
Vol. 132, No. 3 S O L U B I L I T Y  O F  a-Fe20.~ 735 

3 

0 
(J 

_I 

I 
- -  % ~ 

Basic Fluxing Acidic Fluxing 
Fe203+O2-----2FeO; FezO~--~2Fe~*+ 30 ~- 
(.a Log flVeO~_ .~ I (aL~ ~ 3 

1 ~ I , I , I , 
8 I0 12 14 

? 

O 

o~ 
O 
.J  

16 

- Log %a2o 

Fig. 2. Solubility of a-Fe20:~ in fused Na2SO 4 at 1200 K and Po2 = 
1 atm. 

the succeeding note (4). The dual designations for the ab- 
scissa are valid only in the regime where Na2SO4 is stable. 
Additionally, for 1200 K, hG~ = -512.2 kJ/mol (6), 
AG~ = -731.9 kJ/mol (6), hG~ = --85.8 kJ/mol (6), 
hG~ = -1216.9 kJ/mol (6), hG~ = -488.7 kJ/mol 
(6), hG%~r~o2 = -474.1 kJ/mol (7), and AG~ = -527.2 
kJ/mol (7). The data points in Fig. 2 are the measured sol- 
ubilities of a-Fe203 in molten Na2SO4 at 1200 K and 1 atm 
oxygen. Each data point in Fig. 2 represents the average 
analysis for a separate salt sample compared against a 
certified standard solution. The high precision of the sol- 
ubility values is indicated by the reproducibility of the 
data. In basic dissolution, the Na20 dependence of the 
solubility indicates that the solute species of Fe203 is 
FeO2-. The dependence of the FeO2- concentration upon 
the melt basicity is consistent with the following dissolu- 
tion reaction 

Fe203 + O 2- = 2FeO2- [2] 

(log a~oo2-) ~ = 1 
[2a] 

The solubility plateau to the left of about - l og  aNa2O = 9 
is expected because the dissolution of the equilibrium 

NaFeO2 phase to form FeO2- ions does not involve 02- 
ions in the reaction. The cross-hatched transition indi- 
cates the thermodynamic uncertainty in the location of 
the phase stability boundary. 

For acidic dissolution of Fe~O:~, the solute correlates to 
Fe 3~. The dependence of the Fe '~ concentration on the 
melt basicity is consistent with the reaction 

Fe203 = 2Fe 3~ + 3 02- [3] 

a (log aF,.:~) t - 3 
0 ( - log  aN~.2(~ 2 [3a] 

Close to 1 atm 02, both the basic and acidic solutes of 
Fe20:~ involve trivalent iron. Because no oxidation step is 
involved in such dissolution reactions, no dependence of 
solute concentrations upon Po2 is expected near Po2 = 1 
atm. 

Figure 2 shows that the solubility min imum lies at - log  
aN~2o = 12.9. Thus, a-Fe20:~ is an oxide considerably more 
acidic than Co:~O4 and NiO (2) but  more basic than a-Al~O:, 
(4). The activity coefficients of the soluble species 
NaFeO2 and Fe(SO4)t..~ were calculated by methods used 
previously (2, 4) to be 250 and 3.6 • 10 -:~, respectively. But 
these values possess considerable uncertainties arising 
from the uncertainties in the thermodynamic data (6, 7) 
for hG~ and AG~ 

In order to evaluate and test the Po2 dependence of the 
solubilities of iron oxides, and to relate the data to the hot 
corrosion of iron-base alloys, the solubilities of iron ox- 
ides are being measured at lower oxygen pressures in a 
continuing study. 
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Solubility of a-Al 03 in Fused Na2S04 at 1200 K 

P. D. Jose, D. K. Gupta ,  and Robert A.  Rapp*  
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Many alloys and coatings owe their resistance to high 
temperature oxidation to the slow growth of adherent 
A1203 scales. However, the dissolution of this protective 
oxide scale could represent an important step in the ac- 
celerated corrosion of engineering alloys in contact with a 
thin layer of fused salt. A number of salt films are known 
to cause such "hot corrosion." Because of its high stabil- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

ity in oxidizing sulfur-bearing gases, sodium sulfate is 
particularly aggressive toward protective coatings in air- 
craft and marine gas turbines and in other engineering 
systems. A knowledge of the solubility of the protective 
oxide and its dependence on the fused salt chemistry may 
aid the interpretation of hot corrosion mechanisms and in 
the development of new protective materials. 

