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nealing.  High current  dens i ty  was obta ined  f rom the  P S Z  
fuel cell  at 1000~ The on-off  cycle of  d ischarge  sugges ted  
that  La0.gSr0.,MnO3 ca thode  act ivi ty  varies wi th  the  dis- 
charge  condit ion.  
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Recent ly ,  a lot of  work  has been  pe r fo rmed  on the  acid- 
base  proper t ies  of  Lewis  acidic mol t en  salts. One of the  
mos t  ex tens ive ly  inves t iga ted  mel t  sys tems is the  sod ium 
ch lo roa lumina te  mel t  (175~176 in which  the chlor ide  
ion act ivi ty  is dependen t  upon  the  compos i t ion  of  the  
melt.  It  is wel l  k n o w n  that  unusua l  h igher  ox ida t ion  state 
ionic species,  such as S(IV) (1, 2) or lower  oxida t ion  state 
c lus ter  compounds ,  such as W6C184§ (3), can be stable in the  
ch loroa lumina te  mel t s  because  of  the  s t rong Lewis  acidi ty 
of  these  solvents  (4-7). These  mel t s  are now one of  the  po- 
tent ia l  mater ia ls  for use in low- tempera tu re  mol t en  salt 
bat ter ies  (1, 2) or as solvents  for organic synthes is  (8). 

The  a l u m i n u m  b romide - sod ium b romide  mel ts  also 
show the  var iable  Lewis  acidity. The  mel t ing  point  of  pure  
a l u m i n u m  b romide  is lower  than that  of  a l u m i n u m  chlo- 
r ide (A1Br~: 97.5~ A1C13: 192.4~ whereas  the  boi l ing 
poin t  of  the  b romide  is h igher  than  that  of  chlor ide  (A1Br3: 
255~ A1C13: 187~ (9). The  l iquidus  t empera tu re  of  the  A1- 
Br~-NaBr b inary  sys tem is be low 100~ in the  65-85 mole  
pe rcen t  A1Br3 compos i t ion  ranges (10), whi le  the  l iquidus  
t empe ra tu r e  of  the  A1C13-NaC1 mel ts  is general ly  more  
than  170~ At 200~ the  vapor  pressure  of  the  b romide  
mel t  is abou t  a tenth  of  that  in the  A1C13-NaC1 mel t  (9). 
Therefore ,  f rom a pract ical  po in t  of  view, the A1Br3-NaBr 
me l t  seems easier  to handle  than  the  A1CI~-NaC1 mel t  for 
m a n y  chemica l  processes.  These  observat ions  are closely 
related to the  fact that  the  a l u m i n u m  b romide  forms a sta- 
ble d imer  molecu le  (A12Br6) not  only in the  solid state but  
also in the l iquid  state. 

As descr ibed  above,  some physical  proper t ies  of  the  
ha loa lumina te  mel t s  are d e p e n d e n t  on the  hal ide species.  
Therefore ,  the  acide-base proper t ies  of  the  mel ts  also m a y  
vary  wi th  the  anion component ,  even  wi th  the  same 
cat ionic  const i tuent .  F r o m  these  points  of  view, we invest i-  
ga ted  the  acid-base proper t ies  of  the  A1Br3-NaBr mel ts  and 
c o m p a r e d  their  character is t ics  wi th  those  of  the  chloroa- 
l umina te  melts.  

* Electrochemical Society Active Member. 

In  b romide  melts,  "ac id"  is def ined as a b romide  ion ac- 
ceptor,  whi le  the  "base"  is the  b romide  ion donor.  

