
3.    INERT ANODES AND WETTABLE CATHODES

The selected papers on inert anodes and wettable cathodes are concentrated on earlier publica-
tions that cover the fundamentals of the science and have been built on by later researchers. The 
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SOLUBILITIES OF OXIDES FOR INERT ANODES IN CRYOLITE-BASED MELTS 

David H. DeYoung 

Aluminum Company of America 
Alcoa Laboratories 

P. 0. Box 772 
New Kensington, PA 15068 

ABSTRACT 

The solubilities of Fe,05 
been measured in NaF-AlF,-CaFo-Al,0 

NiO, and NiFe204 have 
3-^αι 2-Al203 melts as a 

function of temperature and melt composition. The 
solubilities of Fe203 and NiO for melts containing 
1.5 to 6.5 wt% A1203 and for bath ratios ranging from 
0.7 to 1.5 are represented by the relationships, 

log wt% Fe 4.71 - 7080/T, 

and 

■2°3 in 

log wt% Ni = 6.27 - 9740/T, 

respectively. The solubilities of both Fe20, and NiO 
increased with decreasing concentrations of Al 
the melt, particularly at <1 wt% A1203. The solu-
bility of Fe2Q3 decreased moderately with decreasing 
bath ratio (wt NaF/wt A1F3), while no change occurred 
for NiO. The solubility of NiFe204 was less than the 
solubilities of Fe203 and NiO, and there was good 
agreement between the free energy of formation of 
NiFe20i, calculated from the measured solubilities of 
Fe203, NiO, and NiFe20i, and the free energy of 
formation reported in the literature. 

INTRODUCTION 

A primary criter 
for aluminum electro 
tively insoluble in 
The most promising i 
which have small but 
trolyte. Nickel fer 
indentified by Ray 
materials. The life 
of aluminum produced 
to the rate at which 
trolyte. Therefore, 
and its component ox 
affect the performan 
nickel (2) or copper 
nickel ferrite mater 
conductivity. Since 
these metallic const 
dissolution of the n 
the anode life and a 

ion of an inert anode material 
lysis is that it must be rela-
the cryolite-based electrolyte. 
nert anode materials are oxides 
finite solubilities in the elec-

rite-based materials have been 
1, 2) as reasonably good anode 
of these anodes and the purity 
from them are directly related 
the anode dissolves in the elec-
solubilities of nickel ferrite 

ides Fe203 and NiO directly 
ce of the anode. Metals such as 

3) have been added to the 
ials to improve the electrical 
oxides form on the surface of 
ituents during operation, the 
ickel ferrite will still control 
1uminum purity. 

As part of Alcoa's inert anode development pro-
gram, a study of the dissolution rates of inert anode 
materials was undertaken. The goals of this study 
were to define the mechanisms for dissolution, 

identify the rate-limiting step, and reduce the dis-
solution rates of the inert anodes. The first part 
of the study, the subject of this paper, was to 
measure the solubilities as a function of electrolyte 
composition and temperature. The objectives were to 
identify conditions that minimized solubilities and 
to obtain the thermodynamic information needed to 
interpret kinetic data. 

Some data are reported in the literature for the 
solubilities of these oxides in Na3AlF6 and in 
Na3AlF6-5% A1203 melts, but there has been no system-
atic study of the solubilities over temperature and 
electrolyte composition ranges for which Hall cells 
can be operated. Additionally, there are significant 
differences between the results from different inves-
tigators. Belyaev et al (4) measured the solubili-
ties of NiO and Fe203 in Na3AlF6 and Na3AlFe-5 wt% 
A1203 melts. Rolin and Bernard (5) reported solu-
bilities of Fe203 and NiO in Na3AlF6. Johansen (6) 
measured a portion of the Na3AlF6-Fe203 phase diagram 
using the DTA technique. Recently, Horinouchi et al 
(7) reported measurements of solubilities of NiO, 
Fe203, and NiFe20i, in Na3AlF6-10 wt% A1203 melts. 
With the exception of Johansen's phase diagram, all 
of these measurements were made at approximately 
1000°C. 

