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Potentiometric Investigation of the Oxide Behavior in NaCI-AICI3 
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ABSTRACT 

By potentiometric  measurements  in concentrat ion cells with chlorine/chloride or a luminum electrodes, it is shown 
that the experimental  average chloride coordination number  of A10 § is 1.01 corresponding to the formation of a complex 
(A1OC1),(A1C14-)m (with n = 2 as the most likely value according to recent cryoscopic measurements) in basic, neutral, and 
weakly acidic NaC1-A1C]~ melts at 175~ (1.128 < pC1 < 4.25). In more acidic melts (4.25 < pC1 < 5.0; 0.503 < X'A~C,3 < 0.516), 
the exper imenta l  average coordination number  decreases. The measurements  in this pC1 range can, based on a least 
squares fitting procedure, be explained satisfactorily by the equilibrium 

(A1OC1)~(A1CI~-)m ~ (A10+)2(A1CI()m + 2C1- 

with m = 4, 2, and 0. For these three values of m pK-values between 9.5 and 9.9 are found for the equilibrium. From a statis- 
tical point  of view solvated (m = 4 and 2) and nonsolvated (m = 0) versions of the equi l ibr ium are equally good. The 
nonsolvated possibility is not considered to be a realistic one for structural reasons. Proposed structures for a number  of 
solvated oxocMoro species of the type A1402Cls and A1602Cl16 ~- are given. 

The behavior  of oxide ions in NaC1-A1C13 melts has been 
the subject  of several investigations (1-6). The problem is 
impor t an t  s ince oxide  con tamina t ions  are respons ib le  
for oxide coatings on a luminum cathodes and consump- 
t ion of  carbon  anodes  in e lec t ro ly t ic  p roduc t ion  of  alu- 
m inum from melts (7) containing a luminum chloride. 

In the field of fundamenta l  chemis t ry ,  ox ide  contami-  
nat ions  can lead to mis in te rpre ta t ions ,  e.g., in di lute  
ch lo roa lumina te  solutions,  s ince oxochloro  complexes  
rather than chloro complexes  are sometimes formed (8). 

There has been some dispute as to whether  AIOC12- (or 
solvated forms thereof) exists in basic NaC1-A1CI~ melts, 
whereas  A1OC1 has been commonly  accepted as the alu- 
m inum oxochloro species present  in neutral  and moder-  
ately acidic melts  (1-6). 

In some prev ious  works  (1-3, 5) oxides  have been  
added in such a way that foreign cations were int roduced 
into the NaC1-AIC13 melts  (e.g., BaCO~ and Ba(OH)~ as ox- 
ide donors).  Also, a n ickel  e lec t rode  was a s sumed  to be 
an ox ide  indica tor  e lec t rode  (2). It  was later  shown that  
this e lec t rode  was in fact a pC1 indica tor  in NaC1-AIC13 
melts  containing oxide at 175~ (3, 5) and that Ba 2+ ions 
had acidic proper t ies  re la t ive  to chlor ide  ions in basic 
NaC1-A1C13 mel ts  (9). As a result ,  Taulel le  et al. (5) con- 
c luded  that  the only a l u m i n u m o x y c h l o r o  species  pres- 
ent  in the pCl-range 1.13-4.25 (molar units) was A1OC1. 
Recent ly ,  c ryoscopic  measu remen t s  by Berg et. al. (6) 
have shown that A1OC1 is dimeric in nearly neutral  NaC1- 
A1C13 melts, i.e., exists as (A1OC1)~(A1CI()m where  m is an 
unknown  number,  probably greater  than zero. 

We have previously (4) potent iometr ical ly  invest igated 
the oxide behavior  in NaC1-A1C13 melts, but  at two com- 
pos i t ions  only. We found that  the ch lor ide /ox ide  ex- 
change number,  (i.e., chloride ions l iberated for each ox- 
ide ion added) was 2.51 for a basic melt  (pC1 = 1.29) and 
for an acidic melt  2.90 (pC1 = 4.59). These measurements  
were, however,  performed with electrode cells equipped  
with  a ceramic  mater ia l  frit (main componen t s :  A1203, 
SiO2, and K20; 47.4, 45.8, and 2.9 weight  percent,  respec- 
tively), which  was not ent i re ly  stable towards  a t t ack  by 
NaC1-A1C13 melts  (especial ly when  acidic), and the 
p roper  compos i t ion  correc t ion  p rocedure  descr ibed  
later in this article was not applied. 

The aim of the present  inves t iga t ion  was to per fo rm 
potent iometr ic  measurements  in acidic NaC1-A1C13 melts 
with pC1 higher  than 4.25, where no data exist, and with 
the  d iscuss ion  concern ing  the poss ible  ex i s t ence  of  
AIOC12- in mind, we also decided to reinvest igate  the ba- 

sic melts  using Na20 and A1OCI as oxide donors (which 
contr ibute  no foreign cation). 

Experimental 
NaC1 (analytical  grade from Riedel -de  Hahn) was pur- 

ified by passing first HC1 gas and then dry N2 through the 
mol ten  salt, using the procedure  described previously 
(4, 10). A1C13 was made from molten a luminum metal  
(99.999%) and dry HCl-gas by the usual  me thod  (11). 
NaA1C14 was prepared  by react ing equal  amounts  of 
NaC1 and A1Cl~ for 24h at 200~ A1OC1 was made accord- 
ing to the method given by Schiifer (12), in which V205 is 
reac ted  with  excess  A1C13. As in prev ious  work  (4) we 
used  commerc ia l  Na20 from Merck AG. All hand l ing  of  
the chemica ls  was pe r fo rmed  in a n i t rogen  a tmosphe re  
dry box (water content  less than 10 ppm). The chemicals  
were  always kept  unde r  v a c u u m  in sealed borosi l ica te  
ampuls.  

