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The so lub i l i t y  of a luminum in c r y o l i t e - a l u m i n a  m e l t s  has  been  d e t e r m i n e d  in l a b o r a t o r y  
e x p e r i m e n t s  by  ana lyz ing  r a p i d l y - q u e n c h e d  s a m p l e s  of the me l t  a f t e r  equ i l i b r a t i on  with 
m e t a l  a t  t e m p e r a t u r e s  be tween  960 and 1060~ The so lub i l i t y  in pu re  c r y o l i t e  i n c r e a s e s  
f r o m  0.085 at  1020~ to 0.12 wt pc t  A1 at  1060~ The addi t ion  of a lumina  d e c r e a s e s  the 
so lub i l i t y  at  1020~ to 0.081 with 5 pc t  AlzO s and to 0.073 wt pc t  A1 in m e l t s  s a t u r a t e d  
with a lumina .  Quenched s a m p l e s  have been  taken f rom ope ra t i ng  130 kA p r e b a k e  c e l l s  a t  
d i f fe ren t  he igh ts  above the m e t a l  pad,  both in the c e n t e r  channel  and benea th  the anodes .  
Within about  10 m m  of the ca thode the m e t a l  content  i s  c l o s e  to the e q u i l i b r i u m  value  ob-  
t a ined  in the l a b o r a t o r y  but  above  th is  l eve l  i t  d e c r e a s e s  r ap id ly .  It is  sugges t ed  that  ox i -  
dat ion o c c u r s  in a c e n t r a l  zone of the  e l e c t r o l y t e .  Mechan i sms  of m e t a l  l o s s  and i m p l i c a -  
t ions  for  c u r r e n t  e f f i c i ency  a r e  d i s c u s s e d .  

T H E  d i s so lu t ion  of a luminum in c r y o l i t e - a l u m i n a  
m e l t s  and i ts  subsequent  oxida t ion  by  the anode gas  
is  the  m a j o r  cause  of the l o s s  of c u r r e n t  e f f i c i ency  
dur ing  the e l e c t r o l y t i c  p roduc t ion  of a luminum.  How- 
eve r ,  t h e r e  a r e  s t i l l  d i f f e r e n c e s  of opinion r e g a r d i n g  
the exac t  na tu re  of the d i s so lu t ion  p r o c e s s  and the 
m e c h a n i s m  by  which the me ta l  is  los t .  Seve ra l  i n v e s -  
t i g a t o r s  ~-8 suppor t  the hypo thes i s  in which the d i s s o -  
lut ion p r o c e s s  may  be s u m m a r i z e d  by  the fol lowing 
two r e a c t i o n s :  

2 A I + A 1  s+ ~ 3AI  + [1] 

and 

A I + 6 N a  + ~ A13++3Na~ [2] 

It has  a l so  been  sugges t ed  that  sod ium m a y  occur  a s  
uncharged  m e t a l  a t oms .  V e r y  l i t t l e  is  known however  
about the o c c u r r e n c e  of subvalen t  sod ium,  and in the 
p r e s e n c e  of Na and Na + the s t ab i l i t y  of Na~ may  be 
ques t ioned.  

Yoshida  and Dewing 9 ru l e  out the  f o r m a t i o n  of A1F 
o r  A1 § a s  a p roduc t  of d i s so lu t ion  and sugges t  that  the 
so lu t ion  m a y  be p a r t l y  a s  sod ium in some  fo rm and 
p a r t l y  co l lo ida l .  The d i f f e r e n c e s  of opinion m a y  be 
due to the d i f f e r e n c e s  in e x p e r i m e n t a l  approach ,  and 
th is  is  ev ident  f rom the g r e a t  d i s c r e p a n c i e s  in pub-  
l i shed  da ta  ( i l l u s t r a t e d  in Table  I). It is  a p p a r e n t  that  
there  is  a need for  an i m p r o v e d  e x p e r i m e n t a l  and a n a -  
l y t i c a l  a p p r o a c h  and th is  has  been  the p r i m e  ob jec t ive  
of the  p r e s e n t  work.  

