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A l te rna te aluminum smelt ing processes are 

considered fo r meeting the cost chal lenge of the 

cyc l i ca l aluminum ingot market and increasing the 

competitiveness of aluminum in mater ia l markets. 

Experience wi th 46 metals shows average abundance in 

the ear th ' s crust and ex t r ac t i ve technology are the 

main determinants of p r i c e . Metals produced by 

thermal methods have the lowest market p r i c e . Those 

produced e l e c t r o l y t i c a l l y are many times higher. 

Nearly every cost sector of the Bayer /Hal l -Heroul t 

process must be addressed fo r a major cost reduction 

in aluminum. This may include improving energy 

e f f i c i ency and p r o d u c t i v i t y ( labor and c a p i t a l ) , 

changing to less expensive energy forms, combining 

p u r i f i c a t i o n and reduct ion t o use less expensive 

raw mater ia ls and reductants and producing valuable 

by-products. B ipo lar c e l l s using alumina may o f fe r 

p roduc t i v i t y and energy improvements wi thout cos t l y 

chemical conversion of alumina. Carbothermal 

processes can reduce nearly every cost sector i f 

be t te r ways can be found to suppress vapor izat ion and 

side react ions and f a c i l i t a t e removal of aluminum from 

the products. 

Introduction 

Intense competition within the world aluminum 

industry and increasing market rivalry between 

materials provide strong impetus for lower cost 

aluminum smelting processes. 

Competition Within the Industry 

Aluminum commodity ingot prices have fluctuated 

by a factor of almost two on several occasions in 

recent years (Figure 1 ) , forcing the permanent closing 

of many production facilities. Among the causes are 

excess capacity, global marketing of aluminum through 

commodity exchanges, disparate power costs in 

different locations, distorted currency exchange 

rates, and policies in some nations to maintain 

employment and trade balances regardless of direct 

cost/price relationships. 
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Competition With Other Mater ia ls 

H i s t o r i c a l l y , aluminum markets have grown p r i n -

c i p a l l y by penetrat ing the markets of other mater ia ls 
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wi th p r ice reduct ions made possible through technical 

advances. Shor t ly a f t e r aluminum f i r s t sold i n Europe 

in the 1850s, the pr ice of aluminum dropped and i t s 

use as a semiprecious metal grew as sodium replaced 

potassium f o r reducing aluminum ch lo r ide [ 1 ] . By the 

time the Ha l l -Herou l t process was implemented the 

pr ice had dropped wel l over 100-fo ld [ 2 ] from the 1850 

pr ice and aluminum began to compete more s t rong ly wi th 

the more common metals . Cost reduct ions through 

e f f i c i ency improvement, increased p r o d u c t i v i t y and 

economies of scale permit ted aluminum t o cross under 

the cost of copper (equal volume basis) i n the 1890s 

and under zinc (equal volume basis) i n the 1930s, and 

share in the markets of these meta ls . Price compe-

t i t i o n has heightened and aluminum product ion grown in 

recent years as aluminum i s penetrat ing markets in 

which inexpensive p l a s t i c s , glass and steel also 

compete. However, the usual f low of improvements in 

performance and costs i n Bayer /Hal l -Heroul t technology 

has been unable t o o f f s e t the per iod ic lows in 

commodity ingot pr ices in recent years . In f a c t , 

conventional Bayer /Hal l -Herou l t may be approaching 

real lower l i m i t s i n cos ts . This has led t o consid-

er ing changes in the aluminum smelt ing process that 

would permit p r o f i t a b l e operat ion through the whole 

commodity ingot p r i ce cyc le . 

Ext rac t ion Experience f o r Metals 

Guidance on cost reduct ion p o s s i b i l i t i e s can be 

obtained by examining pr ice in format ion fo r 46 metals 

in Figure 2 [ 3 ] . The p r i nc ipa l f ac to r determining 

metal p r i ce (pound mole basis) i s average abundance in 

the ea r th ' s c r u s t . Prices increase more than 

100,000-fold wh i le abundance drops more than 

10 m i l l i o n - f o l d . Wi th in the broad band of points f o r 

ind iv idua l metals the price/abundance re la t ionsh ip 

breaks i n to a number of separate curves f o r d i f f e r e n t 

ex t rac t i ve techno log ies . Pr ice d i f f e r e n t i a l s are also 

evident fo r metals i n the e a r l i e r stages of commerci-

a l i z a t i o n before learn ing curve advances or economies 

of scale are r e a l i z e d . Pr ice ca r te l a c t i v i t y i s 

evident f o r t i n . Metals t ha t are produced by thermal 

methods have the lowest market p r i ce f o r t h e i r 

abundance whi le e l e c t r o l y t i c a l l y produced metals are 

priced 4 to 23 times h igher , the fac to r increasing as 

the abundance f a l l s o f f . Metals t ha t have more stable 

oxides are more d i f f i c u l t t o reduce carbothermal ly 

because of vapor iza t ion and side react ion problems at 

the higher temperatures required and have been 

produced e l e c t r o l y t i c a l l y fo r t h i s reason. Reducing 

the vapor izat ion and side react ion problems f o r these 

metals should drop t h e i r costs nearer t o those now 

produced the rma l l y , a l lowing fo r the higher energy and 

temperature requirements. 
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Cost Sectors 

Another approach to identifying technical 

opportunities for cost reduction is to examine cost 

sectors in the Bayer/Hall-Heroult process. The 

largest sectors include ore, energy, capital, and 

labor followed closely by carbon, casting, other 

materials and repair maintenance, administrative 

sales, taxes, and insurance [4]. These costs are 

directly tied to technical features of the process. 

Direction and magnitude of cost changes for alternate 

processes are indicated from energy sources, ores, 

efficiencies, material costs, productivities (as 

related to labor and capital), and capital needs (as 

related to number of process steps, temperature, and 

concentration of the process stream). 

No alternate process is likely to be implemented 

unless it can operate profitably through the bottoms 

of the commodity ingot price cycle while continuing to 

pay off the investment costs of new facilities. As a 

rough approximation, costs of an alternate process 

would have to approach almost half of average Bayer-

Hall-Heroult costs for this to happen today. Since 

no single cost factor in aluminum production today 

amounts to half of the production costs, the alternate 

process that meets the need will have to strongly 

reduce a number of larger cost sectors. 
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Energy Cost 

Most of the search for alternate processes has 

centered around reducing energy requirements, justi-

fied by the 20-40% of domestic costs [5] that energy 

represents and the good prospects for improving upon 

the 45% overall energy efficiency of the electrolytic 

process [6] and the 33% efficiency in generation of 

electricity from steam. However, even if the energy 

cost sector was totally eliminated, cost reduction in 

other cost sectors would still be required to make 

operations profitable during market lows. 

Any process that starts with alumina and ends 

with aluminum has the same theoretical energy require-

ments. The actual energy requirements are greater 

than these, depending on the efficiencies of the 

chemical steps between alumina and aluminum. 

Alumina 

Smelter grade alumina i s one of the la rges t items 

in the cost o f aluminum produc t ion . Processes tha t 

combine reduct ion and p u r i f i c a t i o n may permit the 

d i r e c t use of unpur i f i ed ores in the place of alumina. 