The  dua l - compar tmen t  concen t ra t ion  cells used for 
the potent iometr ic  measurements  were  of a construct ion 
deve loped  by yon Barner  and Bje r rum (13) modif ied  as 
desc r ibed  below: The separat ion of the measur ing  and 
reference compar tments  was made by a sintered borosil- 
icate disk (the ceramic pins from Radiometer  used previ- 
ously (4, 11) cor roded  in oxide  conta in ing  melts ,  espe- 
cially in the acidic range). Before  filling the cells, the 
porosity of the disk was tested with a 0.10M aqueous KC1 
solution at room temperature  in both electrode compart-  
ments.  A resistance of between 20 and 80 kt~ was consid- 
ered sufficient. Fur thermore ,  the cells used in this work 
were  wi thou t  a pressure  leve l ing  tube  be tween  the two 
compartments .  This was a necessi ty because of the A1CI~ 
vapor  pressure  d i f ference  be tween  the two compar t -  
ments  when invest igat ing acidic melts. 

The e lec t rodes  were  e i ther  of  pure  a luminum or of  
glassy carbon in both compar tmen t s  (i.e., a luminum or 
chlorine-chloride cells). The a luminum cells were sealed 
unde r  v a c u u m  and the ch lor ine-chlor ide  cells under  1/2 
atm 99.9% pure  C12 (at room temperature) .  The furnaces  
and other types of equ ipment  used have been described 
previously (13-15). 

General Considerations and Definitions 
The formal i ty  C' of a c o m p o n e n t  is defined as the ini- 

t ially we ighed  molar  amoun t  d iv ided  by the vo lume  of 
the mol ten  mix tu re  in liters. The pC1 and equ i l ib r ium 
cons tants  in this work  are g iven in molar  un i t s ' un less  
otherwise stated. For the NaC1-A1C13 solvent, the density 
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e x p r e s s i o n  b y  Berg ,  Hju ler ,  a n d  B j e r r u m  (16) a n d  a t h r e e  
e q u i l i b r i a  m o d e l  b y  F e h r m a n n  et al. (4) w e r e  u s e d  to cal- 
c u l a t e  c o n c e n t r a t i o n s  of  t h e  a l u m i n u m - c h l o r o  s pec i e s  

2A1C14- = AI~C17- + C1 [1] 

3A12C1~- = 2AI~CI~0- + C1 [2] 

2Al~C1,0- = 3A12C1~ + 2C1 [3] 

T h e  e q u i l i b r i u m  c o n s t a n t s  at  175~ w e r e  (4): pK~ = 7.052, 
pK~ = 6.9, pKa = 14.0. I n  t h e  c a l c u l a t i o n s  o n  t h e  oxo-  
c h l o r o  c o m p l e x  e q u i l i b r i a  i t  is of  n o  i m p o r t a n c e  w h e t h e r  
a t h r e e  or  two  e q u i l i b r i a  m o d e l  a re  u s e d  for  t h e  so lven t ,  
s i n c e  t h e y  g ive  e q u a l l y  g o o d  m a t h e m a t i c a l  d e s c r i p t i o n s  
(4). T h e  r e f e r e n c e  m e l t  (NaA1C1, s a t u r a t e d  w i t h  NaC1) 
was  a s s u m e d  to h a v e  a pC1 v a l u e  of  1.128 at  175~ t a k e n  
f r o m  t h e  s a m e  w o r k  (4). 

T h e  e x p e r i m e n t a l  a v e r a g e  c o o r d i n a t i o n  n u m b e r  nA~o+ 
for  t h e  A10 § u n i t  is de f i ned  as 

pC1 range .  T h e  e x p e r i m e n t a l  v a r i a n c e  of  hA,o+ was  
2 .59.  10 3. 

As  r e p o r t e d  p r e v i o u s l y  (6), t h e  r e s u l t s  o b t a i n e d  w e r e  
q u i t e  i n d e p e n d e n t  of  w h e t h e r  c h l o r i n e / c h l o r i d e  e lec-  
t r o d e s  (C12 + 2e-  ~ 2C1 ) or  a l u m i n u m  e l e c t r o d e s  (A1CIs 
+ 3e-  ~- A1 + 4C1-) w e r e  u s e d .  T h e  fac t  t h a t  t h e  a v e r a g e  
e x p e r i m e n t a l  A10 + c h l o r i d e  c o o r d i n a t i o n  n u m b e r  is one  
re f lec t s  t h e  o c c u r r e n c e  in  t h e  m e l t  of  spec i e s  of  t h e  gen-  
e r a l  f o r m u l a  (A1OC1)~ �9 (A1C14)~, w h e r e  n a n d  m a r e  un -  
k n o w n  in t ege r s .  P r e v i o u s l y ,  B e r g  et at. (6) f o u n d  t h a t  one  
c r y o s c o p i c a l l y  a c t i v e  " p a r t i c l e "  was  f o r m e d  for  e a c h  two  
A1OC1 " p a r t i c l e s "  a d d e d  to n e a r  n e u t r a l  NaC1-A1C13 
m e l t s .  T h e y  c o n c l u d e d  t h a t  t h e  m o s t  l i k e l y  v a l u e  of  n 
was  2 in  t h i s  pC1 range .  T h e  (A1OCI)~ spec i e s  t h u s  f o u n d  
is p r o b a b l y  s o l v a t e d  b y  A1C1s f o r m i n g  (A1OC1)2(A1C14-)m. 
A v a l u e  of  m = 1 c o r r e s p o n d i n g  to t h e  spec i e s  (I, Fig.  2) 
h a s  p r e v i o u s l y  b e e n  s u g g e s t e d  (6), a n d  r e c e n t l y  two  sal ts ,  
c o n t a i n i n g  t h e  i on  AlsO,C1,0 ~- c o r r e s p o n d i n g  to m = 2 

- 3C'AICI3 + C'N~Cl + C'A,OC, -4[A1C14 ] 
nAlO+ 

w h e r e  C'A,Cls, a n d  CtAIOC l a r e  c o r r e c t e d  for  t h e  p r e s e n c e  of  
A1OC1 in  t h e  A1C13. 

