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ABSTRACT 

The subject program was undertaken to find electrometallurgical 

technology that could be developed into energy saving commercial metal 

winning processes. Metals whose current production processes consume 

significant energy (excepting copper and aluminum) are magnesium, zinc, 

lead, chromium, manganese, sodium, and titanium. The technology of these 

metals, with the exception of titanium, was reviewed. 

Growth of titanium demand has been too small to- justify the 

installation of an electrolyte process that has been developed. This 

fact and the uncertainty of estimates of future demand dissuaded us 

from reviewing titanium technology. 

Opportunities for developing energy saving processes were found 

for magnesium, zinc, lead, and sodium. Costs for R and D and demonstra- 

tion plants have been estimated. It appeared that electrolytic methods 

for chromium and manganese cannot compete .ener&ise or economically with 

the pyro.metallurgica1 methods of producing the ferroalloys, which are 

:satisfactory for most uses of chromium and manganese. 
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SUMMARY AND CONCLUSIONS 

The meta ls  s tud ied  i n  t h i s  survey were magnesium, z inc ,  l e a d ,  

chromium, manganese, sodium and t i tan ium.  P resen t  processes  f o r  producing 

t h e s e  meta ls  consume approximately 90 percent  of a l l  energy f o r  non-ferrous 

meta ls  i f  copper and aluminum a r e  excluded. I r o n  was excluded from t h e  

s tudy  a l s o ,  s i n c e  t h e r e  i s  no h i s t o r y  of e l e c t r o l y t i c  methods be ing  t r i e d  

f o r  l a r g e  tonnage product ion and i t  was considered u n l i k e l y  t h a t  e l e c t r o l y -  

t i c  methods can be  developed t o  b e  compet i t ive  wi th  p re sen t  pyrometal lurgi-  

c a l  methods. Poss ib l e  e l e c t r o l y t i c  methods of making t i t an ium were no t  

i n v e s t i g a t e d  i n  d e t a i l  because a major producer i nd ica t ed  t h a t  t h e r e  was 

no saving i n  energy over  p re sen t  methods and because only  minor growth i n  pro- 

duc t ion  and consumption i s  a n t i c i p a t e d  i n  t h e  next  twenty years .  The near  term 

pro jec ted  consumption of sodium i s  a decreas ing  one due t o  phase out  of 

t e t r a e t h y l  l e a d  product ion.  However, p re sen t  consumption i s  s t i l l  about 

s i x  t imes t h a t  of t i t an ium.  I t  i s  a v e r s a t i l e  chemical and m e t a l l u r g i c a l  

reducing agent  t h a t  could f i n d  expanded use  i f  produced more cheaply and 

wi th  l e s s  energy, and development of improved methods of product ion  has 

not  been emphasized i n  t h e  non-ferrous m e t a l l u r g i c a l  i ndus t ry  where i t  i s  

regarded more a s  a chemical than  a metal .  

New e l e c t r o l y t i c  methods o r  modi f ica t ions  of p r e s e n t l y  used 

e l e c t r o l y t i c  methods appear t o  have t h e  p o t e n t i a l  o f  s u b s t a n t i a l l y  reducing 

. . energy f o r  product ion a s  compared t o  t h a t  f o r  p re sen t  processes  f o r  mag- 
. . 

nesium; z inc ,  l e a d  and.sodium. Energy uses  f o r  e l e c t r o l y t i c  chromium and 
. . 

manganese a r e  much h ighe r  than f o r  t h e  pame meta l  a s  a f e r r o a l l o y  

by pyrometa l lurg ica l  methods. The f e r ro -a l loys  a r e  s u i t a b l e  f o r  a l l  b u t  

minor. a p p l i c a t i o n s .  Therefore , ' the l te  is  l i t t l e  i n c e n t i v e  t o  develop and 

improve e l e c t r o l y t i c  methods f o r  chromium and manganese. 

Table 1 shows c u r r e n t  product ion volumes and p ro j ec t ed  product ion 

volumes f o r  year  2 ,000 . fo r  t h e  meta ls  s tud ied .  .Using t h e s e . f i g u r e s  and 

t h e  energy u s e  es t imated  f o r  c u r r e n t  processes  by ~ a t t e l l e  i n  a s tudy  f o r '  

U. S. Bureau of ~ i n e s ' ' ) ,  t h e  energy savings  f o r  s e v e r a l  p rocesses  suggested 

f o r  f u r t h e r  development a r e  shown i n  Table 2. 

x i i i  



TABLE si .  CURRENT AND FORECAST DOMESTIC 
PRODUCTION VOLUMES 

Metal 

Product ion Volumes 
Current  Year 2,000 

M t o n l y r  M t o n l y r  
(S t o n l y r )  (S t o n l y r )  

Magnesium 

Zinc 394,000 853,000 
(434,0001 (94 f l ,  noo) ( l )  

Lead 

Chromium ( inc lud ing  246,000 ,340,000 
t h a t  i n  Eerrochrome) (272,000) (375,000) 

Manganese ( i nc lud ing  382,000 1,500,000 
t h a t  in ferrnman- (477 ,  nnnl (1 ,600,000)  
g a n ~ s ~ )  

.I. 4 2 , i~ilir I k ' - i , ~ l o o  

(157, U U U )  (160, 000) 

Titanium 14,700 29,000 
(16,200) (32,000) 

(1) Assumes 42% (same as p re sen t )  of p red ic t ed  consump- 
t i o n  of 2.23 m i l l i o n  S t ons  w i l l  be' domest ica l ly  
produced. 

(2 )  As~umes 41% (oame as p re sen t )  of p red ic t ed  consump- 
t i o n  of 2.4 m i l l i o n  s h o r t  t ons  w i l l  be domestically 
produced. 



TAELE S2 .. ENERGY SAVINGS FOR PROCESSES : 
REQUIRING FURTHER DEVELOPMENT 

Annual Energy Savings 
19 7 7 Year 2,000 

Kcal Kcal 
. . 

Metal Process . . kwh (B t u )  kwh (Btu) 

Ma;pesium Re f r a c t o r y  2 - t o  ' 4  x 10 1.5 to. 1 1  x 10 
8 12 

6 t o  12 x 108 

. . Improvements ( [ 2  t o  41 x 1012) 
8 

drodynami c 6 x 10 1 .5  x 1012 ' . '  2 109 
Studies  '(6 ' x 1012) 

8*' ': 
Zinc Aqueous Chloride Elec t ro-  . 9:8.x 10 3.3 x l 0 i i  9 * .2 .1  x 10  

l y s i s  . . (13. x 1012) 

. Caust ic  l each  
and e l e c t r o l y s ' i s  . ' . 

8 
Lead Anodic Su l f ide  -4.5 x 10 4.6 x 10" -7.3 x lo8  

 iss solution (1.8 x 

Fused. S a l t  - 4 . 7  x. l o8  7.6 x 1011 : -7.5 x l o 8  
(3.0 x 1012) E l e c t r o l y s i s  of 

Su l f ide  
8 12 . . 

Sodium Lead Cathode 7.0 x. 10 , 1 .8  x : IO  7.0 x i 0  
8 

and Evaporation (7.2 x 1012) 

[2 t o  31 x 10 
12  

( [ 6  to. 131 x 1012) 

- - - - - - - 

Kh-h a r e  f o r  e l z c t r o l y s i s .  
. . 

*Assume 1480 .k-dh/M ton' (1350 ,kwh/S ton) . for  z inc  and same f o r  c h l o r i n e ;  



The es t imated  energy savings  f o r  improvements i n  magnesium 

p rocesses  a r e  probably t h e  l e a s t  accu ra t e ,  s i n c e  they depend on p r o j e c t i o n  

of a s  y e t  undetermined l a b o r a t o r y  r e s u l t s  t o  f i e l d  p r a c t i c e .  Energy savings  

f o r  t h e  c a u s t i c  z inc  p roces s  a r e  probably t h e  b e s t  e s t ima te s  s i n c e  they 

a r e  based t o  a cons ide rab le  e x t e n t  on p i l o t  p l a n t  r e s u l t s  and e s t a b l i s h e d  

l a b o r a t o r y  r e s u l t s .  The p ro j ec t ed  energy saving  f o r  year  2,000 i s  

4.5 x 1012 Kcal (18 x 1012 Btu) .  The c a u s t i c  z i n c  p r o c e s s  i s  regarded 

a s  t h e  most promising of those  considered f o r  f u r t h e r  development. 

I n  gene ra l ,  economics, raw m a t ~ r i a l s , ' a n d  environmental con- 

s i d e r a t i o n s  f o r  t h e  new processes  a r e  expected t o  be s i m i l a r  t o  those  f o r  

p r e s e n t  processes  w i t h  the  except ion  of  l e a d .  Present  pyrometa l lurg ica l  

processes  f o r  l e a d  may b e  unacceptable  because of a i r  p o l l u t i o n  o r  t he  

expense of  avoid ing  t h i s  p o l l u t i o n .  Thus, t h e  development of new processes  

may be  mandated r e g a r d l e s s  of .energy savings .  The.. l e a d  processes  recommended 

f o r  development programs a r e  for '  p rocesses  t h a t  a r e  a l t e r n a t i v e s  t o  t h e  

fused ch lo r ide '  p rocess  now be ing  developed by USBM. 

Fur the r  devel-opment of any of t he  i d e n t i f i e d  processes  should 

f i r s t  i nvo lve  a more d e t a i l e d  a n a l y s i s  of energy savings  and economics 

than  w a s  poss ib l e  i n  t h i s  o v e r a l l  survey.  

Tile sec Lluu un Suggested Research and Development Frogralus , page 231, 
. . 

may b e  considered an  ad junc t  t o  t h i s  summaryi a s  i t  p r n v i d ~ s  ~ s t - i m a t e s  of  

c o s t s  f o r  the  v a r i o u s  programs proposed and i s  t h e  cu lmina t ion .of  t h e  review 

e f f o r t  d i scussed  i n  o t h e r  s e c t i o n s  of  t h e  r e p o r t .  

(1) "Energy Use P a t t e r n s  i n  Me ta l lu rg i ca l  and  on-~etallic Mineral  Processing", 
B a t t B l l e l s  Columbus ~ a b o r a t o r i e s  f o r  U.S. ~ e p t .  of Commerce, Phases 
4, 5 ,  6 ,  7, NTIS PB-245759, PB-246357, PB-261150, PB-2161151. . ~ e f e r r e d  
throughout t h i s  r e p o r t  a s  USBM Report.  

\ 

x v i  
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INTRODUCTION 

~ l e c t r o c h e m i c a l  methods have a long h i s t o r y  i n  t h e  winning and 

r e f i n i n g ' o f  me ta l s ,  and were a c t u a l l y  used i n  t h e  f i r s t  p repa ra t ion  of some 

of them, e.g., sodium. . E l e c t r o c h e ~ i c a l  methods cont inue  t o  b e  used f o r  

winning o r  r e f i n i n g  s e v e r a l  me ta l s  and in.some cases  have l a r g e l y  sup- 

p lan ted  p y r & e t a l l u r g i c i l  p rocesses  f i r  new p l a n t  c o n s t r u c t i o n ,  e .  g . , z inc .  

Processes  have been developed i n  s p i t e  of t h e  i n h e r e n t  i n e f f i c i e n c y  i n  

conver t ing  t h e  energy i n  f o s s i l  f u e l  t o  e l e c t r i c a l  energy,  which a t t e s t s  

t o  t h e  advantage .of  t h e  e lec t rochemica l  methods from t h e  p o i n t  of  view of 

economics, f e c h n i c a l . s u i t a b i l i t y ,  and environmental cons ide ra t ions .  

This p r o j e c t  cons iders  t h e  p o s s i b i l i t i e s  of  sav ing  energy ,using 
. . 

electrochemical.  processes. f o r  .the r e f i n i n g  'of non-ferrous meta ls ,  excluding 
' I  

copper and aluminum.  he o b j e c t i v e  of t h e  p r o j e c t  i s  t q  f i n d  a r e a s  of 
I 

technology t h a t  show promise of accomplishing t h i s  end a f t e r  f u r t h e r  

development. 

The method of seeking  o u t  such a r e a s  f o r  product ion  c o n s i s t s  of 
.. ' 

(1) de Cermining which meta ls  r e q u i r e  the  inos t energy, (2)  reviewing 

publ ished informat ion ,  o r  technology, i nc lud ing  energy use ,  (3 )  consu l t i ng  

w'ith t h e  me ta l s  producing i n d u s t r i e s , '  (4)  sys.;ematizing t h e  o v e r a l l  tech- 

nology involved i n ' t h e  me ta l s  product ion,  (5) and choosing r e sea rch  and 
. . 



development programs on t h e  b a s i s  of energy saved and a l s o  t e c h n i c a l  f e a s i -  

b i l i t y ,  a v a i l a b i l i t y  of  raw m a t e r i a l s ,  economics, i nc lud ing  development 

c o s t s ,  and environmental impact. 

An e x c e l l e n t  b a s i s  f o r  t h e  s b b j e c t  p r o j e c t  was obta ined  from 

a p r i o r  p r o j e c t  sponsored by t h e  USBM ( s e e  Summary and Conclusions) a t  

B a t t e l l e ' s  ~ o l u m b u s  Labora to r i e s  (BCL). The e f f o r t  involved e s t ima t ing  

t h e  energy requirements  of c u r r e n t l y  used product ion processes  f o r  com- 

m e r c i a l l y  important  me ta l s  and minera ls .  

UNITS AND CONVERSION FACTORS 

The primary u n i t s  used throughout t h e  r e p o r t  a r e  m e t r i c ,  wi th  

Engl i sh  u n i t s  o f t e n  g iven  i n  pa ren thes i s .  Weights a r e  expressed a s :  

Moles 

Kilograms .kg 

Pounds l b  

Metr ic .  tons  'M t on  

Shor t  t ons  S t o n  

Energy i .s ~xpressed as: 

Kilowatt  hours  kwh 

KiS.oraI.ories Kcal 

B r i t i s h  thermal u n i t s  ~ t u  

Data i n  much of t h e  l i t e r a t u r e  reviewed was i n  B r i t i s h  u n i t s ,  and 

i n  t h e  m e t r i c  system on a molar bas i s .  Mnst of the ~ a l c u l a t i o a o  were made 

us ing  Btu o r  kwh and S tons .  The USBM Energy Report u ses  Btu r a t h e r  than  

Real.  Because of the ex tens ive  amount of d a t a  given and t h e  complicat ions 

i n  e x h i b i t i n g  t h i s  i n  m e t r i c  u n i t s ,  on ly  t h e  Engl.ish units a r e  prcocnted. 

Follnwing t h e  convention i n  ITSDM Eiiexgy Report che energy used 

f o r  producing e l e c t r i c  power i s  assumed t o  be  2645  callk kwh (10,500 Btulkwh). 

This  corresponds t o  a n  e f f i c i e n c y  of 32 percent  f o r  t he  power p l a n t .  

For o p e r a t i o n s  invo lv ing  e l e c t r o l y s i s  t h e  l o s s  i n  cnnversion 

from A.C. t o  D.C. p l u s  t h e  l o s s  i n  vo l t age  between r e c t i f i e r s  and the  c e l l  

wa's assumed t o  b e  10 percent .  



SELECTION OF METALS REQUIRING 
SIGNIFICANT ENERGY 

Research and development should b e  d i r e c t e d  t o  those  processes  

f o r  meta ls  where s i g n i f i c a n t  amounts of energy can be  saved. This i s  only  

poss ib l e  w i th  those  me'tals now r e q u i r i n g  a s i g n i f i c a n t  amount of energy,  

which i s  a product of energy r equ i r ed  per  ton  and t h e  tonnage produced. 

The ene rg i e s  requi red  t o  produce a ton  of metal  were es t imated  i n  t he  pro- 

j e c t  a t  B a t t e l l e  f o r  USBM ( s e e  Summary and Recommendations). Est imates  of 

domestic annual product ion volumes have a l s o  been publ ished i n  t h e  USBM 

Minerals  Yearbook. However, product ion volume e s t i m a t e s  a r e  n o t  r e l ea sed  

f o r  a l l  meta ls .  Consumption and import va lues  a r e  a v a i l a b l e  i n  some cases  

where product ion va lues  a r e  no t  provided. Consumption inc ludes  imports  and 

r ecyc l ing ,  b u t  can h e l p  t o  e s t a b l i s h  t h e  o rde r  of magnitude of what a pro- 

duc t ion  volume may be. There a r e  l i t t l e  o r  no d a t a  f o r  s e v e r a l  me ta l s ,  

b u t  t h e i r  product ion volumes and uses  a r e ' c o n s i d e r e d  t o  b e  minor. 

For t he  purpose of making a rough e s t ima te  of t h e  comparative 

energy use  ' f o r  producing the  meta ls  t o .  be considered,  a v a i l a b l e  information 

on c u r r e n t  product ion and consumption has  been summarized i n  Table 1. 

B l a s t  furnace  i r o n  completely dominates t h e  energy use ,  due t o  

i t s  huge product ion  volume. However, i r o n  was not  considered i n  t h i s  s tudy ,  

s i n c e  i t  was considered h igh ly  u n l i k e l y  t h a t  an e lec t rochemica l  process  

could compete.with e s t a b l i s h e d  l a rge - sca l e  pyrometallurgy processes  econo- 

' mica l ly  or .energy-wise.  There is  no h i s t o r y  of e lec t rochemica l  processes  

having been t r i e d  except  f o r  smal l  volume products  such a s  high p u r i t y  i r o n  

powder. Conceivably, d i r e c t  p rocesses  u t i l i z i n g  hydrogen f o r  o r e  reduct ion  

could be  developed, u t i l i z i n g  hydrogen produced e l ec t rochemica l ly  r a t h e r  

than  t h a t ' f r o m  petroleum. However, such a process  i s  t i e d , i n t o  low-cost and 

low-energy hydrogen. Methods t o  produce such hydrogen a r e  r e c e i v i n g  

worldwide a t t e n t i o n  and suppor t  i n  o t h e r  programs. 

Only meta ls  w i t h  s i g n i f i c a n t  domest ic 'p roduct ion  were constdered.  

Some w e l l  known meta ls  a s  n i c k e l  and t i n  have important  domestic uses  b u t  

a r e  l a r g e l y  imported. The USBM i s  s tudying  methods of producing n i c k e l  

from domestic ores . '  Conceivably, a s u f f i c i e n t l y  low-cost and low-energy 



process  could s t i m u l a t e  domestic product ion b u t  i t  i s  doub t fu l  t h a t  domestic 

product ion  w i l l  become s i g n i f i c a n t  i n  t h i s  century .  

To o b t a i n  a rough e s t ima te  of t h e  t o t a l  energy use  f o r  producing 

t h e  meta ls  i n  Table 1 (except ing i r o n ) ,  t h e  annual  energy use  va lues  marked 

wi th  (*) were added. The t o t a l  is  4.42 x 1013 ~ c a l / y r  (1.77 x 1014 Btu /yr ) .  

The meta ls  can then  be rank-ordered according t o  energy consumption: 

Magnesium 33% 

~erromanganese '  15% 

Zinc 14% 

Lead 9 % 

Ferrochromium 96 
Sodium 7% 

Titanium 4% 

Other 9%. 