This could o f f e r oppor tun i t ies f o r cost reduct ion i f 

less cos t l y ores can be used and/or by-products can be 

produced w i th values equal ing or exceeding t h e i r 

production cos ts . However, t h i s approach can dr ive up 

production costs and cap i ta l i f product ion steps are 

added, the process stream has to go through d i l u t e 

phases (gases or d i l u t e l i q u i d s ) , or i f special 

disposal of impur i t i es i s requ i red. 

Capital and Labor 

The p r o d u c t i v i t y of a modern Ha l l -Herou l t c e l l i s 

about 0.0014 volume of metal per hour per un i t ce l l 

volume [ 6 ] , about one-tenth the p r o d u c t i v i t y o f an 

i ron b las t furnace [ 7 ] . This d i f fe rence occurs 

because metal i s produced in a three-dimensional zone 

of the b las t furnace and only on the planar cathode 

area of the Ha l l -Herou l t c e l l . The 14-b ipo lar c e l l of 

the Alcoa Smelting Process bridges the gap between the 

Hal l -Herou l t c e l l and the b las t furnace w i th a produc-

t i v i t y of 0.004 volume of aluminum each hour per un i t 

ce l l volume [ 6 ] , These p r o d u c t i v i t i e s have a strong 

e f fec t on cap i ta l and labor requirements, which are 

among the largest cost sectors in aluminum product ion. 
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Other e l e c t r o l y t i c processes f o r which nonconsumable 

anodes e x i s t , or could be developed, would benef i t 

from b ipo la r c e l l con f igura t ions w i th possible gains 

i n p r o d u c t i v i t y over Ha l l -Herou l t c e l l s . These 

p o s s i b i l i t i e s w i l l be discussed. 

Other st rong in f luences on cap i t a l are process 

complexity and process stream volume. Adding process 

steps usual ly adds c a p i t a l , l abor , and operat ing 

costs . Conversely, combining steps can reduce cap i ta l 

needs, labor and operat ing cos ts . Flow charts tha t 

involve pu t t i ng the process streams i n t o d i l u t e phases 

such as gases and so lu t ions en ta i l large increases in 

process stream volume. Th i s , i n t u r n , increases 

cap i ta l needs and operat ing costs f o r the equipment to 

contain la rger stream volumes and fo r the energy and 

equipment f o r producing the phase changes and separa-

t i o n s . Higher temperatures usual ly increase operat ing 

and cap i ta l cos t s , but these may be o f f s e t by other 

considerat ions t o be discussed. 

Carbon 

Carbon i s another reactant t ha t could present a 

cost reduct ion oppor tun i ty in Ha l l -Herou l t smelt ing i f 

an a l t e rna t i ve method combined separate reduct ion and 

p u r i f i c a t i o n s teps. Coal or me ta l l u rg i ca l coke i s 

usual ly less cos t l y than the petroleum coke and coal 

t a r p i t ch now used in formulat ing carbon anodes for 

the Hal l -Herou l t process. The ash i n coal and metal-

l u r g i c a l coke contains substant ia l quan t i t i es of 

aluminous mater ia ls t ha t could supplement the alumina-

bearing ores. The nonaluminous ash components or 

t h e i r reduct ion products could be removed in the 

p u r i f i c a t i o n s tep. 

Energy Sources 

Three sources o f energy are commonly employed to 

meet the t heo re t i ca l energy needs, Δ Η , fo r the 

reduction o f alumina. They are e l e c t r o l y t i c , chem-

i c a l , and therma l . Thermal energy i s required f o r a l l 

processes. I t may: (a) be the sole source, (b) be 

paired w i th a chemical reductant or e l e c t r o l y s i s , or 

(c) be combined w i th both of these. The theo re t i ca l 

e l e c t r o l y s i s energy i s suppl ied by passing the 

coulombs required by Faraday's Law at the theo re t i ca l 

voltage fo r e l e c t r o l y s i s of the aluminum compound to 

aluminum. The chemical source i s usua l ly carbon, but 
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in the ear ly indus t ry i t was sodium or potassium, 

which were used t o reduce the aluminum ch lo r ide that 

had been produced from alumina. The theo re t i ca l 

thermal energy, T A S , tha t must be suppl ied at 

temperature for isothermal operat ion i s re la ted to A G , 

the t heo re t i ca l f ree energy suppl ied by e l e c t r o l y s i s 

and the theo re t i ca l ΔΗ by Equation 1 as diagrammed in 

Figures 3, 8 and 9 f o r the var ious processes. 

ΛΗ AG + TAS ;D 

The thermal energy i s in add i t ion to heat required to 

br ing the reactants to temperature. The source of the 

thermal energy can be e l e c t r i c a l , combustion, or 

i ne f f i c i enc i es in the other two sources, the carbon 

reductants or e l e c t r o l y s i s . 

Three kinds of in format ion are he lp fu l i n 

consider ing the d i r e c t i o n and magnitude of changes in 

energy costs from process to process. These are: 

d i s t r i b u t i o n of the t heo re t i ca l energy needs between 

these three sources, the r e l a t i v e costs of these 

energy sources, and the average e f f i c i e n c i e s in using 

the sources. These w i l l be presented in the discus-

sions of a number of processes, which are arranged by 

types and energy sources. With in each set of energy 

sources the processes are discussed in order of 

increasing number of process steps. 

E l e c t r o l y t i c Processes 

Electrolyt ic-Carbon-Thermal Energy Sources 

Bayer /Hal l -Heroul t Process. The t heo re t i ca l 

energy needs in t h i s base case are met from three 

sources: (a) the carbon anodes tha t are oxidized 

(essen t i a l l y to carbon d i o x i d e ) ; (b) the decomposition 

free energy suppl ied by e l e c t r o l y s i s ; and (c) thermal 

energy from p o l a r i z a t i o n , resistance losses, reoxida-

t i o n of products and a i r burning of carbon. The 

theo re t i ca l energy i s shown i n Figure 3 fo r the 

react ion of alumina t o form aluminum and molecular 

oxygen at d i f f e r e n t temperatures. A v e r t i c a l l i n e at 

the temperature of the Ha l l -Herou l t process breaks the 

t o t a l t heo re t i ca l 8.69 kWh/kg AI (18.5 kWh/kg AI 

operat ing average) i n t o three segments. About 3.1 kWh 

(35%) of the t o t a l i s met by the carbon anode o x i d i -

zing to carbon d i o x i d e , 3.5 kWh (40%) from e l e c t r o -

l y s i s , and the remaining 2.1 kWh (25%) from thermal 

sources. The t heo re t i ca l vol tage f o r Ha l l -Herou l t 

e l e c t r o l y s i s i s propor t ional to the height of the 

ve r t i ca l dotted l i n e through the " e l e c t r o l y s i s " seg-

ment of Figure 3. The actual thermal energy avai lab le 

from r e s i s t i v e losses , reox idat ion of product , p o l a r i -

za t i on , and burning of carbon in modern Hal l -Heroul t 

ce l l s (Figure 4) f a r exceeds the needs fo r thermal 

energy; only about one- four th of i t can be used 

product ive ly w i t h i n the process at temperature [ 6 ] . A 

small amount (0.7 kWh/kg AI) can be used to br ing the 

reactants to temperature, a l i t t l e more to supply 

react ion heat , and the remainder purposely l os t from 

the c e l l . 