Acid + Br -  = Base 

The  basic i ty  of  these  mel ts  can be expressed  as the  pBr -  
va lue  (pBr-  = - l o g  a(Br-);  a(Br  ) means  the  b romide  ion 
activity). Concern ing  the  acid-base equ i l ib r ium in the  A1- 
Br3-NaBr melts,  Tremi l lon  et al. (11) repor ted  the  equi l ib-  
r ium cons tan t  of  the  fol lowing chemica l  reaction,  wh ich  is 
d o m i n a n t  in the  neutra l  region of the  melt ,  by a coulomet-  
ric t i t rat ion me thod  

2A1Br4 = A12Brc + Br -  

In  this report ,  the  over-all  acid-base equi l ibr ia  have  been  
taken  into account  and individual  equ l ib r ium cons tan t  
va lues  eva lua ted  on the  basis of  the  EMF m e a s u r e m e n t s  of  
the  fol lowing A1/A1 concent ra t ion  cell, especial ly  in the  
acid compos i t ion  ranges  [up to 65 mole  percen t  (m/o) 
A1Br3] 

A1/A1Br3 - NaBr(sat.)//A1Br3 - NaBr(i)/A1 [1] 

where  " i "  indicates  a mel t  composi t ion .  

Experimental 
Because  of  the  ex t r eme  mois ture  sensi t ivi ty of  alumi-  

n u m  bromide,  all expe r imen t s  were  done  in a g love  box. In 
order  to keep  the  mois tu re  level  and the  oxygen  con ten t  to 
a m i n i m u m ,  argon gas refining and c i rcula t ing equip-  
m e n t  were  a t tached to the g love box. The  oxygen  con ten t  
ins ide  the  box  was main ta ined  be low 0.1 v o l u m e  percen t  
and the  dew point  was be low -70~ High pur i ty  alumi-  
n u m  b romide  (Mitsuwa Chemical)  was used  as received.  
S o d i u m  b romide  (Wako Chemical)  had been  dr ied  at 160~ 
in vacuo  for 2 days. The  e lect rodes  of  the concent ra t ion  
cell  were  m a d e  of  a l u m i n u m  wire (99.99%, rare metallic),  
wh ich  were  e lec t ropol ished in 20% aqueous  NaOH or 
c leaned in a 6:1 mix tu re  of  HNO3 and H3PO4 at 80~ for 2-3 
rain. The  e lec t rochemica l  cell used was m a d e  of  Pyrex  
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glass.  T h e  r e f e r ence  e l ec t rode  c o m p a r t m e n t ,  w h i c h  was  al- 
ways  s a t u r a t e d  w i t h  NaBr ,  was  s e p a r a t e d  f rom t he  b u l k  
m e l t  e i t h e r  b y  a b e t a - a l u m i n a  t u b e  (NGK s p a r k  plug,  15~)) 
or  b y  a s o d i u m  ion  se lec t ive  glass  t u b e  (HORIBA).  In  sev- 
era l  e x p e r i m e n t s ,  a h a n d  m a d e  P y r e x  t h i n  fi lm m e m b r a n e  
also s e r v e d  as a d i a p h r a g m  in t h e  c o n c e n t r a t i o n  cell. T h e  
c o m p o s i t i o n  of  t h e  m e a s u r i n g  c o m p a r t m e n t  was  c h a n g e d  
b y  a d d i n g  k n o w n  a m o u n t s  of  e i t h e r  A1Br3 or NaBr ,  a n d  t h e  
E M F  va lues  of  t he  cell  we re  m e a s u r e d  a n d  r e c o r d e d  w i t h  a 
h i g h  i n p u t  i m p e d a n c e  digi ta l  v o l t m e t e r  (TAKEDA,  TR- 
6855). A p r o p o r t i o n a l  t h e r m o e l e c t r o n i c  con t ro l l e r  was  
u s e d  to con t ro l  t he  m e l t  t e m p e r a t u r e  at  210 ~ -+ 2~ The  
t e m p e r a t u r e  of  t h e  m e l t  was  m e a s u r e d  b y  t he  use  of  a 
C h r o m e l - A l u m e l  t h e r m o c o u p l e .  

