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ABSTRACT 

Th is  s tudy considers t h e  f o l  low ing a1 t e r n a t i v e  processes t o  the Hal 1 - 
Herou l t  c e l l  f o r  the  product ion o f  pr imary aluminum - d i r e c t  carbothermic 
reduc t ion  o f  alumina; reduc t ion  of baux i te  t o  an a lumjnum-si l icon 
a1 loy ;  t he  subchlor ide process; the  d i s p r o p o r t i o n a t i o n  o f  aluminum 
sulphide; t he  product ion  through a n i t r i d e  in te rmed ia te ;  and e l e c t r o l y s i s  
o f  aluminum chl 'or ide, aluminum su lph ide  and aluminum n i t r i d e ;  and p l a t -  
i n g  from non aqueous solvents. Comparisons o f  energy consumption are  
made w i t h  c u r r e n t  Ha l l -He rou l t  technology and w i t h  p ro jec ted  improved 
technology - p a r t i c u l a r l y  t i t a n i u m  d i b o r i d e  cathodes and permanent 
anodes. 

The maj0.r conclus ion i s  t h a t  the  o n l y  a l t e r n a t i v e  technology a t  present  
i s  t he  Alcoa c h l o r i d e  e l e c t r o l y s i s  process but .  t h a t  su l  phide and n i t r i d e  
e l e c t r o l y t i c  processes o f fe r  p o t e n t i a l  advqntages i n  t he  future. With t h e  
except ion o f  thermal reduc t i on  t o  an aluminum - s i l i c o n  a l l o y  none o f  
t he  carbothermic processes i s  compet i t i ve  because they  r e q u i r e  
e l e c t r i c  furnaces. S i g n i f i c a n t  improvements i n  energy consumption 
cou ld  be achieved w i t h  t i t a n i u m  d i b o r i d e  cathodes i n  t h e  Ha l l -He rou l t  
c e l l  though a l ong  l i v e d  cathode has y e t  t o  be demonstrated. 
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1 .0 SUMMARY AND CONCLUSIONS 

Primary aluminum product ion, e x c l u s i v e l y  by t h e  Hal 1 -Heroul t process, 
.consumes n e a r l y  5% o f  t he  e l e c t r i c a l '  energy generated i n  t h e  Un i ted  
States; t h i s  corresponds t o  t h e  consumption.of 7-8 kWhr/lb. of aluminum 
produced. Th is  r e p o r t  describes a study o f  both the  Ha l l -He rou l t  pro- 
cess and a l t e r n a t i v e  methods t o  de f i ne  what . p rac t i ca l  o p p o r t u n i t i e s  
e x i s t  t o  reduce e l e c t r i c a l  energy consumption, areas where R&D a re  
necessary t o  implement these oppor tun i t i es  and the  c a p i t a l  investment 
i nvol  ved. 

We have conf ined our  a t t e n t i o n  t o  opera t ions  r e l a t e d  d i r e c t l y  t o  
aluminum o r  aluminum a l l o y  product ion.  That i s ,  we have n o t  looked 
a t  a1 umina product ion  by t h e  Bayer o r  any a1 t e r n a t i v e  e x t r a c t i o n  
processes. Our sources o f  in format ion were the  open l i t e r a t u r e  
(p r imar i  l y  patents) ,  d iscussions w i t h  members o f  t h e  a1 uminum i n d u s t r y  
i n  t h e  U.S. and Canada, i n t e r a c t i o n  w i t h  the  group a t  t h e  U n i v e r s i t y  
o f  Trondheim i n  Norway ( f o r  European a c t i v i t i e s )  and a recent  committee 
r e p o r t  o f  t h e  L i g h t  Metals Soc ie ty  and L i g h t  Metals Re f i n ing  Associa- 
t i o n  o f  Japan. Our approach was t o  l ook  f o r  o p p o r t u n i t i e s  f o r  new 
processes based on new technology and t o  reassess p r o j e c t s  and pro- 
cesses p rev ious l y  r e j e c t e d  o r  pu t  i n  abeyance. 

The a l t e r n a t i v e  processes t h a t  we examined were: 

fourteen methods f o r  d i r e c t  carbothermic reduc t i on  o f  
a1 umina t o  t h e  metal ; 

d i r e c t  reduc t i on  o f  baux i te  t o  an aluminum-sil i c o n  * 

a1 1 oy; 

t he  sub-chlor ide process; 

a sulphide d i sp ropo r t i ona t i on  process; 

t he  n i t r i d e  process; 

c h l o r i d e  e l e c t r o l y s i s ;  

0 sul  phide e l e c t r o l y s i s ;  

n i t r i d e  e l e c t r o l y s i s ;  

non-aqueous e l e c t r o l y s i s ;  

miscel laneous processes. 

These processes were then compared w i t h  e x i s t i n g  Ha l l -He rou l t  technology 
i n  terms of e l e c t r i c a l  energy consumption and t o t a l  energy requirements . 



The bas ic  i n fo rma t ion  t h a t  we have c o l l e c t e d  on these processes i s  
s e t  o u t  i n  Table 1  . 
Our general conclus ion i s  t h a t  w i t h  the  except ion o f  c h l o r i u e  e l e c t r o l y s i s  
(Alcoa Smel t ing Process) t he re  i s  no technology t o  produce aluminum 
metal t h a t  can compete i n  e l e c t r i c a l  energy consumption w i t h  the  H a l l -  
He rou l t  process. For t he  f u t u r e  the re  are some poss ib le  a l t e r n a t i v e s -  
sulph5de o r  perhaps n i t r i d e  e l e c t r o l y s i s ,  o r  a  modi f ied sub-ch lor ide  
process t h a t  replaces the  prereduct ion  s tep  w i t h  d i r e c t  t reatment  o f  
t h e  o re  w i t h  aluminum c h l o r i d e .  Each of these concepts requ i res  a  
s i g n i f i c a n t  amount o f  research before promise might  be i d e n t i f i e d .  

A l l  t h e  n o n - e l e c t r o l y t i c  processes r e q u i r e  very h igh  temperatures 
t h a t  can o n l y  be achieved i n  an e l e c t r i c  furnace and i n  each case.we . 

est imate t h a t  the e l e c t r i c a l  energy consumption ( t y p i c a l l y  8-10 kWhr/ 
I b . )  i s  i n  excess of t h a t  requ i red  i n  a  Ha l l -He rou l t  c e l l  (6-8 kWhr/lb. ) 

However, an oppor tun i t y  does e x i s t  f o r  t he  d i r e c t  reduc t ion  o f  baux i te  
t o  an a luminum-si l icon a l l o y  i n  a  b l a s t  furnace type o f  operat ion.  
Oxygen r a t h e r  than a i r  must be used t o  a t t a i n  the h igh  temperatures 
b u t  t he  o v e r a l l  thermal energy requirements are  about one t h i r d  those 
of t he  Hal l -Heroul  t process. ' The presence o f  the  s i l i c o n  sinlpl i f i e s  
the  h igh  temperature chemistry and the  end product  i s  a  c a s t i n g  a l l o y  
f o r  which there  i s  a  l a r g e  market. Research i n t o  t h i s  concept i s  i n  
progress. 

Product ion o f  aluminum by the  e l e c t r o l y s i s  o f  aluminum c h l o r i d e  i n  a  
fused c h l o r i d e  me1 t . i s  proven technology (Aloca Smelt ing Process, ASP). 
Alcoa has operated a  15,000 ton /y r  p l a n t  though c u r r e n t  opera t ions  a re  a t  a  
lower l e v e l  t o  prove ou t  new a n c i l l a r y  technology. The E l e c t r o l y t i c  s tep  
consumes 4.5 kWhr/lb o f  aluminum, b u t  t h e  a d d i t i o n a l  s tep compared t o  
the  H a l l  ,Heroul t  process - the format ion o f  aluminum c h l o r i d e  from 
alumina - requ i res  more thermal energy than the  fo rmat ion  o f  prebaked 
anodes f o r  the  Ha l l -He rou l t  c e l l .  The ne t  e f f e c t  i s  t h a t  t he  t o t a l  
energy consumption o f  t h e  Alcoa Smelt ing Process i s  o n l y  m a r g i n a l l y  
b e t t e r  than Ha l l -Herou l t .  Cap i ta l  and opera t ion  cos ts  o f  the  Alcoa 
Smelt ing Process are  est imated by us t o  be comparable t o  those of 
Ha l l -Herou l t .  

A 1  ow temperature (<200°C), c h l o r i d e  e l e c t r o l y s i s  process opera t ing  
a t  q u i t e  h igh c u r r e n t  dens i t y  was descr ibed i n  the  recent  pa ten t  l i t e r a -  
t u r e  b u t  i t  appears t h a t  the  ope ra t i ng  vo l tage  (up t o  11 V/ce l l )  i s  t o o  
h igh  fo r  i t  t o  compete i n  e l e c t r i c a l  energy consumption., 

Other e l e c t r o l y t i c  approaches w i t h  aluminum su lph ide  o r  n i t r i d e  o f f e r  
the oppor tun i t y  f o r  lower e l e c t r i c a l  energy operat ions (<6 kWhr/lb) 



Hal 1 -Heroul t E l e c t r o l y s i s  o f  A1 03 i n  
(HH) Na3Alf-6 m e l t  a t  9 6 6 0 ~  i n  

50-200 KA c e l l s  w i t h  con- 
sumabl e carbon anode, 
a1 uminum pool cathode 

ELECTRICAL EMERGY THERMAL ENERGY OTHER THERMAL ENERGY 
CCINSUMED EQUIVALENT ' CONSUMPTION TOTAL ENERGY 

k.Wh/l b l o 6  BTU/ton 106BTU/ton 1 06BTU/ ton  

A1 coa Sme 1 t i  ng E l e c t r o i y s i s  o f  AlC13 i n  4.5 
Process [ASP) LiC1 .NaCl me1 t a t  700°C 

w i t h  mu1 t i c e l  1 b i p o l a r  
stack of g raph i te  e lec -  
trodes-anode n o t  con- 
sumed 

D i r e c t  Carbo- Arc furnace reduc t ion  8.0- 14.0 
Thermic keduct ion o f  alumina w i t h  petroleum 
To Aluminum coke. 

D i r e c t  Carbo- Oxygen blown b l a s t  f u r -  - 
Thermic Reduct ion nace type opera t ion  
t o  A1-Si A l l o y  reducing baux i te  w i t h  

petroleum coke 

Subchlor ide o r  Prereduct ion o f  baux i te  8.6 
, Gross P n c e s s  i n  e l e c t r i c  furnace f o l l o w -  

I ed by exposure t o  AlC13 
:- vapor which se lec t i ve1  y 

removes aluminum metal as 
A1 Cl . Subsequent coo l ing  
produces aluminum accord- 
i n g  t o  AlCl + 2AltAlC13 

Preredvct ion i n  b l a s t  2.8 
furnace 

COMMENTS 

150-1 90 Long es tab l  1 shed techno1 ogy, 
un ique ly  used wor ld  wide i n  
l a r g e  scale product ion o f  
aluminum. High e l e c t r i c a l  
energy demand may be reduced 
by 20-25% w i t h  T iB  cathodes 
and permanent ano&s-sub- 
j e c t s  o f  c u r r e n t  research 
which should be i n t e n s i f i e d  
and accelerated. 

Advantage o f  lower  e l e c t r i -  
c a l  energy demand than HH, 
Disadvantage t h a t  h i g h  pur- 
i t y  AlCl3 needed. Economi- 
c a l l y  compet i t ive ope fa t ion  
n o t  y e t  demonstrated p u b l i c -  
l y .  P ropr ie ta ry  process so 
no a c t i o n  recommended. 

165-290 Very h i g h  temperatures need- 
'ed (c2010°C) reduc t ion  pro-  
cess i n  complicated by the  
format ion o f  A1 C3 and 
A I ~ O  C, v o l a t i l f t y  o f  AI 
and 810 and back r e a c t i o n  
of A1 and CO reform A1203. 

Thermal reduc t ion  t o  a 
comnercial l y  use fu l  a l l o y  
i s  ve ry  a t t r a c t i v e .  A l -S l -  
0-C system should be v lgor -  
o u s l y  s tud ied  and p r a c t i c a l  
problems o f  l a r g e  scale 
opera t ion  should be a c t l v e -  
l y  considered. 

1 80 Very e x t e n s i v e l y  s tud ied  by  
A1 can who concluded t h a t  
i t  was more e l e c t r i c a l l y  
energy i n t e n s i v e  than H-H. 
Might  be f e a s i b l e  i f  t h e  
baux i te  were reduced i n  
an oxygen blown furnace. 
This  asp?ct should be ex- 
amined. 
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*As fue l  and consumable m a t e r i a l s  i n  anode f a b r i c a t i o n  



PROCES 

Disproport ion- 
a t i on  of 
A1 umi num Sul- 
phide (A12S) 

N i t r i d e  
Intermediz t e  

Sul phide 
E lec t ro l ys i s  

ELECTRICAL ENERGY 
CONSUMED 

DESCRIPTION kWh/l b 

Reaction o f  A1203 w i th  10 
recycled Al2S3 i n  the 
presence o f  C gives 
A1 2s. Subsequent cool - 
ing  produces A1 ac- 
cording t o  3A12S + 
Al2S3 t4A1 

Formation o f  the n i t r i d e  N A 
according t o  
A1 203+3C+N2+2Al N+3CO 
i n  an induct ion fu r -  
nace. N i t r i d e  decom- 
posed under vacuum t o  
give aluminum 

Formation o f  Al2S3 fo l low-  5.0-6.0 
ed by e lec t ro l ys i s  i n  a 
f l uo r i de  o r  ch lor ide  
fused s a l t  bath t o  g ive 
aluminum and sulphur 

N i t r i d e  E lec t ro l ys i s  o f  AlN as 3.6 
E lec t ro l ys i s  Li3N.AlN dissolved i n  

cry01 i t e  a t  727OC 

THERMAL ENERGY OTHER THERMAL ENERGY 
EQUIVALENT CONSUMPTION TOTAL ENERGY 

lo6  BTU/ton 1 O6 BTU/ton ' 106BTU/ton COMMENTS 

210 Technical ly a d i f f i c u l t  
process w i th  both low 
pressure and high tempera- 
t u re  operation. Due. t o  
s i gn i f i can t  s o l u b i l i t y ,  
contamination o f  the 
aluminum w i th  sulphide 
I s  very l i k e l y .  

Batch process, energy 
tntensive, contamination 
w i th  carboni t r ide i s  
d i f f i c u l t  t o  avoid. 

100-125 This approach i s  su f f i c i en t -  
l y  a t t r a c t i v e  i n  view o f  i t s  
low e l e c t r i c a l  energy re-  
quirements-to warrant experl- 
mental studies t o  b e t t e r  
define the uncerta int ies 
i n  the chemistry. These 
uncerta int ies include the 
means t o  manufacture Al2S3 
i n  .high y i e l d  and the 
e f fec t  o f  soluble monoval- 
ent  aluminum sulphur com- 
plexes tha t  are formed a t  
the cathode and oxid ized 
a t  the anode on the current  
e f f i c iency .  

Low energy process eve11 
if AlN made by react ion 
of AlCl w i t h  NH , because 

o f  low aecomposi!i.on 
voltage (0.79V) f o r  AIN. 
Bench scale demonstration 
only - chemistry no t  under- 
stood. 



PROCESS DESCRIPTION 

ELECTRICAL ENERGb THERMAL ENERGY OTHER THERMAL ENERGY 
CONSUMED 

kWh/l b 

Monochloridt A1 uminum i s  extracted 6.5 
Process from bauxite w i th  

aluminum ch lor ide  a t  
1800°C 

Toth 
Process 

EQUIVALENT 
l o 6  BTU/ton 

Reduction o f  aluminum 10-12 210-250 
chlor ide w i th  manganese (See Comnents) 
metal. Manganese 
chlor ide i s  converted 
t o  the oxide then re-  - v "..- 
duced t o  the metal i n  a + 

b las t  ftrrnace - 

COMMENTS 

135 Laboratory demonstratton 
only, on a la rge s c t l e  
e l e c t r i c a l  energy require- 
ment mtght be expected t o  
be s im i l a r  t o  the Gross 
process t.e. s l i g h t l y  
greater process. than the H-H 

290-330 Managanese oxide cannot be 
e f fec t i ve l y  reduced i n  a 
b l a s t  furnace, so tha t  the 
process as speci f ied would 
not  operate sa t i s fac to r i l y .  
There are prospects f o r  
e l  ec t ro l  y t i c  regeneration 
of the managanese a t  an 
energy requirement o f  3.5- 
4.0 kWhr/lb Mn. 
(~10.5-12.0kWhr/lb A l )  

Table 1 ( c o n t ' d )  



b u t  t he  p repa ra t i ve  methods f o r  t he  feedstock are  n o t  easy and a r e  
qu i  t e  energy i n  tens i ve. 

The above comments should be viewed aga ins t  p o t e n t i a l  reduct ions i n  
energy consumption w i  t h  improved Hal 1  -Heyou1 t techno1 ogy. 

A s i g n i f i c a n t  improvement i n  energy consumption (perhaps up t o  as 
much as 20%) can be r e a l i z e d  by us ing  t i t a n i u m  d i b o r i d e  cathodes i n  
t he  Hal l -Heroul  t c e l l .  However, no one has y e t  been successful  i n  
demonstrating a  l i f e t i m e  t h a t  would j u s t i f y  t he  c a p i t a l  investment 
associated w i t h  t h e i r  use. A l i f e  o f  some two t o  th ree  years i s  needed; 
the  bes t  repo r ted  t o  date i s  s i x  t o  e i g h t  months. The problems a r e  
c rack ing  2nd s p a l l i n g  and there  i s  as y e t  an incomplete understanding 
o f  t he  f a c t o r s  t h a t  a r e  important  i n  t i t a n i u m  d i b o r i d e  manufacture 
and use. (The f a b r i c a t i o n  o f  l o n g - l i v e d  t i t a n i u m  d i b o r i d e  s t r u c t u r e s  
i s  being pursued by ou ts ide  manufacturers r a t h e r  than by t h e  aluminum 
i n d u s t r y  i t s e l  f. ) 

The development o f  a  permanent anode i s  a  b igger  chal lenge and though 
there  a r e  some la rge-sca le  t e s t s  i n  progress i n  Europe and Japan and many 
l a b o r a t o r y  s tud ies  i n  t he  U.S., t he re  a r e  no r e p o r t s  o f  success. It . .  ~L 

i s  a n t i c i p a t e d  t h a t  a l though the  depo la r i z i ng  i n f l u e n c e  o f  t he  carbon 
' 

used i n  present-day anodes i s  l o s t ,  an improvement i n  c e l l  vo l tage e f f i -  
c iency (perhaps up to '  as much as 10%) would be r e a l i z e d  w i t h  a  permanent 
anode because of a  much-reduced anode cathode d is tance t h a t  r e s u l t s  
from dimensional s t a b i l i t y .  A carbon monoxide o r  hydrogen depo lar ized anode 
i s  considered t o  be beyond p r a c t i c a l  i ty. 