Liang and Elliott (1) have reported a few values for the 
solubilities of Cr203, A1.2Q, and NiO in Na2SO4 over a lira- 
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i ted range of  salt composi t ions .  S t roud  and Rapp  (2) re- 
por ted  solubil i t ies for a-AI=O:~ and Cr~O:~ in Na2SO4 at 
1200 K as a funct ion  of  Po2 and log aN,~o. However ,  their  
resul ts  were  incons i s ten t  wi th  t h e r m o a y n a m i c  expecta-  
tion, because  the  observed  m i n i m u m  in the  ox ide  solubil- 
ity occur red  at too high a va lue  for a~,~o. It  n o w  appears  
that  because  of  a react ion of Na~SO4 wi th  thei r  p la t inum 
e lec t rode  in the  Na2SO4 melts ,  a faulty potent ia l  was indi- 
ca ted  for the  Pt /me]t  e lectrode.  The p resen t  s tudy  reports  
measu remen t s  for A1203 solubi l i ty  us ing i m p r o v e d  meth-  
ods. Two solid e lect rolyte  probes  were  used  to infer  the 
basici ty of Na2SO4 mel ts  as sugges ted  by Watt et al. (3), 
and used by  Gup ta  and Rapp  (4) in a de te rmina t ion  of  the  
solubil i t ies  of  NiO and CocO4 in Na2SO4 at 1200 K. 
Deanha rd t  and Stern  (5) have  employed  two pairs of  such 
probes  to de te rmine  the  solubi l i ty  p roduc t s  for NiO in 
Na2SO4 at 1200 K. Misra et al. (6) calculated the  solubili- 
t ies and the  in terac t ion  energy  parameters  for the  acidic 
solutes of  NiO and Co304 by use of  ex is t ing  phase  dia- 
grams and a regular  solut ion model.  They  found good 
a g r e e m e n t  wi th  expe r imen ta l  solubi l i ty  results.  

The  acid-base charac ter  of  Na.2SO4 can be descr ibed  by 
the  equ i l ib r ium 

Na2SO4 = Na~O + SO:~ [1] 

in which  Na~O can be cons idered  as the basic c o m p o n e n t  
and SO:~ the  acidic componen t .  The  t h e r m o d y n a m i c  data 
l is ted in Table  I were  used  to cons t ruc t  the  Na-A1-S-O 
phase  stabil i ty d iagram of  Fig. 1, which  is analogous to 
the  Pou rba ix  d iagram of E vs. pH for aqueous  solutions.  
The  oxida t ion  potent ia l  is p lot ted  as the  ordinate  against  
the  negat ive  of  salt basic i ty  (defined as log aN~2o) as the  
abscissa. The dashed l ines show that  l iquid  Na2SO~ is sta- 
ble over  a large area in this diagram. Al terna te  abscissa 
var iables  of  - log aN~2o, or else log Pso3, can be used 
wi th in  the range of  Na~SO4 stabil i ty at essent ia l ly  uni t  ac- 
tivity. The  d iagram could  p rov ide  quant i ta t ive  values  for 
the  solubi l i ty  of the  meta l  ox ide  in the  fused salt i f  the  
ident i ty  and the  act ivi ty  coefficients  of the  solute species 
were  known.  Conversely ,  i f  the solubi l i ty  were  known,  
the  act ivi ty  coefficients  of  the  respec t ive  solutes in solu- 
t ion could  be calculated.  The  reliabil i ty of  act ivi ty coeffi- 
cients  obta ined in this way depends  great ly on the  accu- 
racy of  the Gibbs  energy  of  format ion  data  for the  soluble 
meta l  salts and the meta l  ox ide  and also on the  accuracy  
of the exper imenta l  measurements .  In  the  p resen t  study, 
the solubi l i ty  of  a -a lumina  in fused Na~SO4 at 1200 K was 
measu red  as a funct ion  of  the  t h e r m o d y n a m i c  act ivi ty  of 
Na~O for a f ixed oxygen  pressure  of  1 atm. The  resul ts  
a r e  re la ted to the  phase  stabil i ty d iagram and are used  to 
infer  the  ionic solute species as well  as the  act ivi ty 
coeff icients  for the  solute  species of  a lumina.  