Es t imates  of  growth r a t e s  i n  product ion and consumption of t h e s e  

me ta l s  have been made i n  t he  fo l lowing  s e c t i o n s .  Development of l e s s  

energy i n t e n s i v e . p r o d u c t i o n  methods f o r  t h e  remaining me ta l s ,  c u r r e n t l y  

account ing  f o r  9 percent ,  of t h e  energy use ,  i s  n o t  expected t o  a f f e c t  t he  

t o t a l  energy use  apprec iab ly .  Even' a 100' pereent  i n c r e a s e  i n  vol.ume i n  t he  

next  twenty years  f o r  any of t h e s e  meta ls  would have l i t t l e  impacr on 

energy use. 

Sodium and t i t a n i u m . t o g e t h e r  .use approximately 1 3  percent  of t h e  

energy. Consumption (and production) '  of t h e s e  meta1.s is not  expected t o  in-  

c f ease  s u b s t a n t i a l l y  by t h e  year  2,000 ( see  fol lowing s e c t i o n s ) .  Af te r  con- 

s i d e r a b l e  a c t i v i t y  i n  t h e  1950's  an  e l e c t r o l y t i c  method was developed t o  

produce t i t an ium from t h e  t e t r a c h l o r i d e  bu t  i t  i s  not  being used. Titanium 

Corporat ion of America (phone conversat ion)  sugges t s  t h a t  t h e  process  could 

f i n d  use  i f  more capac i ty  i s  needed b u t  t h a t  energy requirements a r e  no 

l e s s  than  f o r  c u r r e n t  product ion processes  involv ing  r educ t ion  wi th  sodium 

on magnesium. I n  view of t h e  moderate out look  f o r  growth of t h e  t i t an ium 

i n d u s t r y  a review of  c u r r e n t  and p a s t  technology t o  f i n d  o p p o r t u n i t i e s  f o r  

reducing  energy below t h a t  f o r  c u r r c n t  p r a c t i c c  was n o t  undertaken. 



TAELF, 1. ENERGY USE FOR PETAL WINNING (CURRENT PROCESSES) 

Annual Volume V o l m  Y e a r  -rgY Annual Enerqy U s e  
K c a l  M t ons /~ r  . l"lF of Kcalp t o n  . ' Percen t  of 

Metal ( S  tons/^- ) (.el ~ s t & t e  ( R ~ U / S  t o n )  ( B t u )  ~ b t . 1  

Barium 

1 
Beryl l ium 4.54- x lo1- C 1977 1.43 x . l o g  '9  10  6.50 x lol1 .14 

(5.00 x 10  ) (5.15 x 1 0  ) (2.58 x, lO ) *  

- Cadmium 3 2.72 x l o 3  
(3.00 x. 10 ) 

Calcium 
2 2.27 x 102 

(2.50 x 10  ) 



TABLE .l. (Continued) 

Aulual Velum% V o l l m  Y e a r  Energy 
M tons/yr '&F of .  Kcal/M ton 

Metal (s toI-lS/yr) (1) Estimte (Btu/S t o n )  

Annual Energy U s e  
K c a l .  Percent of 

Columbium 

Ferrocolumbium (3) 1 . 8 1 ' ~  10: I I377 . 5.25 x lo8  7 9.53 x lol1 10 - 
(2.00 x lo-:) 

. - .  
(1.89 x 10 ) (3.78 x 10 .) 

2 7.-44 -x  l o 2  P 1975 ' 3.91 x lol1 0.087 7 5.25 x lo8  10 

(8.20 x 10 : I .  (1.89 x 10 ) ( 1 . 5 5 ~ 1 0  ) *  

Gold 

Iron 

Lithium 

Magnesium 



rn 1. (continued) 

Annual Volurne 
M tons/yr ' . 

(S t o n s / y r )  

Vc~lume Year Energy 
'Pype of Kcal/M ton 
(1) Estimate (Btu/S t o n )  

Annual' Energy . U s e  
Kcal Percent of 
(Btu)  mtal Metal 

Manganese 

Mercury 

rnlybdenum 

Nickel 

Platinum ' 

Selenium 



YABLE 1. (Continued) 

p~ 

Annual Energy U s e  Annual- Volume Volume Y e a r  meWY 
Y  tons/-^ . Type of Kcal/M ton Kcal Percent of 

mta1 Metal (S t c n s / y r )  (1) Estimate ( B  t u ; L ~  . t o n )  (B tu) 

3 Silver 1.37 x l o 3  P - 4.,69 x lol2 * 1.05 8 3.42 x lo9  11 

(1.51 x 10  ! (1.23 x 10  ) (1.:86 x 10  ) 

Sodium 5 1 .31  >: lo5-  P 1975 3.32 x lol3 * 7.45 7 2.56 x lo7  12 

(1.44 x 1 0  ! (9.20 x 10  ) (1.32 x 10  ) 

Tantalum 

Tel lur ium 

Tin 

Titanium 

m g s  t en  



TABLE 1. (Continued) 

Annual Volume Volun~ Y e a r  mergy Annual Energy U s e  
M t o n s / ~ r  'RP of K c a l h  ton K c a l  Percent of 

&tal (s u) Estimate . (~ ty /S  tnn) ' ( B b )  Total 

zinc 

8 11 
Zirconium 3 2.04 x lo3 43 1977 4 :14 x l o 9  8.44 x lol2 * 1.89 

(2.25 x' 10 .). (1.49 x 10 ) ( 3 . 3 5 ~ 1 0  ) 
w 

(1) P - Production; C - Consumption; I - Imported. 
(2)  l , O O i l , O O O  troy oz/yr. 
(3) Cr-60%; Cb-65%; M-75%; V-75%. 
(4) Calculated £ran reported volume of o~nta ined C r  assuming 65%. 
(5) 2,000,000 +xoyoz/y~.  
(6) Reduction with MJ. 
(7)  Reduction w i t h  Na. 
(8) Reduction of Bolivian ore. 
(9)  . Calculated fran reported volume 'of mntained V assrnning 75%. 

(10) Blast 'furnace iron. 
(11) Electrowinning method. 
(12) Average of energy requirerrrents. per ton fo r  M g  and Na reduction. . 

M Ton - Metric Ton. 
S Ton - Short Ton. 

*Figures added to determine t o t a l  energy 53r production and percentages 
fo r  each mtal. 



Unlike t i t an ium,  which i s  used mainly a s  a  s t r u c t u r a l  m a t e r i a l ,  

sodium f i n d s  use  mainly a s  a  chemical reagent .  A t  i t s  present  r e l a t i v e  

p r i c e  t h e s e  a p p l i c a t i o n s  a r e  l i m i t e d ,  p a r t i c u l a r l y  w i t h  t h e  demise of 

t e t r ame thy l  and t e t r a e t h y l  lead .  However, wi th  both a  decrease  i n  energy 

requirements  and r e l a t i v e  c o s t ,  use of sodium a s  a  d i v e r s e  reducing reagent  

could expand. I f  lower energy product ion i s  achieved i t  w i l l  a l s o  be de- 

c reased  f o r  sodium-reduced t i tan ium.  

The technology of  sodium product ion has  rece ived  r e l a t i v e l y  l i t t l e  

a t t e n t i o n  s i n c e  t h e  advent  of t h e  Downs fused c h l o r i d e  process .  With 

o t h e r  modern developments t h a t  have talcen p l ace ,  i.e., m a t e r i a l s  of con- 

s t r u c t i o n ,  a  reexaminat ion of t h e  chemistry and technology of  sodium pro- 

duc t ion  should provide some p o s s i b l e  method of reducing energy. For t h e  

reasons  d iscussed  sodium was chosen f o r  f u r t h e r  a n a l y s i s .  

'USES, PROCESS'MATERIALS, AND FUTURE VOLUME 
'OF 'METALS 'USING .MOST ENERGY 

In t roduc t ion  

The fo l lowing  s e c t i o n s  d i s c u s s  c u r r e n t  and p ro j ec t ed  uses ,  raw 

m a t e r i a l s ,  consumption, and product ion f o r  magnesium, z inc ,  l e a d ,  chromium 

and ferrochrome, manganese and f e r r ~ m a n ~ a n e s e ,  sodium, and t i t an ium.  Table 

2 shows product ion  f o r  1977  and t h a t  . p ro j ec t ed  f o r  yea r  2,000. Sources and 

r a t i o n a l  f o r  t h e s e  e s t i m a t e s  a r e  d iscussed  f o r  each meta l .  

Magne cium 

Magnesium enjoys  a  technologica l  p o s i t i o n  unique among t h e  meta ls  

i n  common use today. Magnesium i s  b e s t  known f o r  i t s  l i g h t  weight and 

h igh  s t rength-to-weight  r a t i o .  However, i t  has  a  number of o t h e r  important 

c h a r a c t e r i s t i c s  t h a t  l e a d  t o  n widcr range of a p p l i c a t i o n s .  It i s  an in-  

d i spensab le  a l l o y i n g  i n g r e d i e n t  o r  innoculant  f o r  a  number of o t h e r  metals .  

It i s  t h e  r educ tan t  used i n  t he  product ion of such meta ls  a s  t i t an ium,  z i r -  

conium, uranium, be ry l l i um and hafnium. It i s  used f o r  i t s  e lec t rochemica l  
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TABLE 2. CURRENT AND FORECAST DOMESTIC 
PRODUCTION VOLUMES 

Product ion Volumes 
Current  Year 2,000 

Metal 

Magne s ium 

Zinc 

Lead 

Chromium ( inc lud ing  246,000. 340,000 
t h a t ,  i n  f.errochrome) (272,000) (375,000) 

Manganese ( i n c l u d i n g '  
t h a t  i n  ferroman- 
ganese) ' 

. . 

Sodium 142,000 145,000 . . .  

. . (157,000) (160,000) 

(1) Assumes 42% (same a s  p re sen t )  of p red ic t ed  consump- 
t i o n  of 2 .23 .mi l l i on  S tons  w i l l  be  domest ica l ly  
produced. . . 

(2') ' ~ s s u h e s  41% ( s a m e a s  of p red ic t ed  consump- 
t i o n  of 2.4 m i l l i o n  s h o r t  t o n s  . w i l l  . be domest ica l ly  
produced. 



p r o p e r t i e s  a s  a  s a c r i f i c i a l  anode t o  p r o t e c t  s t e e l  s t r u c t u r e s  and equipment 

from c o r r o s i o n  and a s  a  power-source anode i n  va r ious  types  of b a t t e r i e s .  

It i s  used f o r  i t s  chemical p r o p e r t i e s  a s  an in t e rmed ia t e  r e a c t a n t  i n  a  

number of chemical product ion  processes .  F i n a l l y ,  i t  i s  t h e  l i g h t e s t  

s t r u c t u r a l  meta l  of proven and demonstrated use fu lnes s  i n  m i l i t a r y  and con- 

sumer a p p l i c a t i o n s  where weight sav ing  is an  important  cons ide ra t ion .  

Raw M a t e r i a l s  

Magnesium i s  t h e  e igh th  most abundant element i n  t h e  e a r t h ' s  c r u s t  

and t h e  t h i r d  most abundant meta l  used i n  s t r u c t u r a l  a p p l i c a t i o n s .  Magnesium- 

bea r ing  raw m a t e r i a l s  e x i s t  abundantly i n  va r ious  forms i n  a l l  p a r t s  of t h e  

wor ld(2)  . The p r i n c i p a l  raw m a t e r i a l s  a r e  magnesite (MgCO ) , dolomite (MgC03. 
3  

CaCO ) ,  b r u c i t e  (Mg(OH)2), o l i v i n e  ((Mg,Fe)qSi04), b r i n e s ,  evapor i tes* ,  and 
3  

seawater .  Of t h e s c ,  t h e  ones used predvminantLy today f o r  t h c  product ion of 

magnesium meta l  a r e  dolomite ,  b r i n e s ,  and seawater .  

Deposi ts  of h igh-pur i ty  dolomite  occur  throughout t h e  world. The 

. e x t e n t  of t h e s e  d e p o s i t s  2s  considered t o  be  v a s t .  ~ r i n e s  c o n s t i t u t e  another  

impor tan t  raw m a t e r i a l  f o r  magnesium product ion.  Underground b r i n e s  a r e  

' fuu~ id  i n  many . . p a r t s  of t h e  world, and a r e  f r equen t ly  a s s o c i a t e d  with o i l  we.i..l.s. 

I n  a d d i t i o n  t o  underground b r i n e s ,  t h e r e  a r e  s u r f a c e  b r i n e s ,  t he  two b e s t  

known and e a s i l y  i d e n t i f i . a b l e  being t h e  Dead Sea i n  I s r a e l  and t h e  Great  S a l t  

Lake i n  t h e  USA. It has  been' es t tmated  t h a t  t h e  magnesium c h l o r i d e  (MgC1 ) 
2 

con ten t  of t h e  G r e a t  S a l t  Lake amounts t o  544 m i l l i o n  M t o n s  (600 m i l l i o n  S  

t o n s ) .  Evapor i te  d e p o s i t s  . a l s o  e x i s t  throughovt t h e  world and c o n s t i t u t e  

ano the r  ve ry  l a r g e  source  of magnesium.. 

Enormous a s  a l l  these resources a r e  for magnesium, thray a r e  dwarfed 

by t h e  amount of  magnesium i n  seawater .  I n  Table 3 ,  a  p a r t i a l  l i s t  of t he  

elements  d isso lved  i n  seawater  is  g iven(3) .  Magnesium w i t h  1 2  b i l l i o n  p o ~ ~ n d s  
Y pe r  cub ic  mi l e  of seawater  (1.30 x 10 kg/(km) i s  t h e  t h i r d  most abundant 

s o l u t e  element i n  seawater .  With an  es t imated  320 m i l l i o n  cubic  mi l e s  

(1333 cub ic  Kilometers) of seawater  i n  t h e  world, i t  can be  s a f e l y  s t a t e d  

t h a t  t h e r e  i s  an  e s s e n t i a l l y  inexhaus tab le  r e se rve  supply of raw m a t e r i a l s  

f o r  magnesium. 

*Underground s a l t  d e p o s i t s  t h a t  have r e s u l t e d  from n a t u r a l  d ry ing  of i n l and  a reas .  



TABLE 3 .  PARTIAL SOLUTE COMPOSITION OF SEAWATER ( 3 )  

Amount - - - - - - - - 

PPM 
Pounds/1000 Gallons Pounds/cub ic mile 

El emen t 
' (approximate) (approximate) 

. . 

Chlorine 18,980 ,162.0 180,000,000,000 

Sodium 10,561- 90.0 100,000,000,000 

Magnesium 1,272. 10.9 .l2,OOO3OOO3OOO 

Sulfur 884 7.6. 8,300,000,000 

Calcium 400 3.4 3,800,000,000 

380 Potassium 3.25 3,600,000,000 

Bromine 6 5 0.56 610,000,000 

Carbon ' 28 0.24 260,000,000 

Strontium 13 0.11 120,000,000 

Boron 4.6 0.039 43,000; 000 

4 Silicon . 0.034 38,000,000 

Fluorine 1.4 0.012. 13,000,000 



Product ion  and Consumption 

The v a r i o u s  a p p l i c a t i o n s  c i t e d  e a r l i e r  and t h e  demand they have 

c r e a t e d  f o r  magnesium have con t r ibu ted  t o  a  we l l  sus t a ined  growth i n  con- 

sumption a s  dep ic t ed  by t h e  da t a  f o r  t he  per iod  1967 t o  1977 i n  Table 4. 

Ac tua l ly ,  dur ing  t h e  l a s t  1 5  yea r s  t h e  average compounded growth i n  con- 

sumption has amounted t o  6  percent  per  year .  I n  1977, t o t a l  consumption 

i n  t h e  United S t a t e s  amounted t o  103,420 M ton (114,000 S  tons)  d i s t r i b u t e d  

i n  t h e  fo l lowing  manner among t h e  p r i n c i p a l  uses: 54 percent  i n  aluminum 

a l l o y s ,  10 percent  i n  f e r r o u s  a p p l i c a t i o n s ,  8 percent  f o r  s a c r i f i c i a l  anodes, 

9  percent  a s  a  chemica l ' r eagen t ,  5 percent  as metal r ~ r l ~ ~ r t a n t  and 14 percont  

i l l  sL~ucLura f  a p p l i c a t i o n s .  S t r u c t u r a l  a p p l i c a t i o n s  inc lude  a i r c r a f t  c a s t i n g s ,  

d i e  c a s t i n g  f o r  cha in  saws, luggage, a i i t n m n t i v ~  end o t h e r  app l i sncec ,  photo 

engraving s h e e t ,  e x t r u s i o n s  f o r  luggage frames and. m a t e r i a l s  handl ing  c a r t s ,  

and misce l laneous  o t h e r  uses .  

Table 4  a l s o  inc ludes  d a t a  f o r  product ion ,  expor t s ,  and imports  

of magnesium dur ing  t h e  10 year  per iod of 1967-1977. For s e v e r a l  yea r s  

consumption and expor t s  exceeded t o t a l  product ion.  'l'he s h o r t  f a & l  was made 

up by r e l e a s e s  from t h e  .U.S. government s t r a t e g i c  s t o c k p i l e .  This  source  

i s  now exhausted. The sha rp  d e c l i n e  i n  bo th  product ion and consumption 

between 1'974 and 1975 w a s  due i n  p a r t  t o  t h e  marked inc rease  i n  p r i c e  t h a t  

occurred  a t  t h a t  time. But i t  i s . now be l i evcd  t h a t  t h e  major reason  for 

t h i s  dec rease 'was  t h e  l a r g e  voliim~: purchases made by u s e r s  i n  1974 i n  

a n t i c i p a t i o n  of a sho r t age  t h a t  never m a t e r i a l i z e d .  Both product ion and 

consumption volume are 'now aga in  on t h e  inc rease .  

The ihree p r i n c i p a l  processes  by  which primary magnesiiim ran he 

produced a r e :  (1) fu sed - sa l t  e l e c t r o l y s i s  of  MgCl . (2)  s i l i c o t h e r m i c  
2 ' 

r educ t ion  of  ca l c ined  dolomite. (dolime-CaO.Mg0); and (3) carbothermic reduct ion  

of  MgO. 

Today magnesium i s  produced i n  t h e  USA i n  four  p l a n t s  having t h e  

c a p a c i t i e s  shown i n  Table 5. American Magnesium Company and NL I n d u s t r i e s ,  

use  t h e  I.G. Farben indus t r i e  e l e c t r o l y t i c  process  and The Dow Chemical 

Company uses  i t s  own e l e c t r o l y t i c  process .  The Alcoa Northwest Alloys p l a n t  

r e p r e s e n t s  t he  f i f s t  use  of a  s i l i c o t h e r m i c  pro.cess i n  t h e  USA f o r  c l o s e  



TABLE 4. PRODUCTION, CONSUMPTION, EXPORTS AND IMPORTS 
OF MAGNESIUM METAL FOR THE USA, 1967-1977 

Metric Tons (Short tonsj 
Year Production Consumption Exports Imports 



TABLE 5. PRIM.1RY MAGNESIUM METAL CAPACITY IN THE 
UNIT3D STATES, 1977 and 1981 

. . Capacity, Metric Tons 
Act ur 1 Projected .Plant 

Company .- 1977 . '  1981 ' ~rccess . Locat ion 

. . 

Northwest Allo?s., Icc. 22,000 36,000 Magnetherm Addy, Washington 
(Alcoa Subsidiary) 

~merican Mzgnesium company 4,500 4,500 I.G./Electrolptic . Snyder, Texas 

NL Industries, Inc. 22,500 ' 22,500 I.G./~Zectrolptic Rowley, Utah 

The Dow Chemical Conpany " 109,000- . 109,000 . Dow/Electrol.;rtic Freeport, Texas 



t o  10  yea r s .  This  p l a n t  was brought on s t ream i n  1977. The Alcoa p l a n t  is  

t h e  only  c u r r e n t  producer t h a t ' h a s  pro jec ted  an inc rease  i n  capac i ty  by 1981. 