Two d i f fe ren t  m e c h a n i s m s  of m e t a l  l o s s  have p r e -  
v i o u s l y  been  c o n s i d e r e d :  in one CO2 d i s s o l v e s  and ox i -  
d i z e s  the d i s s o l v e d  m e t a l  e i t he r  within the  e l e c t r o l y t e  
o r  nea r  the ca thode;  in the o ther  the d i s s o l v e d  me ta l  
d i f fuses  to the anode and is  ox id ized  by  CO, at  the  s u r -  
face  of the gas  bubb le s .  The f i r s t  m e c h a n i s m  is  often 
d i s m i s s e d  b e c a u s e  the so lub i l i t y  of CO2 in c r y o l i t e  is  
v e r y  low, of the  o r d e r  of 10 -s to 10 -6 mo le s / cmZ,  ls'~8 
F o r  the second  m e c h a n i s m  four  s t a g e s  have been  p r o -  
posed:8,1~, 18 
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1) In t e rac t ion  at  the  m e t a l - e l e c t r o l y t e  i n t e r f ace .  
2) Diffusion of the r e a c t i o n  p r o d u c t s  through a thin 
bounda ry  l a y e r .  3) T r a n s p o r t  of the p r o d u c t s  through 
the bulk of the e l e c t r o l y t e .  4) Oxidat ion  of the ca thodic  
p r o d u c t s  by  CO2 bubbles  n e a r  the anode.  

T h e r e  a r e  d i f f e r e n c e s  of opinion r e g a r d i n g  which of 
the  four  s t a g e s  i s  the r a t e - d e t e r m i n i n g  s tep.  Stages  1 
and 4 a r e  c h e m i c a l  r e a c t i o n s  and have high ac t iva t ion  
e n e r g i e s  c o m p a r e d  with the p u r e l y  p h y s i c a l  t r a n s p o r t  
p r o c e s s e s  in s t a g e s  2 and 3. With i n c r e a s i n g  t e m p e r a -  
t u r e ,  the  r a t e s  of r e a c t i o n s  1 and 4 wi l l  be  g r e a t l y  en -  
hanced and a r e  un l ike ly  to be r a t e - d e t e r m i n i n g .  Due to 
the  v igo rous  ag i ta t ion  of the  e l e c t r o l y t e  in the c o m m e r -  
c i a l  ce l l ,  s t age  3 wil l  be  r e l a t i v e l y  fas t ,  and the r a t e -  
d e t e r m i n i n g  s tep  is  thus p r o b a b l y  s t age  2, the in i t i a l  
d i f fus ion of the d i s s o l v e d  s p e c i e s  through the ca tho ly te  
di f fus ion l a y e r .  12-14 Thons tad  and Solbu 18 c o n s i d e r  
s t age  1 to be r a t e - d e t e r m i n i n g  when t h e r e  is  convec -  
t ion in the ce l l ,  but  in the a bse nc e  of convec t ion  the 
r a t e  of the r e c o m b i n a t i o n  r e a c t i o n  is d e t e r m i n e d  by  
m a s s  t r a n s p o r t  of d i s s o l v e d  m e t a l  and gas .  

Although in p r a c t i c e  f e a t u r e s  of ce l l  ope ra t i on  a f -  
fec t ing  m e t a l  l o s s  have been  r e c o g n i z e d  and techniques  
have been  app l i ed  which have i m p r o v e d  c u r r e n t  e f f i -  
c iency ,  the r a t e - d e t e r m i n i n g  s tep  in the m e t a l  l o s s  
p r o c e s s  has  not been  fu l ly  ident i f ied .  Is i t  s i t ed  in a 
thin l a y e r  at  the ca thode o r  does  it extend throughout  
the i n t e r - e l e c t r o d e  gap?  With m o r e  p r e c i s e  knowledge  
f u r t h e r  i m p r o v e m e n t s  in c u r r e n t  e f f i c i ency  should be 
p o s s i b l e .  