13 

12 

t 
I: 

Al203 -C Anode in NaCI-AlCI3 

Electrolyte Process 

Hall-Heroult A l l l m i n u m _ J 
P r ° " s s Vapor i zes^ ) 

Theoretical Energy Requirements to Produce Aluminum 
from Alumina at Temperature Including Energy from 
Carbon Reducing Agent that Forms Carbon Dioxide 

Figure 3 

The e f f i c i e n c y in using carbon in the H a l l -

Heroult c e l l i s about 75%. This compares to only 45% 

for e l e c t r i c i t y . Furthermore, the cap i ta l required 

per un i t of energy increases in the r a t i o 1:4:16 in 

going from combustion to chemical reductants to 

e l e c t r i c a l power f o r energy sources [ 8 ] . Moving to 

processes tha t get more of t h e i r energy from combus-

t i o n and reductants and away from e l e c t r i c i t y should 

increase e f f i c i e n c y and reduce cos ts , inc lud ing 

c a p i t a l . A great deal of the e f f o r t on Hal l -Heroul t 

process improvements i s spent on reducing the produc-

t i o n of t h i s excess thermal generat ion. This includes 

reducing anode-cathode separa t ion , l i m i t i n g a l l other 

voltage drops, and reducing reox idat ion and a i r 

burning. 

Another p o s s i b i l i t y i s to ra ise the temperature 

fo r e l e c t r o l y s i s i n Figure 3 ( s h i f t i n g the ve r t i ca l 
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dotted l i n e t o the r i g h t ) , reducing the voltage 

requirement, possib ly also reducing p o l a r i z a t i o n , and 

increasing the capaci ty f o r product ive use of thermal 

energy. Less of the thermal energy would have to be 

wasted. Thus, cont rary to conventional wisdom, 

thermal e f f i c i e n c y would increase. Of course, forma-

t i o n of carbon monoxide may be favored at higher 

temperatures, which would increase carbon requ i re -

ments. A lso , reox ida t ion usual ly increases at higher 

temperature but re formulat ion of the e l e c t r o l y t e might 

overcome t h i s . Calcium f l u o r i d e - r i c h e l ec t r o l y t es 

wi th good ion ic c o n d u c t i v i t i e s , high alumina 

s o l u b i l i t i e s , low v o l a t i l i t i e s , and low r e a c t i v i t i e s 

wi th water vapor, carbon, and aluminum are good 

p o s s i b i l i t i e s . 

Bayer/Al»03-C Anode in Chlor ide E l e c t r o l y t e . 

Alumina can be e lec t ro l yzed several hundred degrees 

lower than in the Ha l l -Herou l t process by employing an 

a l k a l i metal-aluminum ch lo r ide e l e c t r o l y t e , which is 

more conductive than the e l e c t r o l y t e in the H a l l -

Heroult process [ 9 ] , The alumina i s contained in the 

carbon anodes and i s converted to aluminum ch lo r ide in 

the electrochemical react ion wi thout detectable 

evolut ion of c h l o r i n e . 

(2) 

2 A1C14" + 6e" 

The decomposition vol tage i s s l i g h t l y higher than in 

the Ha l l -Herou l t c e l l because of the lower temper-

ature. The anodes are more r e s i s t i v e than in the 

Hal l -Herou l t c e l l because they contain up to 85% 

alumina to meet the s to ich iomet r i c requirements. This 

voltage drop may be decreased by incorporat ing 

ve r t i ca l spikes of carbon or aluminum i n the anodes. 

While r e s i s t i v e losses may be higher than in the H a l l -

Heroult c e l l , lowering the temperature (as in Figure 

3) decreases the capaci ty of the process to use excess 

thermal energy product ive ly w i t h i n the process. 

E l e c t r o l y s i s of Aluminous Ores/Al loy Separation 

and P u r i f i c a t i o n . One way to circumvent the cost of 

the Bayer process, and possib ly dependence on baux i te , 

is d i r ec t e l e c t r o l y s i s of aluminous ores in H a l l -

Heroult ba th . In p r i n c i p l e , staged e l e c t r o l y s i s 

should permit separat ion of the metal components of an 

ore in a sequence such as i r o n , s i l i c o n , t i t a n i u m , 

aluminum, magnesium through to ca lc ium. However, 

overlapping depos i t ion of the d i f f e r e n t metals occurs 

due to a l l o y i n g , compound fo rmat ion , and po la r i za t i on 

at p rac t i ca l current d e n s i t i e s . Select ion and 

blending of ores al low production of A l -S i [10 ] and 

other commercially valuable composit ions. Pot ledging 

and mucking can be con t ro l l ed by ad just ing oxide 

concentrat ion in the ba th . A 0.5% loss in current 

e f f i c i ency was obtained f o r each 1% Si i n the product. 

The cost of producing these a l loys e l e c t r o l y t i c a l l y 

wi th pure carbon anodes in a Ha l l -Herou l t ce l l at 

45% thermal e f f i c i e n c y must be compared w i th costs in 

two other a l t e r n a t i v e s . One i s to produce the same 

a l loys by carbothermic reduct ion in an e l e c t r i c or 

b las t furnace, as described l a t e r . The other i s t o 

prepare the same composition from scrap metal or from 

a l loy ing of the pure meta ls . 

These a l loys may also be p u r i f i e d e l e c t r o l y t i -

c a l l y or the rma l l y . However, p u r i f i c a t i o n of al loyed 

metals by e l e c t r o l y t i c or thermal methods i s usual ly 

more expensive than hydrometal lurg ical p u r i f i c a t i o n of 

ores unless valuable by-products are produced to 

o f f se t costs of the vacuum processing, e l e c t r o l y t i c 
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processes and/or higher temperature operat ions that 

are of ten invo lved . 

Bayer /Carbochlor inat ion/Bipo lar C e l l . The Alcoa 

Smelting Process adds a t h i r d chemical step in which 

alumina i s converted to aluminum ch lo r i de by carbo-

ch lo r i na t i on [ 9 , 1 1 - 1 6 ] . This permits carbon elec-

trodes to be used as i n e r t electrodes in a b ipo la r 

ce l l i n which ch lo r i ne i s produced at the anode to be 

recycled to the carbochlon 'nat ion s tep . By using 

close anode-cathode spacing and a h igh ly conductive 

e l e c t r o l y t e , the thermal generat ion i s reduced about 

70% in the b ipo la r c e l l compared to Ha l l -Herou l t ce l l s 

fo r a projected overa l l requirement of 11.9 kWh/kg fo r 

73% e f f i c i e n c y , as shown in Figure 5. The carbo-

ch lo r ina t i on react ion can be exothermic but the decom-

pos i t i on po ten t ia l f o r e l e c t r o l y s i s i s raised by about 

0.7 V. The thermal generat ion occurs p r i n c i p a l l y from 

r e s i s t i v e losses and cur rent bypassing b ipo la r e lec-

t rodes . Po la r i za t ion and rech lo r i na t i on are low. 
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8.4 

Cell 
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3.7 

3.1 -
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Figure 5 

The p r i nc ipa l advantages of the process are 

substant ia l reduct ion of energy needs and cap i ta l 

reduction through p r o d u c t i v i t y ga ins , both achieved 

w i th the b ipo la r c e l l s . P a r t i a l l y o f f s e t t i n g these 

advantages i s the added carboch lo r ina t ion step wi th 

i t s cap i ta l requirements and d i f f i c u l t i e s i n main-

t a i n i ng e f f i c i e n t c e l l performance over long per iods. 