Today, about 86 percent  of  primary.magnesium c a p a c i t y  i n  the!USA i s  e l e c t r o -  

l y t i c  and 14 percent  i s  s i l i c o t h e r m i c  (Magnetherm). The carbothermic 'process  

i s  no t  used any p l ace  i n  t h e  world .today. Although i t  i s  b a s i c a l l y  a . t h e r m a l  

r educ t ion  process ,  more than 50 percent  of t h e  t o t a l  energy consumed i n  t h e  

p re sen t  carbothermic process  is  e l e c t r i c a l .  The c r i t i c a l  s t e p : i n  t h i s  process  

i s  t h e  quenching o f  t h e  Mg vapor emerging from t h e  r e a c t o r .  .This  quench 

must b e  extremely r ap id  i n  o r d e r  t o  prevent  t h e  r eve r s ion  of Mg t o  MgO by 

r e a c t i o n  wi th  t h e  CO gas produced i n  t h e  r educ t ion  s t e p .  B a t f e l l e  submit ted 

t o  DOE s e v e r a l '  yea r s -  ago a  preproposal  o u t l i n i n g  an .advanced concept f o r  

achiev ing  a  r a p i d  quench and a t  t h e  same t5me lowering t h e  t o t a l  energy 

r equ i r ed  i n  t h e  process  by about  30 percent .  Action on t h i s  preproposal  i s  

awai t ing  completion of t h e  c u r r e n t  DOE p r o j e c t  be ing  conducted by MIT on 
I I An Assessment. o f  t h e  Magnesium Primary Product ion Technology". 

Future  Consumption 

Many f a c t o r s  w i l l  a f f e c t  t h e  . fu tu re  growth of  magnesium metal  

consumption. I n  s e v e r a l  a p p l i c a t i o n s , .  p a r t i c u l a r l y  i n  t h e  non-s t r u c t u r a l  
. . 

a r e a ,  t h e r e  i s  no s u b s t i t u t e  for magnesium a r i d , i t s  consumption w i l l  fol low 

a t  l e a s t  t h e  growth p a t t e r n  of  t h e  i n d u s t r i e s  represented  b y ' t h o s e  a p p l i c a t i o n s .  

Use i n  a l u m i n k  a l l o y s ,  nodu la r i za t ion  o f  i r o n ,  and thermal r educ t ion  of 

o t h e r  meta ls  a r e  'examples .of  such uses .  I n  o t h e r  a r e a s ,  however, such a s  

d e s u l f u r i z a t i o n  of i r o n  and s t e e l  a n d . i n  s t r u c t u r a l  appl ica t ' ions ,  compet i t ive  

f o r c e s  a r e  t h e  dominant f a c t o r .  Magnesium competes wi th  calcium c a r b i d e , '  

calcium s i l i c i d e ,  l ime and r a r e  e a r t h s  i n  d e s u l f u r i z a t i o n  of i r o n  and s t e e l  

and wi th  aluminum and z i n c  a l l o y s  i n  s t r u c t u r a l  a p p l i c a t i o n s .  Indus t ry  

sources  from a c a r e f u l  a n a l y s i s  of a l l  t he  markets i n t o  which magnesium goes 

ate expec t ing  consumption t o  i n c r e a s e  t o  145,000 M tons  (160,000 S tons)  i n  

1981 and t o  186,000 M tons  (205,000 S tons)  i n  1985. P r e d i c t i o n s  beyond 

t h i s  p o i n t  a r e  based on e x t r a p o l a t i o n .  The average consumption of magnesium 

dur ing  t h e  l a s t  11 y e a r s  was 93,000 M t ons  (102,000 S t o n s ) .  I f  t h e  con- 

sumption growth r a t e  cont inues  a t  6 percent  per  yea r ,  then t h e  consumption 

i n  t he  year  2000 should reach a  l e v e l  of 354,000 M tons  (390,000 S t o n s ) .  

The Bureau of  ~ i n e s ' l )  has  fo recas t ed  f o r  t h e  year  2,000 a range uf 218,000 



t o  490,000 M t ons  (240,000 t o  540,000 S tons)  and a probable l e v e l  of 

357,000 M tons  (394,000 S tons ) .  The l a t t e r  f i g u r e  i s  i n  complete agreement 

w i t h  t h e  consumption f o r  t h a t  year  ex t r apo la t ed  from t h e  e s t a b l i s h e d  annual 

growth r a t e .  

Attainment of t h e  h ighe r  l e v e l  of t h e  range w i l l  r e q u i r e  a s i g n i f i -  

c a n t  expansion i n  t h e  use of magnesium f o r  s t r u c t u r a l  a p p l i c a t i o n s  p a r t i -  

c u l a r l y  i n  automobiles ,  app l i ances ,  hand t o o l s ,  and o t h e r  consumer and 

i n d u s t r i a l  components. The advantages of magnesium i n  such a p p l i c a t i o n s  

a r e  w e l l  documented and i t s  s e r v i c e a b i l i t y  has  been w e l l  demonstrated. The 

need f o r  weight sav ing  on automobiles  is  becoming more a c u t e ,  thus  i nc reas ing  

t h e  i n c e n t i v e  t o  u se  magnesium. One automobile manl~fnrtl lrcr has foroceotcd 

an ussga of 10 to 2,0 puuuds uf magnesium a l l o y s  per  v e h i c l e  i f  t h e  r a t i o  of 

t h e  p r i c e  of magne,sil.~m t o  t h a t  of a lminum de r . r r . n s~s  from  it^ PrcUCnE l e v e l  

of 1 .9  t o  about  a l e v e l  of 1 .5.  This  a lone  r e p r e s e n t s  a consumption of 

45 t o  90 m i l l i o n  kg (100 t o . 2 0 0  m i l l i o n  pounds) of magnesium. With . the  

p o t e n t i a l  of lower cost.magnesium through energy-saving product ion processes  

and t h e  almost a s su red  f u r t h e r  i n c r e a s e  i n  t he  p r i c e  of aluminum, the  p o t e n t i a l  

of achiev ing  a more f avo rab le  p r i c e  r a t i o  between magnesium and aluminum i s  

ve ry  r e a l .  Thus, i.t i s . n o t  a t  a l l  u n r e a l i s t i c  t o  p r e d i c t  an almost  explos ive  

i n c r e a s e  i n  t h e  demand f n r  magnesium o f t c r  1330. 
. . 

Far purposes of e s t ima t ing  energy use ,  e t c . ,  i n  t h e  r e p o r t  t h e  

1977 product ion of 114,317 M tons. (126,014 S tons), of magnesium metal will 

b e  assumed. Fnr t h e  year 2,000 prod~~c:ej.an w i l l  be as6&ed tc,  be  t he  same a s  

t h e  p ro j ec t ed  consumption.of 357,000 M tons  (394,000 S t ons ) .  

Zinc 

Zinc is  a v e r s a t i l e  meta l  t h a t  has  been i n  u se  f o r  over  2000 years .  

Zinc s t a n d s  t h i r d  i n  world wide consunlption of  nonferrous me ta l s ,  being 

uur.pauocc¶ only  by a l u l l l i ~ ~ u m  and copper. '!he .United S t a t e s  is  a major consumer 

of z i n c ,  us ing  about  20 percent  of - t h e  t o t a l  wor ld  s u p p l y  annllally. ,  However, 

t h e  1Jnited S t a t e s  i s  n o t  a . l a r g e  producer of z inc  metal .  

Product ion  and Consumption 

Zinc meta l  e n t e r s  t h e  manufacturing. f i e l d  i n  f o u r  major areas-- 

ga lvan iz ing ,  b r a s s  and ,bronze products ,  c a s t i n g s ,  and r o l l e d  z inc .  S i g n i f i c a n t  



q u a n t i t i e s  of z i n c  a r e  a l s o  consumed a s  pigments o r  o t h e r  chemicals.  The 

U. S. Bureau of  ~ i n e s ( ~ )  e s t ima te s  t h a t ,  i n  1977, cons t ruc t ion  m a t e r i a l s  

accounted f o r  40 percent  of consumption; t r a n s p o r t a t i o n ,  27 pe rcen t ;  e l e c t r i c a l  

equipment, 1 2  percent ;  machinery and chemicals,  11 percen t ;  and o t h e r ,  

10 percent .  Of t h e  z inc  meta l  and concen t r a t e s  consumed d i r e c t l y ,  ga lvaniz ing  

accounted f o r  35 percent  of t h e  t o t a l ;  zinc-base a l l o y ,  33 percent ;  b r a s s  and 

bronze,  14 percent ;  z inc  oxide ,  12  percent ;  and o t h e r ,  6  percent .  

Table 6 p re sen t s  the  product ion,  consumption, and imports  of s l a b  

z i n c  f o r  t h e  yea r s  1967-1977. product ion  was around t h e  900,000 M tons  

( 1  m i l l i o n  S tons)  l e v e l  u n t i l  1970 when i t  s t a r t e d  t o  d e c l i n e .  I n  1977 

product ion was l e s s  than h a l f  t h a t  of 1967. There a r e  s e v e r a l  reasons f o r  t he  

d e c l i n e  i n  z inc  product ion.  The grade of o r e  tends t o  b e  lower i n  t h e  

United S t a t e s  than  z inc  o r e s  i n  t he  r e s t  of t h e  world.  P l a n t s  have been 

c losed  because they  were obso le t e  and i t  was not  p r a c t i c a l  t o  r e t r o f i t  t h e  

p l a n t s  w i th  environmental c o n t r o l s  i n  o rde r  t o  meet government r e g u l a t i o n s .  

Some p l a n t s  were unable ' to  o b t a i n  s u f f i c i e n t l y  .high grade concent ra tes  t o  

compete economically w i th  d t h e r s  who had concen t r a t e s .  

Four e i e c t r o l y t i c  z i n c  p l a n t s  were ope ra t ing  a t  t he  end of  1977. 

There a r e  i n  Sauget (Eas't S t .  Louis) I l l i n o i s ;  Corpus C h r i s t i ,  Texas; Kellogg, 

Idaho; and B a r t l e s v i l l e ,  . . Oklahoma. Two smel t ing  p l a n t s ,  one a t  Palmerton, 

Pennsylvania,  and one a t  ~ o n a c a ,  Pennsylvania,  .were a l s o  ope ra t ing .  To ta l  

z inc 'producing  capac i ty  was 600,000 M tons  (661,000 S tons)  annual ly .  A 

new e l e c t r o l y t i c  p l a n t  a t  ~ l a r k s v i l l e . ,  Tennessee, capac i ty  82,000 M tons  

(90,000 S tons)  per  yea r ,  .is schedGled t o  open l a t d  i n  1978 o r  e a r l y  i n  

1979.. Environmental concerns may be an  o b s t a c l e  t o  f u r t h e r  expansion of 

z i n c  producing f a c i l i t i e s . .  E l e c t r o l y t i c  product ion w i l l  minimize some of 

t h e  problems, but  new processes ,may be needed t o  reduce t h e  genera t ion  of 

s u l f u r  d ioxide .  

Consumption of s l a b  z i n c  has  f l u c t u a t e d  around t h e  900,000 M tons 

( 1  m i l l i o n  S tons)  l e v e l  f o r  t h e  p a s t  11 yea r s .  The extreme high l e v e l  i n  

1973 was 'due t o  an  increased  demand because of t h e  h igh  l e v e l  of  t h e  economy 

exemplif ied by t h e  record  s e t t i n g  product ion , i n  t h e  s t e e l  and au to  i n d u s t r i e s .  

Increased  imports  of s l a b  z inc  have f i l l e d  the  void between de- 

c r eas ing  meta l  p roduct ion  and t h e  l e v e l  of z inc  consumption. This  s i t u a t i o n  

probably w i l l  cont inue  f o r  some time i n t o  t h e  f u t u r e .  



TABLE 6.  PRODUCTION, CONSUMPTION, AND IMPORTS OF Z I N C  
METAL I N  THE UNITED STATES, 1967-1977 

Thousand M e t r i c  Tons ( s h o r t  t o n s ) .  
Year P r o d u c t  i o n  Consumption , Impor t s  

(a) Estimated 

Source:  ,Metal S t a t i s t i c s ,  1978. 
. , 



Future  Consumption . . . . . . 
,. . 

According to t h e  U. S. ~ u r e a u  of , primary i i n c  me t a l  demand 

i s  expected t o  i n c r e a s e  a t  an annual  r a t e  o f ' 2 . 6  percent  through 1985. .Based 

on t h e  1977 consumption of 0.94 m i l l i o n  M tons  (1.04 m i l l i o n  S t o n s ) ,  con- 

sumption i n  1985 would' be 1 .2  m i l l i o n  M t ons .  (1.3 m i l l i o n  S t o n s ) .  The 

average y e a r l y  consumption of z i n c  f o r  t h e  11 yea r s  shown i n  Table 6 was 

1.13 m i l l i o n  M tons  (1.25 m i l l i o n  S tons)  . A t  an  annual  growth r a t e  of 

2.6 percent ,  consumption. in  1985 would be  1.39 m i l l i o n  M tons  (1.53 m i l l i o n  

.. S tons ) .  There a r e  a.number of  f a c t o r s  t h a t  must be ' . t aken  i n t o  account when 

f o r e c a s t i n g  z inc  consumption t o  1985 and 2,000. . The tonnage of  z inc  d ie -  

c a s t i n g s  used by t h e  automotive i n d u s t r y  has  been d e c l i n i n g  i n  r e c e n t  years .  

This d e c l i n e  has  r e s u l t e d  from inc reased  u s e ' o f  aluminum a n d ' p l a s t i c s  by 

the  i n d u s t r y  i n  an  e f f o r t  t o  reduce v e h i c l e  w e i g h ' t i n  o rde r  t o  achieve g r e a t e r  

f u e l  economy..., Other coa t ings  o r . m a t e r i a l s  such a s  p l a s t i c s  and e l e c t r o p l a t e d  

cadmium, a s  w e l l  a s  s p e c i a l  s t e e l s  can r e p l a c e  z inc .  i n  c e r t a i n  a r e a s  f o r  

co r ros ion  p r o t e c t i o n .  Aluminum can be used i n ' p l a c e  of  b r a s s .  P r e s e n t l y  

. .  ther-e i s  cons iderable  a t t e n t i o n  being given t o  s u b s t i t u t i n g  magnesium f o r  

z inc  d i e c a s t i n g s .  This  . s i t u a t i o n  may b e  p a r t i a l l y  changed through. g r e a t e r  

use of  galvanized s t e e l  i n  major markets such a s  cons t ruc t ion  and automobiles . . 
. , 

and t rucks .  

. I f  t h e .  1977 z i n c  consumption of 0.94 m i l l i o n  M tons  (1.04 m i l l i o n  

S tons)  i s  used a s , a  base  and. i t  i s  assumed t h a t  t h e  annual :growth r a t e  w i l l  

be  2.6 percent , '  consumption i n  the. yea r  2,000 would be 1.72 m i l l i o n  M tons  

(1.9 m i l l i o n  S tons) . .  .Based on t h e  average annual  consumption of 1 .13 m i l l i o n  

M t ons  ( 1 . 2 5  mi l . l ion  S t o n s ) ,  consumption of s l a b .  z i n c  would be 2.02 m i i l i o n  

M tons  (2.23 m i l l i o n  S tons)  i n  t h e  year  '2,000. 

T h e  Bureiill d f  ~ i n e s ' ' )  has  a l s o  fo recas t ed  t o t a l  U.S. ;deiand f o r  

zinc t o  be  between 1 .95  and 4.14 m i l l i o n  M tons  (2.15 and 4.56 m i l l i o n  S tons)  

i n  t h e  year  2,000, w i th  a probable demand of 2.9 m i l l i o n  M tons  (3 .2 .mi l l i .on  

S t o n s ) . .  This f o r e c a s t  i nc ludes  ,2.,49 m i l l i o n  M t o n s  (2.75 m i l l i o n  S tons)  

i n  m e t a l l i c  form and 0.41 m i l l i o n  Mltons (0.45 m i l l i o n  S tons)  i n  nonmeta l l ic  - 
form. It i s  be l i eved  t h a t  t h e  m e t a l l i c  form a l s o  inc ludes  z inc  recovered 

from scrap .  



The B a t t e l l e  e s t i m a t e  of  2.02 m i l l i o n  M tons  (2.23 m i l l i o n  S tons)  

f o r  s l a b  z i n c  consumption i n  t he  year  2,000 may be  conserva t ive .  However, 

i t  i s  d i f f i c u l t  t o  env i s ion  a z i n c  demand l a r g e r  than  2.49 m i l l i o n  M tons  

(2.75 m i l l i o n  S . ' tons)  i n  t h e  year  2,000 un le s s  t h e r e  i s  a cons iderable  
a .  :, upward t r end  i n  s e v e r a l  z i n c  markets.  . . 

. . 

Reserves and Resources 

World z i n c  r e sou rces  a r e  es t imated  a t  about  1 . 8  b i l l i o n  M tons  

( 2  b i l l i o n  S tons)  on a meta l  conten t  b a s i s ( 4 ) .  Most of t h e s e  resources  a r e  

found i n  convent ional- type d e p o s i t s  of s t ra tabound carbonate  formations and 

i n  massive s u l f i d e  o r e  bodies .  

World reoervea  a r e  cot imated a t  159 m i l l i o n  M tone (175 m i l l i o n  S 

t o n s ) ,  wh i l e  United S t a t e s  r e s e r v e s . a r e  es t imated  a t  27 mi.llion M tons  (30 

m i l l i o n  S tons ) .  Annual domestic mine product ion of  z i n c  dur ing  t h e  p a s t  

5 yea r s  h a s  been s l i g h t l y  below 450,000 M tons  (500,000 S tons)  of  contained 

me ta l ,  i n d i c a t i n g  t h a t  domestic r e s e r v e s  should be  s u f f i c i e n t  f o r  s e v e r a l  

decades. Large r e s e r v e s  e x i s t  i n  Canada, Peru,  Other Market Economy c o u n t r i e s ,  

and i n  t h e  Cen t r a l  Economy Count r ies .  

The United S t a t e s  i m p o r t s  n r e s ,  c n n r . e n t r a t e s ,  and s l a h  z i n c .  F n r  

t h e  p a s t  s e v e r a l  yea r s  Canada has suppl ied  over  ha l f  of t h e  z inc  o r e s  and 

concen t r a t e s  t o  t h e  United S t a t e s ;  Mexico, 15  percent ;  Honduras, 10 percent ;  

and o t h e r ,  1 8  percent .  Zinc meta l  imports  have come from Canada, 51 percent ;  

A u s t r a l i a , . 6  pe rcen t ;  ~ e l ~ i u m - ~ u x e m b o u r ~ ,  6 percent ;  Japan, 5 percent ;  and 

o t h e r ,  32 percent .  Slab z i n c  imports  i n  r e c e n t  yea r s  have been l a r g e r  than  

domestic product ion of s l a b  z i n c . '  I n  t o t a l ,  z i n c  imports  a r e  providing more 

than  h a l f  of our  primary consumption. 