As  m e n t i o n e d  p r e v i o u s l y ,  i t  is of  u t m o s t  i m p o r t a n c e  to 
k n o w  t h e  o x i d e  c o n t e n t  of  t h e  NaC1-A1C13 s o l v e n t .  T h i s  
w a s  c a l c u l a t e d  in  t h e  f o l l o w i n g  way:  E q u a l  m o l a r  
a m o u n t s  of  NaC1 a n d  A1CI~ w e r e  r e a c t e d  as  d e s c r i b e d  in  
t h e  E x p e r i m e n t a l  s e c t i o n .  T h e  p o t e n t i o m e t r i c  ce l l  was  
f i l l ed  w i t h  t h e  NaA1CL o b t a i n e d ,  a n d  t h e  c h l o r i d e  con-  
c e n t r a t i o n  w a s  d e t e r m i n e d  f r o m  t h e  N e r n s t  e q u a t i o n  
(13). 

F o r  a n  e q u i m o l a r  m e l t  f r ee  of  o x i d e ,  [C1-] s h o u l d  b e  
e q u a l  to  [A12C1c] ( d u e  to Eq.  [1]). B y  t h e  p o t e n t i o m e t r i c  
m e a s u r e m e n t s  on  a c t u a l  m e l t s  of  e q u i m o l a r  c o m p o s i t i o n  
( a c c o r d i n g  to t h e  w e i g h i n g s )  i t  was  n o r m a l l y  f o u n d  t h a t  
[C1-] w a s  g r e a t e r  t h a n  [A12C17-]. A v a l u e  of  [C1-] - 
[AlzC17-] g r e a t e r  t h a n  ze ro  w o u l d  a r i s e  f r o m  a n  A1OC1 
c o n t a m i n a t i o n  o f  t h e  A1C13. As  w e  s h a l l  s ee  l a te r ,  A1OC1 
d o e s  n o t  r e a c t  w i t h  c h l o r i d e  in  t h e  b a s i c  r e g i o n  a n d  t h e  
r e g i o n  a r o u n d  t h e  n e u t r a l  p o i n t  (1.28 < pC1 < 4.25). 
T h e r e f o r e ,  t h e  d i f f e r e n c e  [CF]  - [A12C1c] c o r r e s p o n d s  to 
t h e  f r a c t i o n  o f  t h e  o r i g i n a l l y  w e i g h e d  A1C13 t h a t  w a s  ac- 
t u a l l y  A1OC1. T h e  a m o u n t  of  A1OC1, WA,oc,, c a n  b e  ca lcu-  
l a t e d  as 

WA,oc, = ([C1-] - [A12C17 ] ) / •  V • M A I C l 3  [5] 

w h e r e  V is t h e  v o l u m e  of  t h e  m e l t  a n d  MA,O3 is t h e  m o l a r  
w e i g h t  of  a l u m i n u m  ch lo r ide .  Typica l ly ,  [C1 ] - [A12C1c] 
w a s  a r o u n d  0.03M. H e n c e ,  n e a r l y  h a l f  o f  t h e  A1OC1 pre -  
s e n t  in  t h e  s a m p l e s  o r i g i n a t e d  f r o m  t h e  NaA1C14 so lven t ,  
w h e r e a s  t h e  r e s t  o f  t h e  o x i d e  w as  a d d e d  as A1OC1 or  
Na20 .  I n  t h e  e v a l u a t i o n  of  t h e  m e a s u r e m e n t s  i t  is as- 
s u m e d  t h a t  t h e  r e a c t i o n  

Na20  + A1C13--* 2NaC1 + A1OC1 [6] 

p r o c e e d s  q u a n t i t a t i v e l y  [ in t h e  CsC1-A1C13 s y s t e m  i t  h a s  
been  s h o w n  s p e c t r o s c o p i c a l l y  t h a t  t h e  k i n d  of  o x i d e  
s o u r c e  is u n i m p o r t a n t  (17)]. 

T w o  k i n d s  o f  m o l e  f r a c t i o n s  a re  of  use :  Xi (i = A1C13, 
NaC1, A1OC1) is t h e  u s u a l  m o l e  f r a c t i o n ,  w h e r e a s  X'~ is 
t h e  b i n a r y  m o l e  f r a c t i o n  w i t h i n  t h e  NaC1-A1C13 s o l v e n t  
o n l y  (i = NaCI,  A1C13). T h e  l a t t e r  m o l e  f r a c t i o n  is u s e f u l  
w h e n  c o m p a r i n g  to c r y o s c o p i c  r e s u l t s  (6). 

Results and Discussion 
T h e  m e a s u r e d  e q u i l i b r i u m  v o l t a g e s  of  t h e  ce l l s  a re  

l i s t e d  in  T a b l e  I as a f u n c t i o n  of  t h e  c o m p o s i t i o n s .  F r o m  
t h e s e  v a l u e s  t h e  pC1 a n d  t h e  e x p e r i m e n t a l  a v e r a g e  
c o o r d i n a t i o n  n u m b e r s  for  A10 + w e r e  c a l c u l a t e d  (Eq.  [4]). 
T h e  c a l c u l a t e d  r e s u l t s  are  g i v e n  as c i r c l e s  in  Fig. 1. I t  is 
o b v i o u s  t h a t  t h e  e x p e r i m e n t a l  a v e r a g e  c o o r d i n a t i o n  
n u m b e r  ham+ is o n e  in  t h e  pC1 r a n g e  f r o m  1.128 to  4.25, 
w h i c h  e x c l u d e s  t h e  f o r m a t i o n  of  A1OC12 e v e n  in  t h e  
m o s t  b a s i c  r a n g e  in  a c c o r d a n c e  a l so  w i t h  c o n c l u s i o n s  
reached b y  Tau le l l e  et al. (5). F r o m  t h e  t e n  f i rs t  c o m p o s i -  
t i o n s  in  T a b l e  I t h e  e x p e r i m e n t a l _ v a l u e  c a n  b e  c a l c u l a t e d  
to b e  1.01 -+ 0.05 a s s u m i n g  t h a t  nA,o+ is c o n s t a n t  in  t h a t  