Since the carboch lo r ina t ion step uses gaseous feed 

(Clg) and produces a gaseous product (A1C1.J, the 

volume of t h i s process stream i s l a r g e . For f l e x i -

b i l i t y and r e l i a b i l i t y the c e l l and carboch lor ina t ion 

systems can be operated independently though t h i s 

increases costs and energy consumption. The projected 

cost savings are mainly in two cost sec to rs , energy 

and c a p i t a l . The overa l l savings are i n s u f f i c i e n t to 

o f f se t the lows in commodity ingot p r i ces . 

Carbochlor inat ion of Ore/Separation and P u r i f i -

ca t ion of Metal Ch lor ides/B ipo lar C e l l . 

Carbochlor inat ion of raw aluminous ores [17 ] to make 

aluminum ch lo r ide f o r a b ipo la r ce l l has the possible 

advantages of metal ch lo r i de by-product from the 

impur i t i es in the o re , avoidance of Bayer process 

costs , and freedom from dependence on baux i te . 

Ch lor ina t ion of the s i l i c a can be suppressed and 

t i tan ium t e t r a c h l o r i d e , the most valuable product , can 

be read i l y separated. Removal and disposal of f e r r i c 

ch lor ide i s c o s t l y . Furthermore, the process stream 

volume is large because both reactants and products 

are gaseous. Th i s , together w i th the processing of 

by-products and the higher temperatures compared to 

the Bayer process, makes costs and cap i ta l requ i re -

ments much higher than f o r the Bayer process. The 

value of the t i t an ium t e t r a c h l o r i d e by-product does 

not adequately o f f s e t these increased cos ts . The idea 

of f i nd ing a cheaper way to produce aluminum ch lor ide 

for a b ipo la r c e l l s t i l l deserves a t t e n t i o n , but 

accomplishing t h i s by carboch lor ina t ion of aluminous 

ores wi th large process gas volumes and d i f f i c u l t 

separations of products i s cha l leng ing . 

Bayer /Carbon i t r ida t ion or Carbosu l f ida t ion / 

E lec t ro l ys i s of A1N or AUSg. 

E l e c t r o l y s i s of aluminum n i t r i d e [11,17] or aluminum 

su l f i de [9 ,11 ,12 ,17 ] may also o f f e r the advantage of 

b ipo lar ce l l operat ion w i th carbon e lec t rodes. The 

potent ia l advantage over a b ipo la r c e l l f o r e l e c t r o -

l yz ing aluminum ch lo r ide i s the lower theore t i ca l 

voltages requ i red , 0.8 V fo r aluminum n i t r i d e and 

1.1 V f o r aluminum s u l f i d e compared to 1.9 V for 

aluminum c h l o r i d e . This can be seen in Figure 6 where 

the AH f ? q 8 of var ious aluminum compounds are p lo t ted 

on the l i nea r scale extending from A1F3 at the top to 

pure aluminum at the bottom. The distance along the 

scale from A1„0„ t o any compound represents the 

A H f „ „ „ , which must be suppl ied from energy sources. 

Carbon and alumina can be used wi th c h l o r i n e , bromine, 
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n i t rogen , i o d i n e , or s u l f u r to form the corresponding 

aluminum compound. The nearer the compound is to 

aluminum the lower the voltage f o r a sustained elec-

t r o l y s i s of the compound to aluminum under isothermal 

cond i t ions . However, the sum t o t a l of the theore t i ca l 

energies fo r the two s teps, conversion of alumina to 

the compound and e l e c t r o l y s i s of the compound to 

produce aluminum, has to be the same fo r a l l the 

compounds. Because the e l e c t r o l y s i s voltage for 

aluminum n i t r i d e i s lower than f o r aluminum ch lo r i de , 

a greater thermal energy input i s required in carboni -

t r i d a t i o n of alumina than in carboch lor ina t ion of 

alumina. 

Figure 7 contrasts the t heo re t i ca l energy 

requirements f o r three processes: the Alcoa Smelting 

Process, the Ha l l -Herou l t Process, and the preparat ion 

and e l e c t r o l y s i s of aluminum n i t r i d e . In t h i s order 

the decomposition voltages decrease and the thermal 

energy needs increase. While carboch lor inat ion of 

alumina i s exothermic and proceeds rap id ly below 

1000°C, the c a r b o n i t r i d a t i o n i s endothermic and 

requires temperatures near 1700°C. Carbosul f idat ion 

requires s t i l l higher temperatures, i s s t i l l more 

endothermic, and i s complicated by side reac t ions . 

Finding su i tab ly conductive solvents f o r aluminum 

n i t r i d e and aluminum s u l f i d e i s also a problem. 

So lub i l i za t i on of A1N in c r y o l i t e as Li3N"3AlN has 

been suggested [ 1 1 ] . Fluor ides or ch lor ides may serve 

for d isso lv ing aluminum s u l f i d e . The cost advantages 

w i l l probably be i n ce l l energy and ce l l p roduc t i v i t y 

as in the Alcoa Smelting Process, w i th o f f s e t t i n g cost 

increases in producing the s u l f i d e or n i t r i d e . The 

potent ia l advantage w i l l probably be no more than for 

the Alcoa Smelting Process. 

Carbo- ( 
.:_-.,-_ '2.6 chlorination 

of Alumina 

\ 
b.2 

1.8 

T n 
e 

> -
m 

a 
1 

Electrolysis 

Carbon to 
make CO 

During 
Electrolysis 

Carbo-
nitridation of 
Alumina 

Theoretical Minimum kWh/kg Aluminum to Convert Alumina 
to Aluminum in Processes Using Three Energy Sources at 

Temperature 

Figure 7 

Electrolytic-Thermal Energy Sources 

Electrorefining of Alloys. One of the purifi-

cation processes that can be used with any of the 

extractive technologies that produce aluminum alloys 

is electrorefining. The best known version of this is 

the Hoopes process [18] in which the alloy is the 

anode at the cell bottom and the aluminum is electro-

lytically extracted away from the more noble impuri-

ties and deposited at the floating aluminum cathode. 

Barium salts are added to raise the density of the 

cryolite electrolyte so pure aluminum floats. If the 

alloy to be purified is not dense enough to sink in 

this electrolyte, copper is added. The Hoopes process 

was first used to purify aluminum alloys produced by 

carbothermic reduction. The anode metal and cathode 

metal are kept 12 cm apart to prevent remixing. This 

causes high voltage drops through the electrolyte, 

1062 



which became less conductive w i th the add i t ion of 

barium sa l t s to adjust dens i t y . Current dens i t ies 

have t o be r e l a t i v e l y low (0.4 A/cm ) because of the 

low c o n d u c t i v i t y , and the process uses about as much 

e l e c t r i c a l energy (15 kWh/kg) as the Ha l l -Herou l t 

process w i th current e f f i c i e n c i e s of 93%. Since costs 

are higher than f o r Ha l l -Herou l t c e l l s , the process is 

only used at present t o produce 99.999% aluminum from 

Hal l -Heroul t meta l . 