Table I. Comparison of Some Published Solubility Values 

Solubility 
Author System Temp, ~ Wt Pct A1 

Haupin I NaaAIF6 + 5 pct AI~O3 + 
8 pct CaF2 980 0.10 

Thonstad 7 Na3 AIF6 + A1203 (sat.) 1000 0.10 
Yoshida and 
Dewing9 NaaA1F6 + A1203(sat.) 1000 0.05 

Gerlach et  al. lo Na3AIF6 + A1203(sat.) 1000 0.70 
Yoshida et  al.2 NasAIF6 + Al2Os(sat.) 1000 1.80 
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EXPERIMENTAL 

Labora to ry  Measu remen t s  

Appara tus .  The expe r imen ta l  cel l  is shown in Fig. 1. 
In e s sence  it cons i s t s  of a c losed reac t ion  c ruc ib le  
within a s tee l  pot which i t se l f  is within a gas tight In-  
conel  con ta iner .  It was impor t an t  to choose a c ruc ib le  
m a t e r i a l  which would be as unreac t ive  as poss ib le  with 
al l  the components  of the e lec t ro ly te  and with mol ten  
a luminum.  The c ruc ib le s  were  there fore  made of t i t a -  
n ium b o r i d e / t i t a n i u m  carb ide  (90 pct TiB 2 and 10 pct 
TiC w/w mixture) .  In indus t r i a l  t e s t s  this  m a t e r i a l  
was shown to be a lmos t  comple te ly  unat tacked by  the 
e lec t ro ly te  for s eve ra l  weeks.  18 Due to the ha rdnes s  
of the m a t e r i a l  the c ruc ib l e s  were machined f rom 50 
mm diam rods  us ing  a spark  e ros ion  technique.  In 
o rde r  to p reven t  changes in the composi t ion of the 
e lec t ro ly te  due to the escape of volat i le  spec ies ,  the 
c ruc ib le  top and the lid were  ground together  to p r o -  
duce a t ight seal .  

Mate r ia l s .  Synthetic c ryol i te  was p r e p a r e d  f rom 
a l u m i n u m  f luor ide  and sodium f luoride.  " A n a l a r "  
grade A1F s was pur i f ied  by vacuum subl imat ion  and 
" A n a l a r "  NaF was slowly heated in vacuum unti l  
mol ten  and cooled in argon.  This  removed  t r a c e s  of 
m o i s t u r e  and other  volat i le  ma t t e r .  High pur i ty  A120 ~ 
was ca lc ined at 1050~ for 3 h. Super pur i ty  a luminum 
(99.997 pct Al) was used in a l l  the expe r imen t s .  All 
pur i f ied  m a t e r i a l s  were  s tored  and subsequent ly  han-  
dled in a d ry  box with a n i t rogen  a tmosphere .  

P rocedure .  The c ruc ib le  was charged with 4 to 5 g 
of me ta l - - su f f i c i en t  to fo rm a pool cover ing  the bot tom 
of the le f t -hand wel l - -and  43 g of sal t .  This  was enough 
to cover  the c ruc ib le  pa r t i t ion  when molten.  The a s -  
sembled  cel l  was placed in a wi re  wound r e s i s t a n c e  
furnace  so that the c ruc ib l e  was pos i t ioned within the 
constant  t e m p e r a t u r e  zone of the furnace .  The cel l  was 
then evacuated to 0.05 t o r r ,  and f lushed with ine r t  gas, 
a high pur i ty  (oxygen-free)  mix tu re  of 90 pct N~ and 
I0  pct H z p rev ious ly  dr ied  over  molecu la r  s ieve.  High 
pur i ty  a rgon  or  n i t rogen  was used in p r e l i m i n a r y  ex-  

GAS INLET ~ ~ G A S  OUTLET 

ORINO  ' E OOLING 
IN~O,~ ~ E ~ ~  /----"1 IN~O~ O~L 
THERNOCOUPIE 

~- ~ LIFTING RINGS CRUCIBLE~ TiB2/TiC STAINLESS STEEL 
AND LID CONTAINER 

-- ~CRUCIBLE PARTITION 

-- ~CRYOLITE MELT ALUMINIUM METAL 

Fig. 1 - -Exper imen ta l  eelI. 

