (1/3)AlCl;(soln) — (1/6)Al,05(solid)
+ (1/2n)MCl,,(soln) in the LiCI-KCl Eutectic Mixture at
450 °C (kJ/mole).

Oxide  AG° Oxide AG® Oxide AG® -
(n=1) (n=1.5) (n=2)
BeO + 4 Bi,04 -89 GeO, — 38
CoO - 73  CeyO3 — 87 HfO, + 3
CuO — 88 Cr203 -23 SI’IOZ -32
FeO — 72 Fe,04 -39 ThO, —28
MgO - 55  Ga)0, -38 TiO, - 13
MnO - 80 Gd,0, —-72 UO, — 7
N10 . 58 L3203 — 82 ZI'02 -21
PbO —100  Nd,0;, -176
TiO + 0.3 Ti,0; -7
VO - 33 V,04 -22
ZDO = 80 Y203 - 62
Oxide  AG®
(n=0.5)
CUZO - 93
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into solution. All of the oxides of the listed metals
except HfO, should dissolve. Oxides of monovalent
or divalent cations for which AG® is somewhat
positive (i.e. BeO and TiO) should dissolve to a
significant degree whereas oxides of tetravalent
cations should not dissolve significantly unless AG®
is somewhat negative. If the M*?" ions themselves
complex oxide ions or, there could be a dispropor-
tionation reaction (e.g., for Ti*3 or U*¥) the solubili-
ties would be enhanced. ’

Measurement of Solubilization

In this section we discuss tests of our predictions
on the solubilization of metal oxides and will also
show that oxides other than those in Table I will
dissolve in an LiCl-KCl eutectic melt (58 mole%
LiCl — 42 Mole% KCI) containing AICls;.

The experiments were carried out in a helium
filled glovebox with a furnace well attached to the
bottom of the box. The well was surrounded and
heated by a wire wound furnace. The glovebox
atmosphere was continuously circulated through a
purifier, and the oxygen and water content were
kept below 5 ppm. The melt was contained in long,
fused-silica test tubes reaching through the full
length of the open furnace well; each tube also
contained a fused-silica rod for occasional manual
stirring. Usually six of the tubes were inserted into
the well simultaneously.

All chemicals were high purity grade and com-
pletely dry. Polarographic grade LiCl-KCl eutectic
and KAICl,; were obtained from Anderson Physics
Laboratory, Inc. (Urbana, IL). Chloroluminate was
used instead of AlCl;, because of its availability in
high purity form as relatively large crystals formed
from a melt. All the above materials were supplied
sealed in glass ampules under inert atmosphere, and
were used without any further purification. All
oxides were vacuum dried at 250 °C.

An experiment was typically carried out as fol-
lows. Approximately 8 g of the eutectic was melted
in the tubes to give a molten salt column of about
4 cm high. The oxides were added and the tubes
were left in the well over-night to check any initial
solubility; the chloride complexing agent was then
added. The concentration was typically one mole%
metal chloride, and enough oxide to result in an
oxygen to complexing metal mole ratio of about 0.1.
The appearance of the melts could be observed by

lifting the tube from the furnace well and inspecting
it under a bright light. There was about a half a
minute time available for observation, before the
melt started to solidify. The melts were occasionally
stirred manually. The temperature of the melts was
not directly measured and was probably somewhat
below the 500 °C well temperature. Although dis-
solution would probably be faster at higher tempe-
ratures, the use of open tubes precluded raising
temperatures in order to minimize volatilization of
AICI; (probably as KAICly).