.Dependence on i m p o r t s ' t o  s a t i s f y  domestic consumption of any 

ma ta r i a1  oan ba dnngorouc. Suah oupplico could b c  c u t  o f f  by t ranoporea t ion  

d i t t i c u l t i e s ,  p o l i t i c a l  a c t i o n  b y  t h e ' e x p o r t i n g  n a t i o n s ,  s t r i k e s ,  o r  o t h e r  

a c t i o n s  t h a t  s h u t  down product ion f a c i l i t i e s .  .The p r i c e  of t h e  m a t e r i a l  may 

b e  a r b i t r a r i l y  r a i s e d  by t h e  e x p o r t e r s  so  t h a t  impor te rs  are forced '  t o  r a i s e  

domestic p r i c e s  w i th  subsequent impact on the  U.S. economy. 



The p r i n c i p a l  s u p p l i e r s  of  imported z inc  t o  t h e  U.S. - Canada, 

Honduras, A u s t r a l i a ,  and Japan--are considered f r i e n d l y  n a t i o n s .  There i s  

l i t t l e  reason t o  a n t i c i p a t e  t h a t  t h e s e  s u p p l i e s  co.uld be cu t  o f f  f o r - a n y  

reason o t h e r  than  a n a t u r a l  calamity.  

Lead 

Lead i s  considered t o  be  a u s e f u l  and probably an e s s e n t i a l  metal  

i n  many a p p l i c a t i o n s .  I t ' i s  one of  t h e  4 major nonferrous meta ls  a long wi th  

aluminum, copper and z inc .  

The major uses.  of l ead  a r e  i n  s t o r a g e  b a t t e r i e s  f o r  automobiles and 

o t h e r  battery-powered v e h i c l e s ,  a s  an  ant iknock a d d i t i v e  i n  gaso l ine ,  and i n  

cab le  f o r  t h e  e l e c t r i c a l  i ndus t ry .  T h e ' U . ~ . B u r e a u  of ~ i n e s ' ' )  es t imated  

t h a t ,  i n  1977, b a t t e r i e s  accounted f o r  52 percent  of lead 'consumption;  gaso- 

l i n e  a d d i t i v e s ,  19 percent ;  e l e c t r i c a l ,  9 percent ;  ammunition, 6 pe rcen t ;  

p a i n t s ,  7 pe rcen t ;  cons t ruc t ion ,  2 pe rcen t ;  and o t h e r ,  5 percent .  Although 

some of t h e  t r a d i t i o n a l  markets f o r  l e a d ,  such a s  gaso l ine  a d d i t i v e s  and 

p a i n t s ,  have been d e c l i n i n g  due t o  environmental r e s t r i c t i o n s ,  t h e r e  has  been : 

growth i n  t h e  use  of lead-acid b a t t e r i e s .  This t r end  i s  expected t o  cont inue 

and should reach  about  540,000 M tons  (600,000 S tons)  i n  year  2,000. 
. . 

Producfion and Corisiunpfion 

The annual  product ion,  consumption, and imports  of  l e a d  meta l  a r e  

shown i n  Table 7. Product ion of primary l ead  increased  from 345,000 M tons  

(380,000 S tons)  i n  1967 t o  a peak of 624,000 H t ons  (688,000 5 cons) i n  

1973 and was on ly  550,000 M tons  (605,000 S tons)  i n  1977. Primary l ead  

pro'duction has averaged 43.2 percent  of consumption f o r  t h e  p a s t  11 y e a r s  

shown h e r e ,  secondary recovery has  provided, about  43..5 percen,t of l e a d  

consump,tion: The remainder has  been suppl ied  by imports .  The recovery o f .  

l e a d  from secondary sources  increased  almost every year  as shown i n . t h e  t a b l e ,  
. . 

and i s  a n  important  p a r t  of t h e  o v e r a l l  l e a d  supply.  Lead has  e x c e l l e n t  

co r ros ion  r e s i s t a n c e  s o  many l e a d  products  remain v i r t u a l l y  unchanged during 

t h e i r  u s e f u l  . l i f e  .and a r e  r e l a t i v e l y  easy t o  r ecyc le .  F0.r example, i t  i s  

es t imated  t h a t  abdut  60 percent  of  t he '  l e a d  i n  s t o r a g e  b a t t e r i e s  is  recycled 

after they  are scrapped. 



TABLE 7. PRODUCTION, CONSUMPTION, AND IMPORTS OF LEAD METAL 
IN THE UNITED STATES, 1967-1977 

Thousand Metric Tons (short tons) 
Production 

Year Primary Secondary Consumption Imports 

(a) ~stimat'ed. 

Source: Metal Statistics, 1978 



Five l ead  r e f i n e r i e s  l oca t ed  i n  Missouri ,  Idaho, Nebraska, 

Montana and Texas account f o r  a l l  t he  product ion of  r e f i n e d  primary l ead .  

There a r e  secondary l e a d  sme l t e r s  i n  most a r e a s  of t h e  country. .  .The 

important  ones a r e  i n  t he  New York, Ph i l ade lph ia ,  Bal t imore,  Cleveland,  

Chicago, Baton Rouge, Da l l a s ,  Los Angeles, and San Francisco area's. The 

es t imated  annual r e f i n i n g  c a p a c i t y . f o r  primary l ead  i s  725,000 M . tons 

(800,000 S tons)  . 
New p l a n t s  may b e  b u i l t  i n  t h e  f u t u r e  t o  s a t i s f y  any growth i n  

demand t h a t  may develop. However, t h e r e  a r e  environmental problems i n  both 

t h e  mining and r e f i n i n g  o f  l e a d  m a t e r i a l s .  These a r e  p r imar i ly  a i r  p o l l u t i o n ,  

waste d i s p o s a l ,  and land u t i l i z a t i o n .  Meeting s t anda rds  of l o c a l ,  s t a t e  and , 

Federa l  governments w i l l  r e q u i r e  s u b s t a n t i a l  c a p i t a l  investments  and added 

ope ra t ing  c o s t .  

Consumption of l ead  has  g radua l ly  increased  over  t h e  11-year span 

shown i n  Table 5. The two peak yea r s  were 1973 and 1974 when t h e  U.S. 

economy was s t rong .  

Imports of primary l e a d  dec l ined  from 1967 t o  1975 and r o s e  some- 

what i n  1976 and '1977. One reason f o r ' t h e  increased  imports  i n  1977 might 

be  the  i n c r e a s e  i n  primary l e a d  p r i c e s  dur ing  t h e  year .  The ~ r o d u c e r  p r i c e  

i n  January was 26 c e n t s  per  pound, r o s e  t o  31 c e n t s  by t h e  end of February , .  

and t o  32 c e n t s  by t h e  end of ,October .  General ly ,  f o r e i g n  l ead  p r i c e  was 

2 t o '  3  . c e n t s  pe r  pound lower than .  t h a t  f o r  domestic l e a d .  
' . 

Future  Consumption 
. . 

The annual  growth r a t e  of  l e a d  meta l  consumption f o r  the past 11 

yea r s  has  been about  1 .5 percent ,  a very modest growth r a t e .  The demand f o r  

l e a d  i n  some markets i s  expected t o  grow slowly and t o  decrease  i n  o t h e r s .  

For example, t h e  demand f o r  lead .  i n  s t o r a g e  b a t t e r i e s  should show a b e t t e r  

than average growth. due t o  h c r e a s e d  . v e h i c l e  product ion.  This growth could 

be  o f f s e t  t o  some degree by a decrease  i n  l e a d  consumed i n  .gaso l ine  , a d d i t i v e s .  

P re sen t  governmental r e g u l a t i o n s  r e q u i r e  t he  amount of l e a d  used i n  gaso l ine  

t o  drop from 1.7 grams per  ga l lon  i n  1976 t o  0.5 gram pe r  g a l l o n  by 1980. 

~ l t h o u ~ h  i t  appears '  t h a t  gaso l ine  consumption w i l l  cont inue  t o  r i s e ,  t h e  n e t  

e f f e c t  w i l l  b e  a  decrease  i n  t h e  u s e ' o f  l e a d  i n  gaso l ine .  



The demand f o r  l e a d  has  a l s o  dec l ined  i n  b u i l d i n g  cons t ruc t ion  

and e l e c t r i c a l  cab le  cover ing  due t o  s u b s t i t u t i o n  of p l a s t i c s  . f o r  l ead .  

Soldered food and beverage cans and o t h e r  con ta ine r s  a r e  be ing  d i sp l aced  

t o  some e x t e n t  by s t e e l  cans  made by d i f f e r e n t  pro'cesses and by aluminum cans. 

The U.S. Bureau of  Mines(4) e s t ima te s  t h a t  t h e  demand f o r  l ead  

should i n c r e a s e  a t  an annual  r a t e  of 1 .8  percent  through 1985. Based on the  

1977 l e a d  consumption of 1 .4 m i l l i o n  M tons  (1.5 m i l l i o n  S t o n s ) ,  consumption 

i n  1985 would be 1 .5  m i l l i o n  M tons  (1.7 m i l l i o n  S t o n s ) .  The average annual 

l e a d  consumption f o r  t h e  p a s t  11 yea r s  was 1.30 m i l l i o n  M tons  (1.43 m i l l i o n  

S t o n s ) .  

Taking the .1977  l e a d  consumption of 1.4 m i l l i o n  M tons  (1.5 m i l l i o n  

S tone)  aa a baoe and assuming t h e  alnlual growth w i l l  be 1 . 8  pkrcent ,  con- , 

sumption i n  2,000 would be  2.1 m i l l i o n  M tons  (2'.3 m i l l i o n  S t o n s ) .  Rased  

on t h e  11 years  average annual  l e a d  consumption of 1.30 m i l l i o n  M tons  (1.43 

m i l l i o n  S t o n s ) ,  consumption would b e  1.96 m i l l i o n  M tons  (2.16 m i l l i o n  S t o n s ) .  

The U.S. Bureau of  Mines") h a s  p ro j ec t ed  t o t a l  l e a d  demand t o  be 

between 1 .61  m i l l i o n  M tons '  (1.78 m i l l i o n  S tons)  and 3.19 m i l l i o n  M tons  

,(3.52 m i l l i o n  S tons)  i n  t h e .  year  2,000, wi th  a probable demand of 2.20 m i l l i o n  

M tons  (2 .43  m i l l i o n  S t o n s ) .  B a t t e l l e ' s  b e s t  e s t i m a t e  of l e a d  demand i n  

year  2,000 i s  2.1 t o  2.2 m i l l i o n  M tons  (2.3 t n  2.5  millinn S tnns) hased 

on an annual  growth r a t e  of 1 . 8  percent .  Future  product ion should cont inue 

t o  supply  about 43 pe rcen t  of consumption or  889,000 M tons  (9Rfl,nnfl S tnns). 

Reserves and ~ e s o b r c e s  

Tota l  world r e s e r v e s  of l e a d  are es t imated  a t  123 m i l l i o n  M tons  

(136 m i l l i o n  S tons ) .  U.S. r e s e r v e s  a r e  es t imated  t o  b e  25.8 m i l l i o n  M tons  

(28.4 m i l l i o n  S t o n s ) ,  w h i l e  mine product ion i n  r e c e n t  yea r s  has been about 

540,000 M tons  (600,000 S tons)  annual ly.  Therefore,  a t  p re sen t  r a t e s  of 

mine product ion,  U . S .  r e s e r v e s  should be adequate f o r  s e v e r a l  decades. 

United S t a t e s  imports  of lead-bearing o r e s ,  concen t r a t e s  and 

b u l l i o n  i n  r e c e n t  yea r s  have v a r i e d  from 100,000 M tons  (110,000 S tons)  of  

conta ined  l e a d  i n  1973, t o  56,000 M t ons  (62,000 S tons)  i n  1977. The major 

sou rces  of imported o r e  and ma t t e  a r e  Canada, Honduras, A u s t r a l i a ,  Peru, 



and West Germany. Imports of l ead  meta l  i n  1977 were 17.5 percent  of 

t o t a l  l ead  consumption. 

Because t h e  major s u p p l i e r s  of imported l ead  a r e  considered t o  

be  f r i e n d l y  na t ions ,  t h e r e  i s  no apparent  reason t o  b e l i e v e  t h a t  t hese  ship-  

ments would be  c u t  o f f  a r b i t r a r i l y .  

Chromium 

Chromium i s . a  widely used and e s s e n t i a l .  m a t e r i a l .  The i n d u s t r i a l  

uses  a r e  p r imar i ly  i n  . m e t a l l u r g i c a l ,  chemical and r e f r a c t o r y  a p p l i c a t i o n s .  

Its a t t r i b u t e s  i n  a l l o y ' s t e e l s ,  c a s t  i rons. ,  and nonferrous a l l o y s  a r e  t o  

enhance p r o p e r t i e s  such as h a r d e n a b i l i t y  , creep  and impact s t r e n g t h s ,  as 

w e l l  a s  r e s i s t a n c e  t o  co r ros ion ,  ox ida t ion ,  and wear. Ferrochromium a l l o y s  

and chromium m e t a l . a r e  t he  prime a d d i t i v e s  f o r  making a l l o y s .  However, 

ferrochrome a l l o y s  a r e  adequate  and o f t e n .  t echnzca l ly  advantageous f o r  97 

pe rcen t  of t h e  chromium consumed. Pure chromium i s  r e q u i r e d . o n l y  f o r  a  few 

s p e c i a l t y  a p p l i c a t i o n s .  Chromite, t he 'ma jo r  o r e  conta in ing  chromium, i s  a  

c o n s t i t u e n t  of r e f r a c t 0 r i e . s  widely used i n  i r o n  and s t e e l  p rocess ing ,  non- 

f e r r o u s  a l l o y  r e f i n i n g ,  glassmaking, and cement process ing .  Sodium dichromate, 

a  b a s i c  d ~ r o m i u m  chemical,  i s  made by l each ing  chromite w i th  c a u s t i c .  

Chromium chemicals a r e  consumed i n  t h e  manufacture of p igmen t s , . , p l a t i ng  

compounds, l e a t h e r  tanning  and c a t a l y s t s .  

There a r e  m a t e r i a l s . t h a t  can ' s u b s t i t u t e  f o r  chromium i n  many appl i -  

c a t i o n s ,  b u t  from a  performance and c o s t  s t andpo in t  they  a r e  no t  completely 

s a t i s f a c t o r y .  Chromium con t inues  t o  be  e s s e n t i a l  f o r  s e v e r a l  high temperature 

and co r ros ion  r e s i s t a n t  a l l o y s ,  i . e . ,  s t a i n l e s s  s t e e l s ,  chromium-cobalt a l l o y s .  

Product ion and Consumption 

I n  1977, t h e  m e t a l l u r g i c a l  i n d u s t r y  consumed 6 1  percent  of'chromium 

used, t h e  r e f r a c t o r y  i n d u s t r y ,  19 pe rcen t ,  and the  chemical i n d u s t r y , ,  20 

percent .  This  r e p o r t  i s  only  concerned w i t h  m e t a l l u r g i c a l  a p p l i c a t i o n s  of 

chromium i n  the  form of  ferrochromium o r  t he '  pure metal .  



Table 8 shows t h e  product ion,  c o n s ~ p t i o n ,  and imports  of chromium, 

f e r r o a l l o y s ,  and chromium meta l .  The average chromium content  of f e r r o -  

chromium a l l o y s  produced was 61 pe rcen t ,  1967-1977; f o r  a l l o y s  consumed i t  

was 61.2 pe rcen t .  Over t he  11 years  per iod  chrome con ten t  dropped from 

about  63  percent  t o  about  59 percent  f o r  both.produced and consumed a l l o y s  

p r i m a r i l y  due t o  changes i n  grades be ing 'u sed  by s t e e l  producers .  The average 

chromium content  of imported ferrochromium was 64 pe rcen t ,  1967-1977, 

dropping from about  67 percent  t o  60 percent  i n  r e c e n t  years .  

The r e l a t i v e  amounts of t h e  v a r i o u s . a l l o y s  has a l s o  changed i n  

recent .  yea r s  a s  shown i n  Table 9.  I n  both product ion and consumption t h e r e  

i s  a t r end  t o  the  lower c o s t  high-carbun ferrochrome and away from low-carbon 

ferrochrome. This t r end  i s  p r imar i ly  due t o  t h e  inc reas ing  use of t he  

Argon-oxygen-decarburization (AOD) r e f i n i n g  of s t e e l .  Because these  ma- 

t e r i a l s  a r e  dependent on t h e  metals  i n d u s t r y ,  product ion,  and more p a r t i c -  

u l a r l y  consumption, v a r i e s  wi th  t h e  meta ls  i ndus t ry  performance. During 

t h e  p a s t  11 yea r s  domestic product ion of ferrochromium and meta l  has  de- 

c r eased  s u b s t a n t i a l l y .  Th5s i s ' p a r t i a l l y  due t o . i n c r e a s e d  product ion c o s t s  

because of p o l l u t i o n  c o n t r o l s  t h a t  make domestic ferrochromium.less  competi t ive 

w i t h  impo,rted m a t e r i a l .  . Imported ferrochromium has  t h e r e f o r e  been' a b l e  t o  

p e n e t r a t e  the  U.S. m a r k e t , t o  a  cons iderable  degree.  

I n  1976, rhirceen planrs operated by' 8 cuu~l.lal~..i.es wn1.e pvo~l~lciag 

ferrochromium and/or 'chromium metal .  These p l a n t s  a r e  l oca t ed  i n  Kentucky, 

New York, South Caro l ina ,  Tennessee, Iowa, West . Virg in i a ,  , Ohio, M i s s i s s i p p i ,  

and New Je r sey .  

Consumption of ferrochromium and chromium metal  f l u c t u a t e s  a s  does 

o v e r a l l  meta ls  product ion ,  e s p e c i a l l y  t h a t  of t h e  i r o n  and s t e e l  i ndus t ry .  

The peak 'yea r s  for 'consumption were.1973 and 1974 when over 450,000 M t ons  

(500,000 S tons)  were consumed. There was a  sharp  dec l ine  i n  1975, and an  

upswing i n  1976-77. I n  the  pas t  2 yea r s ,  imports  have been approximately 

equal  t o  50 p e r c e n t . o f  t o t a l  demands. 

The f e r r o a l l o y  i n d u s t r y  has  always been h igh ly  competi t ive.  The 

upsurge i n  imported ferrochromium and meta l  has  provided a  cebl.ing nn domestic 

ferrochromium p r i c e s ,  r e s u l t i n g  i n . l o w , p r o f i t  margins f o r  domestic producers.  

A t  l e a s t  2 domestic producers a l s o  have p l a n t s  i n  fo re ign  c o u n t r i e s  and a r e  

a  major source  o f  imports  i n t o  t h e  U.S. 



TABLE 8. .PRODUCTION, CONSUMPTION, AND IMPORTS OF 
CHROMIUM FERROALLOY s AND CHROMIUM METAL 
IN THE UNITED STATES, 1967-1977, TONS* 

; Metric ~ o n s  (short tons) 
Year Production Consumption .Imports 

1967' 386; 309 '. 333,543 , . 52,146 
(367,663) ' (57,482) (425,833) 

1968 334,444 329',660 54,264 
(368,662) (363,389) (59,816) 

351,248 . .  55,925 , . 1969 393,239 
(61,647) . . '(433,472) . (387,185) 

. .  . .  
356,251 311 ,.055 37,471 1970 

' (392,700) (342,880) (41,3,05) . , 

1971 320,781 292,727 77,280 
(353,601)- , (322,677). (85,187) 

1972 317 ,'840 354,493 131,416 .. . 

(350,359) (390,762) (144,862) 
. . 

464,683 145,804 1973 378,971 
(160,722) (417,745) (512,226) 

148,354 . . 

1974 . 387,758 530,951 
(427,431) ' (585,274) (163,533) 

1975 225,519 295,542 290,696 . . 