The scope 
ties from 1025 
the electrolyt 
0.7 to 1.3, an 
6.5 wt% A1203. 
at bath ratios 
MgF2, Zr02, an 
compositions o 
were also dete 
paper. 

of this work was to determine solubili-
°C down to the liquidus temperature of 
e, from bath ratios (wt NaF/wt A1F3) of 
d for electrolytes containing 0.5 to 

Several measurements were also made 
of 1.5 and 2.8. The effects of CaF2, 

d Si02 additions to certain electrolyte 
n the solubilities of NiO and Fe203 
rmined, but will not be covered in this 

EXPERIMENTAL METHOD 

Solubility measurements were made using an equi-
libration technique. Pellets of the oxides were 
equilibrated with the melt, and samples of the melt 
were periodically withdrawn and chemically analyzed 
for the oxide components. 

The experimental apparatus is shown in Figure 1. 
Approximately 250 g of melt was contained in a 125 ml 
platinum crucible. This crucible was nestled in an 
alumina crucible, which in turn was supported on 
bubble alumina in a closed-end alumina tube. To 
minimize thermal convection in the furnace, a baffle 
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■ΟΜΜΚ) 
constructed of three alumina p lates was placed on top 
of the alumina c r u c i b l e . The e n t i r e assembly was 
inser ted in a Kanthal wound resistance furnace. The 
top of the tube was sealed w i th a water-cooled copper 
cap using a t e f l o n gasket. Ports in t h i s cap wi th 
sealable f i t t i n g s provided access for a thermocouple, 
gas i n l e t and ex i t tubes, and a sampling tube. The 
temperature of the melt was monitored using a type S 
thermocouple, protected from the melt by a platinum 
sleeve. 

Cajon Fittings 

Copper Lid 

Teflon Gasket 

Baffle Assembly 
7.6 cm dia. x 0.3 cm 
Thick Alumina (3) 

Alumina Crucible, 7 cm O.D. 
x 6.3 cm I.D. x 15 cm High 

Sampling Tube, 0.6 cm O.D. 
x 0.3 cm I.D. Alumina 

Alumina Tubes, 
0.6 cm O.D. x 0.3 cm I.D. 

PtTube 

Cryolite Melt 

Thermocouple, Type S, 
With Pt Sheath 

Pt Crucible, 5.1 cm I.D. 
x 6 cm High (125 ml) 

Granular Alumina 

8.9 cm O.D. x 8.3 cm I.D. 
x 51 cm High Closed End 
Alumina Tube 

Bubble-Grain Alumina 

Figure 1 . Experimental apparatus fo r s o l u b i l i t y 
measurements. 

Crushed Greenland c r y o l i t e , Alcoa-produced AIF3, 
reagent grade CaF2, and calc ined Al(OH)3 were used to 
prepare the mel ts . The c r y o l i t e and the AIF3 were 
chemical ly analyzed p r i o r to use, and melt composi-
t ions were based upon these analyses and the charge 
weights. 

= From Light Metals 1986, R.E. Miller, Editor 

Samples of the melt were withdrawn in to an 
alumina tube by a syringe assembly attached to the 
top of the tube. The samples were crushed, mixed, 
and analyzed fo r impur i t ies by e i t he r the induc t i ve ly 
coupled plasma technique (ICP) or by atomic absorp-
t i o n . The precis ion of the analyses is approximately 
±5% of the t o t a l quant i ty present . Pr ior to the 
analyses the samples were dissolved in e i the r HC1 or 

.HNO3 . 

Reagent grade NiO (Fisher N-69) and Fe2U3 (Fisher 
1-116) were used to prepare oxide pe l l e t s wi thout 
fu r the r p u r i f i c a t i o n . The raw mater ia ls were mixed, 
u n i a x i a l l y pressed i n t o 0.95 cm diameter x 1.59 cm 
high cy l inders at 25,000 p s i , and s intered in a i r at 
1350°C fo r 16 hours. Samples of the resu l t i ng 
pe l l e t s were analyzed by X-ray d i f f r a c t i o n to conf irm 
the phase of the m a t e r i a l . The densi t ies of the 
pe l l e t s were: NiO - 5.72 g/cm3 ; Fe2U3 - 5.13 g/cm3 ; 
NiFeaOi, - 4.64 g/cm3. For each experiment, approxi -
mately 2 to 3 g of oxide were added to the me l t . 
Each p e l l e t was broken i n to 3 to 5 pieces before 
adding i t to the mel t . 