- 7[A12C1c] - 10[A13C1,0 ] - 6[A12C16] - [C1 ] 

C'A|OC l 
[4] 

h a v e  b e e n  c h a r a c t e r i z e d  b y  x- ray  c rys t a l  s t r u c t u r e  de te r -  
m i n a t i o n s  (18, 19). T h e  s t r u c t u r e  of  t h i s  i on  is s h o w n  as 
(II). T h e s e  two  k i n d s  of  o x i d e  spec i e s  a re  c lose ly  r e l a t e d  
v ia  u p t a k e / r e l e a s e  of  a n  A1Cl~--ion, see  (III). 

U n f o r t u n a t e l y ,  t h e  c r y o s c o p i c  m e t h o d  offers  no  poss i -  
b i l i ty  for  d i s t i n g u i s h i n g  b e t w e e n  n o n s o l v a t e d  (m = 0) or 
s o l v a t e d  f o r m s  (m > 0) of  (A1OC1)2(A1C14-)~. F u r t h e r -  
m o r e ,  n o  c o n c l u s i o n  c a n  b e  d r a w n  f r o m  t h e  
p o t e n t i o m e t r i c  m e a s u r e m e n t s  in  t h e  pC1 r a n g e  1.128-4.25 
r e g a r d i n g  t h e  s o l v a t i o n  p r o b l e m  b e c a u s e  of  t h e  low solu-  
b i l i ty  of  A1OC1 in  t h e  NaC1-AIC13 mel t s .  N e v e r t h e l e s s ,  we  
t h i n k  t h a t  s o l v a t i o n  is p r o b a b l e  a n d  t h a t  (I) and/or  (II)  
a re  v e r y  l i k e l y  s t r u c t u r e s .  H o w e v e r ,  o t h e r  p o s s i b i l i t i e s  
e x i s t ,  e.g., fo r  A1302C1~- a n d  A1402C1,02 t h r e e  a n d  s e v e n  
i s o m e r i c  fo rms ,  r e s p e c t i v e l y ,  c a n  b e  i m a g i n e d ,  etc.  

I n  ac id ic  me l t s ,  for  pC1 v a l u e s  > 4.25 or  X'A,C,3 > 0_.503, 
t h e  a v e r a g e  e x p e r i m e n t a l  c o o r d i n a t i o n  n u m b e r  nA,o+ 
d r o p s  b e l o w  one  (Fig. 1). H e n c e ,  a t  l eas t  one  n e w  spec i e s  
m u s t  b e  f o r m e d  in  t h a t  range .  I t  is l i ke ly  t h a t  t h i s  spec i e s  
c o n t a i n s  t h e  A10 + un i t .  T h e  A10 + u n i t  is k n o w n  f r o m  t h e  
i on  A13OCls-, i.e., (A10+)(A1C14-)2, see  (IV), w h i c h  h a s  re- 
c e n t l y  b e e n  i d e n t i f i e d  in  a c ry s t a l  s t r u c t u r e  (19). 

We h a v e  p r e v i o u s l y  (15) d e v e l o p e d  a c o m p u t e r  p ro-  
g r a m  w h i c h  b y  m e a n s  o f  a n o n l i n e a r  r e g r e s s i o n  p r o c e -  
d u r e  (see  A p p e n d i x )  a n d  f r o m  i n i t i a l l y  g u e s s e d  p K  
v a l u e s  is ab le  to  f ind  o p t i m i z e d  e q u i l i b r i u m  c o n s t a n t s  for  
d i f f e r e n t  se t s  of  equ i l i b r i a .  

Table I. Values of cell potentials a and mole fractions b 
for NaCI-AICI3-AIOCI melts at 175~ 

- h E  Oxide 
(mV) source XN~c, XA,Ca XA,OC, 

6.70 Na20 0.49799 0.49488 0.00713 
9.26 Na20 0.49944 0.4961~ 0.00442 

14.31 Na20 0.4988s 0.49583 0.00532 
18.11 Na20 0.50017 0.49764 0.00218 
22.63 Na20 0.4985~ 0.4961o 0.0053, 
36.20 e Na20 0.4989~ 0.49737 0.0036~ 
80.90 e A1OC1 0.4997, 0.49912 0.00117 

116.03 Na20 0.49707 0.49723 0.00570 
249.20 Na20 0.4967o 0.49990 0.0034o 
260.45 Na~O 0.49572 0.4998~ 0.00433 
290.93 Na20 0.49330 0.50332 0.0033~ 
292.00 Na~O 0.49422 0.5043o 0.00149 
297.79 A1OC1 0.49343 0.50529 0.00123 
311.43 Na~O 0.4909, 0.50762 0.0014~ 
315.64 AIOCI 0.49012 0.5086, 0.0012~ 
326.68 AIOC1 0.48653 0.51142 0.00202 
344.53 AlOC1 0.47995 0.5180~ 0.0019~ 

a Reference electrode NaAIC14 melt saturated with NaC1. 
b Corrected mole fractions. XA C 3 and XA,OC~ are corrected for 

A1OC1 present in the weighed AIC13.' 
e Measured in A1 electrode cell. The value has been multiplied 

with 3/4 to compare with chlorine/chloride cell values. 
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Fig. 1. Average experimental chloride coordination number n for 
AIO + in NaCI-AICI3 solutions at 175~ as a function of chloroacidity 
(pCL molar scale) or mole fraction (X'AlC~3, nonlinear scale), compared 
with calculated curve for the reaction 

(AIOCI)2 ~-~ (AIO+)2 + 2CI- 

0.06 F AIOCI (total oxide level including the background oxide con- 
tamination). The vertical dashed line shows the limit due to saturation 
with NaCI. 