(248,593) , (325,780) (320,438) 

1976 242,336 377,931 220,079. 
(267, i30) (416,598) (242',596) 

. 1977 247,354 392,732 203,283 
(272,662) (432,913) (224,082) 

Source: U. S. .Bureau of Mines Minerals Yearbooks and . . 
.Mineral Industry Surveys, 1977. 

. . 

* Figures include the iron content. 
. . 



TABLE 9. RELATIVE DOMESTIC PRODUCTION AND CONSUMPTION 
OF CHROMIUM ALLOYS 

Alloy 

Percent of Total* 
1974 1977 - - 

Produc t : i ua  Consumption Production Consumption 

Low Carbon Ferrochrome 

High Carbon Ferrochrome 

Ferrochrome Silicon 

Other** . . 

* Percents refer to contained chromium. 
** Includes pure chromium. 
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Future  Consumption 

The U.S. Bureau of ~ i i e s ( ~ )  forecas t$  t h a t  t h e  demand f o r  primary 

chromium w i l l  i n c r e a s e  a t  an  annual growth r a t e  of 3.4 percent  through 

1985, f o r  a t o t a l  of 640,000'M tons, (700,000 S tons)  of contained chromium. 

This  f o r e c a s t  i nc ludes  t h e  chromiuni consumed'by t h e  r e f r a c t o r y  and chemical 

i n d u s t r i e s  a s  w e l l  a s  t h a t  by t h e  meta ls  i ndus t ry .  Based on t h e  1977 

consumption of ferrochromium 'and chromium meta l ,  demand i n  1985 f o r  t hese  

m a t e r i a l s  would be 513,183 M tons  (565,687 S tons)  of conta ined  chromium. 

The average annual consumption of ferrochromium and chromium metal  f o r  t he  

p a s t  11 yea r s  was 366,778 M tons  (404,304 S tons)  of contained chromium. 

The most probable demand f o r  primary chromium.in the.  year  2,000 

w i l l  b e  1 .0  mil . l ion M tons  (1.1 m i l l i o n  S tons)  of contained chromium according 

t o  ' t h e  U.S. Bureau of Mines(2).  This  r e p r e s e n t s  an annual growth + a t e  of 

2.6 percent .  Assuming t h e  1977 consumption a s  t h e  b a s i s ,  t h e  demand f o r  

ferrochromium and chromium meta l  would be 708,724 M t ons  (781,235 S tons)  of 

contained chromium i n  t h e  . yea r  2,000.. Calcu la ted '  on the  11 yea r ,  annual 

consumption, demand i n  year  2,000 would be '661,888 M tons  (729,607 S tons)  

of  contained chromium. 

B a t t e l l e ' s  b e s t  e s t i m a t e  of t h e  demand f o r  ferrochromium and 

chromium metal  i n  year  2,000 ?is 680,000 M tons  (750,000 S tons)  of which 

approximately 50 perdent  w i l l  be '  suppl ied  by imports ,  o r  340;000 M tons  

(375,000 S t ons ) .  P roduc t ion  w i l l  b e  about 340,000 M tons  (375,000 ' S  t ons ) .  

These f i g u r e s  a r e  g ros s  weight .  

Reserves and Resources 

The United S t a t e s  has  no economically recoverable  r e s e r v e s  of  

chromite.  There a r e  depos i t s  of submarginal r e sou rces ' e s t ima ted  t o  contain,  

1 .6 m i l l i o n  M tons  (1.8 m i l l i o n  S tons)  of chromium i n  20.4 m i l l i o n  M tons. 

(22.5 m i l l i o n  S tons)  of m a t e r i a l  averaging 8 percent  of chromium oxide .  . . 

commercial chromite t y p i c a l l y  runs  from 22 t o  38 percent  chromium content .  

To ta l  world chromite r e s e r v e s  a r e  e s t i m a t e d ' a t  2.5 b i l l i o n  M tons 

(2..7 b i l l i o n  S tons ) ;  About 1 . 8  b i l l i o n  M tons  ( 2  b i l l i d n  S tons)  of t hese  



r e s e r v e s  a r e  i n  t h e  Republic of South Af r i ca  and 0.5 b i l l i o n  M tons  (0.6 

b i l l i o n  S tons)  i n  Southern Rhodesia. Turkey and t h e  U.S.S.R. have r a t h e r  

l a r g e  r e se rves .  The l e a d i n g  expor t e r s  of chromite t o  t h e  United S t a t e s  

are Republic of  South A f r i c a ,  Turkey, t he  U.S.S.R. and t h e  P h i l i p p i n e s .  The 

United Nations embargo on Rhodesian chromite has  r e s u l t e d  i n  t h e  United 

S t a t e s  purchasing l e s s  from t h i s  source.  

To ta l  world r e sou rces  of chromite a r e  es t imated  a t  over  1 8  b i l l i o n  

tons ,  s u f f i c i e n t  t o  meet demands f o r  s e v e r a l  hundred yea r s .  

Because t h e  Republic of South A f r i c a  and Southern Rhodesia c o n t r o l  

t h e  v a s t  ma jo r i t y  o f  chromite r e s e r v e s ,  any i n t e r n a l  problems i n  t h e s e  

c o u n t r i e s  o r  t r a n s p o r t a t i o n  d i f f i c u l t i e s  could quick ly  reduce t h e  amount of  

chromi te  a v a i l a b l e  f o r  world t r a d e .  Other s u p p l i e r s  would be w i l l i n g  t o  make 

up any d e f i c i e n c i e s ,  bu t  most c e r t a i n l y  a t  much h igher  p r i c e s .  It has  been 

ev iden t  s i n c e  t h e  Rhodesian embargo came i n t o  being t h a t  t h e  United S t a t e s  

could b e  placed i n  a  p reca r ious  s i t u a t i o n  f o r  o b t a i n i n g  chromite i n  f u t u r e  

y e a r s  because of  i n t e r n a l  p o l i t i c a l  problems i n  Afr ican  n a t i o n s .  This  

deminishes t he  impetus t o  develop l e s s  energy i n t e n s i v e  processes .  

Manganese 

The major u se  of manganese is  f o r  t h e  product ion of  i r o n  and 

s t e e l .  This  demand f a r  exceeds a l l  o t h e r  uses  of  manganese. Manganese a c t s  

a s  a  d e s u l t u r i z e r ,  deox id i ze r ,  and cond i t i one r  o t  s t e e l s .  It a l s o  impar t s  

s t r e n g t h ,  toughness ,  hardness  and h a r d e n a b i l i t y  t o  i r o n  and s t e e l .  

Managanese i s  used c h i e f l y  i n  t h e  form of ferromanganese, o r  

s i l icomanganese by t h e  s t e e l  i ndus t ry .  Some e l e c t r o l y t i c  manganese meta l  

i s  a l s o  used, and s m a l l  q u a n t i t i e s  of  manganese o r e  a r e  added t o  s teelmaking 

furnaces .  

Manganese i s  a l s o  used as an  a l l o y i n g  agent  i n  some nonfer rous  

me ta l s  such a s  aluminum, copper,  and magnesium. The a d d i t i o n s  a r e  u s u a l l y  

made i n  t h e  form of e l e c t r o l y t i c  manganese o r  a s  a  master  a l l o y .  Manganese 

d iox ide  i s  a component of d ry -ce l l  b a t t e r i e s ,  and manganese chemicals a r e  

used i n  small q u a n t i t i e s  f o r  va r ious  purposes.  



There are .no economically workable manganese ore deposits (35 

percent or more manganese) in the United States. Consequently, we are 

entirely dependent on imports of ore to satisfy our need,s. 

Production and Consumption 
. . 

The steel industry uses large quantities of high-carbon ferro- 

manganese, which can be made either in blas't furnaces or in electric furnaces. 

Medium-carbon ferrornanganese, low-carbon ferrornanganese, and special grades 

of ferromanganese are.made in electric furnaces. Silicomanganese, or high- 

silicon ferromanganese is made in electric furnaces. 

Two steel companies have made blast furnace ferromanganese off 

and on for many years. Five companies with plants in Ohio, Kentucky,' 

Tennessee, Oregon, and West Virginia produce f erromanganese in electric 

furnaces. Electrolytic manganese metal is produced by three companies at 

plants in Ohio, Mississippi and Tennessee'. 

Table 10 presents the production, consumption, and imports of 

ferromanganese and manganese metal for the past decade. The manganese 

content of the ferromanganese and metal produced in the U.S., 1967-1975, 

averaged 78.3 percent. Figures' for 1976'and 1977 are not yet available;' The 

manganese content of imports averaged 77.7 percent manganese, 1967-1977. 

In both cases there is very little variation from year to year,. production 

in the United. States gradually declined over' the' period shown until pro- 

duction in ,1977 was only 57 percent of what it had. been in 1967. One reason 

for this is environmental considerations which require large capital expendi- 

tures for pollution control measures. Faced with this, several older and 

obsolete plants have been closed. Another factor is the doubling in tonnage 

of imports over the past 11 years. 

Consumption of ferromanganese is tied directly to the'production 

of raw steel, Because the steel industry has had.its ups and downs; 

manganese demand follows the same curve. About.13 pounds of manganese is 

consumed in making one ton of raw steel'year after year. The'average annual 

consumption of f erromanganese and manganese metal was 892,424 M tons 

(983,730 S tons) during the period 1967-1977. 



TABLE 10. PRODUCTION, CONSUMPTION AND IMPORTS OF 
FERROMANGANESE AND METAL I N  THE UNITED 
STATES 1967-1977* ' 

Metric Tons (shor t  tons) 
Year Product ion . . Consumption Imports 

, 3.977 488,869 795,163 484,659 
(538,886) (076,510) (534,246,) 

Source: U.S. Bureau of.Mines Minerals Yearbooks and 
Mineral Industry Surveys, 1977.  

* Figures include the  i ron  content .  



Imports of manganese f e r r o a l l o y s  and metal  have doubled over  t h e  

pas t  decade. Two major f a c t o r s  a r e  ev ident  i n  t h i s  s i t u a t i o n .  The ever  

i nc reas ing  c o s t s  of p o l l u t i o n  c o n t r o l  measures 'have increased  product ion 

c o s t s  and forced  c l o s i n g  of .some f a c i l i t i e s .  The second f a c t o r  r e l a t e s  t o  
. . 

ownership of fo re ign  manganise producing f a c i l i t i e s  . Severa l  U . S . corpora- 
. . 

t i o n s  , consumers of manganese ores , '  have' become p a r t  owners of mining 

companies i n  o r d e r  t o  a s s u r e  themselves a source  of supply. Fe r roa l loy  pro- 

ducers  have bought i n t o  o r  ' b u i l t  f e r r ~ m a n ~ a n e s e  . f a c i l i t i e s  i.n f o r e i g n  c o u n t r i e s .  

Presumably t h i s  a l lows  tHem t o  produce a l l o y s  more cheaply and 'enable  imports  

of fo re ign  m a t e r i a l  t o  b e  pr iced  compet i t ive ly  wi th  domestic product ion.  The 

domestic f e r r o a l l o y  i n d u s t r y  has been i n  t he '  doldrums f o r  s e v e r a l  years .  

Future  Consumption 

Because manganese consumption i s  b a s i c a l l y  t i e d  t o  t h e  s t e e l  i n -  

dus t ry ,  i t s  f u t u r e  w i l l  .be governed by' t he '  growth of ' s t e e l '  product ion.  I n  

t u r n ,  s t e e l  product ion w i l l  depend on the  h e a l t h  of  the'economy and, t h e  

tonnage of imported s t e e l  ,brought '  i n t o  t he '  United'  S t a t e s .  

The U.S. Bureau of  ~ i n e s ' ~ )  e s t ima te s  t h a t  manganese demand w i l l  
. . 

i n c r e a s e  a t  an annual  r a t e  of 1 .6  percent  through 1985. Based on t h e  con- 

sumption o f '  795,164 M t ons  (876,518 S tons)  of ferromanganese i n  1977, demand 

f o r  . these a l l o y s  would be 903', 830. M tons  (995,200 S tons)  i n .  1985. us ing  

t h e  average of 892,424 M tqns.  (983,730 .S tons)  f o r  t h e  p a s t  11 yea r s ,  ' demind 

i n  1985 would be  1,013,259 M tons  (1,116,927 S t ons ) ,  about equal  t o  con- 
. . , . 

sumption i n  1973. 

The Bureau of Mines'') h a s  a l s o  fo recas t ed  t o t a l  demand f o r  

contained manganese t o  be  between 1.78 and 2.45 m i l l i o n  M tons  (1.92 and 

2.7. m i l l i o n  S tons)  of contained manganese i n  t he  year  2,000. The' probable 

demand i s  1.93 m i l l i o n  M tons  (2.13 m i l l i o n  S tons)  ; Assuming a 1 .6  percent  

annual growth from 1977 t o  2,000, demand f o r  ferromanganese would be '1 .14  

m i l l i o n  M tons  (i.26 m i l l i o n  S tons)  of contained manganese' in t h e ' y e a r  2,000. 

Using t h e  average of  892,424 M tons  (983,730 S tons)  f o r  t he  l a s t  11 yea r s ,  

demand i n  2,000 would be '  1.29 m i l l i o n  M tons  (1.42 m i l l i o n  S tons)  . .The 

Bbreau of Mines f ig'ures ' inc lude  a l l  forms of manganes.e, no t  j u s t  ferromanganese . 



Battelle's best estimate of ferromanganese and metal consumption 

in year 2,000 is the range of 1.35 to 1.63 million M tons (1.5 to 1.8 million 

S tons) of contained manganese. It is expected that imports will continue 

to provide at least 50 percent of the demand. Future growth will depend 

entirely on increased raw steel production. 

For energy calculations the 1977 domestic production of contained 

manganese will be assumed to be 383,000 M tons (422,000 S tons) or 78.3 

percent of ferromanganese production. For year 2,000, 1.5 million M tons 

(1.6 million S tons) .will be assumed. 

Reserves and Resources 

There arc no domestic reserves of manganese ore containing 35 per- 

cent or more manganese. Attempts have been made to beneficiate low-grade 

ores found in Arizona, Colorado, and Maine, These have beer1 unsuccessful 

for technical and economic reasons. Total world reserves of manganese are 

estimated at 6 billion tons. Major deposits are in Australia, Brazil, 

Gabon, India, and the Republic of South Africa. The Central Economy 

Countries also have large reserves of manganese ore. 

Total resour~rs u 1  manganese are are high. One such source is the 

extensive deposits of manganese nodules on the deep ocean floors. These 

deposits have been and are being investigated by both U.S. and forcign 

coii~pcl~~irs. Af~hough there are technical and legal problems as well as eco- 

nomic concerns associated with mining these nodules, it is conceivable that 

such mining may be practiced by year 2,000. 

The major sources of manganese ore imports by thc U.E. di~ring C l ~ r  

past several years have been Brazil, 37 percent; Gabon, 31 percent; Australia, 

14 percent; Republic of South Africa, 10 percent; and other, 8 percent. 

Ferromanganese imports have originated in France, 35 percent; 

Republic of South Africa, 32 percent; Japan, 14 percent; other, 19 percent. 

It is aniticipated that these countries will continue to be major exporters 

of ferromanganese to the United States. 

Esse~zLlally, complete dependence on foreign sources for raw materials 

is not a comfortable situation. Presently, the countries exporting manganese 

ores and ferromanganese to the United States are friendly, However, due to 



p o l i t i c a l  problems i n .  Af r i ca ,  i t  i s  ,conce ivable  t h a t  t hese  sources  could 

be  c u t  o f f .  The long' s h i p p i n g . d i s t a n c e  from A u s t r a l i a  and p o t e n t i a l  i n t e r -  

r u p t i o n  i n  sh ipping  could d e t e r  shipments from ' there.  There i s  l e s s  reason 

t o  develop lower energy processes '  f o r  t hese  raw m a t e r i a l s  than i f  t he re  were 

no t h r e a t  t o  t h e i r  a v a i l a b i l i t y .  
. . 

Sodium 

Sodium i s  a . s o f t ,  mal leable ,  s i l v e r y  meta l  made by t h e  e l e c t r o l -  

y s i s  of sodium c h l o r i d e  i n  a fused s a l t  ba th . '  Fresh s o d i ' q  r e a c t s  r a p i d l y  

w i t h  m o i s t u r e , . s o  i t  must b e  s t o r e d  i n  dry. atmospheres. 

. . 

Product ion and Consumption 

Sodium meta l  has  been used by a number of  i n d u s t r i e s .  A major 

use i n  t h e  p a s t  was t h e  manufacture of sodium cyanide f o r  use  i n  e l e c t r o -  

p l a t i n g  and i n  organic  r eac t ions .  Sodium i s  consumed'in t he  s y n t h e s i s  of 

c e r t a i n  dyes,  in .per fumes , ,  i n  making t e t r a e t h y l  l e a d  f o r  g a s o l i n e  ant iknock 

a d d i t i v e s ,  and i n  sodium.vapor lamps. 

M e t a l l i c  sodium i s  made by E.I. duPont de Nemours and Company a t  
. . 

Niagara F a l l s ,  N. Y. and Memphis, Tennessee, ' .by 'Ethyl  Corporat ion a t  Baton 

Rouge, Louisiana and Houston, Texas and by Reac t ive  Metals ' Company a t  

Ashtabula,  Ohio. Product ion capac i ty  ts est imated t o  be 18Y,0U0 tans'per 

year .  

The product ion  of m e t a l l i c  sodium i s  s h o h  i n  Table 11. Annual 

product ion has  ranged from a low of 130,000 M tons  (144,000.S tons)  i n  1976 

t o  a h igh  of 160,000 M tons  (177,000 S tons)  i n  1973 dur ing  t h e  p a s t  11 yea r s .  

~ v e r a ~ e  consumption over t h i s  per iod was 145,600 M tons  (160,500 S tons)  

yea r ly .  

Consumption arid s tocks  of sodiuul metal  are n o t  r epo r t ed  by; the 

U. S .  Rureau of Mines, nor  a r e  such . f i gu res '  a v a i l a b l e  from o t h e r  s tandard  
. . 

sources .  However, because of t h e ' n a t u r e  of  m e t a l l i c  sodium, i t ' i s  reasonable  

t o  assume t h a t  mos t .producers  and u s e r s  of sodium do n o t  accumulate l a r g e  

s tocks  of t h e  metal'. Therefore,  i t  is  be l i eved  t h a t  consumption equates  t o  

product ion under normal cond i t i ons . .  ' 



TABLE 11. PRODUCTION OF METALLIC SODIUM I N  THE 
' UNITED STATES, 1967-1977 

Product ion 
Year Metr ic  Tons Short  t ons  

Avg . 145,603 160,500 

~ o u r d e  : U. S . , Bureau -of Mines .Mineral yearbooks 
.and Mineral  Indus t ry  Surveys, 1977. 



It i s  es t imated  t h a t  t he  consumption of m e t a l l i ~ ~ . s o d i u m  i n  1974 

was about 80 percent  i n  gaso l ine  a d d i t i v e s , . 7  percent. ,for.: the r educ t ion  of 

meta ls ,  and 1 3  percent  f o r  sodium peroxide manufacture and o the r .mi sce l l aneous  

uses .  . . 

Future Consumption 

Consumption of m e t a l l i c  sodium his f l u c t u a t e d  w i t h i n  a  r a t h e r  narrow 

range f o r  t h e  p a s t  decade. A few of t h e  major markets have dec l ined ,  whi le  

new o r  expanding uses -have  increased  t h e i r  demand. The l a r g e s t  market f o r  

sodium meta l ,  g a s o l i n e '  a d d i t i v e s ,  has  shown' a d e c l i n e  from' t he  1972 l e v e l .  