More immediately, some improvement i n  Ha l l -He rou l t  c e l l  e f f i c i e n c y  
(up t o  5%) can be achieved w i t h  soph is t i ca ted  con t ro l s .  The p a t t e r n  
o f  i n d i v i d u a l  c e l l  vo l tage v a r i a t i o n s  can be monitored and analyzed 
t o  a n t i c i p a t e  anode e f f e c t s  (a  l a r g e  vo l tage increase associated w i t h  
dep le t i on  o f  alumina i n  t he  me l t )  and t o  op t im ize  anode pos i t i on ing .  
Higher energy costs a re  a l s o  an inducement t o  operate c e l l s  a t  lower 
cu r ren t  d e n s i t i e s  which r e a l i z e  b e t t e r  e f f i c i e n c y .  

Low temperature e l e c t r o l y s i s  i n  non-aqueous e l e c t r o l y t e s  can produce 
deposi ts  o f  aluminum b u t  t h e  c u r r e n t  d e n s i t i e s  a re  an order  of  mag- 
n i t u d e  below t h e  c h l o r i d e  o r  c r y o l i t e  mel ts .  Th is  means l a r g e r  c a p i t a l  
investment f o r  equ iva len t  capaci ty .  Th i s  does n o t  appear t o  be an 
a t t r a c t i v e  approach. 

The o v e r a l l  perspect ive i s  t h a t  there  i s  a l t e r n a t i v e  technology t o  the  
Bayer-Hall-Heroul t approach t o  produce a1 uminum b u t  f o r  t he  most p a r t  
i t  does n o t  compete on energet ic  o r  economic grounds. The non- 
e l e c t r o l y t i c  product ion o f  aluminum-si l icon a l l o y s  i s  an except ion t o  
the  above comment. 



Our bas ic  recommendations are: 

0 t o  i n t e n s i f y  a c t i v i t i e s .  t o  produce a l o n g  l i v e d  t i t a n i u m  
d i b o r i d e  cathode; 

0 an ana lys i s  o f  t h e  techn ica l  and economic f a c t o r s  t o  
determine t h e  impact o f  t i t a n i u m  d i b o r i d e  cathodes on 
energy consumption, p roduct ion  1  eve1 s  and ope ra t i ng  
cos ts  i n  t h e  aluminum i n d u s t r y  and f rom t h i s  ana lys i s  
e s t a b l i s h  a  s t ra tegy  f o r  r e t r o f i t t i n g ;  

e t o  cont inue the search f o r  a  l o n g - l i v e d  i n e r t  anode; 

0 t o  c a r r y  o u t  t h e  necessary bas ic  s tud ies  o f  t h e  A1-0-Si-C 
system and engineer a  p r a c t i c a l  demonstration o f  t h e  
thermal reduc t i on  o f  baux i te  t o  an a1 uminum-si 1  i c o n  a1 loy ;  

0 t o  cont inue the  development o f  a  mathematical model of 
t he  dynamic c h a r a c t e r i s t i c s  o f  t he  Ha l l -He rou l t  c e l l  
w i t h  a view t o  ach iev ing  c o n t r o l  i n  es tab l i shed  c e l l s .  

e t o  pursue bas ic  research on ' the k i n e t i c s  o f . t h e  carbo- 
thermic reduc t i on  o f  alumina and bauxi te;  

t o  s tudy the  manufacture o f  aluminum su lph ide  from 
na tu ra l  ores and t h e  subsequent e l e c t r o l y s i s  o f  t h e  
su l  phide; 

t o  examine the  prospects f o r  t h e  e l e c t r o l y s i s  of 
a'l um~r i l  UIII r1.1 1r.i Qe. 



2.0 INTRODUCTION 

A1 uminum i s  produced by  the  Bayer-Hall -Heroul t (BHH) process; t h e  f i r s t  
s tep  (Bayer process) i s  t h e  manufacture o f  alumina from baux i te  ores; 
t h e  second i s  an e l e c t r o l y t i c  s tep  ( H a l l - H e r o u l t j  i n  which the  alumina, 
d isso lved i n  a c r y o l i t e  mel t ,  i s  reduced t o  aluminum metal.  Several 
exhaust ive desc r ip t i ons  of  t h e  Bayer-Hall -Heroul t process a r e  ava i  lab1 e 
i n  t he  l i t e r a t u r e ,  they  a re  l i s t e d  i n  t h e  appended b ib l iography.  

The BHH approach, i n  use f o r  more than e i g h t y  years, i s ,  w i t h  one 
exception, t he  o n l y  process used throughout t he  wor ld  f o r  producing 
a1 uminum today. The except ion i s  a c h l o r i d e  e l e c t r o l y t i c  process 
developed by  Alcoa ( t h e  A1 coa Smelt ing Process, ASP). Also, t he re  
a r e  extensive s tud ies  o f  processes t o  produce alumina from domestic 
ores o the r  than bauxi te,  bu t  none i s  commercially p rac t i ced  a t  t he  
present t ime. 

(1 S i g n i f i c a n t  q u a n t i t i e s  o f  energy go i n t o  aluminum product ion  , an 
est imated 217 x 106 BTUIton as thermal energy, o f  t h i s  27 x 106 BTU/ton 
goes t o  the  product ion '  o f  alumina, t he  bala'nce; 190 x 106 BTU/ton, 
goes t o  generate e l e c t r i c i t y  f o r  the  e l e c t r o l y t i c . s t e p  and t o  produce 
carbon anodes which a re  consumed on a s t o i c h i o m e t r i c  bas i s  du r ing  
e l e c t r o l y s i s .  To ta l  e l e c t r i c a l  energy consumption f o r  t he  product ion 
o f  aluminum ($7 kWhr/lb) i s  n e a r l y  5% o f  t h e  t o t a l  generated i n  t h e  
Un i ted  States. 

There i s  t he re fo re  a g rea t  i n c e n t i v e  t o  reduce energy consumption i n  
a1 uminum product ion and p a r t i c u l a r l y  t o  de f i ne  a n o n - e l e c t r o l y t i c  
process f o r  the  product ion  o f  t he  metal.  Even the  e l e c t r o l y t i c  
process o f f e r s  the  oppor tun i t y  f o r  s i g n i f i c a n t  energy savings s ince 
t h e  cu r ren t  i n d u ~ t r y  average nf c lnse  t o  7 kWhr/lb i s  f a r  i n  excess 
o f  t he  t h e o r e t i c a l  requirements o f  j u s t  under 3kWhrllb. The approach 
t h a t  we adopted i n  t h i s  s tudy was t o  examine each of  t he  se lec ted  
aluminum product ion processes i n  terms of t echn ica l  f e a s i b i l i t y  and 
energy consumption. We have c l a s s i f i e d  the  processes as d i r e c t  
carbothermi c reduct ion,  i n d i r e c t  reduc t i on  (sub-hal i d e  process, 
su l  phi  de d l  sp ropo r t i ona t i on  and n i t r i d e  process) and a1 t e r n a t i  ve 
e l e c t r o l y t i c  processes. More d e t a i l  i s  g iven i n  Table 1.presented 
i n  the  Summary. We have .confined our  a t t e n t i o n  t o  t h e  enerev'  i n t e n s i v e  
s tep  o f  producing aluminum metal and have n o t  looked a t  a l t e r n a t i v e s  
o r  improvements t o  the  Bayer process. 



3.0 ELECTROLYTIC PRODUCTION OF ALUMINUM BY THE HALL-HEROULT PROCESS 

Since a l l  comparisons i n  t h i s  r e p o r t  w i l l  be made w i t h  respect  t o  
Ha l l -He rou l t  technology i t  i s  perhaps advisable t o  s e t  o u t  t h e  bas ic  
fac ts  on t h i s  process. Extensive l i t e r a t u r e  i s  a v a i l a b l e  and i s  
l i s t e d  i n  t he  b ib l iography.  Improvements t o  t h e  bas ic  technology 
a re  considered i n  a  l a t e r  sect ion.  

A l l  Ha l l -He rou l t  c e l l s  a r e  e s s e n t i a l l y  t h e  same i n  bas ic  design w i t h  
the except ion t h a t  t he re  are  two types o f  anode. The c e l l  cons i s t s  
o f  a h o r i z o n t a l  cathode of  carbon i n  a  carbon l i n e d ,  s tee l  bath; t he  
anodes a re  suspended immediately above t h e  cathode so t h a t  t he  
separat ion between them and t h e  aluminum pool t h a t  forms on t h e  cathode 
i s  approximate1 y  2" o r  1  ess. The e l e c t r o l y t e  i s  mol t en  c r y o l  i te ,  
Na3AlF6, w i t h  a  s l i g h t  excess o f  AlF3 a t  940-975OC. It i s  a l s o  common 
p r a c t i c e  t o  add l i t h i u m  carbonate t o  t h e  c e l l  t o  improve the  conduct- 
i v i t y .  The two types of  anode a re  the  prebaked and t h e  Soderberg. 
As t h e  name imp1 i e s  the  prebaked anodes a re  formed from coke (de r i ved  
from a n t h r a c i t e  o r  petroleum) and p i t c h ,  i n  a  separate operat ion.  
It i s  important  t h a t  t h e  s t a r t i n g  m a t e r i a l s  produce l i t t l e  ash which 
otherwise ends up as i m p u r i t y  i n  t he  c e l l .  The Soderberg anodes are  
formed cont inuous ly  i n - s i t u  by t h e  heat o f  t he  c e l l  from a  paste o f  
petroleum coke and p i t c h .  The terms ho r i zon ta l  and v e r t i c a l  a p p l i e d  
t o  the  Soderberg c e l l  r e f e r  t o  t h e  con f i gu ra t i on  o f  t he  anode c u r r e n t  
c o l l e c t o r s  'and n o t  t o  t h e  a t t i t u d e  of t he  anode. Some idea o f  t h e  
s i z e  of t he  Hal 1  -Heroul t c e l l  s  can be gathered from'.'thei r opera t ing  
cu r ren ts  i n  the  range o f  50 t o  250 kA w i t h  anode c u r r e n t  d e n s i t i e s  
of 600-80O.ASF. The cross sec t i on  of a  t y p i c a l  c e l l  and two types 
of Soderberg - .  c e l l s  a re  g iven i n  Figures 1, 2  and 3. 

I n  operation, a1 umina, pr6duced by Lt~e Baycr pl-occss, i s  d i sso l  ve? i n  
the  c r y o l  i t e  t o  the  ex ten t  o f  about 5 w t % .  The alumina i s  preheated by 
pour ing i t  onto the c r u s t  o f  f rozen e l e c t r o l y t e  t h a t  i n s u l a t e s  the  
top  o f  t he  c e l l .  The alumina i s  then added by breaking t h e  c r u s t  
p e r i o d i c a l l y .  Overfeeding a  c e l l  leads t o  sludge format ion which i s  
d i f f i c u l t  t o  d isperse and might  l ead  t o  days o f  down t ime. It i s  
usual t o  c o n t r o l  the alumina a d d i t i o n  by dep le t i ng  t h e  c e l l  l ead ing  
t o  an anode e f f e c t .  The anode e f f e c t  i s  a  l a r g e  increase i n  vo l tage 
associated w i t h  the  format ion o f  a  gas f i l m  a t  t h e  anode. The moni tor-  
i n g  and c o n t r o l  o f  t he  anode e f f e c t  i s  discussed i n  more d e t a i l  i n  a  
1  a t e r  sect ion.  The p r i n c i p a l  opera t iona l  v a r i a b l e  i s  t h e  anode 
cathode d is tance (ACD) . I n  a  normal c e l l  the l e v e l  o f  t h e  aluminum 
cathode pool r i s e s  by about 1.5 t o  2.0 cm/day, about t h e  same r a t e  
as a  prebaked cathode i s  consumed. Adjustment i s ,  i n  p r i n c i p l e ,  
needed o n l y  when aluminum i s  tapped o f f ,  however, anode consumption 
i s  n o t  un i fo rm and a l though t h i s  e f f e c t  i s  s e l f  compensating, ex te rna l  
c o r r e c t i o n  i s  of ten b e n e f i c i a l .  The importance o f  t h e  ACD w i l l  be 
more apparent a f t e r  the  d iscussion o f  energy losses below. 
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The t h e o r e t i c a l  energy requirement f o r  t h e  reduc t i on  o f  alumina i n  an 
e l e c t r o l y t i c  c e l l  w i t h  a  consumable carbon anode according t o  the  
scheme 

i s  2.85 kWhr/l b  o f  aluminum. This i s  based on a  r e v e r s i b l e  vo l tage 
f o r  t h i s  r e a c t i o n  o f  1.17V. I n  p r a c t i c e  the  product ion  o f  aluminum 
consumes from 6 t o  8.5 kWhr/lb a t  c e l l  vo l tages o f  4.5V and h igher .  
The breakdown o f  t h e  vo l tage drop across a  t y p i c a l  prebake c e l l  
ope ra t i ng  a t  145 kA and a  2" ACD i s  g iven i n  Table 2. The i r r e v e r s i -  
b i l i t y  o f  t he  e lect rochemical  processes (0.5V) and t h e  res is tance o f  
t he  aluminum carb ide  f i l m  formcd a t  t h e  i n t e r f a c e  o f  t he  aluminum 
pool w i t h  t h e  carbon cathode (0.4V) make s i g n i f i c a n t  con t r i bu t i ons .  
However, i t  i s  apparent t h a t  t h e  predominant l o s s  i s  due t o  the  
res is tance o f  t he  e l e c t r o l y t e  which i n  t u r n  i s  s t r o n g l y  dependent on 
the  ACD. 

The ACD i s  t y p i c a l l y  c lose  t o  2" t o  prevent  sho r t i ng  due t o  surges i n  
t he  aluminum pool t h a t  r e s u l t  from the  magnetic f i e l d  i n  and around 
t h e  c e l l .  Th i s  problem becomes more i n tense  t h e  b igger  t he  c e l l  and 
the  h igher  t he  c u r r e n t  densi ty ,  though improved understanding o f  
these i n t e r a c t i o n s  has minimized t h e i r  e f f e c t  i n  modern c e l l s .  

The o the r  f a c t o r  t o  be considered i n  energy consumption i s  c u r r e n t  
e f f i c i e n c y .  A back r e a c t i o n  i s  poss ib le  between mol ten aluminum and 
t h e  carbon d iox ide  generated a t  t he  anode; 

I n  a l l  p r o b a b i l i t y  t h e  mechanism f o r  t h i s  r e a c t i o n  i s  contac t  between 
a  fog of aluminum metal i n  the  e l e c t r o l y t e  (generaged by t h e  e l e c t r o -  
magnetic mix ing)  arid bubbles o f  carbon d,luxidr c u ~ ~ ~ i v r y  o f f  the  anode. 
Th is  i s  obv ious l y  a f f e c t e d  by t h e  ACD; a t  a  separat ion o f  2", t y p i c a l  
cu r ren t  e f f i c i e n c y  would be i n  the  85-901 range. 

We have r e c e n t l y  updated our  prev ious est imates o f  Hal 1  -Hemu1 t pro- 
cess product ion  costs, these are  presented i n  Tables 3  and 4. Based 
on a  c a p i t a l  investment o f  $340 m i l l  i.on f o r  a  160,000 t o n / y r  p l a n t  
t he  product ion cos t  i s  $800/ton o r  40$/ l  b. 
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TABLE 2 

VOLTAGE LOSSES IN HALL-HEROULT-CELL 

1. Decomposition Voltage of Alumina 2.2V 
2. ~epo lar i z in~  Effect of Consumable Anode 1 .OV 
3. Polarization Losses 0.5V 
4. l R Loss in Bath 1.9V 
5. IR Losses in Electrodes and Current Collectors 0.8V 

Time Averaged Anode Effect (not shown) 0.1V 

Scale Corresponds at 85% Current Efficiency 
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TABLE 3 

ESTIMATED COST OF PRODUCING PRIMARY ALUMINUM 
NEW CONVENTIONAL HALL-HEROULT REDUCTION PLANT (1 979) 

Annual Capaci ty-160,000 Shor t  Tonslyear 
Cap i ta l  Investment-338,016,000 

Raw M a t e r i a l s  U n i t s  $/Uni ts  Uni ts/Ton $/Ton 

A1 umi na tons 140 1.930 270.20 
Calcained Delayed Coke tons 125 .205 25.63 
F l u i d  Coke tons 102 .202 20.60 
Hard P i t c h  tons 133 ,121 16.10 
Cry01 i t e  tons 480 .015 7.20 
A1 umi num F l  u o r i  de tons 465 .030 ' 13.95 

353.68 

U t i l i t i e s  

Power Ce l l  s kWhr ,015 14,340 215.10 
Auxi 1 i a r y  kWhr .015 46 0 6.90 

Fuel 106xBTU 2.00 11 22.00 
244.00 

Labor 

Operat ing and Maint.  man h r s  12.45 6.4 79.68 
Superv is ion and Adm. man h r s  17.70 2.2 38.94 -- 

11 8.62 

Upera t i  rig Suppl 1es 

Cast I r o n  
Soda Ash 
F l  uorspar  

Maintenance M a t e r i a l s  

tons 195 .004 
tons 2 30 .001 
tons 1 80 .004 

Cathode B l  ocks tons 1100 .012 
A n t h r a c i t e  tons 1 82 .006 
Sof t  P i t c h  tons 200 .0006 

Maintenance, Suppl ies 

P lan t  Overhead @ 50% o f  Labor 

To ta l  Product ion Costs Before Deprec ia t ion  and GS&A 

Source: A r t h u r  D. L.i l l l e  esl-inlates 



TABLE 4 

ESTIMATED CAPITAL COST BREAKDOWN OF A NEW PREBAKED ALUMINUM 
REDUCTION PLANT -- CAPACITY 160,000 SHORT TONS/YEAR 

U.S. LOCATION 

Components Cost Current  Do1 1 a rs  (1  979) 

Alumina and Carbon Storage 

Mobi le  Equipment 

Carbon Paste P lan t  

Green Carbon P lan t  

Carbon Baking P lan t  

Carbon Rodding p i a n t  

Substat ion 

R e c t i f i e r s  

Pot1 i nes  

Bus Bars 

St ruc tures  & V e n t i l a t i o n  

Metal Cast ing .  