A i r was c i r cu la ted over the bath surface dur ing 
the experiment and was pe r i od i ca l l y bubbled i n to the 
melt to provide s t i r r i n g and to equ i l i b ra te the melt 
w i th a i r . The a i r was dr ied by passing i t through a 
column of calcium su l fa te ( D r i e r i t e ) . A f te r 
bubbl ing, the melt was allowed to s e t t l e fo r at least 
25 minutes before sampling. 

The durat ion of an experiment was t y p i c a l l y 80 to 
100 hours, during which the melt was cycled through 3 
or 4 temperatures. A f te r i n i t i a l experiments, i n 
which the e q u i l i b r a t i o n time was determined, two melt 
samples from the end of each time period at a given 
temperature were analyzed to determine the s o l u b i l -
i t y . For some experiments, several melt samples were 
analyzed fo r bath r a t i o (wt NaF/wt AIF3) and AI2O3. 
The bath r a t i o was determined by p y r o t i t r a t i o n and 
the AI2O3 concentrat ion was determined from the 
weight of insolubles in an aqueous AICI3 s o l u t i o n . 

Figures 2 and 3 show the approach to equ i l i b r ium 
fo r Fe2U3 and NiO, respec t i ve ly . Steady-state con-
cen t ra t i ons , which were taken to be the s o l u b i l i t i e s , 
were reached approximately 8 hours a f te r the oxide 
pe l l e t s were dropped i n to the mel t . The melt was 
allowed to equ i l i b ra te fo r approximately 24 hours at 
each temperature. 

» 0.20 

s 

0.10 

Experiment No. 7 
4.6 wt% Al203 

Bath Rat ion .0 

Figure 2. Bath analyses illustrating time needed for 
equilibration of Fe2U3 with the melt. 
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Experiment No. 
4.6 w l % AI2O3 
Bath Ratio = 1.0 

960 

\ 0.12 -

0.08 

0.04 

0 

> 

8 16 24 32 40 

Time(Hrs)—— 

Figure 3. Bath analyses illustrating time needed for 
equilibration of NiO. with the melt. 

To assure that the steady-state, plateau con-
centrations were true equilibrium solubilities, 
equilibrium was approached from both directions 
during several experiments. Figure 4 gives an 
example. The initially measured solublity (melt 
changing from a lower temperature to a higher 
temperature and dissolving NiO) agrees with the 
result obtained later (melt changing from a higher 
temperature to a lower one and precipitating out 
NiO). 

E 

5 

1030 

1020 

1010 

1000 

0.12 

0.08 

0.04 

0 

T T 1 
Experiment 6 -

5.3 wt % AUOj 

Bath Ratio=1.5 

2Pts 

2Pts 

60 

Time(Hrs) 

80 100 120 

1050 

1000 

950 

900 

0.12 

0.08 

0.04 

0 

JT 
-*-· 

Ί ! 

Experiment 22 

2.5 wt % AI2O3 

Bath Ratio=0.9 

I I I I I 

20' 40 60 

Time(Hrs) 

80 100 120 

Figure 4. Approach to solubilities from lower and 
higher temperatures. 

In general, the solublity for most experiments 
was measured at a higher temperature and then at a 
lower temperature, followed by at least one measure-
ment at an intervening temperature. In this way 
equilibrium was approached from both directions, and 
the consistency of the results from a given experi-
ment was evidence for equilibrium. Occasionally 
results were not consistent; these experiments were 
repeated. 

The bath ratio changed somewhat during the 
experiments, particularly for those with initially 
low bath ratios and of long duration. The maximum 
increase in bath ratio due to vaporization of NaAlF4 
was approximately 0.1, though it was usually about 
0.05. As will be shown later in the paper, this 
change had a small effect on the solubilities. In 
Figure 5, bath ratio and percent AI2O3 are plotted 
versus time for several experiments. Nominal 
starting ratios and AI2O3 concentrations are 
indicated in parentheses for the respective runs. 
The uncertainties in bath composition are estimated 
to be ±0.5% in A1203 and +0.1, -0 in bath ratio. 

(6.5) 

I 

Exp't 

• 3 

+ 4 
□ 5 
■ 17 
Δ 18 
A 19 

Method of Analysis 

Pyrot i trat ion & 
AtCI3 Extract ion 
Same as Above 
Same as Above 

Atomic Absorpt ion 
Atomic Absorpt ion 
Atomic Absorpt ion 

tt 1.2 

m 

1.0 

0.8 

(1.0) 

Δ (0.9) 

* (0.9) 

J L_ 
20 40 60 

Time(Hr) 

100 

Figure 5. Analyses of melts from selected experi-
ments for bath ratio (wt NaF/wt AIF3) and A1203. 