p e r i m e n t s  but meta l  was obse rved  to c reep  up the wal ls  
of the c ruc ib le  f rom one well  to the other .  The N~/H~ 
mix ture  p reven ted  the meta l  c reep probably  because  of 
i ts  effect on the m e t a l / c r u c i b l e  in te r fac ia l  tens ion .  The 
evacuat ion and f lushing cycle was repea ted  th ree  or  four 
t i me s  while the t e m p e r a t u r e  was gradua l ly  r a i s e d  to 
500~ af ter  which the gas was allowed to flow cont inu-  
ously  through the ce l l  under  a sma l l  pos i t ive  p r e s s u r e .  
T e m p e r a t u r e s  were m e a s u r e d  i mme d i a t e l y  above the 
s t a in l e s s  s tee l  conta iner  and moni to red  on a Honeywell  
po ten t iomet r ic  r e c o r d e r  with a c h r o m e l - a l u m e l  t h e r -  
mocouple.  The t e m p e r a t u r e s  were  cont ro l led  to an a c -  
cu racy  of • 2~ The t e m p e r a t u r e  d i f fe rence  be tween 
the m e a s u r i n g  point and the i n t e r i o r  of the mel t  (2 to 
3~ was in i t i a l ly  de t e rmined  and a l l  t e m p e r a t u r e s  c o r -  
rec ted  accordingly .  When the sa l t  was mol ten  the f u r -  
nace was mechan ica l ly  osc i l l a ted  through 45 deg to p r o -  
duce a gentle s t i r r i n g  effect within the melt .  Equ i l ib -  
r i u m  between meta l  and mel t  was a t ta ined in 3 h (2 h 
osc i l l a t ing  and 1 h standing).  

Rapid quenching was conside.red e s sen t i a l  to p r e -  
s e rve  the equ i l i b r ium reached  in the mel t .  After  equ i l -  
ibra t ion,  the s t a in l e s s  s tee l  con ta iner  with the c ruc ib le  
was rapid ly  t r a n s f e r r e d  to a bed of a lumina  f luidized by 
a s t r e a m  of oxygen-f ree  n i t rogen .  F r o m  subs id i a ry  ex-  
p e r i m e n t s  in which a the rmocouple  had been  i n se r t ed  
in the mel t  and connected to a fas t  r e s p o n s e  (U.V.) r e -  
corder  it was found that the mel t  was quenched f rom 
1050 to 800~ (the c r i t i ca l  t e m p e r a t u r e  range)  within 
20 to 25 s, a t ime  subs tan t i a l ly  l e s s  than that of other  
workers .  5'~ The total  content  of the r igh t -hand  well  of 
the c ruc ib le  which had rece ived  no in i t ia l  charge  of 
meta l  was r emoved  and c rushed  ready  for ana lys i s .  
Samples were  taken f rom the other  well  for ana lys i s  
for  NaF/A1F s ra t io  and content  of A120 s. 

Analys is .  Aluminum (reduced species)  was d e t e r -  
mined by t r ea t ing  the quenched samples  with hydro-  
chlor ic  acid and m e a s u r i n g  the volume of hydrogen 
evolved. It was a s sumed  that  the acid r eac ted  with a l l  
the reduced species  and the hydrogen evolved r e p r e -  
sented the total  so lubi l i ty  of a luminum and sodium. 
F o r  convenience the solubi l i ty  is exp re s sed  in t e r m s  
of equivalent  weight percen tage  a l u m i n u m  (wt pct A1). 
Dilute hydrochlor ic  acid,  conta ining a few drops of 
ch loropla t in ic  acid as a cata lys t ,  was f rozen  in a g lass  
r eac t ion  bulb with l iquid n i t rogen  and evacuated to 0.002 
t o r r .  After the acid had been  thoroughly degassed  the 
bulb was opened to an a tmospher i c  p r e s s u r e  of argon 
and the weighed sample  added to the solid acid. The 
bulb was again evacuated and then isola ted f rom the 
vacuum sys tem.  It was quickly warmed  to room t e m -  
p e r a t u r e  and the reac t ion  be tween the acid and the r e -  
duced species  was complete  within a few minutes .  The 
acid was again f rozen  and the l ibe ra ted  gas was quan-  
t i t a t ive ly  t r a n s f e r r e d  into a ca l ib ra ted  v e s s e l  by means  
of a Toepler  pump. A pa l lad ium th imble  at tached to 
this  v e s s e l  was then heated to 600 to 700~ at which 
t e m p e r a t u r e s  it  became  p e r m e a b l e  to hydrogen.  The 
escape  of H2, which formed the bulk of the gas,  f rom 
the ca l ib ra ted  chamber  was complete  within 15 to 20 
min  and the volume of the r e s idua l  gas was measu red .  