C o n s e q u e n t l y ,  u s i n g  t h e  s e v e n  las t  a c id i c  c o m p o s i -  
t i o n s  in  T a b l e  I, w e  t e s t e d ,  as d e s c r i b e d  in  de t a i l  in  t h e  
A p p e n d i x ,  t h e  s i m p l e  n o n s o l v a t e d  m o d e l s  i n v o l v i n g  
(A1OC1)n and  (A10+)p, i .e . ,  t h e  equ i l ib r i a  m o d e l s  in  Eq.  [7] 

q(A1OC1), ~ q " n (A10+)" + q .  nC1- [7] 
P 

S i n c e  w e  h a v e  fa i r ly  d i l u t e  s o l u t i o n s  of  A1OC1, it is un-  
l i ke ly  t h a t  w e  are  d e a l i n g  w i t h  c o m p l e x e s  w i t h  m o r e  
t h a n  t w o  A10+-un i t s  l i n k e d  t o g e t h e r .  Th i s  r e s t r i c t i o n  
g ives  t h e  four  m o d e l s  s h o w n  in Tab le  II. 

T h e  d i s c r i m i n a t i o n  b e t w e e n  t h e s e  f o u r  n o n s o l v a t e d  
m o d e l s  is p e r f o r m e d  by  m e a n s  of  an  F- t e s t  in w h i c h  the  
m i n i m u m  v a r i a n c e  for  e a c h  m o d e l  is c o m p a r e d  to t h e  ex-  
p e r i m e n t a l  va r i ance  (see A p p e n d i x ) .  Mode l s  2 a n d  3 have  
a s ign i f i cance  of  m o r e  t h a n  90% a n d  m a y  t h u s  be  cons id -  
e r e d  a c c e p t a b l e  e x p l a n a t i o n s  of  our  s e v e n  m e a s u r e -  
m e n t s  in t h e  m o s t  ac id ic  range.  T h e  fo l lowing  cons ide ra -  
t i o n  m a y  h e l p  w h e n  it c o m e s  to  d i s t i n g u i s h i n g  b e t w e e n  
t h e s e  t w o  m o d e l s .  S i n c e  A1OC1 wil l  p r o b a b l y  a lso  be  
d i m e r i c  in  t he  ac id ic  range ,  it s e e m s  as i f  m o d e l  3 is m o r e  
l ikely  t h a n  m o d e l  2. Hence ,  hav ing  lef t  out  so lva t ion ,  t he  
c o n c l u s i o n  is t ha t  t h e  b e s t  way  to a c c o u n t  for  t h e  behav-  
ior o f  o x i d e  in qu i t e  ac id ic  NaC1-A1CI~ m e l t s  (4.25 < pC1 < 
5.0) p r o b a b l y  wil l  be  by  t h e  e q u i l i b r i u m  

(A1OC1)2 ~-- (A10+)2 + 2C1- [8] 

T h e  p K - v a l u e  in  m o l a r  u n i t s  w a s  f o u n d  to be  9.88 at  
175~ 

As  fo r  (A1OC1)n in t h e  n e a r  n e u t r a l  r ange ,  it  is f r o m  a 
s t r u c t u r a l  p o i n t  o f  v i e w  n o t  l ike ly  t h a t  t h e  (A10+), spe -  
c ies  e x i s t  in  n o n s o l v a t e d  f o r m s  in  t h e  ac id ic  (pC1 > 4.25) 

Table II. pK-values and variances for different nonsolvated models for 
the oxochloro complex formation of AI(III) in acidic NaCI-AICI3 melts 

at ] 75~ a 

Model 
number Equilibrium p K  Variances Fmoa~, b 

1 A1OC1 m A10 + + C1- 5.14(8) 8.5 �9 10 -3 3.3 
2 2A1OC1 ~ (A10+)2 + 2C1- 8.50(7) 3.2 ' 10 -3 1.2 
3 (A1OC1)2 ~ (A10+)2 + 2C1- 9.88(6) 2.8 �9 10 -3 1.1 
4 (A1OC1)2 ~ 2A10 + + 2C1- 13.60(13) 11.3 - 10 -3 4.4 

a p K  = - log K, where K is the molar concentration equilibrium 
constant with the standard error on last digit indicated inside pa- 
rentheses. 

b Fmode] = variance of model (7 points) divided by the estimated 
experimental variance 2.59 - 10 3 (10 points). The 90% significance 
level value of F, Fo.,o(6.9), is 2.55. 
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mel ts .  It is m o r e  l ikely,  we  th ink ,  t ha t  s p ec i e s  of  t he  gen-  
eral  f o r m u l a  (A10+)p(A1C14)5 occu r  in th is  range ;  p a n d  s 
are  in t ege r s .  

This  l eads  to equ i l ib r i a  of  t he  gene ra l  t y p e  

q(A1OC1),(A1C1j)m + ~q (n - s - p �9 m)A1CI4- 
P 

q - n (A10+),(A1C14_)~ + q .  nC1 [9] 
P 

Our  p r e s e n t  c o m p u t e r  p r o g r a m  is on ly  cap ab l e  of  calcu-  
l a t ing  equ i l ib r i a  w i t h  n �9 s = p �9 m ,  i .e . ,  equ i l i b r i a  in w h i c h  
t h e  n u m b e r  of  A1C14 s o l v e n t  i ons  b o u n d  to o x o c h l o r o  
s p e c i e s  is r e s t r i c t e d  to  b e  t h e  s a m e  on  b o t h  s i d e s  of  t h e  
e q u i l i b r i u m  a r ro w s .  Of c o u r s e ,  m o d e l s  w i t h  a d i f f e r e n t  
n u m b e r  o f  b o u n d  s o l v e n t  i o n s  wi l l  be  p o s s i b l e  as wel l ,  
b u t  t h e s e  c a n n o t  be  t r e a t e d  in t he  ava i lab le  p r o g r a m .  