U t i l  i t i e s  exc l  uding Power P lan t  

Support F a c i l i t i e s  and P o l l u t i o n  Contro l  

TOTAL 338,016,000 . 

Source: A r thu r  D. L i t t l e  est imates 



4.0 DIRECT CARBOTHERMIC REDUCTION 

4.1 I n t r o d u c t i o n  

D i r e c t  r e d u c t i o n  o f  alul i i inu~i i  i n  a b l a s t  fu rnace  t ype  o f  opera- 
t i o n ,  a v o i d i n g  t h e  use o f  e l e c t r i c a l  energy, has l o n g  been t h e  
dreal i~ o f  alu~i i inuni  ~ i ~ a n u f a c t u r e r s .  There i s  n o t  o n l y  t h e  energy 
sav ings assoc ia ted  w i t h  t h e  i n e f f i c i e n c i e s  o f  e l e c t r i c a l  power 
generat ion,  b u t  a lso ,  p o t e n t i a l l y ,  a l a r g e  decrease i n  c a p i t a l  
cos t s .  

The probleliis t h a t  have prevented r e a l i z a t i o n  o f  a p r a c t i c a l  
process a r e  t h e  h i g h  temperatures r e q u i r e d  t o  reduce alumina 
and t h e  comp lcx i t y  of  t h e  chemical r e a c t i o n s  invo lved .  

4.2 Che~iii s t r y  of  t h e  Carbothermic Reduct ion o f  Aluminum 

Carbothermic r e d u c t i o n  has been cons idered  i n  t h e  l i t e r a t u r e  
( 3, 4,  5, 6 )  and though sollie o f  t h e  e a r l y  work i s  confus ing,  t h e  
therliiodynamics o f  t h e  A1-0-C systeni a r e  now w e l l  de f ined .  
D i r e c t l y  r e l e v e n t  pub1 i c a t i o n s  a r e  1 i s t e d  i n  t h e  Bib1 iography.  
When carbon and alumina a r e  heated t h e r e  i s  no s u b s t a n t i a l  
r e a c t i o n  u n t i l  a temperature o f  some 1800°C i s  reached, though 
t h e r e  a r e  c la ims  t h a t  r e d u c t i o n  s t a r t s  as l o w  as 1500°C ( 7 ) .  
However, the  p roduc t  of  t he  r e a c t i o n  i s  n o t  aluminum metal  b u t  
aluminum carb ide ,  

T h i s . i s  f u r t h e r  compl i ca ted  by a secondary r e a c t i o n ,  a loose  
a s s o c i a t i o n  o f  t h e  ca rb ide  w i t h  unreacted alumina t o  fo rm 
t h e  oxycarb ide A1404C, 

No f r e e  ca rb ide  i s  formed unle'ss t h e  carbon con ten t  o f  t h e  m e l t  
exceeds t h e  s t o i c h i o m e t r y  d e f i n e d  by t h e  above equat ion  o r  t h e  
temperature i s  r a i s e d  t o  above 1950°C. 

The impo r tan t  p o i n t  i s  t h a t  even a t  t h i s  temperature' no f r ee  
a1 uminum metal i s  formed. The phase diagram f o r  t h e  A1 303- 
A14C3 system s e t  o u t  i n  F igu re  4 summarizes t h e  s i t u a t i o n .  It 
a l s o  demonstrates t h a t  a temperature i n  excess o f  2100°C i s  
necessary be fo re  aluminum i s  formed, p robab ly  accord ing  t o  
t h e  r e a c t i o n .  

.A1 404C + A14C3 -+ 8A1 + 4C0. 

A t  even h ighe r  temperatures t h e  c a r b i d e  w i l l  decompose though 
t h e  carbon w i l l  remain d i s s o l v e d  i n  the  aluminum. 
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FIGURE 4 CALCULATED PHASE DIAGRAM FOR AI2O3-AI4C3 SYSTEM 

Source: Cochran, U.S. Paten t  3 971, 653 



Two f u r t h e r  f a c t o r s  compl icate t he  recovery of  aluminum, one 
i s  t h e  v o l a t i l i t y  o f  aluminum and o f  A120 t h a t  can be formed 
a t  t h e  h ighe r  temperatures, t h e  second 1s t h e  back r e a c t i o n  o f  
a1 uminum i n  t h e  gas phase w i th .  carbon monoxide on coo l ing .  
Though t h i s  reac t ion .  may n o t  be complete i t  r e s u l t s  i n  unaccept- 
a b l e  q u a n t i t i e s  of alumina and aluminum ca rb ide  i n  t h e  product.  

The p r a c t i c a l  recovery of aluminum i s  ass i s ted  by t h e  fac t  t h a t  
t h e  oxycarb ide and aluminum/aluminum carb ide  l i q u i d  phases a re  
immisc ib le  so t h a t  i s o l a t i o n  o f  an aluminum-carbon phase i s  
possib le.  I f  c a r e f u l  c o n t r o l  can be exerc ised  i n  t h e  C t o  
A1203 r a t i o  i n  t h e  feed, t h e  carbon conten t  o f  t h e  m e t a l l i c  
phase can be minimized. The d e s i r a b i l i t y  o f  t h i ' s  i s  apparent' 
f rom t h e  phase diagram o f  t h e  A1 -C system s e t  o u t  i n  F igure  5: 

On t h e  negat ive  side, t h e  oxycarb ide m e l t  i s  v iscous and s t i c k y  
and very  d i f f i c u l t  t o  hand1 e. The p r a c t i c a l  approaches descr ibed 
i n  t he  1  i t e r a t u r e  a r e  e x c l u s i v e l y  e l e c t r i c  a r c  o r  plasma f u r -  
naces w i t h  sealed ope ra t i on  t o  ma in ta in  good thermal e f f i c i e n c y .  
The w a l l s  a re  t y p i c a l l y  l i n e d  w i t h  carbon, p ro tec ted  f rom r e a c t i o n  
by a  l a y e r  o f  f rozen mel t .  Vapor losses (%25% o f  t h e  aluminum 
i s  i n  t he  gas phase under e q u i l i b r i u m  cond i t i ons )  a re  u s u a l l y  
minimized by condensation on t h e  charge. Several processes a re  
suggested f o r  t he  separa t ion  o f  t he  carb ide  f rom t h e  metal ,  w i t h  
t h e  carb ide  being recyc led.  

I n  each o f  t h e  d e s c r i p t i o n s  g iven below a  f i g u r e  i s  quoted f o r  
t h e  e l e c t r i c a l  energy requ i red  i n  t he  reduc t i on  process. I f  
t h e  i n fo rma t i on  was a v a i l a b l e  i n  t h e  Patent  o r  cou ld  be de r i ved  
f rom in fo rma t i on  provided, then t h a t  f i g u r e  i s  c i t e d .  Otherwise 
t h e  f i g u r e  was est imated by us us ing  t h e  f o l l o w i n g  approach. 
We assumed a  heat o t  r e a c t i o n  a t  2988'C uT 160 kcal/nlalc (5235 
kca l / kg  A1 ) f o r  

t h a t  t he  back r e a c t i o n  reduced t h e  convers ion e f f i c i e n c y  t o  80% 
and t h a t  t h e  furnace operated w i t h  65% thermal e f f i c i e n c y .  The 

, energy t o  preheat  t h e  a1 umina ( s p e c i f i c  heat 0.33 c a l / g )  and 
coke ( s p e c i f i c  heat 0.50 ca l / g )  t o  2100°C was a l s o  taken i n t o  
account. As s e t  o u t  i n  Table 5  the  bas i c  e l e c t r i c a l  energy 
requirement i s  7.6 kWhr/l b. I f  the  product  i s  recovered i n  
vapor form an a d d i t i o n a l  2.3 kWhr/lb i s  r e q u i r e d  f o r  t h e  heat. 
o f  vapor iza t ion .  Minor adjustments were made t o  t h i s  c a l c u l a -  
t i o n  accord ing t o  the  d e t a i l s  o f  the  process. Because o f  t h e  
complex i ty  o f  t h e  system i t  was assumed t h a t  there  I s  l i t t l e  
o p p o r t u n i t y  f o r  heat  conserva t ion  i n  a  m u l t i s t a g e  process. 
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TABLE 5 

ELECTRICAL ENERGY REQUIREMENTS FOR. DIRECT CARBOTHERMIC REDUCTION 

Heat o f  r e a c t i o n  t o  A1 ( 1  ) 5925 kca l /  kg 

Preheat o f  A1203 750 

Preheat o f  coke - 800 

TOTAL 7475 kca l / kg  

Assuming a furnace e f f i c i e n c y  o f  65% and a 
r e a c t i o n  ef f i ,c iency o f  80%, thermal energy 
requirements a r e  

Source: A r t h u r  D. L i t t l e  Est imates 



4.3 Selected Patents on D i r e c t  Carbothermic Reduct ion 

U.S. Patent  2 776 884, Jan. 8, 1957; Gruner t  assigned t o  
Pechi ney. 

I n  t h i s  process baux i t e  i s  heated w i t h  a s u f f i c i e n t  amount o f  
carbon t o  reduce t h e  i r o n ,  s i l i c o n  and t i t a n i u m  present  and a t  
t h e  same t ime produce corundum (alumina).  The two l i q u i d  l a y e r s  
formed a re  e a s i l y  separated. I n  a second stage, t h e  corundum 
i s  reduced w i t h  a d d i t i o n a l  carbon a t  a temperature i n  excess o f  
2100°C. The aluminum and A120 d i s t i l  l e d  o f f  a r e  condensed i n  
a tower o f  coke a t  1700°C as A14C3. The l a t e r  i s  subsequent ly 
decomposed a t  2000°C a t  a pressure o f  20-50 mmHg. Using two 
towers which a l t e r n a t e  between depos i t l on  and deconiposition, 
i t  i s  poss ib le  t o  operate on a cont inuous basis .  

The process i s  fundamental ly sound bu t  very  complex; i t  i s  con- 
s idered  t h a t  t h e  recovery o f  aluminum i s  l i k e l y  t o  be i n -  
e f f i c i e n t  w i t h  a h igh  p r o b a b i l i t y  f o r  contaminat ion w i t h  i r o n  
and s i l  icon. We have est imated the  t o t a l  e l  e c t r i c a l  energy 
needs based on a two stage process t o  be i n  excess o f  15 kWhr/lb 
o f  a1 uminum. 

U.S. Patent  2 829 962, A p r i l  8, 1958; M i l l e r ,  Foster,  and Baker 
assigned t o  Alcoa. 

A m e l t  i s  formed f rom A1 O3 and C i n  such a r a t i o  t h a t  a s i n g l e  
phase o f  A140 C i s  forme$. Add i t i ona l  carbon i s  added a t  a 
temperature 04 between 1900 and 2100°C such t h a t  t h e  Al4C3 
formed reac ts  w i t h  A1404C accord ing t o  

The aluminum, w i t h  some aluminum carb ide,  forms a new m e t a l l i c  
phase. Con t ro l l ed  a d d i t i o n  o f  t he  proper r a t i o  o f  alumina and 
carbon ensures a cont inuous process. The aluminum carb ide  i s  
removed f rom the aluminum by f l u x i n g  w i t h  c h l o r i n e .  P lan t  
d e t a i l s  i n  t h e  pa ten t  are scant bu t  t h e  p rec i se  d e l i n e a t i o n  o f  
s t o i c h i o m e t r i c  r a t i o s  and temperatures i n d i c a t e  t h a t  a sub- 
s t a n t i a l  amount o f .  experimental  work was c a r r i e d  ou t .  We 
es t imate  t h e  e l e c t r i c a l  energy requirements t o  be Q, lOkWhr/l b. 

U.S. Patent  2 974 032, March 7, 1961; E. Grunert, assigned t o  
Pechi ney. 

The bas is  o f  t h i s  process i s  t h e  h igh  temperature a r c  (2400°C) 
reduc t i on  o f  a carbon-alumina charge o f  c a r e f u l l y  c o n t r o l l e d  
composit ion. V o l a t i l e  components a re  condensed on t h e  incoming 
charge. The aluminum and aluminum carb ide  are  separated by 
f l u x i n g  i n  a sodium c h l o r i d e  m e l t  a t  800°C. Operat ing problems 
i n  t h e  form o f  c o n t r o l l e d  a d d i t i o n  o f  t h e  charge and i n  t h e  
condensation process can be an t i c i pa ted .  The pa ten t  c la ims 
e f f e c t i v e  c o n t r o l  by f i r s t  p repar ing  ho l low sphe r i ca l  agglomerates 



o f  corundum and carbon i n  an e lec t ro thermal  p rereduc t ion  o f  an 
impure ore.  From q u a n t i t a t i v e  i n f o r m a t i o n  prov ided i n  t h e  
patent ,  t h e  e l e c t r i c a l  energy requirements o f  t h e  a r c  furnace 
a r e  6.2 kWhr/lb o f  aluminum. , U n i f o r m  temperatures and a  very  
s t a b l e  a r c  a re  claimed because of  t h e  i o n i z a t i o n  o f  alumimun 
i n  t he  gas phase - a  f e a t u r e  n o t  r e a l i z e d  i n  submerged a r c  
furnaces. To ta l  energy requirements because o f  t h e  preforma- 
t i o n  o f  corundum are  est imated t o  be c lose  t o  10 kWhr/lb. 

U.S. Patent 3  251 676, May 17, 1966; Johnson. 

I n  t h i s  pa ten t  t h e  produc t ion  o f  aluminum i s  based on r e d u c t i o n  
o f  aluminum i n  t h e  presence o f  an a l l o y i n g  component chosen 
f rom Fe, S i ,  Mo, C r ,  V, T i ,  Co, W, o r  Zr. The process takes 
advantage o f  t h e  f a c t  t h a t  t h e  a l l o y i n g  component i n h i b i t s  
a1 uminum carb ide  fo rmat ion  thus simp1 i f y i n g  the  h igh  temperature 
chemist ry .  The aluminum i s  subsequent ly ob ta ined by d i s t i l  l a -  
t i o n  under vacuum. I t  i s  suggested i n  t h e  pa ten t  t h a t  t h e  
l a t t e r  process i s  a s s i s t e d  by t h e  i n j e c t i o n  o f  magnesium vapor. 
A  d e t a i l e d  d e s c r i p t i o n  o f  a  proposed design i s  g iven  i n  t h e  
patent ,  bu t  t he re  i s  no i n d i c a t i o n  o f  reduc t i on  t o  p rac t i ce .  
Contaminat ion w i t h  heavy meta ls  and magnesium seems probable. 
We es t imate  t h a t  t h e  e l e c t r i c a l  energy requirement i s  8 kWhr/lb 
f o r  t h e  reduc t i on  process and 4 kWhr/lb f o r  t he  d i s t i l l a t i o n  
f o r  a  t o t a l  o f  12 kWhr/l b. 

U.S. Patent 3  607 221, Sept. 21, 1971 ; Kibby assfgned t o  Reynolds. 

Very h i g h  temperatures (2400°C) a r e  used i n  t h e  r e d u c t i o n  o f  
alumina w i t h  carbon, t h e  v o l a t i l e  gases a re  condensed i n t o  
1  i q u i d  aluminum a t  2100°C p e r c o l a t i n g  through a  m a t r i x  o f  
ca lc ium oxide. R e l a t i v e l y  low power requirements a re  c i t e d ,  
6.5 kWhr/lb, b u t  t he re  a re  no p r a c t i c a l  d e t a i ' l s  p a r t i c u l a r ' l y  
w i t h  respec t  t o  i n h i b i t i o n  o f  t h e  back r e a c t i o n  between 
aluminum and carbon monoxide. 

U.S. Patent  3  723 093, March 27, 1973; Tadahisa Shiba, assigned 
t o  Showa Denko. 

T h i s  pa ten t  descr ibes e l e c t r i c  a rc  reduc t i on  o f  alumina w i t h  
carbon a t  2500°C, b u t  i n  a  furnace t h a t  i s  designed f o r  l o c a l  
a rc  ac t i on .  Th is  i s  achieved by sw i t ch ing  between e lec t rodes  
i n  a mu1 t i p l e  a r ray ,  o r  by movinq t h e  furnace l a t e r a l l y  o r  
t i l t i n g  it. It i s  c la imed t h a t  i n  t h e  coo le r  reg ions  o f  t h e  
furnace (1400°C), aluminum carb ide  w i l l  s o l i d i f y  and t h a t  t h e  
aluminum may be tapped o f f .  It i s  u n l i k e l y  t h a t  t h e  aluminum 
t o  carbon r a t i o  can be c o n t r o l l e d  s u f f i c i e n t l y  w e l l  th roughout  
t h e  furnace t o  p rov ide  s u b s t a n t i a l l y  ca rb ide - f ree  aluminum, 
a l so ,  t he re  i s  no cons ide ra t i on  o f  vapo r i za t i on  o f  A1 and A120 
n o r  o f  t h e  back reac t i on .  Power consumption i s  s t a t e d  t o  be 
4.5 kWhr/l b, bu t  g iven the  complex i ty  o f  t h e  operat ion,  i t  i s  
d i f f i c u l t  t o  subs tan t i a te  t h i s  f i g u r e .  



U.S. Patent 3  929 456, December 30, 1975, Kibby, assigned t o  
Reynol ds . 
Th is  pa ten t  descr ibes an a r c  furnace i n  which t h e  heat  i n p u t  
i s  l i m i t e d  by p u l s i n g  so t h a t  t h e  aluminum' produced moves o u t  
o f  t h e  h o t  zone and i s  cooled on unreacted charge. I n  opera- 
t i o n  a  y i e l d  o f  64% i s  ob ta ined f rom a  c a r e f u l l y  formulated 
charge, the  product  has l e s s  than 0.5% A14C3. Th i s  process 
has n o t  been operated on a  sca le  l a r g e r  than lOOg q u a n t i t i e s .  
We have est imated the  energy requirements f o r  a  l a r g e  sca le  
process as 8 kWhr/lb. 

U.S. Patent 3971 653, J u l y  27, 1976; Cochran, assigned t o  
A1 coa . 
Th is  pa ten t  document con ta ins  one o f  t h e  most comprehensive 
d iscussions o f  t h e  thermodynamics o f  the  A1-C-0 and A1-C 
systems. Based on an a n a l y s i s  o f  t he  data presented, a  scheme 
i s  proposed based on two l i q u i d  phases a t  d i f f e r e n t  temperatures 
b u t  i n  con tac t .  The in tended c o n f i g u r a t i o n  i s  bes t  understood 
by examinat ion o f  F igu re  6. A t  t he  low temperature (2050°C) 
t he  r e a c t i o n  t h a t  takes p lace i s  t h e  fo rmat ion  o f  A14C3 accord- 
i n g  t o  

M i g r a t i o n  i n  t h e  l i q u i d  t o  reg ion  2  a t  2100°C r e s u l t s  i n  t h e  
r e a c t i o 6  . . 