RESULTS AND DISCUSSION 

Solubilities 

Figures 6 through 8 show the solubilities of 
Fe203, NiO, and NiFe204, respectively, as a function 
of temperature. Measurements were made to the 
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liquidus temperature for each bath composition. 
Lines connecting the data points for each experiment 
are not meant to indicate that the solubilities vary 
linearly with temperature; rather, they group the 
data from each experiment. The solubilities of Fe2U3 
are approximately twice those for NiO. The solu-
bilities for Fe2U3 and NiO from NiFeaOi* are less than 
the solubilities of Fe2U3 and NiO, respectively; this 
is expected because of the added thermodynamic 
stability of the ferrite over the simple oxides. 
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Figure 6. Solubility of Fe2Ü3 in NaF-AlF3-CaF2-Al2O3 
melts. 
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Figure 7. S o l u b i l i t y of NiO in NaF-AlF3-CaF2-Al2O3 
mel ts . 

The uncer ta inty in the sample analyses is ±5% of 
the amount of Fe or Ni present, which corresponds to 
±0.01 to ±0.001% Fe and ±0.005% to ±0.0005% N i . 
Experimental resu l ts f o r i den t i ca l bath compositions 
are w i th in these unce r ta i n t i es . This i s i l l u s t r a t e d 
in Figure 6 by resu l t s f o r Fe2U3 fo r a melt 
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composition of 2.5% AI2O3, 0.9 bath r a t i o . Likewise, 
i t i s demonstrated in Figure 7 by the NiO resu l t s fo r 
melt compositions of 2.5% AI2O3, 0.9 bath r a t i o , and 
4.5% AI2O3, 1.1 bath r a t i o . 

The NiFe20i4 data ind icate tha t i t d id not d i s -
solve s t o i c h i o m e t r i c a l l y . The weight r a t i o Fe/Ni 
ranges from appproximately 3 to 8. However, the bath 
contains a background level of approximately 0.02 wt% 
Fe, so that s to ich iomet r ic d isso lu t ion of NiFe20i4 
i n to bath already contain ing Fe would resu l t in Fe/Ni 
ra t i os of those reported and would resu l t in a bath 
composition saturated wi th NiFe20it. 

0.14 

0.12 

0.10 

■z. 0.08 
S 
Φ 

5 0.06 

0.04 

0.02 

0.0 

w 
0 
• 
+ 
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■ 
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▲ 
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6.5 
6.5 
2.5 
2.5 
4.5 
6.5 
4.5 

Bath Ratio 

0.9 
1.3 
0.9 
1.3 
1.1 
1.1 
1.1 

Ni 

940 960 980 1000 
T(»C) 

1020 1040 

Figure 8. S o l u b i l i t y of NiFe20i, in NaF-AlF3-CaF2-
AI2O3 mel ts . 

Figures 9 and 10 show the va r ia t i on in so lu -
b i l i t i e s w i th AI2O3. These are crossplots of some of 
the data in Figures 6 and 7; each point shown is an 
experimental ly measured po in t . The s o l u b i l i t i e s 
decrease wi th AI2O3, and the e f fec t is stronger fo r 
NiO than fo r Fe2U3. For Fe2U3, the s o l u b i l i t y i s 
approximately constant fo r melts wi th more than 2.5% 
AI2O3. For both oxides, the biggest change occurs at 
less than 2% AI2O3. The behavior seems to fo l low a 
s o l u b i l i t y product-type re la t ionsh ip so tha t as the 
a c t i v i t y of AI2O3 decreases the s o l u b i l i t y of the 
i ron or n ickel oxide increases. I t ce r t a i n l y does 
not simply subs t i tu te fo r AI2O3 as a source of oxide 
ion to d issolve in the mel t . Because of t h i s e f fec t 
of AI2O3, i t appears tha t ne i ther i ron nor nickel 
oxides are d isso lv ing as metal-oxide anions such as a 
n icke la te i o n , NiU22 . I f they were, i t would be 
expected tha t AI2O3 would increase the s o l u b i l i t y of 
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these ions . For example, a possible d i sso lu t i on 
react ion would be 