T h e  r e s u l t s  of  t h e  c o m p u t a t i o n s  on  t h e  s o l v a t e d  m o d -  
els are  s h o w n  in Table  III. In  o r d e r  to be  able  to c o m p a r e  
w i t h  t h e  n o n s o l v a t e d  m o d e l s  i n v e s t i g a t e d  a b o v e  (Table  
II), on ly  s o l v a t ed  m o d e l s  w i th  n a n d  p b e i n g  1 or 2 w e r e  
t a k e n  in to  co n s i d e r a t i o n .  

The  F- t e s t s  s h o w  tha t  a n u m b e r  of  m o d e l s  are  n o t  ab le  
to e x p l a i n  t he  m e a s u r e m e n t s  on  a 90% s ign i f i cance  level.  
This  is t he  case  for  m o d e l s  la ,  b, 4a, and  b, for  w h i c h  the  
c o r r e s p o n d i n g  n o n s o l v a t e d  m o d e l s  (1 a n d  4 in  T a b l e  II) 
a lso gave  poor  fits. A m o n g  t h e  m o d e l s  2a, b, 3a, b, and  c, 
on ly  m o d e l s  2a, 3b, a n d  c are  ab le  to e x p l a i n  t h e  m e a s u r e -  
m e n t s  on  a 90% s ign i f i cance  level.  

H o w e v e r ,  m o d e l  2a, i n v o l v i n g  an o x o m o n o m e r i c  spe-  
c ies  in  t h e  n e a r  neu t r a l  pC1 r ange  w h e r e  (A1OC1)n is s t ab le  
( i . e . ,  w h e n  Eq.  [9] is d i s p l a c e d  to t h e  left) ,  is n o t  ab l e  to 
e x p l a i n  t h e  p r e v i o u s  n = 2 c r y o s c o p i c  e v i d e n c e  (6). Mod-  
els  3b a n d  c, on  t h e  o t h e r  h a n d ,  are  b o t h  p e r f e c t l y  fit to do 
th i s .  M o d e l  3b h a s  t h e  l o w e s t  v a r i a n c e . o f  all  m o d e l s  
t a k e n  in to  a c c o u n t  in  t h i s  w o r k .  T h e  p K - v a l u e  for  t h i s  
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Table III. pK-values and variances for different solvated a models for the oxochloro complex formation of A ( ) n acidic NaCI-AICI3 melts at 175~ 

Model 
number  Equilibrium pK Variance F~o~o~ ~ 

la (A1OC1)(A1CI~-) ~ (A10§ -) + C1- 4.99(9) 13 �9 10 -~ 5.0 
lb  (A1OC1)(A1C14-)2 ~ (A10+)(A1C14-)2 + C1- 4.85(10) 17 . 10 -3 6.7 
2a 2(A1OCI)(A1C14-) ~ (A10+)2(AIC]4-)2 + 2C1- 8.28(9) 5.4 �9 10 -3 2.0 
2b 2(A1OC1)(A1CI()2 ~ (A10+h(A1CI()4 + 2C1- 8.08(11) 9.6 �9 10 -~ 3.7 
3a (A1OC1)~(A1C1,-) ~- (A10+h(A1CI() + 2C1- 9.75(5) 9.8 - 10 -~ 3.8 
3b (A1OCI)2(AlCl4-)~ ~-~ (A10+)2(AICI4-)~ + 2C1 9.69(5) 2.46 - 10 -~ 0.95 
3c (A1OC1)2(AlCl()4 ~ (A10+)2(AlCl()4 + 2C1 9.52(5) 3.3.10 -~ 1.3 
4a (A1OC1)~(A1CI()~ ~-- 2(A10+)(A1C14 -) + 2C1 13.17(12) 15.10 -,~ 5.6 
4b (A1OClh(A1CI4-)4 ~ 2(A10+)(A1C14-)~ + 2C1- 13.25(10) 16 - 10 -~ 6.3 

Solvated with A1C1,-. 
b Fmodel  = variance of model divided by the estimated experimental variance, 2.59 �9 10 -3, obtained for the nonsolvated A1OC1 form. The 

experimental variances for the solvated forms of A1OC1 do not differ markedly from this value. The 90% significance level value of 
F, Fo.,0(6.9) is 2.55. 

m o d e l  is  9.69 w h i c h  is  h a r d l y  d i f f e r e n t  f r o m  t h e  9.88 
v a l u e  of  t h e  c o r r e s p o n d i n g  n o n s o l v a t e d  e q u i l i b r i u m  (Eq.  
[8]). T h e  " a c i d i c "  s p e c i e s  of  m o d e l  3b  (A10+)2(A1C1,-)2 = 
A1402C18 c a n  b e  v i s u a l i z e d  in  t h e  6 i s o m e r s  s h o w n  as 
(V)-(X). A c i d i c  s p e c i e s  c o r r e s p o n d i n g  to t h e  o n e  of  m o d e l  
3c (A1602C1~62-) h a s  b e e n  p r o p o s e d  b y  R y t t e r  (21), see  XI ,  
b u t  o t h e r  i s o m e r s  c a n  b e  i m a g i n e d ,  e.g., X I I  a n d  XI I I .  

S u p p o r t  for  t h e  f o r m a t i o n  of  A140~C18 m o l e c u l e s  
s h o u l d  b e  o b t a i n a b l e  f r o m  m a s s  s p e c t r o s c o p y  o f  t h e  gas  
p h a s e  o v e r  t h e  m e l t s .  I n d e e d ,  a n  A1402C17 + f r a c t i o n  h a s  
b e e n  i d e n t i f i e d  p r e v i o u s l y  b y  m a s s  s p e c t r o s c o p y ( 2 0 ) .  