The important  aspect o f  t he  process i s  t he  e l i m i n a t i o n  o f  much 
o f  t h e  carbon monoxide assoc ia ted  w i t h  o v e r a l l  r e a c t i o n  be fo re  
any aluminum i s  produced. Again aluminum o r  A1 20 vapors a r e  
condensed on t h e  charge. There i s  s t i l l  a  requyrement t o  
separate aluminum carb ide  t o  o b t a i n  acceptab ly  pure aluminum. 
Even so, c a r e f u l  c o n t r o l  o f  t h e  alumina-carbon r a t i o  i n  t h e  
feed i s  necessary t o  avo id  t h e  presence of  excess carbon i n  
reg ion  2. The process i s  conceptua l l y  sound though m a t e r i a l s  
o f  cons t ruc t i on  and s p e c i f i c  equipment design are  n o t  s e t  o u t  
i n  the  patent .  The co.existence of t h e  two l i q u i d s  w i t h  a  
temperature d i f f e r e n t i a l  minimizes the  energy requirements b u t  
we s t i l l  a n t i c i p a t e  t h a t  t h e  e l e c t r i c a l  energy requ i red  would 
be on t h e  order  o f  8 kWhr/lb. 

U.S. Patent 4033757, J u l y  5, 1977; Kibby, assigned t o  Reynolds. 

Magnetic f i e l d s  a re  used t o  d e f l e c t  a  plasma t o  d i f f e r e n t  
reg ions  o f  an alumina carbon charge as a  means o f  l i m i t i n g  
t h e  t o t a l  heat i n p u t  t o  the  charge. The c l a i m  i s  t h a t  any 
aluminum produced has the  o p p o r t u n i t y  t o  move away from t h e  
ho t  zone p r i o r  t o  any s i g n i f i c a n t  vapor iza t ion .  The carb ide  



Note: See U.S.:Patent 397t653 for Details. 
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FIGURE 6. TWO-ZONE ARC FURNACE 



content  o f  t he  aluminum metal i s  s a i d  t o  be l e s s  than 10%. Another 
f ea tu re  o f  t he  approach i s  t h a t  i t  i s  recommended t h a t  the  feed 
be prereduced t o  form b r i q u e t t e s  of  Al,OrC. It would appear from 
the  examples quoted t h a t  t he re  i s  ex tens ive  bench experience o t  
t h i s  process b u t  t he re  i s  no evidence of l a r g e  sca le  operat ions.  
E l e c t r i c a l  energy requirements a r e  d i f f i c u l t  t o  assess. Given 
thermal p rereduct ion  t o  t h e  oxycarbide and good e f f i c i e n c y  i n  
t he  plasma furnace, we est imate t h a t  t h e  f i gu re  cou ld  be as low 
as 6 kWhr/lb. 

U. S. Patent 4049 425, September 20, 1977; Middlehoek, Sant ing 
and Dost, assigned t o  She l l .  

A1 umina o r  baux i te  i s  reduced i n  the presence o f  i r on ,  c o b a l t  
o r  n i c k e l  a t  reduced pressure t o  i n h i b i t  carb ide format ion.  
A l l o y s  o f  up t o  90% aluminum a re  claimed. There i s  no descr ip -  
t i o n  o f  t he  furnace nor  any i n d i c a t i o n  o f  reduc t i on  t o  p rac t i ce .  

U.S. Patent 4099959, J u l y  11, 1979; Dewing, Huni, Sood and 
Sontham, assigned t o  Alcan. 

The bas is  o f  t h i s  pa ten t  i s  the  format ion o f  a  working l i q u i d  
c o n s i s t i n g  o f  24% A130, and 76% A1404C t h a t  i s  c i r c u l a t e d  between 
two zones, one a t  a  temperature o f  2000°C t h e  o the r  a t  2090°C. 
Add i t i ona l  carbon and alumina a re  added separa te ly  such t h a t  a t  
the lower temperature the  r e a c t i o n  , 

takes p lace and a t  the h igher  temperature, w i t h  a d d i t i o n  o f  
alumina, the  r e a c t i o n  i s  

The aluminum metal i s  tapped o f f  and aluminum vapor and A1 0  
formed by the  back reac t i on  w i t h  carbon monoxide a r e  condeased 
on the  carbon feed. 

The patent  descr ibes e l e c t r i c  res is tance hea t i ng  and several 
con f i gu ra t i ons  f o r  reactors,  most o f  which have t h e  common 
fea tu re  o f  a  s lop ing  in te rconnect ion  between the  two heat  
zones. The l a t t e r  prov ides t h e  oppor tun i t y  t o  use the  carbon 
monoxide generated i n  t he  r e a c t i o n  t o  a c t  i n  a  l i f t  pump t o  
induce c i r c u l a t i o n .  The e l e c t r i c a l  r e s i s t i v i t y  o f  the  m e l t  
w i t h  i t s  h igh  oxycarbide content  should remain f a i r l y  constant  
so t h a t  the  heat i n p u t  can be c a r e f u l l y  con t ro l l ed .  This  makes 
f o r  e f f i c i e n t  opera t ion  and e l e c t r i c  energy consumption est imated 
t o  be 8 kWhr/lb o f  aluminum. 

4.4 Discussion o f  D i r e c t  Carbothermic Reduction 

From in fo rma t ion  a v a i l a b l e  a t  the present  time, t he re  a re  no 
fundamental thermodynamic o r  k i n e t i c  reasons t o  prevent  t he  



product ion  o f  aluminum by d i r e c t  carbothermic reduct ion.  
However, some of t he  h igh  temperature k i n e t i c s  a re  n o t  very  
w e l l  de f ined and there  has n o t  been a product ion  sca le  demon- 
s t r a t i o n  of any of  t he  proposed approaches. 

Process temperatures a r e  very h igh  and the  reac tan ts  corros ive.  
Th i s  means a severe chal lenge and though i t  i s  poss ib le  t o  
p r o t e c t  many surfaces w i t h  f rozen m e l t  t h i s  o f t e n  means a 
compromi se i n  thermal e f f i c i ency .  Ma te r i a l s  hand1 i ng probably 
presents even g rea te r  problems, p a r t i c u l a r l y  s ince  the re  i s  a 
need t o  c o n t r o l  s t o i c h i o m e t r i c  r a t i o s  on a l o c a l  r a t h e r  than 
an average basis.  Th is  aspect i s  aggravated by t h e  f a c t  t h a t  
t h e  o x i d i c  mel ts  a re  s t i c k y  and viscous. Closed furnace opera- 
t i o n  i s  a l s o  essen t i a l  t o  exclude oxygen and t o  a t t a i n  maximum 
thermal e f f i c i e n c y .  

To reach the  r e a c t i o n  temperatures i t  i s  necessary t o  use 
e l e c t r i c  heat. Though burn ing  excess carbon i n  oxygen might  
be acceptable from a temperature p o i n t  o f  view, i t  becomes 
almost impossib le t o  exerc ise  c o n t r o l  o f  t he  chemist ry  t o  t h e  
e x t e n t  needed. (Th is  i s  n o t  t r u e  o f  a1 l o y  systems, f o r  example, 
aluminum-si l icon, i n  which t h e  chemist ry  i s  l e s s  complicated; 
these are  discussed i n  the  nex t  sect ion.)  The e l e c t r i c a l  
energy requirement i s  i n  every case-according t o  ou r  est imates-  
g rea ter  than t h a t  requ i red  i n  t h e  Ha l l -He rou l t  c e l l  opera t ing  
under t y p i c a l  circumstances. 

The o v e r a l l  conclus ion must be t h a t  d i r e c t  carbothermic reduc- 
t i o n  processes f o r  the  product ion  o f  aluminum would n o t  p rov ide  
lower e l e c t r i c a l  energy consumption than t h e  Hal 1 -HerouS t process, 
b u t  should the re  be any reason t h a t  t h e  l a t t e r  p r a c t i c e  cou ld  
n o t  be pursued, then a v i a b l e  a l t e r n a t i v e  apprnach e x i s t s ,  I n  
t h e  absence, i n  t h e  d i s t a n t  fu ture,  o f  ready a v a i l a b i l i t y  o f  
carbon f o r  anode f a b r i c a t i o n ,  a1 t e r n a t i v e  technology might  we1 1 
be needed. 

Under these circumstances we recommend a study program t o  
de f i ne  d e f i c i e n c i e s  i n  our  knowledge on the  thermodynamics and 
k i n e t i c s  o f  d i r e c t ,  carbothermic reduc t i on  and t o  i d e n t i f y  
p o t e n t i a l  ma te r i a l s  o f  cons t ruc t i on  f o r  reac to rs  and a n c i l l a r y  
components. Based on t h e  f i nd ings ,  experimental  programs 
should be i n i t i a t e d  t o  expand o u r  data base and ensure pre-  
paredness f o r  any need f o r  f u t u r e  change. 



5.0 CARBOTHERMIC REDUCTION TO FORM ALUMINUM SILICON ALLOYS 

5.1 Concept 

Carbothermic reduc t i on  o f  a1 umina/si 1  i c a  mix tures  i s  somewhat 
more s t r a i g h t f o r w a r d  than the reduct ion  o f  alumina. The p r i n c i -  
pal reason f o r  t h i s  i s  t h a t  reduc t ion  o f  s i l i c a  t o  s i l i c o n  
c a r b i  de takes p lace a t  1600°C, a temperature cons iderab ly  below 
t h a t  a t  whichA14C can be formed .(2000°C). The aluminum 
s i l i c o n  a l l o y  i s  ? ormed i n  a s i m i l a r  sequence o f  reac t i ons  t o  
t h a t  f o r  a1 uminum w i t h  S i c  r ep lac ing  the  I X I ' ~ C  3 .  

The impor tan t  d i f f e r e n c e  i s  t h a t  t he  o v e r a l l  r e a c t i o n  may be 
c a r r i e d  o u t  a t  1950°C ins tead  o f  2100°C. This  means l e s s  
losses due t o  vapor i za t i on  and g iven the  proper k i n e t i c s  no 
separat ion o f  a viscous g lassy phase. The reac t i ons  can a l s o  

I be c a r r i e d  o u t  i n  sequence t o  remove much o f  t h e  carbon monoxide 
p r i o r  t o  metal format ion.  

The r a t i o  o f  aluminum t o  s i l i c o n  i n  t h e  feed ma te r ia l  i s  o f  
obvious importance and should be c lose  t o  two p a r t s  alumina 
t o  th ree  p a r t s  s i l i c a .  I n  p r a c t i c e  t h i s  r a t i o  may be achieved 
by b lend ing  o f  ores, though t h i s  i s  n o t  necessa r i l y  a con- 
ven ien t  and economic method o f .  operat ion.  It i s  a l so  essen t i a l  
t h a t  t he  carbon content  o f  the. m e l t  be c lose  t o  t h e  s t o i c h i o -  
m e t r i c  requirement, too  l i t t l e  and the re  w i l l  be unreacted 
alumina,, any excess w i l l  remain I n  the a l l u y  phase. 

5.2 Selected Patents 

U.S. Patent 3257 1977, June 21, 1966; Schmidt, assigned t o  
Reynol ds. 

Th is  pa ten t  descr ibes a method f o r  producing an aluminurn- 
s i l i c o n  a l l o y  i n  conformi ty  w i t h  t h e  p r i n c i p l e s  s e t  o u t  above 
b u t  w i t h  the  a d d i t i o n a l  f ea tu re  o f  adding i r o n  o r  t i tan ium.  
The fo rmat ion  o f  i n t e r m e t a l l i c  compounds i n  t h e  l i q u i d  phase 
reduces t h e  evaporat ion o f  aluminum and g ives r i s e  t o  a m e l t  
t h a t  i s  r e l a t i v e l y  easy t o  handle. On cool ing,  t he  i n t e r m e t a l l i c  
compound and elemental s i l i c o n  c r y s t a l 1  i z e  o u t  and can be 
separated by c e n t r i  fugat ion. . , A  12% s i l i c o n '  i n  aluminum 
a l l o y  i s  t he  f i n a l  product,  t he  y i e l d  o f  t h e  a l l o y  can be i n -  
creased by processing the  s o l i d s  from t h e  cent r i fugat ' ion  .process.. 
The patent  covers t h e  s to ich iomet ry  o f  t h e  process i n  c lose  
d e t a i l  b u t  t he re  i s  no i n d i c a t i o n  o f  i t s  p r a c t i c e  on a l a r g e  
scale. We est imate e l e c t r i c a l  energy requirements t o  be i n  



excess o f  12 kWhr/l b. 

U.S. Patents 3661 561, 3661, 562, May 9, 1972; Trey, Hutchinson, 
Seth, Lanier ,  assigned t o  E thy l  Corporat ion.  

These pa ten ts  descr ibe  a b l a s t  furnace ope ra t i on  f o r  t he  
reduc t i on  o f  a luminum-si l icon ores. The b l a s t  furnace i s  
d i v i d e d  v e r t i c a l l y  i n t o  two zones, one con ta in ing  o n l y  carbon, 
t h e  o t h e r  t h e  o re  and carbon. By b lowing t h e  carbon s ide  w i t h  
oxygen, carbon monoxide i s  generated a t  s u f f i c i e n t l y  h i g h  tem- 
pera tu re  t o  e f f e c t  reduc t i on  i n  t h e  second zone. There i s  no 
evidence of  t e s t i n g  as a l a r g e  sca le  process. 

U.S. Patent  3758 289, September 11, 1973; Wood, assigned t o  
E thy l  Corporat ion. 

A two-step reduc t i on  i s  c laimed i n  t h i s  patent ;  an i n i t i a l  
r educ t i on  w i t h  a f o s s i l  f ue l ,  i n  which temperatures o f  1500- 
1 8 0 0 ~ ~  a re  reached, i s  fo l lowed by e l e c t r i c  a rc  r e d u c t i o n  a t  
2000-2300°C. Th is  appears t o  be a useful  dual approach w i t h  
t h e  m e r i t  o f  reduced e l e c t r i c a l  energy consumption toge the r  
w i t h  good s t o i c h i o m e t r i c  c o n t r o l .  However, t h e  main energy 
requirement i s  f o r  t h e  endothermic reduc t i on  process ( 4 x  
g r e a t e r  than the  preheat)  t h a t  i s  an e l e c t r i c a l  energy demand. 
Again, t h e r e  i s  no evidence o f  l a r g e  sca le  p rac t i ce .  We es t ima te  
t h e  e l e c t r i c a l  energy requirements t o  be a t  l e a s t  6  kWhr/lb. 

U.S. Patent  4046 558, September 6, 1977 and 4053 303, October 
11, 1977; Cochran, Das, M i l i t o ,  assigned t o  Alcoa. 

These pa ten ts  a1 so descr ibe  ranges o f  chemical composi t ion and 
s t o i  ch iomet r ies  f o r  reduc t i on  t o  an a1 ural ~ I U I I I - S ~  1 i c o n  a1 l o y .  
The impor tan t  d i f f e rence ,  however, i s  t h a t  t he  r e a c t i o n s  a re  
d r i v e n  t h e r m a l l y  by t h e  combustion o f  excess carbon w i t h  oxygen. 
To avo id  excessive losses  assoc ia ted  w i t h  t h e  v a p o r i z a t i o n  o f  
aluminum a t  t he  h ighe r  temperatures t h e  o v e r a l l  r e a c t i o n  i s  
c a r r i e d  o u t  i n  stages. 

Appr0xirna~l;ely two - th i  rds o f  t h e  r e a c t  i vrl carhnn monoxide and 
a s i g n i f i c a n t  amount o f  t h e  combustion carbon monoxide i s  
removed f rom t h e  system before  t h e r e  i s  any produc t ion  o f  
aluminum metal .  Contro l  o f  feed  r a t e s  o f  o re  and carbon a r e  
c r i t i c a l  i f  proper  s t o i c h l m e t r y  i s  t o  be maintained. 

The s t r i k i n g  advantage o f  t h i s  process i s  t h a t  e l e c t r i c a l  
energy demands a re  m4nimal. We es t imate  t h c  thermal energy 



requirements based upon 55% thermal e f f i c i e n c y  and 80% com- 
p l e t i o n  o f  the  reduc t i on  process t o  be 70 x  106 BTU/ton o f  
a1 uminum. The equ i va len t  f i g u r e s  f o r  e l e c t r i c  furnace opera- 
t i o n  a r e  21 7 x  l o 6  BTU/ton, a  f i g u r e  t h a t  r e f l e c t s  a  thermal 
t o  e l e c t r i c  energy convers ion e f f i c i e n c y  of 34%. Th i s  makes 
the  d i r e c t  thermal reduc t i on  t o  t h e  aluminum s i l i c o n  a l l o y  
p a r t i c u l a r l y  a t t r a c t i v e  e n e r g e t i c a l l y ,  i t  becomes even more 
a t t r a c t i v e  when i t  i s  r e a l i z e d  t h a t  t he re  a r e  s i x t e e n  tons o f  
low BTU gas (carbon monoxide) produced w i t h  every t on  o f  
aluminum. S e l e c t i v e  c lean ing  and l each ing  o f  t h e  ores be fore  
f i r i n g  may be necessary.. A1 so, t h e  process demands a' h'igh 
p u r i t y  carbon source, a t  present  m e t a l l u r g i c a l  grade coke i s  
proposed. - ... 

5.3 Discussion 

The 1  ower temperatures requ i red  t o  produce t h e  meta l  1  i c phase 
i n  t he  aluminum s i l i c o n  s-ystem b r i n g  i t  w i t h i n  t h e  realm o f  
d i r e c t  reduc t i on  . i n  a  b l a s t  furnace i f  oxygen o r  oxygen en- 
r i c h e d  a i r  i s  used. By avo id ing  t h e  heat t o  e l e c t r i c a l  energy 
convers ion i n e f f i c i e n c y ,  t h i s  approach must show a  d i s t i n c t  

1 advantage over  e l e c t r i c  furnaces. There i s  s t i l l  a  need f o r  
spec ia l  techniques i n  m a t e r i a l  hand l ing  ( i n  t he  phased r e a c t i o n  
approach t h e  v iscous oxycarbide i s  formed i n  t h e  s.econd stage) 
and i n  reduc ing  vapo r i za t i on  losses. The b igges t  problem 
appears t o  be c o n t r o l  o f  t he  carbon-ox id ic  o re  r a t i o .  It cou ld  
w e l l  be t h a t  t he  dual approach w i t h  e l e c t r i c a l  heat ing  f o r  t h e  
f i n a l  s tep  o f  the  process would p rov ide  t h e  o p p o r t u n i t y  f o r  f i n e  
t u n i n g  t h e  process. 