The r e s idua l  gas,  compr i s ing  about 4 pct of the total ,  
was passed  through a gas chromatograph  (Perk in  E l m e r  
F l l  hot wi re  detec tor ,  with molecu la r  s ieve  columns) .  
The chromatographic  ana ly s i s  showed no t r a c e s  of H2, 
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but quantit ies of methane between 0.3 and 2.1 pct of the 
total  gas volume were found. Nitrogen formed the r e s t  
of the res idua l  gas. The methane was probably formed 
from A14C3, produced in smal l  quantit ies f rom the TiC 
in the crucible .  No cor rec t ion  factor  was applied to the 
solubil i ty values since the source  of aluminum in the 
A14C 3 was uncertain.  In any case  the quanti t ies of 
methane were re la t ive ly  smal l .  

The resu l t s  were reproducible  to an accuracy  of • 4 
pct between runs and to �9 1.5 pct for duplicate analyses .  
No hydrogen was found in samples  f rom blank runs 
without an ini t ial  charge of aluminum. 

Sampling f rom Operating Cells  

It is acknowledged that it is difficult to devise tech-  
niques for taking e lec t ro ly te  samples  at  p r ec i se  depths 
from an operat ing cel l .  The s imple method descr ibed  
below, although used with a considerable  degree  of 
success ,  s t i l l  has room for refinement.  

Apparatus.  The appara tus  for sampling e lec t ro ly te  
at different  depths in p rebake ce l l s  is shown in Figs.  
2 and 3. The appara tus  for sampling center  and side 
channels (Fig. 2) was constructed of mild s teel  and 
compr i sed  a ve r t i ca l ly  posit ioned crucible  of 15 cm s 
capacity,  a moveable lid at tached to the handle f o r m -  
ing a l iquid-t ight  seal ,  and a var iab le  depth gage. For  
taking samples  beneath the anodes (Fig. 3) a hor izon-  
ta l ly  posit ioned crucible  of 25 cm ~ capaci ty  was used. 
The lid, at tached to the ve r t i ca l  handle by a flexible 
s teel  cable, sealed the cruc ib le  f rom the inside. The 
appara tus  included a t r ipod for s tabi l i ty  and a depth 
gage. 

Procedure .  P r i o r  to sampling,  bath tempera ture ,  
metal  and e lec t ro ly te  depths and cur ren t  in adjacent  
anodes were measured  and al l  recent  cel l  operat ions 
(breaking, a lumina feed, metal  tapping, sa l t  additions 
and anode effects) were noted. The depth gage was set  
and the appara tus  slowly lowered to touch the bottom 
of the cel l .  For  samples  f rom beneath the anode, the 
apparatus  was lowered in the center  channel and then 
turned to posit ion the crucible  about 40 cm from the 
edge of the block. After allowing a few seconds for the 
e lec t ro ly te  to set t le  down, the handle was operated to 
open the lid and the crucible  f i l led with e lec t ro ly te .  On 
contact with the cold cruc ib le  the melt  f roze  rap id ly  

Fig. 2--Electrolyte sampling probe (center channel). 
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Fig. 3--Electrolyte sampling probe (beneath anode). 
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and the appara tus  was quickly withdrawn from the cel l .  
The sampling operat ion las ted  l e s s  than 15 s. The depth 
posit ioning rod gave an indication of the metal  pad level  
f rom the th ickness  of e lec t ro ly te  f rozen on to it. 

Samples were taken at  in tervals  of 12 mm above the 
metal  pad. In this  way, samples  were col lected at three  
different  levels  beneath anodes and at five levels  in the 
center  channel. Samples were a lso  taken at three  dif-  
ferent  points a c r o s s  the width of the center  channel and 
between blocks in the s ide of the cel l .  