As  m e n t i o n e d ,  ou r  p r o g r a m  u n f o r t u n a t e l y  is n o t  capa -  
b le  of  c a l c u l a t i n g  o n  m o d e l s  w i t h  d i f f e r e n c e s  in  n u m b e r s  
o f  a s s o c i a t e d  s o l v e n t  i o n s  o n  t h e  t w o  s i d e s  o f  t h e  
equ i l i b r i a .  

To do  t h i s  a n e w  a l g o r i t h m  is n e e d e d .  T h i s  w o u l d  en-  
ab l e  us  to  s t u d y  e q u i l i b r i a  l ike  

A1302C16- + 3A1C14- ~ 2A13OC18 + 2C1- 
[10] 

a n d  

A1402Cllo ~- + 2A1C14 ~ 2A1~OC18 + 2C1- 
[11] 

t h a t  i n v o l v e  s i m p l e  k n o w n  ions .  I n  a d d i t i o n  to  a n e w  
c o m p u t e r  p r o g r a m ,  w h i c h  is ab le  to  c a l c u l a t e  s u c h  m o d -  
els,  m o r e  m e a s u r e m e n t s  of  h i g h  p r e c i s i o n  a re  n e e d e d  to 
o b t a i n  a s i g n i f i c a n t  d i s c r i m i n a t i o n  b e t w e e n  al l  t h e  l ike ly  
e q u i l i b r i a ,  a t  l e a s t  o n  t h e  b a s i s  of  p o t e n t i o m e t r i c  m e a -  
s u r e m e n t s  a lone .  

T h e  c r y o s c o p i c  m e a s u r e m e n t s  of  B e r g  et  el .  (6) o n l y  
c o v e r e d  t h e  n e a r  n e u t r a l  m e l t s  (X'A~c~3 < 0.504; pC1- < 4.3) 
w h i c h  m e a n s _ t h a t  n o  d a t a  is a v a i l a b l e  in  t h e  a c i d i c  pC1 
r a n g e  w h e r e  nAlo+ d r o p s  b e l o w  one.  

F r o m  e r y o s c o p i e  m e a s u r e m e n t s  in  t h e  m o r e  a c i d i c  
r a n g e  w h e r e  t h e  s p e c i e s  (A10+),(A1CI()~ a re  t h e  m a j o r  
a l u m i n u m  o x o c h l o r o  c o m p l e x e s  f o r m ed ,  i t  s h o u l d  how-  
e v e r  a lso  b e  p o s s i b l e  to  d e t e r m i n e  t h e  d e g r e e  of  p o l y m e r -  
i z a t i on  of  t h e s e  spec ies .  

F r o m  s u c h  m e a s u r e m e n t s ,  ~A~oc~ c a n  b e  e v a l u a t e d  a n d  
t h e  n u m b e r  p, o c c u r r i n g  in  t h e  g e n e r a l  e q u a t i o n  

pA1OC1 + pA12C1c --) (A10+)p(A1C14)s 

+ (2p - s )A1CI(  [12] 

c a n  b e  o b t a i n e d  s i n c e  VA,OCl = (1 -- p)/p. 
A c c o r d i n g  to Fig. 1 m o r e  t h a n  90% of  t h e  A1OC1 a d d e d  

s h o u l d  r e a c t  to  g ive  (A10§ s pec i e s  in  t h e  pC1 re- 
g i o n  5.4-6.0. I n  t h i s  a rea ,  t w o  p r e l i m i n a r y  c r y o s c o p i c  
m e a s u r e m e n t s  h a v e  b e e n  p e r f o r m e d  so far  (22), y i e l d i n g  
VA~OC~ v a l u e s  n e a r  -- 1/2. A c c o r d i n g  to t h e s e  p r e l i m i n a r y  re- 
su i t s ,  a p -va lue  o f  tw o  is o b t a i n e d ,  i.e., a d i m e r i c  s pec i e s  
s h o u l d  b e  f o r m e d .  W h e n  th i s  r e s u l t  is c o m b i n e d  w i t h  t h e  
m o d e l  c a l c u l a t i o n s  o n  t h e  p o t e n t i o m e t r i c  m e a s u r e -  
m e n t s ,  i t  s e e m s  v e r y  l i k e l y  t h a t  (A10+)2(A1CI~-)~ is t h e  
ac id i c  o x o c h l o r o  spec i e s  in  Eq.  [9]. 

I n  c o n c l u s i o n ,  i t  c a n  b e  sa id  t h a t  o n l y  (A1OC1)2(A1C14)m 
e x i s t s  in  b a s i c  a n d  w e a k l y  ac id ic  NaC1-A1Cla me l t s .  (1.128 
< pC1 < 4.25) a t  175~ T h i s  is in  a g r e e m e n t  w i t h  t h e  re- 
su l t s  of  Tau l e l l e  et el. (5). In  m o r e  ac id ic  me l t s ,  p r o b a b l y  

d i m e r i c  s p e c i e s  o f  t h e  k i n d  (A10+)z(A1C14)2 s t a r t s  
f o r m i n g .  A v a l u e  of  two  for  b o t h  m a n d  s s e e m s  a r e a son -  
ab l e  g u e s s  t a k i n g  i n to  c o n s i d e r a t i o n  t h e  m o d e l  d i s c r imi -  
n a t i o n s  b a s e d  o n  t h e  p o t e n t i o m e t r i c  m e a s u r e m e n t s  in  
t h i s  w o r k  a n d  p r e v i o u s  s t r u c t u r a l  d e t e r m i n a t i o n s  o n  alu-  
m i n u m  o x o c h l o r o  c o m p o u n d s  (18-20). 

F r o m  a s t r i c t l y  s t a t i s t i c a l  p o i n t  of  v i e w  t h e  
p o t e n t i o m e t r i c  m e a s u r e m e n t s  a r e  e x p l a i n e d  e q u a l l y  
we l l  b y  t h e  b e s t  s o l v a t e d  a n d  n o n s o l v a t e d  m o d e l s ,  b u t  i t  
r e m a i n s  t h a t  d i m e r i c  s p e c i e s  a re  s i g n i f i c a n t ,  t h a t  is, Eq .  
[8] or  s o l v a t e d  f o r m s  hereof .  