Experimental Procedure 
As in the p reced ing  s tudy  by Gupta  and Rapp  (4), the  

vol tage  be tween  two solid-state e lec t rochemica l  probes  
was used  to measure  the  basici ty  of the  Na2SO~ melt.  A 
c losed-end mul l i te  (3A1.~O~ �9 2SiO~) tube  (McDanel  MV30) 
wi th  glassy grain boundar ies  is known  to be an exc lus ive  
conduc to r  of  s o d i u m  ions at high tempera tures .  Within 
this tube,  a small  a m o u n t  of  l iquid  salt wi th  compos i t ion  
90 mole  pe rcen t  (m/o) Na~SO4, 10 m/o Ag~SO~ contac ted  a 
Ag wire  which  was welded  wi th in  the  hot  zone to a P t  
lead wire. The work ing  e lec t rode  for this cell was e i ther  a 

Table I. Thermodynamic data relevant to Na-AI-S-O system 

Compound AGf ~ (1200 K) (kJ/mM) Ref. 

Na20 (s) -250 (8) 
Na2S (s) -282 (8) 
Na2SO4 (1) -893 (8) 
SO2 (v) -273.7 (8) 
SO~ (v) -260.3 (8) 
~-A1203 (s) - 1294 (8) 
NaA102 (s) -862 (8) 
AI=(SO4):~ (s) - 1980 (9) 
Al.~S3 (s) -657 (10) 
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Fig. 1. Thermodynamic phase stabilities in the Na-AI-S-O system at 
1200 K 

Au or P t  wire contac t ing  the  Na2SO4 me l t  ex terna l  to the  
mul l i te  tube  and remote  f rom the  gaseous  env i ronment ;  
again, a Pt  lead wire  was attached. A c losed-end 3.5 
weigh t  pe rcen t  (w/o) CaO part ial ly stabil ized zirconia tube  
con tac ted  the Na2SO4 melt.  This  zirconia tube  was plati- 
n ized on its aerated ins ide  surface  and p rov ided  wi th  an 
in ternal  P t  lead wire. The  vol tage be tween  the  zirconia 
e lec t rode  and the  Au or P t  work ing  e lec t rode  in the  mel t  
indica ted  the Po2 of the mel t  (4). At  1200 K, the  open- 
c i rcui t  vol tage be tween  the  mull i te  and  the zirconia elec- 
t rodes  is g iven by (4) 

E(V) = 1.4943 + 0.119 log aN~2o [2] 

St r ic t ly  speaking,  the  aNa~o is measured  at the  Z rOJ fused  
Na~SO4 interface (7), but  this Na20 va lue  is val id  for the  
ent ire  mel t  unde r  equ i l ib r ium condit ions.  

Excess  amount s  (30-40g) of a-A1203 p o w d e r  were  added  
to 100g of  sod ium sulfate in an a lumina  crucible  placed 
wi th in  the mul l i te  react ion tube.  After  drying the  salt for 
a few days at 200~ the  t empera tu re  was raised to 1200 K. 
Sal t  samples  were  t aken  after  var ious  t imes  by freezing 
salt onto a cold a lumina  tube  after the  e lec t rochemica l  
p robes  indicated equ i l ib r ium for oxygen  b e t w e e n  the 
fused salt  and the  gas, and after the salt basici ty  became  
constant .  The salt samples  were  weighed,  d issolved in 
dist i l led water,  and analyzed by a tomic  absorp t ion  spec- 
t roscopy  (Perkin-Elmer ,  Series 360) us ing a graphi te  fur- 
nace.  For  neutral  wa te r  at pH = 7, the  solubi l i ty  of 
AI(OH):~ is a factor of  at least  150 t imes  h igher  t han  the 
h ighes t  A1 solute concen t ra t ion  f rom the  d issolved salt. 

Results and Discussion 
Figure  2 presents  the  resul ts  of solubi l i ty  measure-  

men t s  for a-A1203 in fused Na2SO4 at 1200 K in Po2 = 1 
atm. Al though  only a few points  were  obta ined  for the  
acidic s egmen t  of  the  solubi l i ty  curve, the  plot  is wel l  de- 
scr ibed by l ines for one basic solute, AlO2-, and one 
acidic  solute  AP% The m i n i m u m  solubi l i ty  occurs  at 
abou t  log aN,2o = -15.4 and 13 wt  p p m  disso lved  A1. A 
single da tum poin t  f rom Liang and Ell iot t  (1) is in good 
a g r e e m e n t  after convers ion  of  their  m e a s u r e m e n t  to a 
c o m m o n  value  for hG%a2so4 ( reported in Table  I). 