The use of porous diaphragms to contain the 

molten aluminum a l loys f o r e lec t ro re f im 'ng p o t e n t i a l l y 

solves many of these costs and energy problems but has 

not been ca r r ied beyond bench development [ 1 8 , 1 9 ] . 

The diaphragm permits the use of less dense, more 

conductive e l e c t r o l y t e at low anode-cathode separa-

t i o n s . Because no gas i s evolved in the e l e c t r o l y s i s , 

current dens i t ies can be several times higher 
2 

(5 A/cm ) than in Ha l l -Herou l t c e l l s and voltages are 

low i f the diaphragm i s porous enough. Woven graphite 

and s i l i c o n n i t r i d e c lo ths have been used successfu l ly 

as diaphragms in bench t e s t s . Impur i ty concentrat ions 

have been reduced by 1000-fold in a s ing le pass at 

current e f f i c i e n c i e s of 96%. 

The p u r i f i c a t i o n of a l loys a f t e r reduct ion of 

mixed oxide ores may have d i f f i c u l t y competing with 

p u r i f i c a t i o n of ores before reduc t ion . The p u r i f i -

cat ion of ores by hydrothermal processes such as the 

Bayer process or the acid leach process i s more 

product ive and less c o s t l y . E l e c t r o r e f i n i n g processes 

are planar processes w i th comparatively low p roduc t i -

v i t i e s , even when conducted at high current dens i t i es . 

Furthermore, the cost of the energy and carbon reduc-

tan t expended in reducing the impur i t i es may or may 

not be recovered in any by-product values. 

Bayer/Nonconsumable Anode Cell . One of the 

possible improvements i s e l e c t r o l y s i s of alumina wi th 

a nonconsumable anode [ 9 , 1 1 - 1 3 ] . The advantages are: 

(a) no carbon anode expense, (b) no anode changing, 

wi th the consequent thermal upsets tha t i n t e r f e r e wi th 

ce l l c o n t r o l , (c) d imensional ly s tab le anode faces fo r 

c loser cont ro l of anode-cathode spacing and r e s i s t i v e 

losses, (d) lower anode po la r i za t i on vo l tages, 

(e) by-product oxygen, and ( f ) sealed c e l l s f o r c loser 

contro l of fumes and smal le r , less expensive fume 

contro l systems. The penalty f o r not using carbon 

(Figure 8) i s the higher decomposition vo l tage , 

= From Light Metals 1987, R.D. Zabreznik, Editor ■= 

2.21 V, although t h i s i s pa r t l y o f f s e t by the lower 

po la r i za t i on vo l tage . A key issue i s whether the 

energy f o r convert ing alumina to aluminum is supplied 

at lower cost w i th carbon or e l e c t r i c i t y . For ce l l s 

with 45% power e f f i c i e n c y , 6.8 addi t iona l kWh must be 

used f o r each ki logram of aluminum produced i f noncon-

sumable anodes are used. However, t h i s power penalty 

can be g rea t l y reduced by using t h i n nonconsumable 

anodes wi th less resistance than carbon anodes, 

reducing anode-cathode separat ion and bet ter ce l l 

c o n t r o l . The po ten t ia l saving i s the cost of H a l l -

Heroult carbon anodes less the cost to make the non-

consumable anodes, the value of the by-product oxygen, 

and a savings in cap i t a l fo r simpler fume systems and 

smaller anode manufacturing f a c i l i t i e s . The noncon-

sumable anode could become a more economical process 

i f carbon costs were to increase r e l a t i v e to costs of 

e l e c t r i c i t y , espec ia l l y f o r s i t es tha t have very low 

power cos ts . Cermet mater ia ls in the Ni-Fe-Cu-0 

system have su i tab le e l e c t r i c a l conduc t i v i t y and have 

produced aluminum tha t approaches commercial p u r i t y in 

bench tes ts [ 2 0 ] . 

Plasma 
Process 

Theoretical Energy Requirements to Produce Aluminum 
from Alumina at Temperature by Decomposition to Oxygen 

Figure 8 

Bayer/Bipolar Ha l l -Herou l t C e l l . This i s a 

process tha t should have the energy e f f i c i e n c y and 

p roduc t i v i t y of the Alcoa Smelting Process but 

involves only two chemical steps in place of the three 

in the Alcoa Smelting Process. The key i s the 

development of a b ipo la r mater ia l t ha t res i s t s oxygen 

on i t s anode side and aluminum on i t s cathode s ide . 

This i s a chal lenging problem requ i r ing an electrode 
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that can r es i s t oxygen po ten t ia l s d i f f e r i n g by a 

34 
fac to r of 10 on i t s two faces, and ye t remain 

conductive and sound f o r long periods at elevated 

temperatures. A s ing le m a t e r i a l , carbon, meets t h i s 

need in the Alcoa Smelting Process, w i th ch lo r ine 
19 a c t i v i t i e s d i f f e r i n g by 10 on the two faces of the 

b ipo lar e lectrode The theo re t i ca l energy requirements 

are the same as f o r the nonconsumable anode shown in 

Figure 8. This process should have the energy advan-

tages of the Alcoa Smelting Process but w i th lower 

cap i ta l (because carboch lor ina t ion i s avoided), pro-

vided the b ipo la r e lectrodes are not too cos t l y and 

have long 1 ives . 

Carbothermic Processes 

Carbothermic Reduction of Impur i t ies ( i n ore) to 

Replace the Bayer Process 

One of the processes developed and used commer-

c i a l l y f o r p u r i f y i n g aluminous ores in the e a r l i e r 

part of the 20th century was the dry process [ 2 1 ] . 

Aluminous ore was heated w i th s u f f i c i e n t carbon in an 

e l e c t r i c arc furnace to reduce j u s t the i m p u r i t i e s . A 

f e r r o s i l i c o n base a l loy conta in ing the other impur i -

t i e s formed f i r s t , and when the alumina fused at s t i l l 

higher temperatures the fused slag and molten metal 

each coalesced and separated by densi ty d i f f e rences . 

Impur i t ies i n the slag were f u r t he r leached wi th acid 

but the process never competed wel l w i th the Bayer 

process. 

A l a t e r improvement on the dry process, known as 

the Pedersen process [ 2 1 ] , was used commercially fo r 

at least 40 years to t r e a t ores not amenable to the 

Bayer process. A mixture of carbon, l ime , and high 

i ron- low s i l i c a bauxites was heated i n an e l e c t r i c arc 

furnace. Pig i ron was produced, leav ing a calcium-

a lumino-s i l i ca te slag r i c h in alumina. Sodium 

aluminate was ext racted from t h i s slag by leaching 

wi th a sodium carbonate so lu t ion conta in ing a small 

amount of sodium hydroxide. Since these processes 

deal w i th condensed phases rather than gases, they may 

represent a lower cap i ta l a l t e rna t i ve than carbo-

ch lo r ina t i on to Bayer processing of baux i tes . They 

are commercial processes whi le carboch lor ina t ion has 

not been used commercially to produce aluminum. 