A c k n o w l e d g m e n t s  
T h e  a u t h o r s  a r e  g r a t e f u l  for  s u p p o r t  f r o m  T h e  D a n i s h  

C o u n c i l  fo r  S c i e n t i f i c  a n d  I n d u s t r i a l  R e s e a r c h ,  J u l i e  
D a m m ' s  F o u n d a t i o n ,  D i r e c t o r  I b  H e n r i k s e n s  F o u n d a -  
t ion ,  a n d  T h e  M i n i s t r y  of  Ene rgy .  

M a n u s c r i p t  s u b m i t t e d  J u l y  8, 1985; r e v i s e d  m a n u s c r i p t  
r e c e i v e d  Dec.  2, 1986. 

A P P E N D I X  

T h e  p r o g r a m  for  t e s t i n g  t h e  d i f f e r e n t  m o d e l  e q u i l i b r i a  
is b a s e d  o n  t h e  f o l l o w i n g  e q u a t i o n s  for  t h e  n o n s o l v a t e d  
a l u m i n u m  o x o c h l o r o  c o m p l e x e s .  T h e  f o r m a l i t y  C'~, 
w h e r e  i r e p r e s e n t s  NaC1, A1C13 ( c o r r e c t e d  for  A1OC1 con-  
t e n t ) ,  or  t o t a l  A1OC1, r e s p e c t i v e l y ,  is  c a l c u l a t e d  f r o m  
[A~I] 

C'~ = W,/(MI " V) = W, . p/(Mk . ~_~ W,) [A-1] 

(Wi, M~, V, a n d  p a re  w e i g h t s ,  m o l a r  we igh t s ,  v o l u m e ,  a n d  
d e n s i t y  (16), r e spec t i ve ly . )  T h e  p r o b l e m  is t h e n  for  e a c h  
e x p e r i m e n t a l  c o m p o s i t i o n  to s o l v e  e i g h t  e q u a t i o n s  
[A2-A9] 

K, = [AI~C17-][C1 ]/[A1C14-] 2 [A-2] 

K2 = [A13C1,0-]2[C1-]/[A12C17-y [A-3] 

K3 = [A12C16]a[C1-]V[A13CI,o ]~ [A-4] 

K = [(A10+)v]"~/'[C1-]qn/[(A1OC1),]q [A-5] 

[Na +] + n[(A10+)n] 
= [A1CI(]  + [A12C17 ] + [A13C1,0-] + [C1-] [A-6] 

C'NaC, = [Na +] [A-7] 

C~AICI3 

= [A1C14-] + 2[AI~C1c] + 3[A13Cl,o ] + 2[A12C16] [A-8] 

C'nlOCl = n[(A1OC1).] + p[(A10+)p] [A-9] 

T h e  a b o v e  e q u a t i o n s  [A2-A9] a re  f o u r  m a s s  a c t i o n  ex-  
p r e s s i o n s  c o r r e s p o n d i n g  to e q u i l i b r i a  [1], [2], [3], a n d  [7], 
t h e  c h a r g e  b a l a n c e  a n d  two  i n d e p e n d e n t  m a s s  b a l a n c e s .  
T h e s e  e q u a t i o n s  in  t h e  u n k n o w n  c o n c e n t r a t i o n s  [A1C14-], 
[A12C1c], [A13Cllo-], [A12C16], [(AIOC1),], [(A10+)p], [C1-], 
a n d  [Na § c a n  b e  s o l v e d  for  f ixed  v a l u e s  of  K u s i n g  a 
s t a n d a r d  c o m p u t e r  r o u t i n e .  N e x t ,  for  e a c h  c o m p o s i t i o n  
t h e  c o o r d i n a t i o n  nu_mber  c o r r e s p o n d i n g  to  t h e  c h o s e n  
m o d e l  a n d  K-va lue ,  nmoaej(K), is c a l c u l a t e d  u s i n g  Eq.  [4]. 
F ina l ly ,  t h e  s u m  of  s q u a r e d  d e v i a t i o n s  

?4 

s.s.= ~ (~o~o,.~-- 
i = 1  
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(where N is the n u m b e r  of measurements ,  here the seven 
most  acidic points) is min imized  al lowing K to change, 
us ing  the Marquardt  i terative principle.  The final opti- 
mized value of K for a given model is then obtained and 
the whole procedure is repeated for the next  model (see 
Table II). 

The final variance o fn  for each model is 

(~2min = S.S./(j - 1) [A-11] 

This variance forms one part of the basis for a statistical 
evaluat ion (F-test) of the different models. The other part 
is the experimental ly  determined variance, which can be 
calculated from 

M 

(~2ex" = E (ha-nexp. k)2/(k - 1) [A-12] 
k = l  

where the summat ion  over k = 1, 2,. . . . .  Mdoes  not in- 
clude the data used in [At0-All]  and where na is the aver- 
age value o f n  for theM measurements ,  assumed to be an 
est imate of the true n .  (For the present  case a ~exp value 
of 2.59 - 10 -3 was calculated from that  part  of the mea- 
surements ,  where n was assumed to be cons tan t  and 
found  as 1.01 assuming  fur ther  that  the exper imenta l  
precision does not  vary with pC1). 

For each model, Fmode~ can now be found from 

Fmode  I = O-2miJO'2ex p [A-13] 

and compared with the statistical table value of F(N - 1, 
M - 1) co r respond ing  to the chosen significance level. 
For  a model  to be considered as acceptable,  the Fmodel 
value should be less than F. 

For the case of solvated a l u m i n u m  oxochloro com- 
plexes the equat ions [A-5], [A-6], [A~8], and [A-9] must  be 
changed, but  the procedure is in principle the same. 
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