The following oxides were tested with KAICl,:
CoO, Cr203, Dy203, EU203, La203, MgO, MnO,,
NIO, Si02, TiOZ, Th02, UOZ,Y203, and ZI'Oz. of
these fourteen, four are not listed in Table 1 (Dy,0O,,
EU203, MnOy_ and SlOz)

Practically no dissolution of the oxides was ob-
served before the addition of the complexing halides
as judged by the amount of visible powder in the
test tubes (or the faintness of color in solution).
After the addition of the complexing agent, the
oxides typically started to dissolve immediately as
indicated by a diminution in the oxide powder
present and sometimes by the appearance of color.
Usually, there were some particles left undissolved
for a long time after the addition of KAICl, to the
melt; in some cases 3—4 days were needed to dis-
solve all the oxide. All tests resulted in practically
complete dissolution of the oxides by the AICI,
containing melts.

The following oxides exhibited colored melts:
Eu,0; and MnO, gave light yellow melts while NiO
resulted in dark blue melts. These melts were color-
less before the addition of the complexing agent.
There was some initial color with CoO (light blue)
and UO; (light yellow) which turned into dark blue
and brown-orange, respectively, after the addition
of the chloride.

It should be made clear that these results are
preliminary. Because of the difficulties in observing
the small amounts of oxides involved in these
measurements confirmation of our results will be
made using more quantitative techniques.

An additional experiment was carried out with
UO; at an O/Al mole ratio of 0.9 with an AICl;
concentration of 0.96 mole%. In this case, the melt
was chemically analyzed for uranium, before and
after the addition of KAICl,. The analysis indicated
that approximately 80% of the UO, dissolved; the
concentration increased from the initial value of



M. Blander and Z. Nagy - Coulomb Complexing and the Solubilization of Oxides 119

0.009 mole% to 0.33 mole%. At the same time, a white
precipitate (presumably Al,O;) was formed. If the
thermodynamic data are correct, the reaction did
not go to completion, possibly because of a ten-
dency for the Al,O3 product to coat the UO, which
could slow the dissolution considerably or because
some of the AICl; volatilized. At any rate, these
preliminary measurements are consistent with our
predictions of significant solubilization of UO, (even
while keeping the Al,Oj3 in solution if an excess of
AlCls is used).

Discussion

We have illustrated some of our predictions.

1. Coulomb complexing leads to strong bonding
of polyvalent ions with oxide ions. As a conse-
quence, polyvalent halides may complex oxides of
the same metal strongly enough to solubilize them.
We have demonstrated this for Al*>,

2. Such solubilizing halides will also solubilize
many other oxides for which reactions analogous to
reaction (3) have a favorable standard free energy
change. This was demonstrated for Al*? ions with
the oxides of Co, Cr(Ill), La, Mg, Ni, Ti(IV), Th,
U(Vv), Y, and Zr.

3. Other reactions such as disproportionation or
coulomb complexing of the solubilized cations could
enhance the solubilization of oxides.

Four of the oxides which were solubilized, Dy,0;,
Eu,03, MnO,, and SiO, are not listed in Table 1. Of
these, Dy,O; and Eu,0; should be similar to the
other rare earths in Table 1 and would be expected
to dissolve in our melts. For MnO, there was insuf-
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ficient data to make predictions. For SiO,, our
calculations based on Egs. (3) and (4) indicated that
essentially no solubilization (or even volatilization
of SiCly) should have occured. (The calculated partial
pressure of SiCly vapor is very small (< 107 atm) and
the activity of SiCly in solution (liquid as standard
state) is smaller than 107%) Our fused-silica tubes
were only slightly etched. Our observation of the
solubilization of fine SiO, powder, if true, indicates
that kinetic factors are important and that, if the
thermodynamic data are correct, reactions other
than (3) and (4) must be significant. One obvious
possibility is the reaction

SiO; + AICI; — SiOCl, + AIOCI 7)

where the SiO*2 complex is very stable.

Our results have implications relevant to tech-
nology and suggest possible new media for pyro-
metallurgy, and chemical and electrochemical pro-
cesses. We are planning more quantitative measure-
ments in the LiCIl-KCl eutectic and will examine
other molten salt solvents in which we predict even
larger complexation of oxides and sulfides. We will
also examine complexation in more detail as there
is a distinct possibility that reactions other than
those we postulate could be important.
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