= From Light Metals 1987, R.D. Zabreznik, Editor 

Bayer/Carbothermic Reduction 

The i n t e res t i n carbothermic reduct ion i s dr iven 

by two advantages: (a) much higher p roduc t i v i t y than 

in e l e c t r o l y t i c processes, and (b) higher energy 

e f f i c i e n c i e s . Thus, two of the la rgest cost sectors , 

energy and c a p i t a l , are addressed. The thermal 

e f f i c i e n c y of iron-making furnaces approaches 80%, 

which i s wel l beyond the 45-47% t y p i c a l f o r Hal 1 -

Heroult c e l l s . Furthermore, i f carbon combustion can 

be used as an energy source there i s a f u r t he r gain in 

avoiding the i n e f f i c i e n c y of generating e l e c t r i c i t y 

from thermal energy. The theo re t i ca l energy f o r the 

react ion i s shown in Figure 9. The react ion of 

alumina wi th carbon begins near 1950°C to form a 

l i q u i d aluminum oxycarbide in which Al.CU dissolves in 

alumina [ 2 2 ] , 

Carbotherm 
Proces: Aluminum 

! > / ^ Vaporizes 

> 

Thermal 
TAS 

Reduction with Carbon to form Carbon Monoxide 
j , 

Theoretical Energy Requirements to Produce Aluminum 
from Alumina at Temperature Including Energy from 
Carbon Reducing Agent that Forms Carbon Monoxide 

Figure 9 

2 A1203 + 9 C > A14C3(containing Al „03) + 6 CO (3) 

Continued reaction increases the Al.C, concentration 

in the first liquid as the temperature is increased. 

If the free carbon is exhausted, the first liquid will 

decompose, evolving more CO near 2050°C to form a 

second liquid of A1.C, dissolved in alulninum, which 

floats on the first liquid. 

A14C3 + A1203 -> 6 Al (conta in ing A l . C J + 3 CO (4) 
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Steadi ly increasing temperatures are required to keep 

the f i r s t l i q u i d react ing to form the second l i q u i d as 

the Al.Co contents of both the f i r s t and second 

l i q u i d s drop. As the second l i q u i d i s cooled, Al.C« 

p rec ip i ta tes and i t i s necessary t o e i t h e r coalesce 

the l i q u i d aluminum wi th f l u x i n g agents or to s t r i p 

the A l .C , from the aluminum wi th an a lumina-r ich slag 

[ 2 3 ] . Vapor izat ion of aluminum and aluminum suboxide 

(Α1„0) occurs as CO vapors from the reduct ion sweep 

the react ion zone, p a r t i c u l a r l y at higher temperatures 

when the f i n a l one- th i rd of the overa l l CO i s evolved 

as the second l i q u i d forms. Vapor izat ion sharply 

decreases y i e l ds unless the vapors pass countercurrent 

to incoming s o l i d reactants [ 2 4 ] . Countercurrent f low 

serves to preheat the incoming reactants and recover 

the mater ia l values from the vapors. The extent of 

vapor izat ion exceeds the needs fo r preheat ing. 

Vaporizat ion can be reduced by prevent ing the carbon 

monoxide from the react ion tha t forms the f i r s t l i q u i d 

( two- th i rds of overa l l CO evo lu t ion) from sweeping the 

area of the second l i q u i d . This can be accomplished 

through staging of the react ion by e i t he r forming the 

two l i q u i d s at d i f f e r e n t times or not a l lowing the 

vapors in forming the f i r s t l i q u i d from sweeping the 

area where the second l i q u i d forms [ 2 4 , 2 5 ] . 

Another approach to the vapor izat ion problem is 

to l e t the aluminum and suboxide vapors react w i th 

carbon to form aluminum carb ide , which i s subsequently 

decomposed in vacuum to aluminum vapor and carbon 

[ 2 6 ] , The thermal energy source can be e l e c t r i c a l , 

e i ther from an arc [ 2 3 ] , r e s i s t i v e heat ing of the 

oxycarbide slag [ 2 4 ] , or a plasma. In s i t u combustion 

of carbon cannot o r d i n a r i l y be employed as the heat 

source because the add i t iona l carbon monoxide would 

vaporize most of the product . In Figure 10 the 

theo re t i ca l energy needs f o r carbothermic reduction 

are contrasted w i th those f o r the nonconsumable anode, 

another process using only two energy sources. The 

thermal energy component f o r carbothermic reduct ion i s 

almost four times as great as w i th the nonconsumable 

anode. 

Carbothermic Reduction of Ore/Al loy Separation 

Carbothermic reduct ion of ore i s another means 

for avoiding the costs of alumina--and possibly 

baux i te . Most o f ten aluminum is ext racted from the 

a l loy tha t forms, but i n a few cases the a l loy is 

From Light Metals 1987, R.D. Zabreznik, Editor 
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Figure 10 

proposed fo r commercial a p p l i c a t i o n . The a l loy helps 

to solve the vapor iza t ion and back react ion problems 

by reducing the aluminum a c t i v i t y . 

There has been much work on producing aluminum 

al loys by carbothermic reduct ion in arc furnaces. In 

f a c t , the Cowl es Brothers ' process, which preceded the 

Hal l -Heroul t process, produced crude aluminum-copper 

a l loys by t h i s method [ 1 ] . In the U.S.S.R. [27] 

improved y i e l d s have been achieved by blending ores to 

reach an optimum A l /S i r a t i o . 

Alcan undertook a major e f f o r t i n the 1950s to 

produce an Al-Fe-Si a l loy in an arc furnace and then 

to ex t rac t aluminum from i t , employing the mono-

ch lor ide process discussed under "Thermal Processes." 

Finding mater ia ls tha t could hold up in the aluminum 

ch lo r ide atmospheres was a major problem. The poten-

t i a l advantages were avoidance of Bayer cos t s , higher 

p r o d u c t i v i t y , and lower cap i ta l i n the reduct ion step. 

Disadvantages were high cap i ta l and mater ia l problems 
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in the monochloride r e f i n i n g stages where gaseous 

reactants and products were employed at elevated 

temperatures in vacuum. 

Reynolds Metals also was involved in producing 

Al -Si a l loys in arc furnaces f o r use in cast ings [ 2 8 ] . 

Ethyl Corporation [ 2 9 ] , U.S.A., proposed the idea 

of producing A l -S i -Fe a l loys in b las t furnaces and 

then ex t rac t ing aluminum from the a l l oy w i th aluminum 

t r i p r o p y l , as w i l l be discussed under "Thermal 

Processes." The advantage of the b las t furnace is 

avoidance of the i n e f f i c i e n c y and cost i n generating 

e l e c t r i c i t y f o r an e l e c t r i c furnace. The addi t ional 

carbon monoxide sweep-gas from i n s i t u combustion can 

fu r the r aggravate the vapor izat ion problem unless the 

aluminum a c t i v i t y i s sharply lowered by a l l o y i n g . 