Results and Discussion 
The  fo l lowing  c h e m i c a l  spec ies  h a v e  b e e n  r e p o r t e d  to 

ex i s t  in  t he  A1Br3-NaBr mel ts ,  on  t he  bas i s  of  R a m a n  spec-  
t r o s c o p y  (12) 

Na  § AIBr3, A12Br6, A1Br4 , A12Br7 , B r  

w h e r e  Na § ac ts  on ly  as a c u r r e n t - c a r r y i n g  spec ies  a n d  is in- 
d e p e n d e n t  of  t he  ac id -base  e q u i l i b r i u m  in  th i s  mel t .  Thus ,  
t h e  fo l lowing  t h r e e  c h e m i c a l  equ i l ib r i a  c an  b e  se t  up  
a m o n g  t he  a b o v e  spec ies  

2A1Br3 = A12Br6 K0 [2] 

A1Br4- + A1Br3 = A12Brc K1 [3] 

2A1Br4- = A12Brc + B r -  K2 [4] 

S i n c e  no  t h e r m o d y n a m i c  q u a n t i t y  c o n c e r n i n g  [2] is 
avai lable ,  t he  fo l lowing  c h e m i c a l  e q u i l i b r i u m  was  con-  
s i de r ed  i n s t e a d  of  [2] a n d  [3] 

A1Br4 + 1/2 A12Brs = A12BrT- K'I  [5] 

w h e r e  t h e  e q u i l i b r i u m  c o n s t a n t  is de f ined  as K' , .  
The  e l ec t rode  r eac t ion  at  a n  a l u m i n u m  e lec t rode  in  t h e s e  

m e l t s  can  be  d e s c r i b e d  as 

A1Br4 +3e = A I + 4 B r -  [6] 

T h e  E M F  of  t he  c o n c e n t r a t i o n  cell is g iven  by  
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Table I. Calculated mole fraction values for Br-, AIBr4 , AI2Br7- 
in the AIBr3-NaBr melt 

X(A1Br3) 0.497 0.51 0.55 

X(Br-) 0.01 - -  - -  

X(A1Br4 ) 0.49 0.48 0.39 
X(A12Br7 - ) - -  0.02 0.11 

4RT  a(Br )ref R T  a (A1Br( ) ,  
E1 = in  - -  + - -  in  [7] 

3F a(Br-) i  3F a(AlBr4-)ref 

w h e r e  re f  c o r r e s p o n d s  to t he  N a B r  s a t u r a t e d  melt .  
F i g u r e  1 shows  t he  r e l a t i onsh ip  b e t w e e n  t h e  m e a s u r e d  

E M F  va lues  a n d  m e l t  compos i t i ons .  Nea r  t he  e q u i m o l a r  
c o m p o s i t i o n ,  t h e r e  is an  a b r u p t  c h a n g e  of  t he  EMF. Tab le  I 
i nd i ca t e s  mo le  f rac t ions  of  t h e  va r ious  spec ies  w h e n  K2 is 
a s s u m e d  to be  zero. G o i n g  f rom 49.7 to 51.0 m/o A1Br3, t he  
mo le  f r ac t ion  va lue  of  A1Br4 is a l m o s t  cons t an t ,  wh i l e  t h a t  
of  B r -  sha rp ly  decreases .  (Above  50 m/o A1Br3, t h e  bro-  
m i d e  ion c o n c e n t r a t i o n  is zero in  th i s  e x t r e m e  case.) So, 
t he  a b r u p t  c h a n g e  of  t he  E M F  va lues  n e a r  the  e q u i m o l a r  
p o i n t  in  Fig. 1 is a t t r i b u t e d  to t he  ac t iv i ty  c h a n g e s  o f B r  . 

Therefore ,  in  t he  49.7-51.0 m/o A1Br3 region,  t he  s e c o n d  
t e r m  in Eq.  [7] can  be  neg l ec t ed  a n d  Eq.  [7] is r ep l aced  b y  
Eq. [8]. 

4RT  a ( B r  )r~f 4 R T  X(Br-)~f  
E2 = In - -  - - -  In - -  [8] 

3F a(Br-) i  3F X(Br-)i  

I n  t he  las t  exp res s ion ,  t he  ac t iv i ty  t e r m  a is s u b s t i t u t e d  for  
b y  t he  mo le  f ract ion,  X, s ince  t he  ac t iv i ty  va lues  are  qu i t e  
sma l l  a n d  ac t iv i ty  coeff ic ients  are  e x p e c t e d  to be  close to 
uni ty .  

The  K2 va lue  can  b e  o b t a i n e d  b y  a c u r v e  f i t t ing proce-  
d u r e  b e t w e e n  t he  o b s e r v e d  E M F  va lues  a n d  Eq. [8] b y  
u s i n g  t he  da ta  in  t he  n e u t r a l  region.  