Analysis .  The concentrat ion of aluminum (reduced 
species)  was de termined by the method descr ibed  in 
the previous  section. Par t  of the sample  was used to 
de te rmine  the c ryol i te  ra t io  and the content of alumina 
and other addi t ives .  

RESULTS 

The results from the laboratory experiments are 
given in Figs. 4 to 6, and from operating cells in Fig. 
7, Fig. 4 shows that equilibrium was attained in 3 h. 
After 6 h holding, there was no significant change in 
metal concentration and analyses also showed that the 
cryolite ratio was unchanged. 

Fig. 5 shows the temperature dependence of the solu- 
bility of aluminum in cryolite melts saturated with alu- 
mina. The results are compared with two other sets of 
data. Thonstad's 7 results were of the same order as 
those obtained by Haupin x and Vetyukov. s All three au- 
thors claimed to have determined sodium separately 
from aluminum by treating the samples first in alcohol 
or water, and then in caustic soda or hydrochloric acid. 
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Fig. 4 - - T i m e  to r e a c h  equi l ibr ium.  

SOLUBILITY ( Equiv.wt % AI ) 

N%AIF+ + AL, O~ ~ o t . )  / . . . . . ~ ~  t~s I 

(19721 

~o ' ~ o  ' ,o'oo ' ,o,o' ' ,o',o ' 

TEMPERATURE ~ 

Fig. 5 - -Var ia t ion  of solubil i ty  with t empera tu re .  
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Their  r esu l t s  a re  considerably  lower than those ob- 
tained by the determinat ion of loss  of weight of a lumi -  
num, %1~ but somewhat higher than values  obtained 
in the presen t  work. 

Yoshida and Dewing 9 de termined the concentrat ion 
of aluminum by t i t ra t ing  the mel ts  (without f reez ing  
them) with e lec t ro ly t i ca l ly  generated oxygen. The p o r -  
tion of melt  to be analyzed was " i s o l a t e d "  in an a lu-  
mina tube, but it is not ce r ta in  how successful  this  i so -  
lation had been. Fluctuations in the volume of the i so -  
lated melt  could affect the accuracy  of the ana lys i s .  
The authors  acknowledge other uncer ta in t ies  in the 
analyt ical  method. Their  r e su l t s  a r e  low and they r e -  
por t  ve ry  high deviations.  Never the less ,  it is  a p lau-  
sible technique which, when refined,  could e l iminate  
quanching and subsequent handling p rob lems .  

The solubi l i ty  of aluminum in pure  cryol i te ,  and in 
c ryol i te  containing 5, 10, and 15 pct a lumina is shown 
in Fig.  8. In pure cryol i te  the solubi l i ty  i nc r ea se s  
f rom 0.085 at  1020~ to 0.120 wt pet Al at  1060~ The 
solubil i ty is reduced by the addition of alumina but a 
fur ther  effect of the alumina is that there  is  a much 
s m a l l e r  inc rease  in solubi l i ty  with t empera tu re .  In the 
same range of alumina concentrat ion Yoshida et al~'and 
Gerlach ~~ obtained solubi l i t ies  10 to 20 t imes  higher by 
the loss  of weight technique, but the r e su l t s  obtained in 
this  work for  5 pot Al~O a at 980~ a re  in good agreement  
with values repor ted  by Vetyukov. s 

If we now turn our attention to measu remen t s  in an 
indust r ia l  cel l ,  Fig. 7 shows the va r ia t ions  in the con- 
centrat ion of dissolved metal  within the flux l aye r  of 
operat ing 130 kA prebake ce l l s .  It is  difficult to s a m -  

SOLUBILITY (Equiv. wt ~o AI ) 

o ~ 1  

~o61 

oo51  i 

+_-S  
i 

TEMPERATURE ~ 

Fig. 6- -Var ia t ion  of solubil i ty  with t e m p e r a t u r e  at d i f ferent  
a lumina  concent ra t ions .  
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Fig. 7 - -Dec rease  in meta l  content  within flux layer .  
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ple at p r e c i s e l y  known dis tances  above the metal  pad 
because i ts  contour is  continually changing under the 
influence of e lec t romagnet ic  forces ,  gas evolution and 
t empera tu re  gradients .  Samples however,  were taken 
f rom six different  points around each of 7 ce l ls ,  and 
a lso  beneath anodes, thus cer ta in  genera l iza t ions  a re  
just i f iable .  