E f f i c i e n t l y prov id ing the needed react ion heat from a 

combustion source f o r a process near 2400°K i s d i f f i -

c u l t . I f the carbon and oxygen are not preheated, 

only about 32% of the combustion heat i s t h e o r e t i c a l l y 

avai lab le to supply react ion heat at 2400°K. By 

preheating the carbon t o 2400°K the theore t i ca l 

e f f i c i ency i n supplying react ion heat at 2400°K 

increases to 63%. Preheating of carbon to 2400°K can 

be accomplished by f lowing the of f -gases counter-

current to the carbon-containing charge. I f a 

su i tab le containment system could be found fo r 

preheating oxygen w i th o f f -gases , the theore t i ca l 

e f f i c i ency in supplying react ion heat at 2400°K from 

carbon combustion would approach 93%. 

The Aluminum Company of America developed a p i l o t 

un i t t o attempt t o produce Al -Si a l loys in a b last 

furnace but was hampered by br idg ing problems from the 

re f l ux of metal and suboxide vapors [ 3 0 , 3 1 ] . The 

addi t ion of i r on improved operat ions by reducing 

r e f l u x . Supplying a s i g n i f i c a n t por t ion of the energy 

as e l e c t r i c i t y i n e i t he r a one- or two-step b las t arc 

seemed to o f f e r some promise. 

The Mi tsui Corporat ion heads a nat ional pro ject 

in Japan to produce Al-Fe-Si a l loys in a b las t furnace 

using lead to reduce the aluminum a c t i v i t y [ 3 2 ] . As 

discussed l a t e r , the lead-aluminum a l loy d ispropor-

t ionates on cool ing t o produce a l ead - r i ch f r a c t i o n 

and an aluminum-rich f r a c t i o n , but the aluminum 

f r ac t i on requires p u r i f i c a t i o n f o r commercial use. 

The National Chemical Laboratory f o r Industry in 

Yatebea, Japan, has succeeded in producing Al-Fe-Si 

a l loy i n a p i l o t b las t furnace wi thout supplemental 

heat [ 3 3 ] . Yields and aluminum contents were low but 

were enhanced by adding l ime to the charge. 

Although carbothermic processes to produce 

aluminum a l loys using i n s i t u combustion heat sources 

have not been f u l l y demonstrated, t h i s approach has 

po ten t ia l advantages in energy e f f i c i e n c y , produc-

t i v i t y , and less expensive ore sources. Since the 

processes ser ious ly lack inexpensive means f o r p u r i -

f y ing the a l l o y s , they may be implemented only i f 

a l loys of commercial value can be produced. 

Bayer /Carbon i t r ida t ion , Carbochlor inat ion or 

Carbosulf idat ion/Thermal Decomposition or 

D ispropor t ionat i on 

Dissoc ia t ing a compound is a f u r t he r use of 

thermal energy in processes. When aluminum n i t r i d e , 

formed by c a r b o n i t r i d a t i o n of alumina, i s heated to 

1700°C, a vacuum at 0.5 t o r r d issoc iates the n i t r i d e 

in to aluminum and ni t rogen [ 1 1 ] . 

Carbochlor inat ion or ca rbosu l f i da t ion of alumina 

at higher than normal temperature produces subvalent 

forms of aluminum ch lo r ide and aluminum su l f i de [ 1 1 ] . 

A1203 + 3 C + C l 2
 1 8 0 0 ° C > 

2 A1C1 + 3 CO 

A1203 + A1C13 + 3 C ί 8 0 0 " -^ 

(5) 

or 

(6) 
3 A1C1 + 3 CO 

2 A1203 + 6 C + 2 S 

2 A12S + 6 CO 

2 Al 2 0 3 + Al 2 S 3 + 6 C > 

3 A12S + 6 CO 

(7) 

(8) 
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Cooling of the vapor can cause the subvalent aluminum 

gases to d ispropor t iona te to form aluminum l i q u i d and 

the t r i v a l e n t aluminum compound as discussed under 

"Thermal Processes." 

3 A1C1 > 2 AT + A1C1. 

3 A12S > 4 Al + A12S3 

( i 

(10) 

was oxid ized at 600°C and the manganese oxide carbo-

thermica l l y reduced in a b las t furnace at 1750°C. 

Three of the steps are qu i te d i f f i c u l t . These are the 

react ion of manganese w i th aluminum c h l o r i d e , the 

ox idat ion of manganese c h l o r i d e , and the product ion of 

pure manganese in a b las t furnace. The involvement of 

f i ve chemical s teps, the gaseous products in the 

ca rboch lo r ina t ion , the d i f f i c u l t steps already 

mentioned, and the need to pu r i f y the product fo r most 

uses g rea t l y increases cap i ta l needs and cos ts . 

The d i f f i c u l t y w i th these processes i s tha t the other 

products of the decomposition or d i sp ropor t iona t ion 

are also gases and the back react ion can occur j u s t as 

read i ly upon c o o l i n g . Shock cool ing of the vapor may 

reduce back react ion to some degree but i s usual ly 

energy i n e f f i c i e n t . Furthermore, a l l o f the aluminum 

must pass through the vapor phase, which increases 

process stream volume and raises cap i ta l and operat ing 

costs . 

Bayer/Carbothermic Reduction of Alumina to an A l loy or 

Compound/Extraction of Aluminum 

Thermal Processes 

Dispropor t ionat ion of Aluminum Hal ides, Su l f i des , or 

Tr ipropyl Aluminum 

Aluminum can be extracted from aluminum a l loys or 

aluminum compounds of low s t a b i l i t y by forming gaseous 

subvalent compounds tha t d ispropor t ionate on cool ing 

to the normal valence compound and f ree aluminum 

[9 ,11 ,12 ,14 ,36 ] . The equations are: 

A1C1 + 2 Al >1000°C> 

A I C I 3 ( v ) + 2 A I ( a l l o y ) > 

One means to suppress vapor izat ion when carbo-

the rm ica l l y producing pure aluminum from alumina i s to 

introduce lead [ 3 2 ] , t i n [ 3 4 ] , or other elements [35 ] 

to reduce aluminum a c t i v i t y . Lead was chosen because 

i t s a l loy wi th aluminum d ispropor t ionates i n t o a lead-

r i ch f r a c t i o n and an aluminum-rich f r a c t i o n on 

coo l ing . However, the aluminum-rich f r a c t i o n s t i l l 

requires p u r i f i c a t i o n by the methods discussed in 

Thermal Processes f o r commercial use. Furthermore, 

looping the lead or t i n between reduct ion temperatures 

and lower temperatures w i th a small percentage of 

aluminum on each cycle increases energy needs. 

(11) 

3 A 1 C l ( v ) l Ä C > 2 A l ( p u r . e l ) + A l C l 3 ( v ) 

Similar reactions are possible with other compounds. 