This  i s  t h e  r e s u l t  of r e g u l a t i o n s  by' t he '  Environmental ~ r o t e c t i o n  Agency 

l i m i t i n g  t h e  amount of l ead  i n  gaso l ine  addi t ives ' .  A lead-sodium a l l o y ,  10 

percent  by weight of sodium, i s  used i n  t h e  manufacture of t e t r a e t h y ' l  l e a d  

and t e t r ame thy l  l ead .  However, t h e  EPA r e g u l a t i o n s  w i l l  reduce the  amount 

of l e a d  i n  g a s o l i n e  from 1.7 grams per  g a i l o n  i n  1976 t o  0..5 grams per  ga l lon  

by 1980. Therefore,  a s  t h e  amount of l e a d  i n  gaso l ine  d e c l i n e s  s o  w i l l  t h e  

demand f o r  sodium meta l  d e c l i n e  seve re ly .  

The markets f o r  sodium o t h e r  than  i n  t h e  manu'facture of g a s o l i n e  

a d d i t i v e s  a r e  smal l  and i t  i s  d i f f i c u l t  t o  env i s ion  t h e i r  growing f a s t  
. . 

enough t o  o f f s e t  t he '  drop i n  sodium demand for gaso l ine  addi t ives ' .  This 

means t h a t  new'markets must be'  found dur ing  the '  next  s e v e r a l .  y.ears i f  sodium 

product ion and eansumprPun. are L u  remain at t he '  145,000' M tnns (1 60,000 s 
tons)  per  year  l e v e l .  . . 

B a t t e l l e  e s t ima te s  t h a t  consumption of  m e t a l l i c  sodium w i l l  d e c l i n e  

over '  t h e  nex t  few yea r s  and should n o t  exceed 145,000 M t ons  (160,OUO S tons)  

by 2,000. However, i f  r e l a t i v e  c o s t . d e c r e a s e s ' i t  could f i n d  inc reased  use 

as a 'chemical and m e t a l l u r g i c a l  reducing agent .  

Reserves and Resources 

The r e s e r v e s  and resources '  of s a l t  i n  t h e ' u n i t e d '  S t a t e s  and the  

r e s t  of t he 'wor ld  a r e  v i r t u a l l y  unl imi ted .  Domestic r e s e r v e s  c o n s i s t  of huge 

bedded d e p o s i t s  i n  'nor thern ,  southwestern,  and c e n t r a l  wes te rn  s t a t e s .  



Large numbers o f  s a l t .  domes a r e  found a long  the  Gulf Coast.  S a l t  l a k e s ' a n d  

s o l a r  evaporated s e a  s a l t  f a c i l i t i e s ' a r e  found i n  many a r e a s  i n  t h e  West 

Coast s t a t e s .  . . 

Vast s u p p l i e s  of s a l t  ex is t .underground a s  rock s a l t  o r  a s  b r i n e  

i n  n e a r l y  every  country of t he  world. I n  a d d i t i o n ,  t he  oceans a r e  an 

i n e x h a u s t i b l e  source  o f  s a l t .  Worldwide s a l t  resources  a r e  adequate  t o  meet 

any fo re seeab le  demands. 

The United S t a t e s  nofmally imports  l e s s  than 10 percent  of i t s  

sal t  .consumption and t h e r e f o r e  has  l i t t l e  r e l l a n c e  on imports .  

Titanium 'Metal 

Titanium Metal i s  produced by t h e ' r e d u c t i o n  of  t i t an ium t e t r a c h l o r i d e  

w i t h  e i t h e r  magnesium o r  sodium under' an argon blanket ' .  The' t i t an ium t e t r a -  

c h l o r i d e  i s  made by c h l o r i n a t i n g  r u t t l e  concent ra tes  (about 95 percent  t i t an ium 

dioxide)  i n  t he  presence of carbon'. 

Titanium Metals Corporat ion of American (TMCA) has developed an 

e l e c t r o l y t i c  process  f o r  product ion of  sponge t i t an ium t h a t  reduces t h e  

t e t r a c h l o r i d e  i n  a  fused s a l t  ba th .  This m a t e r i a l  i s  purer  and a v a i l a b l e  

111 or11 y small q u i n e l t l e s  . 

Prod11r.t.i nn and Cnnsumpti~n 

Titanium meta l  sponge i s  produced i n  t h r e e  p l a n t s  l oca t ed  i n  

Ohio, Oregon, and ~ e v a d a .  T i t a n i ~ m  i.ngot. i s  r n ~ r l ~ !  h y  the  three sponge mcllrcrc 

and f i v e  o t h e r  f i rms .  Titanium m i l l  products  a r e  produced by 21 companies, 

o f  which 14 a r e  l oca t ed  i n  t h e  e a s t - c e n t r a l  reg ion  o f  the. i.niintry'and the  

o t h e r s  on t h e  wes t  coas t .  

Because t h e r e  a r e  only t h r e e  t i t an ium sponge produc.ers, d a t a  

f o r  product ion a r e  n o t  publ ished.  Product ion capac i ty  is es t imated  'at 

22,000,000 kg (48,000,000 pounds) per  year  o r  22,000 M tons  (24,000 S tons ) .  
. . 

Table 12  p re sen t s  t i t an ium meta l  d a t a  f o r  sponge consumption and 

impor ts ,  s c r ap  meta l  consumption, i n g o t  product ion and consumption, and m i l l  

product  shipments. Imported sponge;metal u sua l ly  is  about  25-35 percent  of 



. . TABLE 12.. TITANIUM METAL DATA, 1967-1977 

Metric Tons (short tons) 
1967 1968 . 1969 . 1970 1971 1972 1973 1974 . 1975 1976 1977 

Sp,onge Metal 

Ipports for Consumption 6,4EO 
(7,144) 

Industry Stocks 2,630) 
(2.900) 

Government Stocks 18,788 
(DPA Inventory) (20.711) 

Consump tian 

Scrap Metal Consumption 5,281 
(5,812) 

Production 

Net Ship ;s of Mill . 
Products ?Sf 12,368 

(13,634) - - 
(1) Includes alloy constituents. 

(2) Bureau of the Census,.Current Industrial Reports Series BDCF-263. 

. (31 Total inventory. 
. . 

Source: U.S. ~ureau of Mines Yesrbooks and Mineral industry 5urveys. 



sponge consumption. The s u p p l i e r s  a r e  Japan,  U.S.S.R., and The United 

Kingdom. Titanium s c r a p  has  become an  important  p a r t  of t h e  t o t a l  t i t a n i u m  

meta l  supply i n  t h e  United S t a t e s ,  wi th  i nc reas ing  amounts recyc led  n e a r l y  

every  year ,  

The consumption of  t i t an ium m i l l  products  has  va r i ed  over  the  p a s t  

decade from a low of 1'0,197 M t o n s  (.11,241 S tons)  i n  1971 t o  a h igh  of 

15,824 M tons  (17,443 S tons)  i n  1974. For many yea r s  about 90 percent  of 

t i t a n i u m  m i l l  p roducts  was consumed by the  a i r c r a f t  i ndus t ry  wi th  the  remainder 

going t o  o t h e r  i n d u s t r i e s .  This  has changed i n  t h e  l a s t  few yea r s .  For 

example i n  1974, about  87 percent  of t h e  t i t an ium meta l  was used i n  j e t  engines,  

a i r f r ames ,  and space  and m i s s i l e  a p p l i c a t i o n s .  The'remai.nder was u.sed i n  

t h e  chemical p r6ces s ing  i n d u s t r y  and i n  marine and ordnance a p p l i c a t i o n s .  

I n  1977, about 60 pe rcen t  of  the' titani.11m metal w a s  used i n  j e t  engines ,  

a i r f r ames ,  and space  and m i s s i l e  a p p l i c a t i o n s .  The remainder was used i n  t he  

chemical process ing  i n d u s t r y ,  power genera t ion ,  i n  marine and.otdnance 

a p p l i c a t i o n s ,  and i n  s t e e l  and o t h e r  a l l o y s .  

Future  Consump t i o n  

Forooncting t h c  f u t u r c  eonsumptian of t i e a ~ ~ i l u l l  l u e L a l  has  l l n ~ l t e d  

use fu lnes s  because of t he  u n c e r t a i n t i e s  involved.  No doubt,  a i r f rames ,  

j e t  engines ,  and space and m i s s i l e  a p p l i c a t i o n s  w i l l  cont inue t o  use  over 50 

pe rcen t  of t h e  t i t an ium metal  t o  t h e  year  2,000. How I a s t  i n d u s t r i a l  app l i -  

c a t i o n s  w i l l  grow i s  unc lea r  a t  t h i s  time because t i t an ium has t o  prove i t s  

worth i n  t hese  a p p l i c a t i o n s  due t o  i t s  somewhat h ighe r  c o s t  when compared t o  

o t h e r  m a t e r i a l s  such a s  high n i c k e l  s t e e l s  and supe ra l loys ,  P r e s e n t l y  i t  

appears  t h a t  supe r son ic  a i r c r a f t  w i l l  no t  be i n  product ion f o r  a t  l e a s t  10 

yea r s .  Commercial a i r p l a n e  product ion w i l l  probably expand somewhat, depending 

on t h e  genera l  economies of t h e  United S t a t e s  and many of  t he  Free World 

Nations.  M i l i t a r y  a i r c r a f t  purchases a r e  c o n t r o l l e d  by t h e  Department of 

Defense and w i l l  vary from year  t o  year  w i t h  no d i s c e r n i b l e  t r end .  

Assuming a modest t h r e e  percent  per  year  growth f o r  t i t an ium 

sponge.consumption, based on t h e  1977 consumption of 14,700 M tons  

(16,200 S t o n s ) ,  consumption of t i t an ium i n g o t s  would be . abou t  29,000 M 

t ons  (32,000 S tons)  i n  t h e  year  2,000. Product ion i n  t h e  year  2,000 w i l l  

be  assumed t o  be  t h e  same a s  consumption. 



Reserves and Resources 

R u t i l e  concent ra tes '  conta in ing  about '95 percent  of t i t an ium dioxide  

a r e  t he  source of t i t an ium metal .  There is  only one producer of r u t i l e  i n  

the  United S t a t e s .  Consequently, we depend almost e n t i r e l y  on imported 

r u t i l e  t o  s a t i s f y  our  demands. I n  1977, 89 percent  of  t he  r u t i l e  consumed 

was used i n  t he  manufacture of t i t an ium dioxide  pigments, about  e i g h t  percent  

i n  miscel laneous a p p l i c a t i o n s  which include '  meta l  and g l a s s .  f i b e r s  , and t h r e e  

percent  i n  welding rod coa t ings .  I lmen i t e  concen t r a t e s  conta in ing  about 50 

percent  t i t an ium dioxide  a r e  n o t  s u i t a b l e  a s  a source  of t i t an ium t e t r a -  

chlor ide.  because of  t h e i r  low grade. 

The United S t a t e s  has  1 imi ted ; ru t i le  d e p o s i t s  b u t  l a r g e  d e p o s i t s  

of i lmen i t e .  The l a r g e  resources  of r u t i l e  a r e  i n  A u s t r a l i a ,  B r a z i l ,  and 

Ind ia .  Our p r i n c i p a l  import sources  a r e  Aus t ra l ia . ,  'Japan and I n d i a .  

Attempts have been made t o  upgrade i l m e n i t e  t o  " syn the t i c  r u t i l e " .  

This can be done by lowering t h e  i r o n  oxide kon ten t ' by  chemical o r  by 

phys i ca l  concent ra t ion .  Reasonablv acceptab le  m a t e r i a l  has  been produced, 

however t i t a n i u m m e t a l  producers have b e e n ' r e l u c t a n t  t o  use i t  because i t  may . 

not  be  as good t e c h n i c a l . 1 ~  and economically a s  n a t u r a l  r u t i l e  i n  t h e i r  

c h l o r i n a t o r s .  

Continued r e l i a n c e  on imported' r u t i l e  could be  de t r imen ta l  i f  such 

s u p p l i e r s  were c u t  o f f ,  o r  i f  p r i c e s  become too high.  Therefore,  continued 

development of processes  t o  upgrade i lmen i t e  t o  a  s a t i s f a c t o r y  m a t e r i a l  t h a t  

can be r e a d i l y  ch lo r ina t ed  i s  needed. 
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TECHNOLOGY OF MAGNE SIUM 

In t roduc t ion  

The p r i n c i p a l  processes  by which primary magnesium can be produced 

a r e :  (1) fu sed - sa l t  e l e c t r o l y s i s  of MgC12; (2) s i l i c o t h e r m i c  r educ t ion  of 

ca l c ined  dolomite (dolime-CaO.Mg0); and (3) carbothermic r educ t ion  of MgO. 

There a r e  two d i s t i n c t  e l e c t r o l y t i c  processes  i n  use: (1) t h e  Dow seawater  

process  u s ing  p a r t i a l l y  dehydrated c e l l  feed ,  MgC12. 1.5H 0 ;  and 
2 

( 2 )  t h e  p roces s '  developed i n  Germany by I .G. ~ a r b e n i n d u s t r i e ( * ~  y A 5  ,A6) which 

r e q u i r e s  p e r f e c t l y  anhydrous MgCl a s  c e l l  feed .  The s i l i c o t h e r m i c  process  
2 

u s ing  f e r r o s i l i c o n  a s  t he  r educ tan t ,  was developed i n  Canada a s  a  commercially 

v i a b l e  process  by L. M.  Pidgeon (A7yA8'A9). It was a ba t ch  process  u s i n g  a  

r e l a t i v e l y  smal l  ex terna l ly-hea ted  r e a c t o r ;  two d i f f e r e n t  v e r s i o n s  of i t  

a r e  now i n  use. The Magnetherm process  developed i n  France (*lo) uses  a  f l u i d -  

s l a g  continuous r e a c t o r  w i th  a  batch-type magnesium condenser.  The Amati 

p rocess ,  used a t  Bolzano, I t a l y ,  has  n o t  been descr ibed  i n  t h e  l i t e r a t u r e  

b u t  i s  known t o  be  a  ba tch  process  us ing  an  in t e rna l ly -hea t ed  r e a c t o r  much 

l a r g e r  than the  Pidgeon r e a c t o r .  The carbothermic process  was developed i n  

Aus t r i a  by Hansgirg. A d e t a i l e d  a n a l y s i s  o f , o p e r a t i n g  v a r i a b l e s  and c o s t s  

was made by t h e  U .S . Bureau of ~ i n e s ( ~ " )  . A l l  t h r e e  processes  were used 

i.n t h e  1JSA and various ofher c o u n t r i e s . t o  meet t h e  i n o r d i n a t e l y  l a r g e  demand 

f o r  magnesium dur ing  World War 11. Following t h e  w a r  t he  demand dropped pre- 

c f p i t o u s l y  and compet i t ive  f o r c e s  competely e l imina ted  the  use  of thermal 

r educ t ion  processes  i n  t'he USA f o r  many yea r s .  

The Dow Seawa te r /E lec t ro ly t i c  Process  

The Dow Chemical Company ope ra t e s  i n  Texas t h e  l a r g e s t  primary 

magnesium producing f a c i l i t y  e x i s t i n g  i n  t h e  e n t i r e  world. The p a r t i c u l a r  

s i t e  w a s  s e l e c t e d  f o r  a  number of reasons:  (I) a v a i l a b i l i t y  of a long-rerm 

supply of  low-cost n a t u r a l  gas f o r  power genera t ion ;  (2) a v a i l a b i l i t y  of a  

l a r g e  supply of o y s t e r  s h e l l s  a s  a  source  of CaO f o r  p r e c i p i t a t i n g  Mg(0H) 2 

from seawater ;  (3) c o a s t a l  geography t h a t  permi t ted  d i s p o s a l  of spen t  sea- 

water  economically wi thout  d i l u t i n g  the  i n t a k e  supply; and (4) a v a i l a b i l i t y  

of l a r g e  supp l i e s  of o t h e r  needed process  m a t e r i a l s .  



A schemat ic . f low diagram of  the Dow s e a w a t e r / e l e c t r o l y t i c  process  

(B18) and  con ta ins  i s  shown i n  F igure  A l .  This i s  taken from USBM Report _ - _.. . .  

t h e  energy use  f o r  each opera t ion ;  The'energy w i l l  be  d iscussed  l a t e r  i n  t h e  

r e p o r t .  The p l a n t  was o r i g i n a l l y  designed t o  ope ra t e  on ca l c ined  o y s t e r  

s h e l l s  from Galveston Bay a s  t h e ' , p r e c i p i t a n t  f o r  Mg(0H) and f o r  many yea r s  
2 

i t  opera ted  a l t e r n a t e l y  o n o y s t e r ' s h ' e l l s  o r  c a u s t i c  soda depending on the  
, . .. . .. . 

c h l o r i n e / c a u s t i c  'soda, balance. i n  t h e  r e s t  o f  t h e  Dow Texas p l a n t  and i n  t he  
..". . 

n a t i o n a l  ecoriomy. However, today r e s t r i c t i o n s  f o r  e c o l o g i c a l  reasons have 
- ,  

been,imposed on the  Fa rves t ing  o f : : oys t e r  s h e l l s  from Galveston Bay and t h e i r  

use has  been abandoned. i n  preference  f o r  dolime ' (ca lc ined '  dolomite j . 
Cur ren t ly  t h e  p r i n c i p a l  r a w  m a t e r i a l s  f o r  t h i s  a r e  sea- 

water ,  dolomite,, . .. ' s a l t ,  and f u e l s .  seawater '  i s  .de l ivered  t 6  t h e  p l a n t  by 

268,000 l i t e r  (.71,000 gal)/min.p.umps t h r o u g h . s u i t a b l e  s c reens  t o  remove f i s h  

and d e b r i s  a long  an e a r t h e n  flume t h a t  runs the  width of  t h e  p l a n t .  crushed 

dolomite i s  ca l c ined  a t  1000-1100" C i-n 2.9 meter (9.5 f t )  d iameter ,  80.8 
.. .: 

meter (265 f t )  long h o r i z o n t a l ' r o t a r y  k i l n s .  The wh'ite-hot dolime i s  
. . 

converted t o  milk of d o l i m e . i n  a  r o t a r y  s l a k e r  and mixed under vigorous 

a g i t a t i o n  w i t h  seawater  i n .  a  concre te  f l ~ ~ ~ u l i t ~ r .  The degree of a g i t a t i o n  

and c o n t r o l  of  pH a r e  c r i t i c a l  f a c t o r s  i n  t h i s  ope ra t ion  i n  order .  t o  produce 
. . .  

an  e a s i l y  f i l t e r a b l e  Mg(0H) product  and t o  prevent  t h e  co -p rec tp i t a t i on  o f .  
2 

B(0H) which , :ho~ld ,  be  c a r r i e d  thrbugh t o  t h e  e l e c t r o l y t i c  c e l l  and d r a s t i c a l l y  
3 

. . r ed l~ce  i ts n p e r a t i n g  e f f i c i e n c y .  

The ' l imed seawater '  then '  go:es t o  152 meter '  (500 f  t ) -diameter  'Dorr 

s e t t l i n g  tanks from which a  20 percent  M ~ ( O H )  s l u f r y  i s  ha rves t ed  ..&id the  
2 

spend seawater  overf lows i n t o  p e r i p h e r a l  l aunders ,  f o r  subsequent waste  d i sposa l .  . 