Because the re  i s  a  l a r g e  p o t e n t i a l  market f o r  a luminum-s i l i con  
c a s t i n g  a l l o y s ,  t h i s  concept I s  ex l remely a t t r a c t i v e  as an 
energy saver. We recommend t h a t  s tud ies  o f  t h e  A1-Si-C-0 
system be cont inued v igo rous l y  and t h a t  t he  techn i ca l  and 
economic aspects of a  l a rge -sca le  process be f u l l y  explored. 



6.0 THE SUBCHLORIDE PROCESS FOR THE PRODUCTION OF ALUMINUM 

6.1 Concept 

The subch lor ide  o r  Gross process f o r  t h e  r e f i n i n g  o f  aluminum 
has probably been t'h-e most i n t e n s i v e l y  pursued o f  t he  non- 
e l e c t r o l y t i c  processes. The bas i s  i s  t h a t  a t  h igh  temperatures 
aluminum c h l o r i d e  (AlC13) i n  t h e  vapor phase w i l l  r e a c t  w i t h  
a1 uminum metal t o  form the  v o l a t i l e  monochloride o r  subchlor ide 
(A1C1) according t o  

This  r e a c t i o n  i s  almost complete a t  1 300°C. When t h e  subch lor ide  
i s  cooled, t h e  r e a c t i o n  i s  reversed w i t h  aluminum c h l o r i d e  and 
aluminum vapor being formed i n  a h i g h l y  exothermic reac t ion .  

The process cons i s t s  of t h e  reduc t i on  o f  an impure ore, 
t y p i c a l l y  bauxi te,  t o  g i v e  a1 uminum metal a1 loyed w i t h  s i l i c o n  
and t o  a l e s s e r  ex ten t  i r o n  and t i t an ium.  The reduced o re  i s  
exposed t o  aluminum c h l o r i d e  i n  a conver te r  so t h a t  the  aluminum 
alone i s  d i s t i l l e d  o f f  as the  subchlor ide.  When the  subch lor ide  
i s  condensed, aluminum metal i s  recovered and t h e  aluminum 
c h l o r i d e  recycled. 

6.2 Process Engineering 

The impure a l l o y  t h a t  i s  f e d  t o  t h e  conver te r  i s  produced 
from baux i te  t h a t  i s  f i r s t  ca l c ined  and s i n t e r e d  i n  a r o t a r y  
furnace w i t h  coke. The s i n t e r  i s  then reduced w i t h  coke i n  
a c losed submerged a r c  furnace o f  t he  type used t o  produce 
f e r r o s i l i c o n  o f  ferromaganese, The impure a l l o y  i n  t he  form 
o f  a g ranu lar  s o l i d  i s  t ranspor ted  t o  t h e  converter,  an 
e l e c t r i c a l l y  heated s h a f t  furnace i n  which t h e  charge i s  
moving cont inuously .  Since t h e  charge c o n s t i t u t e s  t h e  
r e s i s t i v e  load o f  t h e  furnace and has a l a r g e  negat ive  co- 
e f f i c i e n t  o f  res is tance i t  i s  preheated w i t h  ex te rna l  res i s tance  
heaters and by p a r t i a l  condensation o f  monochloride vapors t o  
e f f e c t  b e t t e r  furnace con t ro l  . The convertor,  as b u i l t  and 
tes ted  by Alcan, was a r e a c t o r  50' h igh  and 4 '  i n  diameter, 
d e t a i l s  o f  i t s  cons t ruc t i on  a r e  g iven i n  t h e  pa tent  l i t e r a t u r e .  

The monochloride produced i n  t h e  conver te r  passes w i t h  un- 
reac ted  aluminum c h l o r i d e  i n t o  a decomposer, a splash condenser 
w i t h  l i q u i d  aluminum as the  working f l u i d .  The decomposit ion 
i s  a h i g h l y  exothermic r e a c t i o n  producing an extremely 
co r ros i ve  ma te r ia l  so t h a t  t he  splash condenser can be con- 
s idered an e legant  approach t o  a d i f f i c u l t  p r a c t i c a l  problem. 
Heat i s  removed from the  aluminum metal w i t h  a sodium 
c h l o r i d e  - aluminum c h l o r i d e  molten s a l t  m ix tu re .  There 



i s  a l so  a  second stage o f  condensation i n  which the  aluminum 
c h l o r i d e  i s  condensed. Th i s  too  i s  a  splash condenser w i t h  the  
sodi um chloride-aluminum c h l o r i d e  me1 t as t h e  cool  i n g  f l u i d .  
This  m e l t  i s  recyc led  v i a  t h e  f i r s t  condensation stage and a  
heater t o  t h e  converter.  The pressure developed i n  t h e  r e c y c l -  
i n g  process i s  respo'nsible f o r  t h e  c i r c u l a t i o n  o f  aluminum 
c h l o r i d e  through the  system, i.e., no pumps are  needed. 

A l l  t he  components o f  t h i s  system were b u i l t  and t e s t e d  by 
Alcan, d e t a i l s  a r e  g iven i n  t h e  patents, t h e  more impor tan t  
ones are  l i s t e d  i n  t h e  Bib l iography.  

The f lowsheet f o r  t he  process as de f ined by Alcan i n  t h e  pa tent  
l i t e r a t u r e  i s  s e t  o u t  i n  F igure  7. 

6.3 Energy Requirements 

Alcan was ab le  t o  develop a  we1 1  de f ined energy and mass energy 
and mass balance fo r  t h e  subhal ide process. The f i g u r e s  a re  
presented i n  Table 6. It i s  i n t e r e s t i n g  t o  no te  t h a t  the con- 
vers ion  opera t ion  consumes as l i t t l e  e l e c t r i c a l  energy as 2.1 
kWhr/lb b u t  t h a t  the  i n i t i a l  r educ t i on  process, desp i te  the  

' h igh  technology, requ i red  6.5 kWhr/lb, T h e ' t o t B l  o f  8.6 kWhr/lb 
ends up i n  excess o f  t h e  Ha l l -He rou l t  requirements f o r  e l e c t r i c a l  
energy o f  6-7 kWhr/lb. Th i s  was the  p r i n c i p a l  reason f o r  
Alcan abandoning the  p ro jec t ;  i t  was,claimed t h a t  most t echn ica l  
problems had been solved t o  t h e i r  s a t i s f a c t i o n .  The prospects 
f o r  reducing energy consumption i n  t h e  e lec t ro reduc t i on  s tep  a r e  
n o t  good, so t h a t  t h e  o v e r a l l  process, as desc r l  bed, i s  n o t  
a t r r a c t i v e  as an a l t e r n a t i v e  t o  the  Ha l l -He rou l t  process. 

If, however, t he  f i r s t  s tep  were a  thermal reduc t i on  process, 
then there  i s  apparent ly  a  v i a b l e  system s ince the  e l e c t r i c a l  
erleryy f o r  the subchlor ide s tep  1s  j u s t  over 2 kWhr/'l b. We 
recommend, as an ad junc t  t o  t h e  proposed ana lys i s  of  thermal 
reduc t i on  t o  t h e  aluminum-si l icon a l l o y ,  a  d e t a i l e d  examinat ion 
o f  the  f e a s i b i l i t y  o f  pure aluminum product ion from the  a l l o y  
us ing  the  subchlor ide process. 
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FIGURE 7 FLOWSHEET FOR THE SUBCHLORIDE PROCESS 

Source: NWF P h i l 1  i p s  e t  a1 U, S. Pa ten t  



TABLE 6 

Mass and Energy Balance f o r  t he  Alcan Subchlor ide Process 

Raw M a t e r i a l s  and Fuel s 1b / l b  A1 

Bauxi te (60% A1203) 

A n t h r i  c i  t e  

Bituminous Coal 

Soderberg Paste 

Ch lor ine  Make Up 

Energy Consumption kWhr/l b 

Reduct i o n  

S i n t e r i n g  

Coking 

Furnace 

Auxi 11 i a r y  

Di s t r i  b u t i o n  

Re f in ing  

Operations & Losses 2.1 37 

Tota l  8.664 

To ta l  Thermal Energy Equ iva len t  247 MBTU/ton 

Source: P r i v a t e  communication, N.W. F. P h i l l i p s .  



7.0 DISPROPORTIONATION OF ALUMINUM SULPHIDE (A12S) 

7.1 Concept 

The subsulphide process though s i m i l a r  i n  concept t o  t he  sub- 
c h l o r i d e  process has one important  d i f f e r e n c e  - t h e r e  i s  no 
requirement f o r  p rereduct ion  o f  t h e  oxide. I n i t i a l l y ,  t h e  
t r i s u l p h i d e  A12S3 i s  reac ted  w i t h  a1 umina and carbon t o  pro-  
duce the  vol a t 1  1  e  subsul ph i  de. 

This  r e a c t i o n  w i l l  take p lace a t  1000-1200°C a t  a  pressure o f  
5  mHg o r  up t o  2000°C and atmospheric pressure. A  p r a c t i c a l  
compromise i s  probably 1800°C a t  50 mmHg. When the  subsulphide 
i s  cooled, i t  d ispropor t ionates  t o  aluminum metal and the  tri- 
su l  phide 

Both the  a1 umi num and t h e  tri su l  phi  de a r e  condensed r a p i d l y  
t o  minimize t h e  back r e a c t i o n  between aluminum and carbon 
monoxide. The aluminum i s  recovered by reme l t i ng  a t  700°C. 
The m e l t i n g  p o i n t  o f  aluminum su lph ide  i s  1100°C though the re  
i s  s i g n i f i c a n t  s o l u b i l i t y  o f  t h e  su lph ide  i n  t h e  aluminum a t  
700°C, r e s u l t i n g  i n  some contaminat ion. 

Thermodynamic data on the  A1-C-0-S system a r e  1  i m i  t e d  (8) b u t  
i t  i s  genera l l y  agreed t h a t  the  process proposed by VAW based 
on subsulphide format ion i s  sound. It has t h e  advantage over  
t h e  subch lor ide  system t h a t  t he re  i s  no requirement f o r  pre-  
reduc t i on  o f  t h e  bauxi te.  Operat ing temperatures f o r  p r a c t i c a l  
p roduct ion  ra tes ,  however, would probably need t o  be s i g n i f i  - 
c a n t l y  h igher ,  perhaps 1800°C compared t o  1300°C f o r  t he  
subhal i de process. 

7.2 Energy Requi rements 
' 

The VAW patent  ( 9 ) .  c laims t h a t  t he  e l e c t r i c a l  energy requ i re -  
ments f o r  t h i s  process are s i g n i f i c a n t l y  l e s s  than t h a t  o f  t he  
Hal l -Heroul  t process ( c i t e d  by VAW as 8  kWhr/lb). However, the  
o v e r a l l  reac t ion ,  desp i te  the  sul  phide in te rmed ia te  i s  s t i l l  t he  
reduc t i on  o f  alumina w i t h  carbon so t h a t  t h e  o v e r a l l  heat  o f  
r e a c t i o n  i s  t h e  same as o the r  carbothermic processes. Since 
t h i s  heat o f  r e a c t i o n  va r ies  l i t t l e  w i t h  temperature the  
energy requirement would n o t  be s i g n i f i c a n t l y  d i f f e r e n t  from 
t h a t  ca l cu la ted  i n  Table 5. The heat o f  sub1 imat ion  o f  A1 S 

heat  of r e a c t i o n  f o r  t h e  fo rmat ion  o f  A I Z S  i s  9080 kca l / kg  
E must a l so  be added t o  t h i s .  From t h e  heats o f  format ion t e  

(compared t o  5925 kcal  /kg f o r  the  reduc t i on  o f  A1 O3 ) f rom 
which we can c a l c u l a t e  the  e l e c t r i c a l  energy requ?rements f o r  



75% thermal efficiency and 80% reaction efficiency to  be 10 kWhr/l b. 

There i s  no report of the subsul phide process being sa t i s f ac to r i ly  
practiced on a large scale. Operating under reduced pressure 
a t  very high temperatures on an industrial  ' sca le  i s  extremely 
d i f f i cu l t  and expensive. There must also be problems in handl- 
i n g  the trisulphide which i s  easi ly  hydrolyzed. A fur ther  factor  
i s  the extent of tr isulphide contamination of the product aluminum. 
This will convert to  alumina a t  the surface to  the detriment of 
the physical character is t ics  of the metal. We do not consider 
t h i s  process to  be a practical approach t o  aluminum production. 



3.0 ALUMINUM PRODUCTION THROUGH AN ALUMINUM NITRIDE INTERMEDIATE 

8.1 Concept 

Aluminum w i l l  form a n i t r i d e  according t o  the  r e a c t i o n  

The r e a c t i o n  s t a r t s  t o  take p lace a t  400°C b u t  does n o t  proceed 
t o  complet ion u n t i l  temperatures of 1800-1 900°C a r e  a t ta ined .  
The n i t r i d e  sublimes above 2000°C and may most e a s i l y  be de- 
composed by reducing the  pressure a t  t h i s  temperature. 

I n  concept the  r e v e r s i b i l i t y  o f  t h i s  process o f f e r s  t h e  oppor- 
t u n i t y  f o r  producing aluminum, p a r t i c u l a r l y  when i t  i s  r e a l i z e d  
t h a t  t he  f o l l o w i n g  r e a c t i o n  

A1203 + 3C + N2 + 2A1N + 3C0 

can take  p lace a t  about 1500°C. 

8.2 Patent Coverage 

U.S. Patent 2,835,566 May 20, 1958; P i e r i e r e s  and Rue11 assigned 
t o  Pechiney. 

I n  t h i s  process the  f i r s t  s tep  i s  t h e  product ion  o f  A1N which 
i s  sublimed from baux i te  reduced w i t h  carbon i n  n i t rogen.  The 
end product conta ins  a1 umina from the  v o l a t i l e  suboxide formed 
according t o  

3A120 + A1 203 + 4A1 

and aluminum c a r b o n i t r i d e  a l s o  formed from the  suboxide 

A1 20 + 3C + N2 + 2Al CN + CO 

The patent  deals p r i m a r i l y  w i t h  the  conversion o f  the  crude 
n i t r i d e  t o  pure aluminum. Th is  i s  achieved by decomposit ion 
o f  t he  n i t r i d e  a t  1700°C a t  0.5 mm Hg pressure i n  an i n d u c t i o n  
furnace. The c a r b o n i t r i d e  i s  c o l l e c t e d  on t h e  sur face o f  a 
t r a p  he ld  a t  1500°C where i t  i s  converted t o  the  carb ide  
according t o  

The sur face o f  t he  t r a p  i s  cleaned p e r i o d i c a l l y  by r a i s i n g  the  
temperature, t h i s  reverses the  above r e a c t i o n  t o  vapor ise the  
c a r b o n i t r i d e  which i s  c o l l e c t e d  i n  a d isposable condenser. The 
suboxide i s  a l so  removed by depos i t ion  on a disposable sur face 
h e l d  a t  1000°C. A1 uminum metal i s  c o l l e c t e d  i n  the  lower sec t i on  
o f  t he  reac tor .  



This is a complex, batch process for the production of 
a1 uminum that does not appear .to have any particular merit. 
We have not made an analytical study of the energy require- 
ments since they are obviously significantly greater than those 
o f  the Hal 1 -Heroul t process. 



9.0 ALUMINUM PRODUCTION BY CHLORIDE ELECTROLYSIS 

9.1 Concept 

A1 uminum may be obta ined by the  e l e c t r o l y t i c  decomposit ion o f  
a1 uminum c h l o r i d e  i n  a  fused c h l o r i d e  mel t .  Th i s  process has 
been developed by Alcoa (The Alcoa Smelt ing Process-ASP) t o  
t h e  stage where a  demonstrat ion p l a n t  w i t h  a  capac i t y  o f  15,000 
tons per  year  has been operated f o r  several years. The capac i t y  
i s  being expanded t o  30,000 tons per  year  as improved techno- 
logy, p a r t i c u l a r l y  i n  aluminum c h l o r i d e  product ion ,  i s  p u t  on 
stream. 

The process cons i s t s  of t he  c h l o r i n a t i o n  of  Bayer aluminum t o  
form aluminum c h l o r i d e  which i s  then decomposed i n  a  mu1 t i  
e lec t rode  c e l l  o f  b i p o l a r  c o n f i g u r a t i o n  t o  form aluminum and 
ch lo r i ne .  The e l e c t r o l y t e  i s approximate ly  equimolar sodium 
and l i t h i u m  ch lo r i des  wi.th about 5  mole % aluminum c h l o r i d e  
a t  a  temperature.of 730°C. The major advantage o f  t h e  process . . 

i s  i t s  low s p e c i f i c  e l e c t r i c a l  energy consumption a t  4.5 kWhr/lb. 
Th is  low value can be a t t r i b u t e d  p r i m a r i l y ' t o  t he  cSose 
spacing (0.25") of t he  non-consumable, b i p o l a r  e lect rodes.  I n  
the  Ha l l -He rou l t  c e l l ,  t he  anode-cathode d is tance i s  between 
1.0 and 2.0" w i t h  an associated vo l tage l o s s  o f  2.OV. I n  t h e  
ASP, t h e  ohmic losses i n  t he  e l e c t r o l y t e  correspond t o  t h e  
l e s s  than 0.5V o f  t h e  c e l l  opera t ing .vo1 tage. 

9.2 Process Engineering 

The var ious  stages o f  t h e  ASP are  shown i n  t h e  f l o w  diagram i n  
F igure  8. D e t a i l s  of t h e  components a re  a v a i l a b l e  i n  the  pa tent  
l i t e r a t u r e .  A l i s t  o f  t h e  more important  patents i s  g iven i n  
t he  b ib l iography,  a  b r i e f  d e s c r i p t i o n  o f  t he  process i s  g iven 
be1 ow. 