For  the  dissolut ion of  ~-A1203 as a basic solute  

A1203 + O 2- = 2AlOe- [3] 

so that  

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.136.75Downloaded on 2016-09-16 to IP 

http://ecsdl.org/site/terms_use


Vol. 132, No. 3 SOLUBILITY OF a-Al~O~ 737 

O, 

o r 
0 

0 
.J 

t ' I ' I ' 
Besic Dissolution 
~1~03+0 ~-= 2 AlOe, 

\ a -Log  QN~20/-  2 

I ' I ' I ' 

Acidic Dissolution 
Al203= 2 AI~+50 z- 
b Log(]A,,* ) ={ 
~)-Log ONa~O 

.-r 
Oil  

~ (edj for EAIGiN~ / 

0 , I , I , I , I , I 
II 12 15 14 15 16 

- Log ON~=O 

I 

d 
- 4  ~ 

O 
z 
a~ 
O 

- E 

- - 5  

0 
E 

- 

d 

I . )  

0 
...1 

- I  

I - 

17 

Fig. 2. Solubility of ~-AI20:3 in fused Na~SO4 at 1200 K and Po~ = 1 atrn 

a log aAlo~-- / = -- 1 

a - log aN~20 / -2- 
[4] 

With the assumption of a constant activity coefficient 
for the dissolved NaA10~ in these dilute solutions, the 
same dependence is expected for the plot of log concen- 
tration vs. - log aN,2o, as shown in Fig. 2. Correlation of 
the data with the theoretical slope is good, implying that 
only the AlOe- ion is formed in basic dissolution. Any 
pair of values of salt basicity and oxide solubility can be 
used to calculate the activity coefficient for the dissolved 
NaA10~ component  through the equilibrium 

Na~O + Al~O:~ = 2NaA10~ [5] 

For the presence of AI~O:~ at unit activity 

2 log aN~Am~ -- log aN,~o = 8.10 [6] 

From Fig. 2, for log aNa~O = - - 1 3  and therefore aN,A,O2 = 3.55 
X 10-'% the soluble mole fraction of NaA10~ (equal to 
twice the soluble AI~O:~) equals 10-'L Then, the activity 
coefficient for NaA102 in dilute solution in Na~SO4 is 
given by 

Na2SO4 
7 NaA10~ = aNaAIO2/NNaAI02 = 3.6 [7] 

Except  for the indicated single solubility measurement  
from Liang and Elliott (1), previous measurements  are not 
available for corfiparison. 

For the dissolution of a-A1203 as an acidic solute 

A1203 = 2A1 a+ + 3 O ~- [8] 

and 

( alogaAl~ t = + 3 [9] 

Only a few data for acidic dissolution are shown in Fig. 
2, but they are consistent with the presence of a single 
A13§ acidic solute. Acidic dissolution of A120~ in Na2SO~ 
can also be described in terms of an AJ(SO4)1.~ solute 

(3/2) Na~SO~ + (1/2) Al~O3 = (3/2) Na20 + A1(SO4),.5 [10] 

For the presence of Al~O3 and Na2SO4 at unit  activities 

(3/2) log aN~20 + log aAI(SO4)~.5 = --27.05 [11] 

For log aN~2o = -16, aA,2~SO4)3 = 8.91 X 10 -4, and the mea- 
sured solubility (equal to twice the molar A120~ solubility) 
is about NAl(SO4)l.5 = 2.5 X 10 -4, SO that 

Na2SO4 
A12(SO4)3 = aAI(SO4)I.5/NA,(S04),.5 = 2.3 [12] 

NO previous values have been reported in the literature. 
Indeed, the uncertainty in each activity coefficient is 
large, as previously mentioned. 

In this study, it has been shown that at 1200 K and Po2 
= 1 arm a-A12Oa dissolves in fused Na~SO4 as one acidic 
and one basic solute species, with the min imum solubility 
occurring at log aN~2o = -15.4. Because neither dissolution 
reaction involves a change in aluminum valence, the solu- 
bility plot of Fig. 2 should not depend upon Po2. 
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