2 A1(alloy) + M g F 2(l) 
-> 2 A1F(V) + 

M 9 ( v ) — > 2A1(pure) + M9 F2(1) 

(12) 

Carbochlor inat ion of Clay/Separat ion of Metal 

Chlorides/MnC12 Oxidation/Mn Blast Furnace/Mn + AICT3 

Reactor 

A 1 2 S 3 + 4 A 1 ( a l loy ) -> 3A1 2 S ( V ) 

(13) 

The original Toth process [9,11,12,15,17] 

involved carbochlorination of clay to produce aluminum 

chloride and separation of the aluminum chloride from 

the other chlorides that form, as described previ-

ously. The aluminum chloride was then reduced with 

manganese at 230°C and 4 torr pressure to produce 

manganese chloride and aluminum of low manganese 

content. To close the loop, the manganese chloride 

4 A 1 (pure) + A12S3 

2C 3 H 6 + H 2 ( V ) + A l ( a l l o y ) (C 3 H 7 ) 2 A1 ( V ) 

(14) 

P y r o s i s , A 1
( p u r e ) + 2 C3H6(v) + H2(v) 
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3(C3H6)v + 3 / 2 H 2 ( v ) + A l ( a l l o y ) — > ( C ^ A l ^ , 

:i5) 

Bmlisi1> A l ( p u r e ) + 3 C 3 H 6 ( v ) + 3/2 H 2 ( v ) 

These react ions are only p rac t i ca l f o r ex t rac t ing 

aluminum from compounds or a l loys w i t h a c t i v i t i e s of 
o 

10 or h igher . The react ion of A1C1, w i th Al4C-3 is 

>90% above 1700°C at 1 atm pressure. 

>i7nn°r 
A14C3 + 2 A l C l 3 ( v )

 1 / U U S 6 A l C l ( v ) + 3C 

6 A1C1 
<1700°CK 2 A l C l 3 ( v . + 4 Al 

: i 6 i 

(17) 

These react ions can be extended to ex t r ac t i ng aluminum 

from more stable compounds by adding a reducing agent 

such as carbon to the react ion 

A1203 + 3 C + A 1 C 1 3 , , 
1800°C 3 A l C l ( v ) + 3 C0 ( v ) (18) 

The d i f f i c u l t y i s back react ion of the CO and A1C13 

upon c o o l i n g . The processing of a l l the aluminum 

through the gas phase g rea t l y enlarges the process 

stream volume and involves in t roduc ing and removing 

heat wi th the at tending increases in cap i ta l and 

operat ing cos ts . 

Select ive Solut ion in V o l a t i l e Metals 

One class of a l l oy p u r i f i c a t i o n processes tha t 

was used dur ing World War I I i n Germany f o r reclaiming 

aluminum was se lec t i ve so lu t i on of scrap in v o l a t i l e 

metals tha t form low temperature eu tec t ics wi th 

aluminum. They used magnesium but the process also 

works w i th zinc and mercury (Table I ) [ 1 8 ] . These 

processes could be used t o p u r i f y a l l oys formed by 

e l e c t r o l y s i s or carbothermic reduc t ion . A l l of these 

processes are based on d i sso lv ing the aluminum in the 

metals at or near the mel t ing point of aluminum (under 

pressure f o r mercury) , lowering the temperature i n to 

the eu tec t i c range t o p r e c i p i t a t e the impur i t i es as 

inso lub le i n t e r m e t a l l i c s , f i l t e r i n g out the i n t e r -

metal l i e s , and then d i s t i l l i n g the v o l a t i l e metal from 

the aluminum. Most impur i t i es except copper, n i c k e l , 

and t i n were e f f e c t i v e l y removed. The cap i ta l 
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requirements are high because of the need t o vapor ize, 

condense, and process large volumes of meta l . 

Table I . Technologies fo r Ref in ing and Pur i f y ing 

Aluminum Al loys by Se lec t ive Solu t ion i n 

V o l a t i l e Metals 

V o l a t i l e 
Metal 

Furthest Stage 
of Development 

Typical 
Aluminum Product 

Mercury 

Magnesium 
(Beck) 

Zinc 

P i l o t 

Commercial 

P i l o t 

Al and Cu contents 
proport ional to i n i t i a l 
charge composition 

Al , Cu and Ni contents 
propor t ional to i n i t i a l 
charge composition 

Al and Cu contents 
propor t ional to i n i t i a l 
charge composition 

Bayer/Pi asma 

The only process tha t can produce aluminum from 

alumina w i th only one energy source i s thermal d isso-

c i a t i on of alumina in a plasma [ 9 , 11 ] above 4000°C. 

A l 2 0 3 « C > 2 A l ( v ) + 3 0 (19) 

The energy requirements given in Figure 8 are 

higher than for the other processes because the 

aluminum vaporizes. The further dissociation of the 

oxygen into atoms probably requires more energy than 

shown. The difficulty is poor thermal efficiency 

because of the high radiant energy losses to the 

condenser used to quickly cool the aluminum to prevent 

back reaction with the oxygen. Capital requirements 

should be very high because of the high temperatures 

and gaseous reactions. 

Technology for Competing 

None of the described processes are likely to 

have greenfield costs below the lows in the aluminum 

commodity ingot price cycle. This would require 

cutting the average greenfield cost of production by 

almost 50%. The range of characteristics of hypo-

thetical processes that might meet this goal can be 

described. Nearly every major cost sector would have 
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to be addressed. Such a process would probably have 

j u s t two steps, a combined smelt ing and ore r e f i n i n g 

s tep, as does i r on making, and possib ly a metal p u r i -

f i c a t i o n s tep. Passing the product ion stream through 

the gaseous stage should be avoided; e l e c t r o l y t i c 

c e l l s should not be used unless they are b i p o l a r , 

operate at high cur rent dens i t i es or produce products 

wi th high electrochemical equivalent weights . 

Pyrometal lurg ical steps should be prefer red because of 

high p r o d u c t i v i t y , energy e f f i c i e n c y , and low c a p i t a l . 

Less expensive forms of carbon such as meta l lu rg ica l 

coke or coal would be p re fe r red ; hydro-generated e lec-

t r i c i t y or thermal energy from in s i t u combustion 

should be favored. Ores less expensive than bauxi te 

would be des i r ab le , and any by-products should se l l 

fo r more than t h e i r product ion cos ts . 

Processes tha t meet these c r i t e r i a could allow 

aluminum to compete much more s t rong ly w i th s t e e l , 

p l a s t i c s , and glass and to probably undergo major 

growth in use. Although the t heo re t i ca l energy to 

produce a un i t volume of aluminum i s about 50% higher 

than f o r i r o n , the present cost d i f f e rence l i e s mostly 

in the lower p r o d u c t i v i t y , separate p u r i f i c a t i o n / 

reduct ion s teps, lower energy e f f i c i e n c y , and more 

expensive energy form fo r making aluminum by the 

present technology. 

Aluminum as the most p l e n t i f u l metal i n the 

ear th ' s c rus t has a strong chance to more c losely 

approach the cost of the heavier meta ls , p a r t i c u l a r l y 

i f a process tha t uses a thermal energy source can be 

developed. I f t h i s were to be accomplished, aluminum 

would more s t rong ly share i n the ten t imes la rger 

market of the heavier metals and in the markets fo r 

glass and p l a s t i c s . Nearly a l l t ranspor ta t ion 

app l i ca t i ons , metal con ta iners , exposed s t ruc tures and 

outdoor hardware would be much more open to the use of 

aluminum. 
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