The raw ma te r ia l  f o r  the ASP i s  Bayer alumina w i t h  s t r i n g e n t  
s p e c i f i c a t i o n s  on i m p u r i t i e s ,  see Table 7. The c h l o r i n a t i o n  
s tep  requ i res  carbon as a  reducing agent; i n  p r a c t i c e  the  
alumina i s  impregnated w i t h  carbon i n  a  two stage f l u i d  bed 
system f i r e d  w i t h  No. 6 f u e l  o i l .  The t o p  stage i s  operated 
a t  a  r e l a t i v e l y  low temperature on which unburned f u e l  o i l  
can be condensed on t h e  alumina feed t o  the  lower stage a t  
900°C. I n  the  lower stage, t h e  f u e l  o i l  i s  cracked and coked. 
The feed r a t e  i s  ad jus ted  such t h a t  the  amount o f  carbon 
deposi ted i s  s l i g h t l y  more than t h e  s t o i c h i o m e t r i c  requirement 
t o  reduce t h e  ox ide t o  form carbon d iox ide .  

Two methods f o r  c h l o r i n a t i o n  a re  descr ibed i n  t h e  pa tent  l i t e r ;  
a tu re .  The f i r s t  i s  a  f l u i d i z e d  bed, operated a t  590°C i n  which 
t h e  aluminum i s  converted p r i m a r i l y  t o  aluminum ch lo r i de .  
Minor bu t  s i g n i f i c a n t  amounts'of hydrogen ch lo r i de ,  aluminum 
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TABLE 7 

S p e c i f i c a t i o n  f o r  t h e  Alumina Feed f o r  t he  Alcoa' Smelt ing Process 

Fe203 

CaO 

MgO 

NiO 

99.426% min 

.025 max 

.03 max 

.06 max 

.002 max 

.005 max 

Ca 0 .O1 max 

Mn02 .002 max 

Na20 .4 max 

Ti02 ,005 max 
. 2 .. ' , .. . . . 

ZnO 
. . 

. ) 
. ... 02 rnax 

.002 max 

.005 max 

.001 max 

'2'5 .005 max 



hydroxychlor ide,  aluminum oxych lor ide  and sodium c h l o r i d e  a re  
a1 so produced. The sodi um content  i s  de r i ved  f rom t h e  a1 umina 
i n  w h i c h . i t  i s  present  as an i m p u r i t y  from the  Bayer process. 

A two stage condensation process, removes unreacted alumina and 
carbon, the  oxych lor ides  and sodium ch lo r i de .  The condensate 
i s  ox id i zed  t o  regenerage ch lo r i ne ,  t h e  sodium c h l o r i d e  washed 
ou t  and the  alumina recyc led  t o  the  f i r s t  stage o f  the  process. 
The aluminum ch.1oride i s  subsequently condens.ed i n  a  f l u i d  bed 
a t  65OC. The hyd roch lo r i c  a c i d  which i s  n o t  condensed i s  
removed i n  an absorp t ion  col  umn t o  prov ide  a  usefu l  byproduct. 

I n  t he  second process, t he  c h l o r i n a t i o n  i s  c a r r i e d  o u t  i n  a  
molten s a l t  bath, t y p i c a l l y  70% aluminum ch lo r i de ,  30% sodium 
c h l o r i d e  i n  t he  temperature range o f  780 t o  815OC. Cuprous o r  
c u p r i c  c h l o r i d e  i s  added t o  the  bath as a  c a t a l y s t .  Bayer 
alumina and brushed coke a re  f e d  t o  the  bath through which 
c h l o r i n e  i s  bubbled from the bottom. Carbon monoxide i s  
claimed t o  be an e f f e c t i v e  a1 te rna te  reductant .  The oxych lor ides  
and sodi um ch l  o r a l  umi nate a re  condensed from the  a1 umi nurn 
c h l o r i d e  vapor as i n  t h e  p rev ious l y  descr ibed method. 

The a1 uminum c h l o r i d e  i s  f e d  t o  t h e  e l e c t r o l y t i c  c e l l  where i t  - d isso lves  r a p i d l y  i n  t he  li thium-sodium c h l o r i d e  e l e c t r o l y t e .  
The c e l l  i s  shown i n  s e c t i o n  i n  F igure  9, a  d e t a i l e d  
d e s c r i p t i o n  o f  t h e  components, i s  g iven i n  t h e  pa ten t  l i t e r a t u r e .  
Each c e l l  cons i s t s  o f  twenty t o  t h i r t y  b i p o l a r  carbon e lec t rodes 
stacked h o r i z o n t a l l y .  The upper sur face o f  each e lec t rode  i s  
a  cathode on which aluminum i s  produced. The c h l o r i n e  formed 
on t h e  lower sur face moves i n  channels towards a  c e n t r a l  space 
where i t  c i r c u l a t e s  e l e c t r o l y t e  by a  gas l i f t  ac t i on .  Th is  
c i r c u l a t i o n  o f  e l e c t r o l y t e  sweeps t h e  aluminum o f f  t h e  cathode 
so t h a t  i t  f a l l s  to The sump and does not col lect  on the sur- 
face. This  means t h a t  a  small i n t e r e l e c t r o d e  spacing can be 
used. The c e l l  design and e l e c t r o l y t e  f l o w  pa t te rns  a re  
essen t i a l  t o  h igh  c u r r e n t  e f f i c i e n c y .  E l e c t r o l y t e  c i r c u l a t i o n  
a l s o  ensures an adequate supply o f  aluminum c h l o r i d e  through- 
o u t  t h e  c e l l .  This  i s  important  because a  l o c a l  de f ic iency  
o f  a1 uminum c h l o r i d e  r e s u l t s  i n  t he  depos i t i on  o f  an a1 k a l i  
metal which can des t roy  the  g raph i te  sur face by forming an 
i n t e r c a l a t i o n  compound. Th is  i s  p a r t i c u l a r l y  t r u e  o f  potassium 
and every e f f o r t  i s  made t o  keep t h e  potassium content  of  t h e  
ba th  as low as possib le.  Though aluminum c h l o r i d e  i s  h i g h l y  
so lub le  i n  the  mel t ,  i n  p r a c t i c e ,  t h e  concent ra t ion  i s  kept  below 
10 w t  % and p r e f e r a b l y  c l o s e r  t o  6.5 w t  %. The disadvantages 
o f  t h e  h igher  concent ra t ion  are  lower c o n d u c t i v i t y ,  h igher  
v i s c o s i t y ,  more recyc le  and p o t e n t i a l  a t t a c k  o f  t h e  r e f r a c t o r y  
l i n i n g  o f  t h e  c e l l .  



Note: Detailed description in U.S. Patent 4133727. 

FIGURE 9. ALCOA SMELTING PROCESS BIPOLAR CELL 



An essen t i a l  aspect o f  c e l l  ope ra t i on  i s  t h e  complete exc lus ion  
o f  mo is tu re  and ox ide  species f rom the  c e l l  (hence t h e  c a r e f u l  
p u r i f i c a t i o n  o f  t h e  a1 uminum c h l o r i d e ) .  There a r e  two problems 
associated w i t h  t he  presence o f  oxides, one i s  sludge formation, 
the  o t h e r  i s  consumption o f  t h e  anode face  o f  t h e  g r a p h i t e  
e lec t rodes .  There i s  every i n d i c a t i o n  t h a t  Alcoa has these 
problems under complete c o n t r o l .  

9.3 Comments on the  Alcoa Smel t ing Process (ASP) 

As a l ready  noted t h e  major  advantage o f  t h e  ASP i s  a  l e s s e r  
requirement f o r  e l e c t r i c a l  energy (4.5 kWhr/l b )  than t h e  Hal 1  - 
Herou l t  process (6-8 kWhr/ lb).  A  comparison o f  t h e  two pro-  
cesses i s  g iven i n  Table 8. It i s  apparent t h a t  t he  major  
advantage o f  t h e  ASP i s  t h e  smal le r  anode-cathode separat ion, 
an advantage t h a t  more than o f f s e t s  t h e  h ighe r  r e v e r s i b l e  
decomposit ion vo l tage of  t h e  c h l o r i d e  and s l i g h t l y  lower con- 
d u c t i v i t y  o f  t h e  chor ide  mel t .  The thermal energy assoc ia ted  
w i t h  t he  c h l o r i n a t i o n  process i s  s l i g h t l y  g rea te r  than t h a t  
expended i n  t h e  manufacture o f  prebake anodes. 

The o v e r a l l  assessment o f  t h e  ASP i s  t h a t  i t  i s  a t e c h n i c a l l y  
v i a b l e  process t h a t  represents an a1 t e r n a t i v e  techno1 ogy t o  
t h e  Ha l l -He rou l t  process. The ASP technology i s  more s o p h i s t i -  
cated than Ha l l -He rou l t  so t h a t  t he  p o t e n t i a l  f o r  down-time o r  
per iods o f  low c u r r e n t  e f f i c i e n c y  a re  i n e v i t a b l y  greater .  
Current  e f f i c i e n c y  i s  very  dependent on t h e  maintenance o f  
optimum hydrodynamic f l o w  i n  t h e  c e l l .  A1 coa has s tud ied  t h i s  
e x t e n s i v e l y  and can ma in ta in  h igh  e f f i c i e n c y  on a  r o u t i n e  basis .  
Thermal management and condensation o f  t h e  v o l a t i l e  components 
o f  t h e  e l e c t r o l y t e  have a l s o  been e x t e n s i v e l y  s tud ied  and do 
n o t  now represent  ope ra t i ona l  problems. The key t o  t r o u b l e  
f ree ope ra t i on  appcars t o  bc thc  p u r i t y  of  t h c  aluminum 
c h l o r i d e  feed, ox ides cause sludge fo rmat ion  and car ry -over  o f  
sodium c h l o r i d e  s low ly  changes t h e  composit ion o f  t h e  bath. 
The pa ten t  l i t e r a t u r e  conta ins  many d e s c r i p t i o n s  o f  processes 
and devices t o  i nsu re  aluminum c h l o r i d e  o f  a t  l e a s t  99.9% 
p u r i t y .  One o t h e r  major  ope ra t i ona l  advantage over  t h e  H a l l -  
He rou l t  process i s  t h e  c a p a b i l i t y  o f  t h e  ASP t o  su rv i ve  power 
f a i  1  ure. 

We have r e c e n t l y  made an es t imate  o f  t h e  ope ra t i ng  cos ts  f o r  
t h e  ASP, these a re  s e t  o u t  i n  Table 9. I n  a r r i v i n g  a t  these 
cos ts  we have assumed t h a t  t h e  f i x e d  c a p i t a l  investment i s  t h e  
same as f o r  a  convent ional  p l a n t  ( w i t h  prebaked anodes) o f  t h e  
same capac i ty .  



TABLE 8 

COMPARISON OF ASP AND H-H CELLS 

ASP 

Current  Densi ty  A / in2  5-1 5 

Anode Cathode Distance i n  0.25 

Reversi  b l  e  Decomposition Vol tage V 1.8 

Anode p o l a r i z a t i o n  V 0.4 

i R  losses i n  e l e c t r o l y t e  V - 0.5 

Voltage per c e l l  ** 2.7 

* Inc ludes depo la r i z i ng  a c t i o n  of carbon qnode 

H-H 

5-7 a t  t h e  anode 
2-4 a t  t h e  cathode 

** P r a c t i c a l  c e l l  vo l tages cannot be compared because o f  t he  ASP 
m u l t i c e l l  b i p o l a r  s tack  conf igura t ion .  Also no te  t h a t  these 
f i g u r e s  do n o t  c o r r e l a t e , d i r e c t l y  ' w i t h  the p r a c t i c a l  values 
o f  kWhr/lb c i t e d  fo r  t he  two processes unless assumptions a r e  
made about t h e  c u r r e n t  e f f i c i enc ies .  



TABLE 9 

ESTIMATED COST OF PRODUCING PRIMARY ALUMINUM 
BY THE ALCOA SMELTING PROCESS 

Annual Capacity - 160,000 Shor t  Tons/Year 
Cap i ta l  Investment - 340,000,000 

Raw M a t e r i a l  s 

A1 umi num 
Oxygen 
Sodium Ch lo r i de  
L i t h i u m  Ch lor ide  
Ch lor ine  

U t i l i t i e s  

Fuel No. 6 - 
Fuel O i l  

Power 
Water Process 

Cool i n g  

U n i t s  

Tons 
Tons 
Tons ' 

Tons 
Tons 

MMBTU , 

kwh 
M Gal 

Uni t /Ton 

1.930 
.020 
.001 
.001 
. I90  

24.85 
10,500 
0.200 

100.000 

Labor 

7.000 87.15 Operat ing and Maint.  man h r s  12..45 
Superv is ion and Adm. man h r s  17.70 2.070 36.64 

123.79 

Operat ing Suppl ies 2.00 

Maintenance M a t e r i a l s  and Suppl ies - 1% o f  Cap i ta l  Investment 21.25 

P lan t  Overhead @ 50% o f  Labor 61.90 

TOTAL PRODUCTION COSTS BEFORE DEPRECIATION AND GS&A 725.56 

36&/ l  b 



10.0 ALUMINUM PRODUCTION BY THE ELECTROLYSIS OF ALUMINUM SULPHIDE 
(A12s3) 

10.1 Concept 

A1 umi num sul  ph i  de can be decomposed by e l e c t r o l y s i s  i n  a  
c r y o l i t e  o r  c h l o r i d e  fused s a l t  ba th  t o  g i v e  aluminum and 
sul  phur accord ing t o  t h e  o v e r a l l  r e a c t i o n  

Since the  t h e o r e t i c a l  open c i r c u i t  vo l t age  f o r  t h i s  r e a c t i o n  
i s  1.14V, comparing favorably t o  the  1.8V f o r  t h e  decomposi- 
t i o n  o f  the  ch lo r i de ,  i t  would appear t o  l e n d  i t s e l f  t o  an 
energy e f f l  c i e n t  smel t ing  process. Though some experimental  
work has been c a r r i e d  o u t  t he re  i s  no documented evidence o f  
p i l o t  scale o r  l a r g e r  p lants.  We there fore  have t o  make an 
assessment o f  t h e  p r a c t i c a b i l i t y  o f  t h e  process which depends 
on two main fac to rs .  The f i r s t  i s  t he  degree o f  d i f f i c u l t y  
assoc ia ted  w i t h  t h e  manufacturer o f  t h e  su lph ide  according t o  

The second i s  t he  c u r r e n t  e f f i c i e n c y  o f  t h e  e l e c t r o l y t i c  
s tep  which can be impaired by the  fo rmat ion  o f  a  so lub le  
monovalent a1 uminum sul  phur complex a t  t h e  cathode (10).  
Since t h i s  complex can be o x i d i z e d  a t  t h e  anode the  c u r r e n t  
e f f i c i e n c y  i s  lowered. 

10.2 P r a c t i c a l  C o n ~ i d e r a t j o n ~ .  I 

The prepara t ion  o f  t h e  su lph ide  from alumina i s  a  d i f f i c u l t  
r e a c t i o n  (11 ), t he re  a re  no re1  i a b l e  data t o  e s t a b l i s h  whether 
t h e  r e a c t i o n  w i l l  go t o  complet ion and whether the  k i n e t i c s  
a re  f a s t  enough f o r  an economical l a r g e  scale process. The 
r e a c t i o n  temperature w i l l  need t o  be i n  excess o f  l l O O ° C  ( t h e  
me1 t i n g  p o i n t  o f  t h e  su l  phide)  and i n  a l l  p r o b a b i l i t y  e l e c t r i c a l  
heat ing  w i l l  be necessary. I f  we use t h e  c h l o r i n a t i o n  s tep  o f  
t he  subch lor ide  process as an analogy, t h e  energy requirements 
are  equ iva len t  t o  approximate ly  2  kWhr/lb o f  aluminum produced. 

I n  t he  e l e c t r o l y t i c  step, if t h e  vo l tage losses are  comparable 
t o  c h l o r i d e  e l e c t r o l y s i s ,  the  c e l l  opera t ing  vol tage,  based 
on t h e  t h e o r e t i c a l  open c i r c u i t  vo l tage of 1.14V, would be 
approximate ly  2.OV. Th is  would correspond t o  an energy con- 
sumption o f  3.3 kWhr/l b  f o r  a  c u r r e n t  e f f i c i e n c y  i n  the  range 
85-90%. However, i t  i s  thought t h a t  t h i s  f i g u r e  w i l l  n o t  be 
achieved i n  p r a c t i c e  because o f  t he  presence of the  monovalent 
species. I f  we assume t h a t  t h e  p r a c t i c a l  t r a d e - o f f  between 
ohmic losses and losses due t o  d i f f u s i o n  o f  t h e  monovalent 
c a t i o n  across the c e l l  leads t o  a  c u r r e n t  e f f i c i e n c y  o f  75% 
then t h e  energy consumption would be 4.0 kWhr/lb. 



10.3 D iscuss ion  

I t  would appear f rom t h e  above t h a t  t h e  t o t a l  e l e c t r i c a l  
energy consumption assoc ia ted  ,w i t h  t h e  p roduc t i on  o f  aluminum 
f rom a1 umina th rough su l  ph ide e l e c t r o l y s i s '  i s  i n  t h e  range o f  
5.3 t o  6.0 kWhr/lb. T h i s  i s  s u f f i c i e n t l y  a t t r a c t i v e  t o  
war ran t  exper imenta l  s t u d i e s  t o  b e t t e r  understand t h i s  process 
and d e f i n e  i t s  r e a l  u t i l i t y .  



11.0 ALUMINUM PRODUCTION BY THE ELECTROLYSIS OF ALUMINUM NITRIDE 

11.1 Concept 

The key t o  aluminum product ion  by e l e c t r o l y s i s  o f  aluminum 
n i t r i d e  i s  t h e  s o l u b i l i t y  o f  t he  n i t r i d e  i n  a  m ix tu re  o f  l i t h i u m  
n i t r i d e  and 1  i t h i u m  ch lo r i de .  Though aluminum n i t r i d e  i s  i n s o l u b l e  
i n  cry01 i t e  and fused ch lo r ides ,  i t  w i l l  d i sso l ve  i n  the  presence 
o f  l i t h i u m  n i t r i d e  t o  form a  viscous m e l t  probably c o n t a i n i n g  
complex ions  corresponding t o  Li3N. 3AlN (11 ) .  The a t t r a c t i v e  
fea tu re  o f  n i t r i d e  e l e c t r o l y s i s  i s  t h e  low decomposit ion vol tage,  
0.79V a t  727°C. However, t h e  e l e c t r o l y s i s  process i s  a  complex 
one t h a t  has n o t  been s tud ied  very ex tens ive ly .  