It is c l ea r  that there  is  a rapid  fal l  in metal  content 
between approximate ly  15 and 30 mm from the cathode. 
Below this region the metal  content is  c lose to the equi-  
l ibr ium value; above it there  is l i t t le  or  not metal  in 
solution. 

DISCUSSION 

Dissolution of A1 

As shown in Fig. 6 the addition of alumina dec rease  
the solubil i ty of aluminum in c ryol i te  mel ts ,  the de-  
c r e a s e  being more  pronounced at higher t empera tu res .  

Molten c ryol i te  cons is t s  mainly of Na § A1F~, A1F~ 
and F- ions. Aluminum, with i ts  high polar iz ing  power, 
is unlikely to exis t  to any apprec iable  extent as  f ree  
A13+ ions. With the introduction of AI~O 3 into the melt  
the added oxide ion O 2-, being doubly charged and 
with p rac t i ca l ly  the same ionic rad ius ,  can rep lace  
pa r t  of the F-  ions in the A1F~-, A1F~ complexes 
with the subsequent formation of oxyfluoride com-  
plexes  ,~5 e.g., 

AiF~" + AlzO 3 = 3 AIOF~ [3] 

+ 5 F- + re,O, = S AlOFt" [4] 

Stronger bonds will be formed between Als§ and the 
anionic environment and the thermodynamic activity 
of the central aluminum ion will decrease accordingly. 
However, this dec rease  in cationic act ivi ty,  which Is 
difficult to evaluate,  may be offset by the considerable  
inc rease  in the overa l l  concentrat ion of aluminum con- 
taining ions resul t ing  f rom the addition of AI~O 3. As 
indicated by Yoshida and Dewing, lg the measured  ac -  
t ivi ty  of A1F 3 is higher in mel ts  sa tura ted  with alumina 
than in mel ts  without. 

Thus, the observed  dec rease  in metal  solubi l i ty  with 
increas ing  alumina concentrat ion suggests  that react ion 
2 plays  a more significant ro le  in the dissolut ion p r o -  
cess .  However, on the bas i s  of avai lable  data it might 
be p rema tu re  to discount the occur rence  of subvalent 
aluminum ions. With r i s ing  t empera tu re  the chemical  
r eac t iv i ty  of the spec ies  involved will be increased,  
hence the g rea te r  solubil i ty at higher t empera tu res .  
The t empera tu re  effect is  more  pronounced in pure 
cryol i te  than in melts  containing alumina. 

Mechanism of Metal Loss 

The results from cell measurements (Fig. 7) show 
that even as far as 10 mm from the metal surface (in- 
terpolar distance ~ 50 mm) the concentration of dis- 
solved species is close to the equilibrium value ob- 
tained in laboratory experiments. This suggests that 
above the metal surface there is a layer of melt satu- 
rated with dissolved metal. Between 15 and 30 mm 
from the cathode the concentration of dissolved metal 
decreases rapidly, the level falling to zero at a point 

10 to 12 mm beneath the anode. This shows that the 
reoxidation of d issolved metal  occurs  in a centra l  zone 
within the bath. 

As mentioned e a r l i e r ,  the solubi l i ty  of CO2 in c r y o -  
l i te  alumina mel ts  is  ve ry  low. It seems  reasonable  
to assume there fore  that the oxidation of the metal  is 
predominant ly  by CO2 bubbles according to the r e a c -  
tion: 

2 A1 (diss) + 3 COs(g ) ~-- Al2Os(diss ) + 3 CO(g) [5] 

The contribution of dissolved carbon dioxide, ff any, 
will be relatively small. 