3NiO + AI2O3 + 6NaF 3 Na2Ni02 + 2A1F3. (1) 

An increase in the a c t i v i t y of AI2O3 would d r i ve the 
react ion to the r i gh t and increase the s o l u b i l i t y of 
the NiO. The d isso lv ing species are more l i k e l y 
metal ca t ions , metal f l u o r i d e anions, or metal 
oxy - f luo r ide anions, fo r which a decrease in the 
AI2O3 a c t i v i t y would increase t h e i r s o l u b i l i t y . For 
example, the d i sso lu t i on of NiO to form a nickel 
f l u o r i d e anion would proceed by the overa l l reac t ion , 

3NiO + 2A1F3 + 3NaF 3NaNiF3 + AI2O3 (2) 

in which the a c t i v i t y of the dissolved compound would 
be inversely proport ional to the a c t i v i t y of AI2O3 to 
the one- th i rd power. 

T(°C) Bath Ratio 

0 
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A 
X 
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0.8 
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0.8 
0.8 
0.9 
0.9 
0.9 
1.1 
1.3 
0.9 
1.3 

Figure 9. Effect of A1203 concentration in the melt 
on the solubility of Fe203. 

Figures 11 and 12 show the solubilities p 
as a function of bath ratio. The solubility 0 
decreases moderately with decreasing bath rati 
while there does not appear to be any change i 
solubility of NiO within the uncertainty of th 
measurements. It is difficult to infer any in 
mation on the ionic species for Fe and Ni that 
on dissolution of the oxides, other than discu 
above, because of the limited basicity range 0 
which data was obtained. In the NaF-AlF3 syst 
activity of AIF3 changes by one order of magni 
from a bath ratio of 0.9 to 1.3, while the act 
of NaF changes by a factor of three over the s 
compositional range (8). Measurements over se 

otted 
f Fe203 

0, 

n the 
e 
for-
form 

ssed 
ver 
em, the 
tude 
ivity 
ame 
veral 
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orders of magnitude would be needed to infer any 
further structural information. 
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Figure 10. Effect of AI2O3 concentration in the melt 
on the solubility of NiO. 
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Figure 11 . Ef fect of bath r a t i o (wt NaF/wt AlF3)on 
the s o l u b i l i t y of Fe203. 
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Figure 12. Ef fect of bath r a t i o (wt NaF/wt A1F3) on 
the s o l u b i l i t y of NiO. 

Enthalpy of D isso lu t ion 

The enthalpy of d i sso lu t i on of the oxides in the 
melts can be obtained from the s o l u b i l i t y data. 
Since a l l s o l u b i l i t i e s that were measured were 
r e l a t i v e l y smal l , the assumption of Henrian behavior 
in the so lu t ion may be reasonable. The a c t i v i t i e s of 
the dissolved species can be represented by 

3 NiO ΎΝιΌ XNiO 

and 

aFe203
 YFe203

 XFe203 . 

At sa tura t ion wi th respect to the s o l i d , a^.g and 
ar A = 1 ; therefore 
Fe203 

'NiO 1/X 
sat 

NiO 

quite good, even though data for all melt composi-
tions are included. This indicates that the changes 
with A1203 concentration and bath ratio are rela-
tively small compared to changes in solubility with 
temperature. Data for melts with less than 1.5% 
A1203 were not included. The correlation for NiO is 
not as good, but this is expected since the A1203 

concentration in the melt had a larger influence than 
for Fe203. Attempts at fitting the data to the pro-
posed model at constant A1203 concentration gave'a 
better correlation for melts with 2.5% A1203, but 
poorer correlation for melts with higher concen-
trations. This is true because data in melts with 
higher concentrations of A1203 were obtained over a 
limited temperature range. Therefore, the best over-
all correlation is obtained by using all composi-
tions. The least squares equations are 

log wt% Fe 

and 

log wt% Ni 

4.71 - 7080/T 

6.27 - 9740/T (9) 
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Figure 13. 
data. 

Least-squares fit of the Fe203 solubility 

and 

'Fe?0 2^3 
1/X 

sat 
Fe?0 2U3 

From the Gibbs-Helmholtz equation, 

3 (2.303R log τ^/3 (1/T) = Δ^.". (7) 

Therefore, log (Xisat) or log (wt% i) should vary 
linearly with 1/T provided the assumption of Henrian 
behavior holds and ΔΗϊΜ is constant with temperature. 