11.2 P r a c t i c a l  Considerat ions 

I n  work c a r r i e d  o u t  a t  B a t t e l l e ,  Geneva, (11) no aluminum was 
obta ined on e l e c t r o l y s i s  u n t i l  t h e  bath had aged s i g n i f i c a n t l y .  
Ana lys is  o f  t h e  bath showed t h a t  t he  Li3N content  had dropped t o  
0.28 mole %, down from 12.5 mole % as i n i t i a l l y  formulated. When 
aluminum was deposited, i t  was found t h a t  t h e  Faradaic e f f i c i e n c y  
was low bu t  t h a t  i t  increased w i t h  increas ing  c u r r e n t  dens i ty .  
A t  t h e  present  t ime, i t  i s  n o t  known whether t h e  low Faradaic 
e f f i c i e n c y  i s  due t o  l i t h i u m  depos i t i on  o r  the s o l u b i l i t y  o f  
aluminum i n  the  mel t .  A t  an opera t ing  vo l tage o f  2.2V, however, 
t he  Faradaic e f f i c i e n c y  was found to,  be c lose  t o  90%. Taking 
these f a c t o r s  i n t o  account, we may c a l c u l a t e  t h e  energy consump- 
t i o n  f o r  aluminum product ion.  For the e l e c t r o l y t i c  step, we 
est imate t h i s  as 3.6 kWhrj lb.  Th is  and comparable f i g u r e s  f o r  
t he  Ha l l -He rou l t  and Alcoa processes are shown i n  Table 10. 

I n  a d d i t i o n  t o  the  i l l - d e f i n e d  e l e c t r o l y t i c  step, two o t h e r  
aspects o f  t h e  o v e r a l l  p roduct ion  process present  d i f f i c u l t i e s .  
These a re  t h e  slow r a t e  o f  d i s s o l u t i o n  o f  t he  n i t r i d e  and t h e  
ac tua l  format ion o f  t h e  n i t r i d e .  The former i s  a  design and 
ope ra t i ng  problem, b u t  t he  l a t t e r  i s  a  more fundamental problem. 
D i r e c t  format ion i n  a  carbothermic r e a c t i o n  according t o  

i s  d i f f i c u l t .  The r e a c t i o n  does n o t  go t o  completion, and the  
c a r b o n i t r i d e  i s  formed as a  byproduct. The problems associated 
w i t h  these f a c t o r s  a re  discussed i n  d e t a i l  i n  Sect ion 8. There 
i s ,  however, an a l t e r n a t i v e  rou te  t o  produce the  n i t r i d e  by t h e  
r e a c t  i o n  between a1 um'i num c h l o r i d e  and ammonia. 

A1Cl3 + NH3 +- 3HC1 + AIN 

The complete scheme f o r  t h e  product ion  o f  t h e  metal w i t h  alumina 
as the  s t a r t i n g  ma te r ia l  i s  shown i n  F igure 10. The hydro- 
c h l o r i c  a c i d  i s  used t o  regenerate c h l o r i n e  e i t h e r  by o x i d a t i o n  
(Deacon process) o r  e l e c t r o l y s i s .  Despite the  apparent com- 



TABLE 10 

Comparison o f  t he  Energy Requirements of  A1N E l e c t r o l y s i s  w i t h  ASP and 
H-H 

A1 N ASP H-H 

E l e c t r i c a l  energy kWhr/l b 3.6 4.5 6.0-8.0 

Tota l  Thermal Energy 1 06BTU/ ton  9 6 1:30 150-1 90 

Energy equ iva len t  t o .  NH3 1 06BTU/ton 36 

To ta l  1 06BTU/ton 132 140 150-1 90 



FIGURE 10 

A1N CONCEPT FLOW CHART 
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plexity of the system, it can be considered competitive with the 
Hal 1 -Heroul t and A1 coa processes. A breakdown of the equi val ent 
thermal energy requirements for each process is given in Table 10 
the figures for A1N were derived from the Battelle data. Note 
that the AlN and AlC13 figures include the thermal energy of the 
chlorination step. 

11.3 Di scussion 

Nitride electrolysis remains of significant interest because 
of its low electrical energy requirements. In this context, 
more should be 1 earned about the electrolytic step, particularly 
the long term stability of the electrolyte. 



12.0 ALUMINUM' PLATING FROM NON-AQUEOUS SOLVENTS 

Aluminum i s  e a s i l y  p l a t e d  from many non-aqueous systems so t h a t  there  

. . 
i s  an oppor tun i t y  f o r  metal re f i n ing .  Typical  examples are: 

o  aluminum bromide i n  e t h y l  bromide 

o. .a1 uminum c h l o r i d e  and e t h y l  p y r i d i n i  um bromide i n  to1  uene 

o  aluminum c h l o r i d e  and l i t h i u m  aluminum hydr ide  i n  e the r  
o r  te t rahydro  furan 

o aluminum.bromide and potassium bromide i n  toluene. 

These baths are  e f f e c t i v e  i n  producing hard l u s t r o u s  deposi ts  s u i t -  
ab le  as p r o t e c t i v e  coat ings and even f o r  q u i t e  l a rge  e lectroformed 
s t ruc tures .  Without exception, t h e  c u r r e n t  d e n s i t i e s  used a r e  low, 
and t h e  cu r ren t  e f f i c i e n c i e s  f a l l  w i t h  increas ing cu r ren t  densi y. h Typ ica l l y ,  a  ba th  w i t h  a  cu r ren t  e f f i c i e n c y  o f  100% a t  10 mA/cm w i l l  
be down t o  40% a t  30 r n ~ / c m ~  (12). Accumulation o f  t h e  products of 
the  anodic process and s ide  reac t i ons  degrade the  performance o f  t h e  
bath i n  t h e  form o f  increased res i s tance  and a l s o  a f f e c t  the  q u a l i t y  
o f  t h e  aluminum deposit .  

The non aqueous so lven t  systems a re  a l s o  q u i t e  r e s i s t i v e  and do n o t  
o f f e r  t h e  oppor tun i t y  f o r  dramatic energy savings. It i s  a l s o  con- 
s idered u n l i k e l y  t h a t  t h e  chemistry can be modi f ied  t o  o b t a i n  any 
s i g n i f i c a n t  increase i n  ra te .  We do n o t  recommend any s tud ies  i n  
t h i s  area. 



13.0 MAJOR IMPROVEMENTS TO THE HALL-HEROULT PROCESS 

13.1 Basic Hal 1  -Heroul t Technology 

Present day Ha l l -He rou l t  c e l l s  operate i n  t h e  range o f  f i f t y  
t o  hundreds o f  kA. Large c e l l s  a re  p r e f e r r e d  fo r  t h e i r  b e t t e r  
economics, b u t  t he re  i s  an upper l i m i t  t o  t h e i r  s i z e  de f ined by 
the  c a p a b i l i t y  t o  c o n t r o l  t h e  magne t i ca l l y  induced surges i n  t h e  
aluminum cathode. Because of these very  l a r g e  cur ren ts ,  i t  
becomes very impor tan t  t o  minimize vo l tage losses i n  t he  system. 
A breakdown o f  t h e  losses i n  a  t y p i c a l  prebaked anode c e l l  i s  g iven 
i n  Table 2. The l a r g e s t  l o s s  i s  i n  the  res i s tance  o f  t h e  e l e c t r o -  
l y t e  (1.9V). The p o l a r i z a t i o n  assoc ia ted  w i t h  the  e lect rochemical  
process i s  0.5V, s ince  t h e  r e v e r s i b l e  vo l tage f o r  the o v e r a l l  
r e a c t i o n  i s  1.2V. 

13.2 P r a c t i c a l  Considerat ions 

Since the  e l e c t r o l y t e  composit ion has been opt imized over the  
years, p a r t i c u l a r l y  w i t h  the  a d d i t i o n  o f  l i t h i u m  carbonate t o  
improve t h e  conduc t i v i t y ,  t he  pr imary f a c t o r  i n  t h e  c o n t r o l  of 
t h i s  source o f  vo l tage l o s s  i s  t h e  anode cathode d is tance (ACD). 
Th is  i n  t u r n  i s  dependent on t h e  consumption and r e p o s i t i o n i n g  
o f  t h e  anode and the  depth o f  t he  aluminum pad which i s  dra ined 
a t  i n t e r v a l s .  The ACD i s ,  there fore ,  cont inuous ly  vary ing  u s u a l l y  
between 1.0 and perhaps 2.25", though i n  some newer c e l l s ,  t h e  
spacing might  be s l i g h t l y  less.  I t  should a l s o  be noted t h a t  
the  ACD i n  a  c e l l  i s  n o t  un i fo rm though gross v a r i a t i o n s  tend t o  
be s e l f  co r rec t i ng .  

Considerat ion o f  t he  above f a c t o r s  p o i n t s  t o  two approaches t h a t  
p rov idc  the  oppor tun i t y  t o  r e d 1 . 1 ~ ~  t h e  ACD, one i s  t o  e l i m i n a t e  
the  need t o  accumulate an aluminum pool cathode, t h e  second i s  
t o  deploy a  nonconsummable anode t h a t  can be permanently pos i -  
ti oned. 

13.3 T i tan ium Dibor ide  Cathodes 

The reasons t h a t  an aluminum pool i s  mainta ined as the  cathode 
a r e  t h a t  t h e  l i q u i d  metal does n o t  wet t h e  carbon cathode, and 
t h a t  the  e lec t rode  r e a c t i o n  i s  l e s s  e f f i c i e n t  on t h e  carbon sur-  
face. The search f o r  a1 t e r n a t i v e  m a t e r i a l s  t o  carbon dates 
back t o  t h e  19501s, and i t  appears t h a t  t he  o n l y  candidate today 
i s  one o f  t h e  e a r l y  ones examined - t i t a n i u m  d ibo r ide .  Much 
has been learned about i t s  manufacture, p a r t i c u l a r l y  t he  requ i re -  
ment t o  avo id  i n t e r g r a n u l a r  oxygen. (The mol t en  a1 uminum a t tacks  
the  oxygen and b r i ngs  about phys ica l  degradat ion.) T i tan ium 
d i b o r i d e  has t h e  advantage o f  being wet by molten aluminum and 
has demonstrated, i n  t h e  labora tory ,  s u f f i c i e n t  res i s tance  t o  
chemical a t tack .  From the  l a b o r a t o r y  experiments, i t  i s  pro-  
j e c t e d  t h a t  a  t i l e  114" t h i c k  would have a l i f e  o f  7-8 years i n  
a  Hal 1-Heroul t c e l l .  In prac t ice ,  no one has demonstrated 



s u f f i c i e n t l y  long l i f e  and r e l i a b i l i t y  t o  undertake the r i s k  
assoc ia ted  w i t h  r e t r o f i t t i n g  a  s i g n i f i c a n t  number o f  p roduct ion  
c e l l s .  It i s  est imated t h a t  between two and th ree  years o f  
c e l l  l i f e  a re  needed t o  j u s t i f y  t h e  i n s t a l l a t i o n  o f  TiB2 cathodes. 

The energy savings t o  be r e a l i z e d  by reduc t i on  o f  t h e  ACD t o  a  
range o f  1/2" t o  1 "  may be est imated t o  be c lose  t o  20% o f  
t y p i c a l  e x i s t i n g  c e l l s .  I n  p r a c t i c e  i t  might  prove t o  be more 
b e n e f i c i a l  t o  increase product ion  a t  t h e  same energy consumption 
l e v e l  r a t h e r  than take advantage o f  the  energy savings. To some 
ex ten t  t he re  a r e  opera t iona l  c o n s t r a i n t s  r e l a t e d  t o  c e l l  operat-  
i n g  temperature and c r u s t  th ickness  t h a t  prevent  d i r e c t  saving 

- o f  e l e c t r i c a l  energy. 

Despite the  c lose r  spacing o f  t he  e lect rodes,  t he  ex ten t  o f  
the  back r e a c t i o n  between aluminum and carbon d iox ide  t o  
regenerate alumina i s  n o t  expected t o  increase. I n  t h e  absence 
o f  t h e  aluminum pool, s t i r r i n g  o f  t h e  e l e c t r o l y t e  w i l l  be 
minimized and the  cu r ren t  e f f i c i e n c y  w i l l  remain a t  around 90%. 

An example o f  a  novel approach t o  c e l l  design i s  g iven i n  t he  
pa tent  o f  Foster and Jacob (13) i n  which the  TiB2 i s  i n  t he  form 
o f  ho l low v e r t i c a l  c y l i n d e r s  embedded i n  t h e  cathode base. I n  
opera t ion  these f i  11 w i t h  a1 uminum and then overf low; very  
c lose  spacing o f  e lec t rodes i s  poss ib le  w i thou t  p r e j u d i c i n g  good 
t r a n s p o r t  o f  reac tan ts  t o  t h e  ac t i ve ,su r faces .  The c y l i n d e r  
e lec t rodes e f f e c t i v e l y  prevent  surg ing o f  t h e  aluminum and a l s o  
have t h e  advantage t h a t  they r e q u i r e  l e s s  TiB2 than t h e  f l a t  t i l e s .  

The p r a c t i c a l  problems associated w i t h  TiB2 seem t o  be uneven 
co r ros ion  and c rack ing  o f  f a b r i c a t e d  p a r t s  i n  t h e  c e l l  envi ron-  
ment. I t  i q  q l r rp r i s i ng  t h a t  qiven t h e  i n c e n t i v e  o f  20% improve- 
ment i n  e f f i c i e n c y  t h a t  t h e  problems associated w i t h  producing 
TiB2 and i t s  a p p l i c a t i o n  a r e  n o t  c lose r  t o  so lu t i on .  

I n  view o f  the  major bene f i t  expected t o  be der ived from an ex- 
tens ive  r e t r o f i t  o f  TiB2 cathode, every e f f o r t  should be made 
t o  advance t h i s  technology by every means poss ib le .  I t  would 
be usefu l  t o  have, i n  the  pub1 i c  domain, documentation o f  t h e  
techn ica l  and engineer ing op t ions  a v a i l a b l e  i n  TiB2 f a b r i c a t i o n ,  
and the  energy and cos t  b e n e f i t s  t h a t  might  be der ived f rom them 
These opt ions  i nc lude  t h e  s t a r t i n g  mater ia ls ,  method o f  prepara- 
t i o n ,  s l u r r y  cas t ing ,  c o l d  pressing, s i n t e r i n g ,  e t c .  

13.4 Permanent Anodes 

Though the re  a r e  o the r  reasons t o  consider  permanent o r  non- 
consumable anodes i n  t h e  Ha l l -He rou l t  c e l l ,  such as the  e l im ina -  
t i o n  o f  t he  prebake p lan t ,  they  w i l l  a l so  c o n t r i b u t e  t o  reducing 
the  ACD. When permanent anodes a re  used, t he  e lec t rode  r e a c t i o n  
i s  oxygen e v o l u t i o n  r a t h e r  than the  generat ion o f  carbon d iox ide .  



Th is  means t h a t  t h e  t h e o r e t i c a l  open c i r c u i t  vo l t age  i s  2.21V 
as opposed t o  t h e  1.17V f o r  carbon anodes. So t h e  decrease i n  
ACD must more than compensate f o r  t h i s  d i f f e r e n c e  if there  i s  t o  
be an improvement i n  Whr e f f i c i e n c y .  The consensus i s  t h a t  an 
o v e r a l l  improvement of some 8-10% would be' achieved i f  a  s u i t a b l e  
m a t e r i a l  were a v a i l a b l e .  The o n l y  open l i t e r a t u r e  on t h i s  t o p i c  
i s  i n  t h e  form o f  pa ten ts  (14) (15) where the re  a re  c la ims f o r  
the  u t i l i t y  o f  t h e  f o l l o w i n g  ma te r i a l s :  

a T i n  oxide, i r o n  oxide, chromium oxide, c o b a l t  oxide, 
n i c k e l  ox ide  o r  z i n c  ox ide  w i t h  smal l  a d d i t i o n s  o f  
Fe, Sb, Cu, M r ,  Nb, Zn, C r ,  Co, W, Cd, Zr, Ta, In ,  
Ni, Cu, Ba, o r  B i .  

a Spine ls  w i t h  t h e  general formula X Y Y ~ O  where X i s  a  4 d i v a l e n t  o r  t e t r a v e l e n t  metal ,  Y and Y may be the  
same o r  d i f f e r e n t  and are  t r i v a l e n t  o r  d i v a l e n t  metals.  

a Perovsk i te  ox ides w i t h  t he  general formula RMO3 where 
R i s  a  monovalent, d i v a l e n t  o r  t r i v a l e n t  metal and M 
i s  a  pentavalent ,  t e t r a v a l e n t  o r  t r i v a l e n t  metal .  

It i s  c la imed t h a t  c e r t a i n  o f  these m a t e r i a l s  a r e  s t a b l e  i n  
a  c r y o l i t e  m e l t  con ta in ing  d i sso l ved  alumina i n  an e l e c t r o l y t i c  
c e l l  as l ong  as t h e  c e l l  i s  under load. There i s  a  requirement 
f o r  un i f o rm c u r r e n t  d e n s i t y  and f o r  oxygen t o  con tac t  a l l  exposed 
sur faces o f  t h e  anode. 

Large sca le  t e s t s  a re  reputed. t o  be under way i n  Europe, and i t  
i s  gene ra l l y  considered t h a t  a l though major  problems have been 
encountered, t h e  work i s  con t inu ing .  Probably t he  b igges t  i n -  
c e n t i v e  t o  develop a  permanent anode i s  the.  o p p o r t u n i t y  t o  design 
a  b i p o l a r  c e l l .  It i s  u n l i k e l y  t h a t  permanent. anodes would be 
considered as a  r e t r o f i t  f o r  e x i s t i n g  c e l l s .  Progress towards 
a  permanent anode depends on a  b e t t e r  understanding o f  t h e  pro-  
cesses occu r i ng  a t  t h e  anode. Research e f f o r t  d i r e c t e d  a t  t h i s  
i s  s t r o n g l y  recommended. 

One o t h e r  f a c e t  o f  t h e  permanent anode i s  t h e  o p p o r t u n i t y  t o  
reduce c e l l  vo l tage by t h e  use o f  a  d e p o l a r i z i n g  gas. If, 
f o r  example, carbon monoxide were f e d  t o  t h e  anode, t h e  t h e o r e t i c a l  
open c i r c u i t  vo l t age  would be lowered t o  1.29V. The concept has been 
demonstrated i n  bench sca le  work, b u t  t h e  complex i ty  o f  a  l a r g e  
sca le  c e l l  and d i f f i c u l t y  i n  ma in ta in ing  a  t h ree  phase i n t e r f a c e  
( e l  ectrode-gas-el  e c t r o l y t e )  probably  exc l  udes CO depo la r i  z a t i o n  
from p r a c t i c a l  use. Carbon monoxide cou ld  conceivably  be used 
as t h e  depo la r i ze r  i f  t h e  anode were an oxygen an ion  conductor. 
The known oxygen i o n  conductors such as doped z i r c o n i a  a re  uns tab le  
I n  c r y o l i t e  and cannot suppor t  very  l a r g e  cur ren ts .  