In order to understand the mechanism by which the 
metal is lost it is essential to understand the nature 
of convection in the bath. A schematic representation 
of different zones as now envisaged within the bath is 
shown in Fig. 8. In the vicinity of the cathode surface 
there is a measurable layer of bath with very low tur- 
bulence. In this zone, under the effect of the electro- 
magnetic forces, the bath will move horizontally (lami- 
nar flow) along with the metal. The bath mixes horizon- 
tally but very little vertical mixing will occur. Near the 
anode the gases cause a vertical distrubance and a layer 
of very high turbulence is created. High vertical mixing 
will occur in this zone. As a result a diffuse layer with 
variable turbulence is created in the center of the bath 
where the dissolved metal is oxidized. 

If this view is accepted, the mechanism of metal loss 
will therefore comprise the following stages: 1) Inter- 
action at the metal-electrolyte interface. 2) Diffusion 
of reaction products through the layer of laminar flow. 
3) Mechanical transport of gaseous CO s into the oxida- 
tion zone. 4) Oxidation of dissolved metal in the middle 
of the bath. 

The high concentration of dissolved metal within the 
layer of laminar flow indicates that stage 1 cannot be 
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r a t e -de te rmin ing .  The extent of penetrat ion of COs 
bubbles,  s tage 3, will be governed by the turbulence 
in the bath and is unlikely to be ra te -de te rmin ing .  
Stage 4, the oxidation of the metal  is also genera l ly  
accepted to be fast .  The diffusion of the dissolved 
metal  into the oxidation zone, stage 2, thus seems  to 
be the r a t e -de t e rmin ing  step. 

The ra te  of diffusion of the dissolved metal  will de-  
pend on the v i scos i ty  of the melt  and on the length of 
the path of diffusion. For  a given anode-cathode d i s -  
tance the path of diffusion is de termined by the extent 
of penetrat ion of the gas bubbles.  

It is known that at high alumina concentrat ions fine 
frothy bubbles a re  formed whereas at low alumina con- 
cent ra t ions  the gas bubbles tend to cling to the anode. 
One can imagine the fine bubbles penetrat ing deeper  
into the melt .  

It has not been poss ib le  to take samples  close to the 
metal  surface by the p resen t  method, but there  is p rob-  
ably a gradient  of metal  content within the laminar  flow 
region leading to a higher concentrat ion at the metal  
surface.  The equi l ibr ium concentrat ions in the l abo ra -  
to ry  exper iments  had been achieved under conditions 
of zero  current ,  but in the commerc ia l  cel l  a higher 
equil ibr ium concentrat ion at the metal  surface may be 
es tabl ished because  of excess  sodium ions at the cath-  
ode pa r t i cu l a r ly  at high cur ren t  densi t ies .  

C ONC LUSIONS 

It has been shown that alumina dec reases  the solu-  
b i l i ty  of aluminum in c ryol i te  mel ts  pa r t i cu l a r ly  at 
high t empera tu res .  It has a lso  been shown that in the 
e lec t ro ly te  of the commerc i a l  cel l  there  is a l ayer  of 
measurab le  thickness close to the cathode containing 
near -equ i l ib r ium concentrat ion of dissolved metal .  It 
is  suggested that oxidation of the dissolved species  oc-  
curs  within a cent ra l  zone in the bath and that metal  
loss  is  control led by the ra te  of diffusion of the metal  
through a low turbulent  zone. 

The implicat ions  of these findings for  cur ren t  eff i-  
ciency a re  that to improve the efficiency of the p r o -  
cess ,  f i r s t  it is  e s sen t i a l  to de termine  the optimum 
alumina concentrat ions for  cel l  operation,  pa r t i cu l a r ly  
with r e spec t  to bubble format ion and to the v i scos i ty  

of the melt ,  and second, turbulence in the bath must be 
reduced.  In the la t te r  case,  some Improvement  may be 
achieved by modifying the method of running the ce l l s  
but the long t e rm  solution may lie in modification of 
cel l  design to minimize the effect the e lec t romagnet ic  
forces  and of the anode gases  on convection within the 
bath. 

The analyt ical  and sampling techniques desc r ibed  
open up poss ib i l i t i e s  for  the detai led examination of 
the reoxidat ion p rocess .  For  a complete  in terpre ta t ion  
of the findings it is essen t ia l  to know the equi l ibr ium 
concentration of dissolved metal  at  the surface  of the 
cathode when the composit ion of the melt  is  changed 
by the flow of current .  
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