Figures 13 and 14 show the data for Fe203 and NiO 
plotted in this manner. The correlation for Fe203 is 

The partial molar enthalpies of dissolution of 
the oxides, ΔΗΠ·Μ, calculated from the slopes of these 
equations are +33.1 and +44.6 kcal/mole for Fe203 and 
NiO, respectively. 

Figure 15 shows the solubility data from NiFe204 
plotted as a function of inverse temperature. Least 
squares lines were calculated, although the tem-
perature range for the data was limited and the 
correlation coefficients were poor. The least 
squares lines are 

log wt% Fe 1.26 - 3100/T (10) 
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and AGf°(NiFe20i4 

log wt% Ni = 7.25 - 11700/T. (Π) 
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Figure 14. Least-squares fit of the NiO solubility 
data. 

Comparision to Other Thermodynamic Data 

To assess whether the measured data agree with 
other thermodynamic data found in the literature, the 
standard free energy of formation of NiFe2(X was 
calculated from the above Henrian activity coef-
ficients and the measured solubility of NiFe20i*. For 
the formation of stoichiometric NiFe20i*, n6f° can be 
calculated from the relationship, 

^Gf°(NiFe2(M = - 2.303 RT log [l/(^Ni0 · 

XNiO · \e2O3 * XFe203'"1 
(12) 

where Xr n and X., .n Fe2U3 NiO are the mole fractions of Fe2U3 

and NiO in the melt which is saturated with NiFe20i,. 
Substituting the activity coefficients calculated 
from Equations 5, 6, 8, and 9, and saturation concen-
trations from Equations 10 and 11 into this equation 
gives a free energy of formation of -4920 cal/mole at 
1000°C. Kubaschewski (9) reported the free energy of 
formation from the simple oxides to be 

-4750 - 0.9 T cal/mole 

(855< T < 1700°K) (13) 

with an uncertainty of ±1000 cal/mole; at 1000°C the 
free energy of formation is -5900 ±1000 cal/mole. 
The results of this study are, therefore, in agree-
ment with this independent thermodynamic data, which 
was obtained by an emf cell method. 

8.0 8.2 8.4 

(l/T)x10"(°K-1) 

8.6 8.8 

Figure 15. Least-squares fit to the solubility data 
for NiFe20it. 

There are several measurements of the solu-
bilities of Fe2U3, NiO, and NiFe20*+ in Na3AlF6-Al203 
melts reported in the literature. Table I compares 
available data for Fe2U3 to that from this study. 
There is an order of magnitude discrepancy for the 
literature data, and the result of this study lies 
between them. Actually, no measurements were made in 
pure Na3AlF6; the cryolite contained Ό.5% ΑΙ2Ο3. 
Considering the rather large effect A12Ü3 has on the 
solubilites at low concentrations of A12Ü3, the 
agreement between this study and Belayeav (4) and 
Rolin (5) seems reasonable. The value measured by 
Johansen (6) seems high, but if the cryolite was 
extremely pure this value would be plausible. The 
agreement between this study and Horinouchi (7) for 
the melt containing 10% AI2O3 seems reasonable. The 
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major disagreement i s between Belyaev and t h i s study 
f o r the melt w i th 5% A1203. In defense of t h i s 
study, i t should be noted tha t concentrat ions greater 
than 0.02% are always found in bath (saturated w i th 
A1203) in Hall c e l l s operated wi th NiFe201|-based 
i ne r t anodes. This would make the Belyaev data at 
least an order of magnitude too low. 

Table I . S o l u b i l i t y of Fe?03 in 
Na,|AlFK-Al?0^ Melts at 1000°C 

Solvent 
Inves t iga tor 

Belyaev (4) 

Rol in (5) 

Johansen (6) 

Horinouchi (7) 

Present Study 

0% ΑΙ ,Ο, 

0.18 

0.14* 

1.07 

>0.27** 

5% A1,0, 

0.003 

>ϋ.22** 

10% A1,03 

0.14 

<0.22*' 

*Value for 1030°C 
**Value for bath ratio = 1.3, 0.5 wt% A1203 

***Value for bath ratio =1.3, 4.6 wt% A1203 

Table II gives a comparison of data for NiO. The 
agreement for Na3AlF6 is reasonable. In the melt 
with 5% A1203, Belyaev's measured solublity is 
greater than found in the present study, though the 
difference is not nearly as great as for Fe203. 