The magnesium hydroxide s l u r r y  i s  f i l t e r e d ,  d i l u t e d  t o  90- percent  s l u r r y  and 

n e u t r a l i z e d  wi th  H C 1  t o  produce a  35 percent  s o l u t i o n  of MgC12. This  i s  then 

concent ra ted  t o  50 pe rcen t  by evapdra t ion ,  spray  d r i e d ' a t  171" C (340" F) 

and f i n a l l y  d r i e d  i n  a i r  on s h e l f  d r i e r s  from w h i c h ' i t  emerges a t  449" C 

(840" F) as a free-f lowing g ranu la r  s o l i d .  It has.  t h e  approximate composition 

MgCl .1.5H20 and goes d i r e c r l y  t o  t he  r l e c t r o l y , t ' i c  c e l l s .  2  . . 

The Dow C e l l  is a l a r g e  s t e e l '  po t  about  1 .5 'meters .  (5  ' f t )  wide 
. . 

1 . 8  meters  (6 f t )  dkep and' 4.0 b e t e r s  ( 1 3 ' f t ) '  long ,  e x t e r n a l l y - f i r e d  i n  a  

r e f r ac to ry - l i ned  s e t t i n g .  T ~ e n t y - t w o ' ~ r a ~ h i t e  anodes 20 c m  ( 8  inches)  i n  
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diameter  by 2.7 meters (9 f t )  long  a r e  suspended through an arched r e f r a c t o r y  

cover i n  each c e l l .  The s t e e l . p o t  and the s t e e l ' b a f f l e s ' a r o u n d  each anode 

a c t  a s  t h e  cathode. '  The g ranu la r  c e l l  feed i s  in t roduced  i n t o  the  top of 

t he  c e l l  cont inuous ly  except  dur ing  meta l  removal. The fused - sa l t  e l e c t r o l y t e  

c o n s i s t s  of approximately 20 percent  MgCl 20 percent  CaCl and 60 percent  
2 ' 2 ' 

NaCl and i s  opera ted  a t  a  temperature between 700" C (1290" F) and 7 2 0 " ~  (1330" F) 

maintained by c o n t r o l l e d  e x t e r n a l  gas - f i r i ng .  Twenty-seven c e l l s  a r e  housed 

i n  one b u i l d i n g  and i d e n t i c a l  b u i l d i n g s  a r e . a r r a n g e d  i n  groups of fou r  each. 

Thus, a  po t  l i n e  c o n s i s t s  of  108 c e l l s  of which normally 100 ope ra t e  i n  s e r i e s  

a t  any one time. The p o t  l i n e  i s  se rv i ced  b y ' a n  approximately 100,000 ampere 

DC c i r c u i t  wi th  a  p o t e n t i a l  of about  6 . 3  v o l t s  per  c e l l .  Cathode cu r ren t  

e f f i c i e n c y  i s  about  75 t o  80 percent  and t h e  DC power requirement i s  about 

18.5 kwhlkg (8.4 kwh per  pound) of  magnesium'produced. .Dur ing  opera t ion  

molten magnesium i s  l i b e r a t e d  a t  t h e  cathode,  and c h l o r i n e  gas a t  t he  anode. 

The magnesium r i s e s  t o  t he  s u r f a c e  of t h e  e l e c t r o l y t e  and i s  d i r e c t e d  by 

i n v e r t e d  t roughs t o  a  s t o r a g e  w e l l  i n  f r o n t  of t h e ' c e l l  from which i t  i s  

pumped i n t o  c o l l e c t i n g  c r u c i b l e s  s e v e r a l  t imes each day, and c a s t  i n t o  9 kg 

(20 l b )  i n g o t s  or. 1 8  kg (40 l b )  ' p i g s .  I n  a d d i t i o n  t o  c h l o r i n e ,  t he  e f f l u e n t  

gases  a l s o  con ta in  H C 1  and wa te r ' vapor .  They 'a re  a l l  recyc led  through the  

H C 1  a c i d  p l a n t  where an a d d i t i o n a l  0 .5  kg of c h l o r i n e . p e r  kilogram of Mg 

produced is  added t o  y i e l d  t h e  needed'HC1 t o . . c a r r y  on t h e  process .  Chlorine 

i s  produced from s a l t '  i n  t he '  Dow diaphragm . c e l l s .  Thus, t h e  -Dow process  i s  

a  consumer of . c h l o r i n e .  we. water  . i n  t h e  c e l l  feed  causes t he  Corrosiorl b 1  
t h e  g r a p h i t e  anode which may b e  o f .  th'e o rde r  of 100 k g / ~  ton  (200 l b / S  ton) Mg. 

~ o t a l  energy cnnsirmed and es t imated  product ion c o s t s  a r e  d iscussed  i n  a  l a t e r  

sectgon.  

With t h e  except ion  of The Dow Chemical Company a l l  o t h e r  e l e c t r o -  

l y t i c  magnesium producers  u se  the  I ' .G. Farben 'process  o r  some m o d i f i c a t i o n .  

of i t .  Modif ica t ions  of  both t h e ' f e e d ' p r e p a r a t i o n  and t h e  c e l l  a r e  i n  use.  

The process  was developed i n  Germany dur ing  the  twen t i e s  and p l a n t s  us ing  

i t  opera ted  i n  ~ i t t e r f e l d  ( i n  t h e  Eas t e rn  Zone) throughout World War 11, 
. . 



a t  t h e  end of which a l l  magnesium product ion ceased i n  t h a t  country.  I t  i s  

be l i eved  t h a t  most of  t h e  B i t t e r f e l d  p l a n t  was r e l o c a t e d  i n  Russia .  The 

c r i t i c a l  s t e p  i n  t h i s  process  i s  t h e  dehydrat ion of MgCl .6H20. It i s  2 
r e l a t i v e l y  easy t o  proceed t o  t he  d ihydra t e  b u t  beyond t h a t  s p e c i a l  pre- 

c a u t i o n s  must be taken t o  prevent  t h e  formation of MgO and MgOCl I . G .  
2  ' 

Farben obvia ted  t h e s e  problems by devloping i n  t h e  mid-twenties a  process  

f o r  d i r e c t  c h l o r i n a t i o n  of MgO. The ' f low diagram f o r  t h i s  process  i s  shown 

i n  F igu re  2. The process  needs a s  i t s  p r i n c i p a l  raw m a t e r i a l  a  caus t i c -  

ca l c ined  form of magnesium oxide.  I n  t h e  o r i g i n a l  process ,  a s  developed i n  

Germany, t h i s  was obtained by c a l c i n i n g  magnesite (MgC03) a t  an  appropr i a t e  

tempera ture  t o  produce t h e  r e a c t i v e  form of MgO. Today, a s  the  pracPss i s  

used by Norsk Hydro, Mg(OH)2 i s  p r e c i p i t a t e d  from seawater  wi th  dolime i n  

t h e  same manner a s  desc r ibed  f o r  t he  Dow Texas p l a n t .  The'Mg(OH)2 is  ca l c ined  

t o  MgO, mixed w i t h  powdered c o a l  and b inde r s ,  and br ique t ted :  Ch lo r ina t ion  

i s  c a r r i e d  ou t  i n  v e r t i c a l  s h a f t  furnaces  e l e c t r i c a l l y  hea ted  wi th  t h e  

tempera ture  a t  about  1100-1200'0 C (2010-2190" F) .  The r e s u l t i n g  anhydrous 

magnesium c h l o r i d e  i s  tapped from the  bottom of t h e ' f u r n a c e  a t  about  800-850" C 

(1470-1560" F) and d e l i v e r e d '  d i r e c t l y  t o  t h e ' e l e c t r o l y t i c  c e l l s .  A s  shown i n  

t h e  flow diagram, c h l o r i n e  gas from the.magnesium c e l l s  is  r e c i r c u l a t e d  i n  

t h e  p l a n t  t o  produce MgCl b u t  a d d i t i o n a l  c h 1 i v - i . ~ ~  i s  needed t o  t h e  ex t en t  
2 

of 0.5 kg per  ki logram of magnesium produced. Thtls,.  t.hhis process  i s  a100 a 

c h l o r i n e  consumcr . 
I n  t h e  USA, bo th  NL 1 n d u s t r i e s . o n  t h e  Great S a l t  Lake i n  Utah and 

American Magnesium Company i n  Snyder, Texas, a r e  u s ing  t h e  anhydrous mag- 

nesium c h l o r i d e  p roces s ,  b u t  w i t h  t h e  d i f f e r e n c e  t h a t  t h e  s t a r t i n g  m a t e r i a l  

i s  a l r e a d y  a  magnesium c h l o r i d e  b r i n e  ( b i t t e r n ) .  I n  t h e  case  of NL I n d u s t r i e s  

t h e i r  raw m a t e r i a l  source  i s  t h e  Great  S a l t  Lake where n a t u r a l  evapora t ion  

has  a l r e a d y  increased  the  MgCl concen t r a t ion  t o  about 7 percent  i n  c o n t r a s t  2 
t o  seawater  where i t  i s  0.5 percent .  Amerir.a.n Ma.gnesium uses  an und~.rgraund 

b r i n e  running between 2.5 and 5.0 percent  MgC12. .The flow diagram f o r  producing 

magnesium from b i t t e r n s  prepared by , shown i n  F igure  A3, p re sen t s  
(A13) a  l i t t l e  more d e t a i l  than  t h a t  given f o r  t h e  NL I n d u s t r i e s  p l a n t  by ' ~ a u e r  

The b i t t e r n s  a r e  concent ra ted  by s o l a r  evaporat ion i n  l a r g e  hold ponds almost 

t o  s a t u r a t i o n  (30-36 percent  MgC12). The concentrated b r i n e  i s  r eac t ed  wi th  
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CaCl t o  remove s u l f a t e  ion ,  and then i n  a  s e r i e s  of ion-exchange r e a c t o r s  2  
t h e  small  amounts of bromine and boron and t h e  l a s t  t r a c e s  of s u l f a t e  i on  

a r e  removed. The l a t t e r  s t e p  i s  o p t i o n a l  and i t s  use depends on t h e  e x t e n t  

t o  which t h e s e  i m p u r i t i e s  a r e  and what o t h e r  means a r e  l a t e r  provided 

t o  coun te rac t  t h e i r  d e l e t e r i o u s  e f f e c t s .  The diagram presented  by Bauer does 

no t  provide t h i s  s t e p .  I n  a two s t a g e  c r y s t a l l i z e r ,  t h e  K C 1  and NaCl va lues  

a r e  recovered s e p a r a t e l y ,  and t h e  mother l i q u o r  from the  second s t a g e  i s  

f u l l y  s a t u r a t e d  MgC12 s o l u t i o n  ( 3 6 p e r c e n t ) .  This  i s  hea ted  t o  about  93' C 

(200" F) and conveyed- i n t o  l a r g e  v e r t i c a l  s h a f t  spray  d r i e r s  from which t h e  

product i s  MgC12 con ta in ing  about 5 percent  H 0 ,  5 percent  MgO, and about 
2  

5 percent  K C 1  + NaC1, This  product i s  f u s e d ' i n  , the  me l t - ch lo r ina to r  where 

i t  i s  r eac t ed  wi th  c h l o r i n e  i n  t h e ' p r e s e n c e  of carbon t o  completely remove 

the  H20 and MgO. The fused,  f u l l y  anhydrous MgC12 con ta in ing  about 5 percent  

K C 1  + NaCl goes d i r e c t l y  t o  t h e  e l e c t r o l y t i c  c e l l s .  The o f f  gases  from the  

spray  d r i e r  and t h e  mel t -ch lor ina tor  con ta in  H C 1  gas and a r e  used t o  r e a c t  

w i th  l imes tone  t o  produce the'CaC1 neede 'd ' ea r l i e r  i n  t he  process .  
2  

Norsk Hydro has  a l s o .  announced a  b i t t e r n s  process  w i t h  some 

modi f ica t ion  from t h a t  descr ibed  above.' TheZr raw ina t e r i a l  i s  b i t t e r n s  

imported from Gerinany and i s  a  by-product of  t he  p o t a s h . i n d u s t r y .  ' The 

b i t t e r n s  a r e  concen t r a t ed ' and  de-su l fa ted  a s  descr ibed 'above .  Bromine i s  

removed by pass ing  c h l o r i n e  through the'MgC1 s a t u r a t e d  s o l u t i o n ,  and boron 2 .  
i s  removed by an  und i sc losed 'p roces s .  T h e ' s a t u r a t e d  MgC12 s o l u t i o n  i s  con- 

v e r t e d  t o  s o l i d  MgCl by spray  dry ing  a s  descr ibed  above. In  t he  ffdal s t e p ,  
2 

however, t he  r e s i d u a l  mois ture  is  -removed by dry ing  i n  an H C 1  gas atmosphere 

a t  an undisc losed  ternpera.tiire. The e f f l u e n t  H C 1  gas  con ta in ing  mois ture  

i s  d r i e d  and r e c i r c u l a t e d .  

The I . G .  Farben e l e c t r o l y t i c  c e l l  used wi th  anhydrous MgC12 d i f f e r s  

f r o m . t h e  Dow c e l l  i n  t h a t  i t  has  been much sma l l e r ,  i t  i s  r e f r ac to ry - l i ned  

and i t  has  no p rov i s ion  f o r  e x t e r n a l  hea t ing .  A schematic  drawing of t h i s  

c e l l  i s  shown i n  F igure  4.  The o r i g i n a l  I . G .  Farben c e l l  had t h r e e  carbon 

anodes and t h r e e  p a i r s  o f  s t e e l ' c a t h o d e s  as shown i n  t h e  ske tch .  To in-  

c r e a s e  product ion  c a p a c i t y . t h e ' s i z e ' w a s  l a t e r  i nc reased  t o  four '  carbon anodes; 

t h i s  is  t h e  s i z e  of t h e . c e l l s  c u r r e n t l y  i n  u s e . b y  Norsk Hydro ope ra t ing  a t  

62,000 amps. Today, c e l l s  i n  Russia  ' (and i t  i s  b e l i e v e d ' t h e ' N 1  I n d u s t r i e s  c e l l s )  



FIGURE A4.  THE I.G. FARBEN ELECTROLYTIC CELL 
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(b) Steel C s t h o d c  



have 5 anodes 'and o p e r a t e  a t  100,000 amps: A ve ry  important  f e a t u r e  of 

t h i s  c e l l  des ign  i s  t h e  r e f r a c t o r y  semi-wall extending from t h e  roof of t h e  

c e l l  t o  a  s h o r t  d i s t a n c e  below t h e . s u r f a c e  of t h e ' e l e c t r o l y t e  and s e p a r a t i n g  

t h e  space above t h e  e l e c t r o l y t e  i n t o  an anode chamber'(box) and a  cathode 

chamber. Ma te r i a l s  of cons t ruc t ion ,  desTgn, and l i f e  of t h i s  semi-wal l  a r e  

c r i t i c a l  f a c t o r s  i n  t h e  ope ra t ing  c o s t s  df t h i s  c e l l .  Operat ing cond i t i ons  

a r e  c r i t i c a l l y  a d j u s t e d  s o  t h a t  t h e  c h l o r i n e  r e l ea sed  a t  the  carbon anode 

c o l l e c t s  i n  t he  anode box .and the'magnesium metal  c o l l e c t s  i n  t he  cathode 

chamber from where i t  i s  d i r e c t e d  t o  a  c o l l e c t i o n  t rough i n  f r o n t  of t h e  

c e l l  f o r  p e r i o d i c  removal by pumping o r  suc t ion .  The composition of  t h e  

e l e c t r o l y t e '  i n . t h i s  c e l l  i s  12  percent  MgCl 3 5 , p e r c e n t  CaC12, 28 percent  
(Al5fY 

NaC1, and 25 percent  KC1.  Hoy-Petersen . emphasizes' t he ' impor t ance  of . 

p u r i t y  of t h e  anhydrous MgCl c e l l  feed and t h a t  i m p u r i t i e s  should no t  exceed 
2  

t h e  fo l lowing  amounts: 0.2 percent  C ,  0.001 percent  B y  0 .1  percent  H20, 0.05 

percent  SO 0.04 percent  Fe, 0.005 percent  T i  and 0 .1  percent  MnC12. The 
3  ' 

c e l l  i s  u s u a l l y  opera ted .  a t  about  750' C (1380' F) and i n  t h e  p re sen t  l a r g e  

c e l l s  c u r r e n t  e f f i c i e n c y  approaches 90 percent  and energy consumption has 

been reduced t o  about  15  kwh/kg (7.0 kwh p e r ' 1 b ) ' o f  magnesium. The' freedom 

from water  of t h e  feed  a l s o  c o n t r i b u t e s  t o  a  low anode consumption; about 

0.02 kg per  kg of  magnesium and t o  t he  l i b e r a t i o n  of  c h l o r i n e  f r e e  from t h e .  

H C 1  and water  vapor.  

An important  economic advantage of t h e ' b i t t e r n s  anhyarous MgCl 2 
e l e c t r o l y t i c  process  is  t h e  Product ion .of by-product c h l o r i n e  f o r  s a l e .  

T h e o r e t i c a l l y ,  2.9 kg of c h l o r i n e  are '  produced w i t h  every k i logram,  of magne- 

s i u m .  Bauer s t a t e s  t h a t  a t  t he  NL I n d u s t r i e s  p l a n t  t he  a v a i l a b l e  

c h l o r i n e  f o r  s a l e  i s  1.78 kg per  kg of magnesium because o f . t h e  i n t e r n a l  
( A14 

consumption of c h l o r i n e  i n  t he  mel t -ch lor ina tor .  However, Hoy-Petersen 

expec t s  t h a t  i n t e r n a l  usage w i l l  b e  minimal and a s  much a s  2.7 kg of c h l o r i n e  

w i l l  b e  a v a i l a b l e  e i t h e r  f o r  d i r e c t  s a l e  o r  . f o r  . product ion o f , , c h l o r i n a t e d  

hydrocarbons i n  o t h e r  ad jo in ing  Nor'sk.Hydro p l a n t s ; .  The- complex be ing  planned 

a t  M,ongstad, Norway, w i l l  use t h e  c h l o r i n e  t o  produce polyvinyl-chloride.  
. . 



S i l i c o t h e r m i c  Magnesium Process  

Current  e l e c t r o l y t i c  processes  r e q u i r e  a  magnesium c h l o r i d e  feed.  

With t h e  Dow seawater  process  t h i s  r e q u i r e s  conversion t o  ch lo r ide  of a l l  

MgO p r e c i p i t a t e d  out .  Even where a  c h l o r i d e  s a l t  i s  t h e  raw m a t e r i a l ,  e .g . ,  

b i t t e r n s ,  conversion t o  feed  i s  more than a ma t t e r  of s imple evapora t ion .  

Processes  t h a t  can use  magnesium oxide a s  a  feed  m a t e r i a l  avoid t h e  complexi t ies  

of p repa r ing  c h l o r i d e  feed  m a t e r i a l s  and s i m p l i f y  t h e  process  i n  t h i s  regard .  

They a l s o  make p o s s i b l e  t h e  d i r e c t  use  of ca l c ined  dolomite  (dol ime).  The 

s i l i c o t h e r m i c  process  and t h e  magnetherm modif ica t ion  of t h i s  process  uses  

magnesium oxidc f eed ,  b u t  a l s o  requires  f e r r o s l l l c o n  t h a t  must be  s e p a r a t e l y  

manufactured. 

The s i l i c o t h e r m i c  process  a s  developed by Pidgeon and f i r s t  commer- 

c i a l i z e d  i n  Canada uses  dolomite  and. f e r r o s i l i c o n  a s  i t s  primary raw m a t e r i a l s .  