Suggestions t h a t  hydrogen o r  methane might  be used as depo lar izers  
f o r  a  permanent anode a re  untenable because o f  ex tens ive  hydrogen 
f l  uo r ide  product ion.  

13.5 Improved Ce l l  Contro l  

I n  t he  course o f  t h e  l a s t  twenty years, t he  energy consumption 
associated w i t h  t h e  e l e c t r o l y t i c  reduc t i on  o f  a1 uminum has 
f a l l e n  from 8-10 kWhr/lb t o  6 kWhr/lb f o r  good c u r r e n t  tech- 
nology. Th is  has been achieved by a  b e t t e r  understanding o f  
t h e  mechanisms important  i n  c e l l  operat ion.  These i nc lude  t h e  
i n f l u e n c e  o f  e l e c t r o l y t e  composit ion, temperature and ACD on 
c e l l  vo l t age  and c u r r e n t  e f f i c i e n c y ,  and the  i,nportance o f  hydro- 
dynamic e f f e c t s ,  and c r u s t  shape and th ickness.  The magne t i ca l l y  
induced f l o w  o f  t he  aluminum cathode and t h e  e l e c t r o l y t e ,  w i t h  a  
shear plane a t  t he  i n t e r f a c e ,  ma in ta in  the  e l c t r o l y t e  sa tura ted  

w i t h  a1 uminum. The d isso lved '  o r  suspended aluminum can r e a c t  
w i t h  carbon d iox ide  bubbles swept from t h e  anode t o  reduce the  
c u r r e n t  e f f i c iency .  Crust th ickness i s  a  f u n c t i o n  o f  temperature 
and on coo l ing ,  i t  can grow over  t h e  sur face o f  t h e  cathode i n -  
c reas ing  t h e  c u r r e n t  dens i t y  and changing t h e  c u r r e n t  d i s t r i b u t i o n  
i n  t h e  c e l l .  The change i n  c u r r e n t  d i s t r i b u t i o n  a1 t e r s  t h e  magnetic 
forces and thus the  f low pa t te rn .  What emerges from t h i s  i s  a  

complex i n t e r a c t i o n  between most o f  t he  major f a c t o r s  t h a t  a f f e c t  
c e l l  performance. The r e s u l t  i s  a  f l u c t u a t i n g  p a t t e r n  o f  cont inu-  
ous changes i n  c e l l  operat ion,  some over  a  l ong  p e r i o d  o f  t ime, 
some q u i t e  shor t .  A d e t a i l e d  d iscussion o f  these e f f e c t s  has 
r e c e n t l y  been presented by Luchi and A ra i  (16). 

I n  p rac t i ce ,  t he  p a t t e r n  o f  behavior o f  each i n s t a l l a t i o n  o f  c e l l s  
has s low ly  evolved t o  the  p o i n t  where h igh  e f f i c i e n c y  i s  r o u t i n e l y  
obtained, though the  pa t te rns  a re  no t  necessa r i l y  t he  s  me. NOW, 
w i t h  t h e  oppor tun i t y  f o r  computer mon i to r i ng  , t h e  contro? process 
can be automated and i n t e g r a t e d  w i t h  t h e  feed o f  alumina,to a n t i -  
c i p a t e  t h e  anode ef fect .  

The anode e f f e c t  occurs when t h e  alumina content  o f  t h e  c r y o l i t e  
e l e c t r o l y t e  f a l l s  below about 2% by weight. When t h i s  happens, 
the c e l l  vo l tage increases t o  between 30 and 40V. Normal opera- 
t i o n  i s  res to red  when alumina i s  added t o  t h e  c e l l ,  b u t  recovery 
can take anywhere from f i v e  t o  ten  minutes. I n  o l d e r  p rac t i ce ,  
t h e  anode e f f e c t  was induced several t imes a  day s ince  t h i s  i m -  
par ted  s t a b i l i t y  t o  the  c e l l s  and avoided the  r i s k  o f  overfeeding. 
The l a t t e r  circumstance, because o f  t h e  slow d i s s o l u t i o n  o f  the  
alumina i n  t h e  c r y o l i t e  r e s u l t s  i n  what i s  termed a  " s i c k  c e l l " ,  
a  circumsatnce t h a t  might  take days t o  recover.  Also, i f  the  
alumina s inks  through the  aluminum t o  t h e  carbon b lock  manual 
"demucking" o f  t he  c e l l  i s  needed. 

I t  i s  now recognized t h a t  t h e  anode e f f e c t  i s  wastefu l  o f  energy 
and t h a t  t he  t ime average value f o r  o f f  t ime c o n s t i t u t e s  a  s i g n i -  



f i c a n t  loss .  It can be expressed as an e f f e c t i v e  vo l tage l o s s  
o f  about 0.1V. 

Ce l l  c o n t r o l  f o r  optimum operat ion,  i n c l u d i n g  t h e  suppression 
of t he  anode e f f e c t ,  can be achieved because o f  t h e  dynamic 
c h a r a c t e r i s t i c s  o f  t h e  c e l l  vo l  tage. When t h e  c u r r e n t  and 
vo l tage o f  a  c e l l  a r e  monitored, i t  i s  found t h a t  i n  a d d i t i o n  
t o  the  expected dc s igna l ,  t he re  i s  a  random f l u c t u a t i n g  component 
t h a t  i s  considered t o  be due t o  bubble format ion on t h e  anode. 
Since t h e  number o f  bubbles c o n t r o l s  the  contac t  area between 
the  anode and the  e l e c t r o l y t e ,  t h e r e  i s  a  na tu ra l  f l u c t u a t i o n  
pe r iod  which i s  a  f u n c t i o n  o f  t h e  nomjnal cu r ren t .  As l ong  as 
the  frequency i s  w i t h i n  normal bounds, a  c e l l  may be s a i d  t o  be 
i n  con t ro l .  An improper frequency can be i n d i c a t i v e  o f  low ACD, 
grounded anode, low aluminum cathode, low e l e c t r o l y t e  o r  an over- 
f e d  c e l l .  

Contro l  o f  t h e  anode e f f e c t  i s  poss ib le  by computing t h e  r e s i s -  
tance o f  a  c e l l  from t h e  measured vo l tage and c u r r e n t  and then 
determin ing when the  res i s tance  begins t o  increase. A t  a  pre-  
determined increase, t h e  computer demands t h e  a d d i t i o n  o f  alumina 
t o  t h e  c e l l .  Methods o f  mon i to r ing  t h e  alumina content  of t h e  
c r y o l i t e  have been developed bu t  have n o t  seen use i n  every day 
c e l l  operat ions. 



14.0 MISCELLANEOUS PROCESSES FOR ALUMINUM PRODUCTION 

14.1 The Toth Process 

I n  t h i s  process proposed by Charles Toth (17) manganese metal i s  used 
t o  reduce aluminum c h l o r i d e  t o  aluminum a t  300°C and 15 atmospheres 
pressure. The r e a c t i o n  may be expressed as 

3Mn ( s )  + 4A lcC16( l )  + 3 (Hn C12 A12C16) (1 )  + 2Al ( s )  

The f l o w  diagram f o r  t he  o v e r a l l  process i s  shown i n  F igu re  11 , 
the  a1 uminum c h l o r i d e  i s  ob ta ined by t h e  c h l o r i n a t i o n  o f  c l a y  
w i t h  c h l o r i n e  and s i l i c o n  t e t r a c h l o r i d e  a t  925OC. The manganese 
c h l o r i d e  produced i n  t h e  p r e c i p i t a t i o n  o f  t h e  aluminum powder i s  
separated from t h e  aluminum c h l o r i d e  by a l l o w i n g  t h e  l a t t e r  t o  
evaporate. The manganese c h l o r i d e  i s  then o x i d i z e d  i n  oxygen a t  
600°C t o  produce Mn203. I t i s  proposed t h a t  t h e  ox ide  i n  t u r n  be 
reduced t o  t h e  metal  i n  a b l a s t  furnace f o r  recyc le .  

I t i s  gene ra l l y  acknowledged t h a t  manganese sesquioxide cannot 
be reduced e f f e c t i v e l y  i n  a b l a s t  furnace and t h a t  o t h e r  methods 
o f  metal  recovery would n o t  be economic. The magnitude o f  t h e  
problem i s  apparent when i t  i s  r e a l i z e d  t h a t  t h ree  tons o f  
manganese need t o  be recyc led  f o r  each t o n  o f  aluminum produced. 
We a l s o  consider  t h a t  t h e  manganese'content o f  t h e  aluminum pro- 
duced by t h i s  method would be unacceptably high. 

14.2 Monochloride Process 

Peacey and Grimshaw (18) have proposed a process i n  which aluminum 
monochlor ide i s  produced d i r e c t l y  from baux i t e  a t  1800°C. It 
i s  subsequent ly quenched w i t h  d i s p r o p o r t i o n a t i o n  i n  l i q u i d  l e a d  
t o  g i ve  l i q u i d  aluminum. The aluminum and l ead  l a y e r s  separate 
t o  g i v e  aluminum w i t h  l e s s  than 1% s i l i c o n  and j u s t  t r aces  o f  
lead. A t y p i c a l  f l o w  sheet i s  shown i n  F igure  12. Some steps 
o f  t h e  process have been demonstrated i n  t h e  l a b o r a t o r y  b u t  
t he re  i s  no process experience. We es t imate  t h a t  t he  e l e c t r i c a l '  
power requirements f o r  t h e  1800°C furnace would be comparable 
t o  t h a t  o f  t h e  f i r s t  s tep  o f  t h e  Gross process a t  6.5kWhr/l b. 
Th i s  f i g u r e  means t h a t  t he  process i s  sca rce l y  compe t i t i ve  w i t h  
t he  Ha l l -He rou l t  approach though i t  might  have t h e  advantage o f  
lower c a p i t a l  cos t .  

14.3 Reduction i n  Dispersed Arc Discharge 

K a r l o v i t z  o f  Combustion and Explos ives Research, Inc .  i n  U.S. 
Patent  4,146,389 issued March 27, 1979 descr ibes t h e  reduc t i on  
o f  alumina t o  aluminum metal i n  a d ispersed e l e c t r i c a l  d ischarge 
w i t h  carbon and n a t u r a l  gas. 
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The discharge i s  c la imed t o  operate a t  low c u r r e n t  l e v e l s  and 
t h a t  i f  t h e  byproduct h y d r 0 g e n . i ~  taken i n t o  account, t he  
pa tent  c i t e s  an energy consumption o f  4 kWhr/lb, ac tua l  
e l e c t r i c a l  energy consumption i s  6 kWhr/lb b u t  c r e d i t  i s  taken 
f o r  t h e  hydrogen t h a t  i s  produced. It i s  acknowledged t h a t  t he  
back r e a c t i o n  i s  s i g n i f i c a n t  b u t  t h a t  A1203, A14C3 and A120C are  
c a r r i e d  through the  process as a dus t  than can be c o l l e c t e d  and 

recycled.  We be1 i eve  t h a t  these c o n t r i b u t e  t o  a low e f f i c i e n c y  
process and t h a t  there  i s  a s i g n i f i c a n t  r i s k  t h a t  the  i m p u r i t i e s  
would condense w i t h  t h e  metal. 

14.4 I n e r t  Arc Furnace Reduction (Greenwal d Associates, Inc.  ) 

Greenwald Associates, Inc.  has developed an I n e r t  Arc Furnace 
i n  which the  furnace atmosphere c o n s t i t u t e s  the  e l e c t r i c a l  
res i s tance  o f  t h e  system. The furnace i s  operated c losed w i t h  
a l a r g e  zone o f  un i fo rm ly  h igh  temperature. Thermal losses a re  
s a i d  t o  be minimal. The furnace has been used f o r  making aluminum 
a1 l o y s  ( low aluminum values ~ 5 % )  d i r e c t l y  from the  oxides. The 
energy consumption f o r  alumina reduc t i on  was est imated by 
Greenwald t o  be l e s s  than 4 kWhr/lb, b u t  no assessment has y e t  
been made o f  the  d i f f i c u l t i e s  associated w i t h  separa t ing  a1 uminum 
vapor and carbon monoxide t o  prevent  the  reverse reac t ion .  

14.5 Thermal D issoc ia t i on  o f  Hal ides  

I t  has been suggested U.S. Patent t h a t  the  ha l i des  o f  aluminum 
may be d issoc ia ted ,  i n  a plasma arc, a t  4000-5000°C. The 
concept i s  thermodynamically sound b u t  i t  i s  inconceivable t h a t  
t h o  products can he q~~enched f a s t  enough t o  prevent t he  reforma- 
t i o n  o f  t he  ha l ide .  

14.6 T r i  propyl  A1 umi num Hydr i  de 

Th is  process patented by E thy l  Corporat ion i nvo l ves  the  reduc t i on  
o f  low grade ores i n  an e l e c t r i c  furnace, w i t h  subsequent separa- 
t i o n  o f  t he  aluminum from t h e  aluminum s i l i c o n  a l l o y  by r e a c t i o n  

w i t h  propylene and .hydrogen t o  form ( c ~ H ~ ) ~  A1 o r  (C3H7)2 A l .  
The aluminum i s  recovered by pyro lys ' i  s which a1 so regenerates 
the  propylene. A f l o w  sheet f o r  t h i s  process which can be 
extended t o  produce f e r r o s i l i c o n  a t  t h e  same t ime i s  shown i n  
F igure  13. I t  i s  considered t h a t  f i r s t  s tep  w i l l  be s i m i l a r  t o  
t he  f i r s t  s tep o f  t h e  Gross process and thus q u i t e  energy i n -  
t e n s i  ve. We a1 so a n t i c i p a t e  t h a t  t h e  process woul d be expensive. 
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15.0 RESEARCH AND DEVELOPMENT RECOMMENDATIONS 

The near term goals f o r  R&D i n  the  f i e l d  of  pr imary aluminum a re  
, r e l a t i v e l y  easy t o  de f i ne  . These should be t o  develop cathode m a t e r i a l s  
t h a t  w i  11 improve the  e f f i  ci'ency of t he  Hal 1  -Heroul t c e l l .  E f f o r t s  
t o  de f i ne  a  manufactur ing process f o r  t i t a n i u m  d i b o r i d e  o r  t he  mixed 
bo . r i de -n i t r i de  should be stepped up and a  more v igorous t e s t i n g  pro-  
gram pursued. The program should probably focus on p r a c t i c a l  shapes 
o f  s u f f i c i e n t l y  l a r g e  s i z e  f o r  t e s t i n g  under r e a l i s t i c  cond i t ions .  
It i s  understood t h a t  t he re  i s . a l r e a d y  a c t i v i t y  i n  T iB  ceramics i n  2 Government Labora tor ies  though the  work i s  n o t  d i r e c t e  a t  cathodes ' 
f o r  t he  aluminum indus t ry .  The e x p e r t i s e  a t  these l a b o r a t o r i e s  cou ld  
form a base f o r  new a c t i v i t i e s .  Other programs should l ook  a t  t h e  
i n f l u e n c e  of the  method o f  preparat ion,  process va r iab les  and compo- 
s i t i o n  on performance and l i f e .  It i s  r e a l i z e d  t h a t  the  t e s t i n g  i s  
necessa r i l y  a  l ong  and i nvo l ved  process, t h i s  emphasizes t h e  need f o r  
prompt expansion o f  t he  t e s t i n g  program. The t e s t i n g  must be backed 
up w i t h  comprehensive c h a r a c t e r i z a t i o n  of t he  ceramic components 
be fore  and a f t e r  t e s t i n g .  

We a l s o  recommend study o f  m a t e r i a l s  f o r  a  permanent anode, p a r t i c u -  
l a r l y  t he  newer m a t e r i a l s  developedas MHD elect rodes,  i t  would a l s o  
be worthwhi le  t o  examine t h e  thermodynamics of some o f  t he  oxide- 
c r y o l i t e  systems under the  cond i t i ons  o f  t he  very  l oca l i zed ,  h igh  
oxygen p a r t i a l  pressure t h a t  can be assumed t o  occur  a t  t he  sur face 
of an e lec t rode  evo l v ing  oxygen. 4 

I 

A t  a  lower l e v e l  of e f f o r t  we a l so  ?ecommend ongoing s tud ies  o f  carbo- 
thermic reduct ion,  p a r t i c u l a r l y  the  A1-0-C-Si system. O f  i n t e r e s t  
would be k i n e t i c  s tud ies  and physical  c h a r a c t e r i z a t i o n  o f  the  me l t s  
a t  h igh  temperatures. Thcsc s tud ies  might  be pxtpnApd t n  exp lore  
the  separat ion o f  a luminum-si l icon a l l o y s  by t h e  subhal ide process. 

For t he  longer  term the  a1 t e r n a t i v e  ~ l e c t r o l y t i c  processes look  as 
i f  they  cou ld  prov ide  some energy savings beyond t h e  p o s s i b i l  i t i e s  
w i t h  t h e  H a l l  -Heroul t c e l l .  The c h l o r i d e  process i s  f u l l y  developed 
and apparen t l y '  a v a i l a b l e  f o r  1  i cens ing  so t h a t  no research a c t i v i t y  
i s  needed i n  t h i s  area. Sulphide e l e c t r o l y s i s  appears a t t r a c t i v e  if 
a)  the  su lph ide  can be prepared i n  h igh  y i e l d  w i t h o u t  t oo  l a r g e  an 
energy pena l t y  and b )  the  ACD can be kept  small w i t h o u t  p r e j u d i c i n g  
c u r r e n t  e f f i c i e n c y  by the  o x i d a t i o n  o f  so lub le  monovalent aluminum 
species t h a t ' a p p a r e n t l y  occur t o  a  g rea te r  ex ten t  i n  t he  su lph ide  
system than i n  c h l o r i d e  and c ryo l i t e /a lum ina  systems. Both of these 
t o p i c s  deserve' c lose  sc ru t i ny .  

N i t r i d e  e l e c t r o l y s i s  i s  faced w i t h  t h e  same problem i n  feedstock pre-  
pa ra t i on  and such fac tors  as slow d i s s o l u t i o n  and low c u r r e n t  e f f i c i e n c y  
a t  o t h e r  than very  h igh  c u r r e n t  d e n s i t i e s  i n d i c a t e  a  complex e l e c t r o -  
l y t i c  process. However, t h e  system should be s tud ied  i n  d e t a i l .  

We do n o t  recommend any work on the  prucesses l i s t e d  i n  Sect ion 14. 
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