Table II. Solubility of NiO in 
Na^AlF^-Al-A Melts at 1000"C~ 

Solvent 
0% A190^ Investigator 

Belyaev (4) 0.32 

Rolin (5) 0.15* 

Horinouchi (7) 

Present Study 0.25** 

5% ΑΙ,Ο, 10% A190, 

0.18 

0.07* 

0.18 

<0.07*** 

*Value for 1030°C 
**Value for melt with 0.6 wt% A1203 

***Value for melt with 5.3 wt% A1203 

Table III compares results for NiFe201+. The 
agreement between this study and Horinouchi's 
measurement is good, and the two sets of data are 
probably within the combined uncertainties of the 
measurements. Both sets of data give free energies 
of formation of NiFe^ that are within the ±1000 
cal/mole uncertainty for the literature data for 

AGf°(NiFe2 0 O . 
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Table I I I . S o l u b i l i t y of NiFe^O^ rn 
Na3A1F6-10% AI2O3 Melt at f Ö 0 0 ° ~ 

Fe Ni 

0.02 

0.009* 

Investigator 

Horinouchi (7) 0.05 

Present Study 0.058* 

*Value for melt with 6.5 wt% A1203, 
bath ratio 1.1 

Implications to Hall Cell Operation 

These solubility data have several implications 
regarding Hall cell operation with nickel ferrite-
based inert anodes. First, the electrolyte should 
have as high a concentration of A1203 as possible to 
minimize the solubilities of the anode materials. 
This is not standard operating practice for com-
mercial Hall cells and, therefore, may require some 
developmental effort to achieve this type of 
operation. 

Second, because the solubility of Fe203 is 
greater than that for NiO, a NiFe.O^-based anode 
should be composed of NiO-rich NiFe20, . The solu-
bility of Fe and Ni from NiFe20. are inversely 
related to each other as follows (for stoichiometric 
NiFe204), 

1/[XFe203
 XNi0) •^Fe203 ^NiO )] 

(14) 

The solubility of Fe from NiFe20t( will be a maxi-
mum at the Fe203-NiFe203 phase boundary, and it will 
be equal to the solubility of Fe„03· The solubility 
of Ni from NiFe201( will be a maximum at the NiO-
NiFe20^ phase boundary, and it will be equal to the 
solubility of NiO. Since the solubility of NiO is 
less than the solubility of Fe20-, the overall 
solubility of NiFe^ (XFe203 + *Ni0) will be a 
minimum at the NiO-NiFe^ phase boundary. A slight 
excess of NiO added to the anode composition would 
accomplish this. 

Third, the cell should be operated at as low a 
temperature as possible to minimize the anode solu-
bility. This is true as long as the oxides are the 
stable solid phase in equilibrium with cryolite. 

CONCLUSIONS 

The s o l u b i l i t i e s of Fe„0 , NiO, and N i F e ^ have 
been measured in NaF-AlF3-CaF2-Al203 mel ts . The 
s o l u b i l i t i e s of these oxides increase wi th decreasing 
concentrat ion of A1203 in the mel t . The s o l u b i l i t y 
of Fe203 decreases wi th decreasing bath r a t i o , whi le 
the s o l u b i l i t y of NiO does not change w i th bath 
r a t i o , w i t h i n the uncer ta in ty of the measurements. 
The p a r t i a l molar enthalpies of d i sso lu t i on of Fe 0 
and NiO in the c ryo l i te -based melt were determined to 
be 33.1 and 44.6 kcal /mole, respec t i ve ly . The so lu -
b i l i t y of NiFe,0 is lower than the s o l u b i l i t i e s of 
the simple oxides. The f ree energy of formation of 
NiFe201< calculated from the s o l u b i l i t i e s of the 
simple oxides and the f e r r i t e i s in good agreement 
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with data reported in the literature, which had been 
determined by an independent technique. This 
agreement permits the solubility of the ferrite to be 
predicted for the entire range of melt composition 
and temperature for which the solubilities of simple 
oxides were measured. The results of this study show 
that a Hall cell using nickel ferrite-based inert 
anodes should be operated at low temperatures, the 
electrolyte should contain high concentrations of 
A1203, and the anode should be formulated with excess 
NiO. 
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