I n  o rde r  to  o b t a i n  a K'I  value,  t he  da ta  se t  in  t he  51.0-65.0 
m/o AIBr~ reg ion  was  used.  In  th i s  region,  t he  A1Br4- con-  
c e n t r a t i o n  is re la t ive ly  h i g h  (>0.1 mo le  fract ion) ,  so t he  ac- 
t iv i ty  coeff ic ient  of  A1Br4-, w h i c h  is e x p r e s s e d  b y  Eq.  [9], 
was  t a k e n  in to  a c c o u n t  in  the  ca l cu la t ion  p r o c e d u r e  (7) 

R T  In (YN) = WT(1 -- X) 2 [9] 

w h e r e  YN is t he  ac t iv i ty  coefficient ,  a n d  WT is t he  w o r k  con-  
s tant .  
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Fig. 1. Relationship between the measured EMF values and melt 

compositions, �9 beta-alumina, �9 Pyrex glass-a, []  Pyrex glass-b, gg 
Na + ion selective glass. 
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Fig. 2. Comparison of experimental and calculated aluminum elec- 
trode potentials in the AIBr3-NaBr melt as a function of melt composi- 
tion. Solid line: the calculated curve; circles: the observed EMF values. 
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Fig. 3. Activity profiles of the species in the AIBr3-NaBr melt. Curve 
a: AIBr4-, curve b: AI2BrT-, curve c: AI~Br6, curve d: Br-. 

The mathematical  procedure developed by Osteryoung 
(7) is applied to the calculation of K2, K'I and WT. 

At first, the initial value of K2 was determined by using 
the data set in the neutral region. Then the K'~ value was 
obtained by using the data set in the acidic region. These 
iterative procedures were repeated until the least squares 
fit of Eq. [7] to the experimental  data was given. Finally, 
the following values are obtained 

K'I = 3.5, K2 = 4.0 • 10 -6, W T : 1.0 x 103J moP] 

The solid line in Fig. 2 shows the calculated curve of the 
aluminum electrode potential by using the above constant, 
while the circles indicate the observed EMF values. 

As described above, Tremillon et al. determined the 
equil ibrium constant of the auto-dissociation of A1Br((11) 

K = [A12Brc] [Br-]; - log K = 4.40 +_ 0.05 

(The unit of K is tool 2 kg-2.) 

This value corresponds to the K2 value of 5.0 x 10 -~ and 
agrees well with that obtained in this work. K2 was deter- 
mined to be 2.23 x 10 -7 at 200~ (7) for the A1C13-NaC1 
melts, which is slightly smaller than that of the bromoa- 
luminate melts. This implies -that for the same cationic 

constituent the amount of "free" halide is less in the 
chloroaluminate system than in the bromoaluminate melt. 

Figure 3 shows the activity profiles of each chemical spe- 
cies, derived from the K'I and K2 values. The activity 
values are indicated in units of mole fraction. It is clear 
from the illustration that the dominant anion species is 
A1Br4 below 60 m/o A1Br3. As a whole, the activity profiles 
are similar to those of the chloroaluminates. 

Summary  
The acid-base properties of the A1Br3-NaBr melts were 

examined on the basis of the EMF measurements of an 
aluminum -aluminum concentration cell and the following 
information was obtained: 

1. The A1Br3-NaBr melts show a composition-depend- 
ent Lewis acidity that is similar to that found in the chloro- 
aluminate melts. 

2. The equilibrium constants of the two chemical equi- 
libria (Eq. [4] and [5]) that characterize these melts have 
been determined: K'I = 3.5, K2 = 4.0 x 10 -6. 

3. For the same cationic constituent, the amount  of 
"free" halide in the chloroaluminate melt  is less than that 
in the bromoaluminate melt. This implies that the molecu- 
lar dimer (A12Br6) is very stable and behaves as a strong 
Lewis acid in the bromoaluminate melts. 

Manuscript submitted Feb. 1, 1988; revised manuscript  
received Feb. 6, 1989. 
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