It can  be considered t h a t  f e r r o s i l i c o n  r e a l l y  i s  t h e  so.urce of energy needed 

t o  reduce magnesium oxide  according t o  the equat ion:  

2Mg0 + (Fe)xSi -t 2Mg + + pFe + SiO 
2 

The flow diagram f o r  t h i s  process  i s  shown i n  F igure  A 5 .  TInlnmCte i s  ca lc incd  

i n  a  h o r i z o n t a l  r o t a r y  k i l n  t o  produce dolime a t  1300-1400° C (7370 t o  2550' F) 

t o  a  dead-burned cond i t i on .  The dolime i s  ground, mixed w i t h  pulver ized  

f e r r o s i l i c o n  (Fe-Si, 80-85%) and b r i q u e t t e d .  

The success  of t h e  Pidgeon process  depends very  much on t h e  des ign  

of t h e  r e t o r t  i n  which t h e  r e a c t i o n  t akes  p lace .  Typica l ly  t h e  r e t o r t  has  

25 cm (10 inches)  i n t e r n a l  d iameter ,  3.8 cm (1.5 inch)  w a l l  t h i ckness ,  and 

25 cm (10 f e e t )  of l e n g t h  and i s  made of  e i t h e r  35Ni-15Cr o r  28Ni-12Cr s t a i n -  

less s t e e l .  The r e t o r t s  a r e  s e t  i n  furnaces  w i th  about 50 cm (2  f e e t )  of 

l e n g t h  extending o u t s i d e  t h e  furnace  which forms t h e  c o l d  zone o r  condcnccr 

where t h e  magnesium i s  c o l l e c t e d .  A s t e e l  l i n e r  i s  placed a t  t h e  cold end 

f o r  ea sy  removal of  t h e  muff. ~ o l i m e / f e r r o s i l i c o n  b r i q u e t t e s  a r e  charged, 

and w h i l e  they  a r e  being hea t ed ,  vacuum is drawn on t h e  r e t o r t  reducing t h e  

p r e s s u r e  t o  about 0.1-0.'2 mrn. T h e ' r e a c t i o n  u s u a l l y  takes  p l ace  at: 1150-1175° C 

(2100-2150' F) and the '  cyc l e  time i s  about 9 hours .  Each ba t ch  produces 

20 t o  25 kg ( 4 4  t o  55 l b )  of  magnesium, which upon removal i s  remel ted .and  
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c a s t  i n t o  p i g s .  S i l i c o n  e f f i c i e n c y  has  been repor ted  a s  averaging about  

65 pe rcen t .  The i r o n  does n o t  e n t e r  i n t o  the  r e a c t i o n .  The Si02  formed 

i n  t h e  r e a c t i o n  combines wi th  the  CaO i n  dolime t o  form Ca SiO Product 
2  4 '  

p u r i t y  i s  equal  t o  o r  b e t t e r  than  t h e  e l e c t r o l y t i c  grade. The process  i s  

desc r ibed  i n  d e t a i l  based on t h e  ope ra t ion  of t h e  wartime government p l a n t s  

i n  Reference A16. 

The Magnetherm Process  

The magnetherm process  i s  an adap ta t ion  of t h e  s i l i c o t h e r m i c  process  

t o  provide  a  r e a c t o r .  t h a t  o p e r a t e s  semi-c.ont.iniiniis1 y (A1O) , ma ess~nti31 

f e a t u r e s  a r e  shown by t h e  flow diagram i n  F igure  A6 and t h e  ske tch  of  t h e  

r e a c t i o n  furnace  i n  F igure  A7. A s  i n  t h e  Pidgeon process ,  dolomite  and 

f e r r o s i l i c o n  a r e  t h e  p r i n c i p a l  raw m a t e r i a l s .  I n  a d d i t i o n  an  85 percent  grade 

o f  alumina i s  added t o  reduce t h e  me l t i ng  p o i n t  of t h e  CaO/SiO (Ca2Si04) 2 
s l a g  r e s u l t i n g  f-rom t h e  r e a c t i o n  from about  2130" C t o  1500° C (3860 t o  

2730" F) and thus  provide a  l i q u i d  s l a g  i n  which the r e a c t i o n  i s  c a r r i e d  ou t .  

About 1 5  percent  alumina i n  t h e  s l a g  i s  needed t o  achieve t h i s .  Dolomite 

is  ca l c ined  a t  1300-1400." C (2370 t o  2550" F) i n  h o r i z o n t a l  r o t a r g ' k i l n s  and 

t r a n s f e r r e d  h o t  t o  a  s t o r a g e  b i n  from which i t  flows direct1.y i-nto t h e  furnace  ' . 

a t  a temperature no l e s s  than  600" C (1100" F ) .  Two o t h e r  b i n s d i r e c t l y  

above t h e  furnace con ta in  t h e  alumina and pulver ized  f e r r o s i l i c o n .  The' 

o r i g i n a l  r e a c t o r s  b u i l t  and opera ted  by Pechiney-Ugine-Kuhlmann i n  Marignac,' 

France (F igure  A7) were 25 cm (10 f e e t )  i n  diameter  and 24.7 cm (9-314 f e e t )  

high.  T h e . r e a c t o r s  a r e  b u i l t  i n  t h r e e  b a s i c  s e c t i o n s :  (1) t h e  arched r o o f ;  

(2)  t h e  r e a c t o r  i t s e l f ;  and (3)  t h e  condenser. The r e a c t o r  and t h e  roof may 

eirher be  f langed  toge the r  o r  p r e f e r r a b f y  welded. The roof i s  l i n e d  wi th  a  

high-temperature cement and f u r t h e r  i n s u l a t i o n .  The chni.ce of a  lining f o r  

t h e  r e a c t o r  proved t o  be  a d i f f i c i l l t  prohlem because of  the high temperature 

involved and the  r e a c t i v i t y  of t h e  s l a g .  T i g h t l y . f i t t e d  carbon b locks  were 

f i n a l l y  s e l e c t e d  and have been g iv ing  e x c e l l e n t  performance. A somewhat more 

porous carbon b lhck  forms the  bottom of the r e a c t i o n  chamher. The furnace 

l i n i n g  a c t s  a s  one e l e c t r o d e  and t h e  o t h e r  e l e c t r o d e  i s  a water-cooled copper 

tube  w i t h  a  g raph i t e  t i p  coming i n  through t h e  roof and submerged i n  t h e  s l a g .  
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The furnace i s  hea ted  by e l e c t r i c a l  r e s i s t a n c e  wi th  the  c u r r e n t  in t roduced  

through the  carbon h e a r t h  pass ing  through the  molten s l a g  t o  t h e  e l e c t r o d e  

submerged i n  t h e  s l a g  from t h e  rop f .  . The condenser i s  opera ted  a t  a  tem- . 

p e r a t u r e  of 650 t o  700" C (1200 t o  1290" F) s o  t h a t  t he  magnesium vapors  

i s s u i n g  from the  exhaust  passage i n  t h e  roof a r e  condensed a s  a  l i q u i d  and 

c o l l e c t  i n  t h e  c ruc ib l e ,  a t t ached  a t .  t he  battom. The meta l  c o l l e c t e d  i n  t he  

c r u c i b l e  i s  maintained a t  a  temperature j u s t  below t h e  me l t ing  p o i n t  i n  o r d e r  

t o  conserve i t s  s e n s i b l e  h e a t  b u t  s t i l l  minimize evapora t ion .  The e n t i r e  

system inc lud ing  t h e  r a w  m a t e r i a l  b i n s  i s  run  under a  vacuum of  25 mrn Hg 

b u t  i s  capable of be ing  t e s t e d  d o h  t o ,  5  mrn Hg. 

A r u n . s t a r t s  w i th  t h e  s u r f a c e  of t h e  molten s l a g  a t  t h e  minimum 

l e v e l  shown i n  t h e  ske t ch  i-n F igure  A7. The f e r r o s i l i c o n  i s  in t roduced  i n  

a  continuous s t ream whereas t h e  dolime and b a u x i t e  a r e  added i n t e r m i t t e n t l y .  

Var i a t ions  of t h i s  have been r epor t ed  and o t h e r  schemes of adding the  r e a c t a n t s  

a r e  poss ib l e .  The temperature of t h e  . s l ag  a n d ' t h u s  the  temperature a t  which 

the  r e a c t i o n  t akes  p l ace  i s  maintained a t  815 C (1500" B). The alumina 

content  of t h e  s l a g  i s  c r i t i c a l  and is. c o n t r o l l e d  by c a r e f u l  adjustment  of 

t he  r a t e  of  i n t roduc t ion .  About 1.05 kg of f e r r o s i l i c o n  a r e  used f o r  each 

ki logram of magnesium produced. When t h e  s l a g  reaches  t h e  maximum'level, 

t he  run  i s  stopped,  and the  fu rnace ,b rough t  t o  atmospheric p re s su re ,  and the  

s l a g  tapped. The s l a g  and r e s i d u a l  f e r r o s i l i c 6 n ,  which is  also.  moltei a t  

t h i s -  temperature,  d i f f e r  s u f f i c i e n t l y  i n  d e n s i t y  s o  t h a t  they  may b e  sepa- . 

r a t e d  by decan ta t ion ,  a s  shown. The r e s i d u a l  f e r r o s i l i c o n  i s  r ec i r cu laeed  

a f t e r  gr inding .  The. c r u c i b l e  of =ondensed magnesium is disconnected from 

t h e  furnace ,  removed t o  the  cast-house, t h e  meta l  r e f i n e d ,  and c a s t  i n t o  p i g s .  

It i s  r epor t ed  t h a t  energy r equ i r ed  f o r  t h e  r e a c t i o n  is  about 10.4 kwhlkg 

(4.7 kwhllb) of  magnesium produced i n  a d d i t i o n  t o  t he  energy r ep resen ted  by 

t h e  f e r r o s i l i c o n .  The s i z e  furnace  descr ibed  h e r e  is  capable of producing 

about  910 M tons  (1,000 S tons)  annual ly.  .Furnaces now i n s t a l l e d  i n  France 

produce about 1496 M tons  (1,650 S tons)  and the  furnaces  i n s t a l l e d  i n  the. 

new AlcoA p l a n t  i.n t h e  USA have an .annual capaci tN o f  about 2450 M tons  (2700 

S t o n s ) .  An important  advantage of t he  Magnetherm process  o v e r ' t h e  Pidgeon 

process  i s  the  semi-continuous ope ra t ion  and the  much l a r g e r  b a t c h  s i z e s  which 

reduce l abo r  c o s t  .and improve ~ r o d u c t i v i t ~ .  A long-term 'operat ion of t h e  new 



Alcoa p l a n t  i s  needed. t o  demonstrate  more r e l i a b l y  t h e  .competi t ive p o s i t i o n  

of t h i s  process  compared t o  e l e c t r o l y t i c  processes .  It i s ,  however, more. 

s u i t e d  f o r  i n s t a l l a t i o n s  of  c a p a c i t y  l e s s  than 27,200 annual M tons  (30,000 

annual  S tons ) .  

Energy Consumed in.Magnesium Product ion 

The s tandard  f ree '  energy of formation of MgO is  -136.17 kcal/mole 

(20.1 x l o 6  BtulS ton  Mg) corresponding t o  2 . 9 5 v o l t s .  Standard en tha lpy  of 

formation is  -143.84 kcal lmole (21.3 x 106 Btu/S t o n  Mg) . Thus, t h e  reduc- 

t i o n  of MgO c a r r i e d  o u t ' a t  t h e  t h e o r e t i c a l  p o t e n t i a l  is  endothermic and 7 . h ?  

kcal lmole  of thermal  energy must be  suppl ied  t o  main ta in  a cons t an t  temperature.  

The s t anda rd  f r e e  energy of formation of MgCl is  -143.77 kcal/mole 
6 6 

2 
o r  5.92 x 10 Kcal/M ton  (21.3 x 10 B ~ U / S  ton)  Mg. corresponding t o  3 . 1 2 ' v o l t .  

I f  power coilversion l o s s e s  a r e  10 percent  and f o s s i l  energy , for  e l e c t r i c a l  

p roduct ion  i s  2646 Kcal . ( l o  ,500 Btu) f.kwh, t he  minimum' e l e c t r i c a l  power f o r  

r e d u c t i o n  a t  100 pe rcen t  c u r r e n t  e f f i c i e n c y  is  7639 kwh/M ton  (6930 h h / S  ton)  
6 6 

Mg,or 20.21 x 10 K c a l / ~  ton  (72.76 x 10 ~ t u / S  ton)  Mg. 

The commercial. p roduct ion  of primary magnesium by c u r r e n t  technology . . %. 
i s  a n  energy-intensive opera t ion .  Magnesbiim p l a n t s  b u i l t  i n  t ho  paot  were 

u s u a l l y  l o c a t e d  i n  geographic a r e a s  where large a m o ~ ~ n t s  n f  fi-,el ( n a t u r a l  gas ,  

o i l , .  hydropower) were a v a i l a b l e  a t .  t h e  lowest  p o s s i b l e  c o s t . .  There was' l i t t l e  

concern about  t h e  a c t u a l  amount of t o t a l  energy consumed i n  t h e  process .  I n  

f a c t ,  n o t  u n t i l  t h e  l a s t  few yea r s  has  t h e r e  even been a publ ished d e t a i l e d  

a n a l y s i s  of  t he  energy -consumption i n  t h e  process .  An early attempt. i n  t h i s  

d i r e c t i o n  was made by Bravard, F lo ra  and P o r t a l  (*I7) a t  t h e  Oak Ridge 

Nat iona l  Laboratory under t h e  sponsorship of  t h e  National  Science Foundation. 

Thei r  s tudy  was l i m i t e d  and d id  no t  i nc lude  s e v e r a l  f a c t o r s  c o n t r i b u t i n g  

t o  t h e  t o t a l  energy consumed. T ~ P  r e s u l t s  are summariocd i n  the  f o l l o ~ i ~ r y  

t a b u l a t i o n .  



Energy Consumed' t o  Produce Magnesium by 
the. S e a w a t e r / ~ l e c t r o l y t  ' c .P ocess  According 

t o  ORNL t ~ 1 7 f  

1 

, 

6 
1 0  Kcal per  M t on  6 

(10 Btu per  S ton) of  magnesium metal  

kwh/M ton Mg 
(kwh/S ton Mg) 

. . Thermal E l e c t r i c a l  To ta l  E l e c t r i c a l  

Seawater Treatment 3.78 (13.60) 1.23 (4.42) 5.01 (18.02). . 464 (421) 

Evaporation 42.66 (153.58) 42.66 (153.58) 

E l e c t r o l y s i s  42.68' (153.64)' 42.68 (153.64) 16125 (14,630) 

Acid Recovery 3.97 (14.28) . : 3.97 (14.28) 

TOTAL . 50.41 (181.46) . 43.9.1 (158;06) 94.32 (339.52) 16590 (15,050) 

$ . .  

A more d e t a i l e d  a n a l y s i s  o f  t h e  energy consumed i n  t h e  Dow seawater1 

e l e c t r o l y t i c  process has  been c a r i e d  o u t  i n  197411975 f o r  t h e  Bureau of  

Mines by B a t t e l l e ' s  Columbus Labora tor ies  a s  p a r t  of  a broad s tudy 

on "Energy Use P a t t e r n s  i n  Meta l lu rg ica l  and Nonmetallic Mineral  Processing", 

which covered 03 metalo and o t h e r  important nonmeta l l ic  m a t e r i a l s .  The 

r e s u l t s  of t h i s  a n a l y s i s  a r e  shown i n  Table A l  and on t h e  energy flowsheet 

i n  Figure Al, where t h e  energy a s soc ia t ed  wi th  each major s t e p  i n  t h e  process  

is  c l e a r l y  i d e n t i f i e d .  It w i l l  b e  noted t h a t  t h e  a n a l y s i s  i nc ludes  not  only 

t h e  obvious consumption of n a t u r a l  gas,  e l e c t r i c i t y ,  o i l ,  f u e l ,  e t c . ,  - b u t  

a l s o  the  energy equ iva len t s  of  exp los ives ,  consumable e l e c t r o d e s ,  make-up 

ch lo r ine ,  e t c .  Standard f a c t o r s  were used f o r  conver t ing  a l l  m a t e r i a l s  and 

energy q u a n t i t i e s  rnnshued i n t o  Btu per  s h o r t  ton  of magnesium produced and 

t h e  2646 (10,900) f a c t o r  f o r  conver t ing  kwh of e l e c t r i c a l  energy t o  ~ c a l ' s  

( ~ t u ' s )  of f o s s i l  f u e l  equiva lent .  ' The energy consumed from. t h i s  o n s l y s i s .  is 

summarized i n  t h e  fol lowing t abu la t ion .  



TABLE A l .  ENERGY TO .PRODUCE MAGNESIUM BY THE 
DOW SEA~JATER/ELECTROLYTIC PROCESS 

Units Per lo6 ~ t u  per 
Net Ton of Net Ton of * 
hgne8iu.m . l o6  Btu kfagnesium 

Unit Metal .. Per Unit Uetal 

Quarrying dolomite (1) 

Diesel  fue l  o i l  gal . 1.78. 0.139 . 0.25(2) 
. - Other fue l s  Btu - - ' 0.13 

E l e c t r i c a l  energy b h  3.48 0.0105 0.04 
Explosives Ib 4.34 ' 0.03 0.13 - 

Subtotal  0.55 

E lec t r i ca l  energy M 10.40 0.0105 0.11 

hanapor ta t inn  . , 

R a i l  (estimated 150 miles) net  ton- 1,140.0 0.00067 0.76 
mile - 

Calcining 

lwh Elec t r i ca l  energy 73,8 0.0,lOS 0.77 
Natural gas ' f t 3 '  14,790.0. 0 .'OOl 14.79 - 

Subtotal  15.56 
.Ploccularing 

' .  I 
. . 

E l e c t r i c a l  energy hrh 44.4 0.0105 : 0.47 

S e t t l i n g  and filterGg , . 

Pleo t r l ea l  energy .. b h  158.6 . 0. 01135 1.67 

P e u t r o l l ~ i n g  and p u r i f y h g  

kwh. Electrical energy 121.0 o.O10! 1 .27 
Natural gaa f t 3  12,180.6 0.001 12_,L8. . . 

. . :. Subtotal 13.45 

Evaporating, f i l t e r i n g ,  and . 

. drying 
. , 

Elec t r i ca l  energy 9 ,  ' 171.0 n.0105 1.73 
hlati ir~l  gas f t  66.96U.0 0.001 

, . . 66.96 - 
Subroral 68.75 

E lec t ro lys i s  

E lec t r i ca l  energy .kwh 17,109.0 0.0105 . 179.64 
Natural gas f t 3  23.360.0 0.001 23.36 
~ ~ e ~ h i r e  anode6 net  mi 0.1. ; 160.0 - 16.00 

, 219.00 ' 

*Short tons 



TABLE'Al. (Concluded) 

hi& per 10 6 Btu Per 
' Net Ton of 6 Net Ton of 

Uagaesium . 10 Btu 
' hit 

Uagnesirnn 
Hetal Per hit Metal 

Acid p lant  

h e c t r i c a l  energy 1,334.0 0.0105 14.01 
Natural gas brg f t  11.470.0 0.001 11.47 
Uakeup chlorine n e t  ton 0.49 , 20.7 10.14 - 

Subtotal  35.62 

Uagnesiun pur i f ica t ion 

E lec t r i ca l  energy kuh 51.3 0.0105 0.54 
Natural gas f t 3  1.680.0 0.001 1.68 - 

Subtotal  2.22 

Total  358.16 



Energy Consumed t o  Produce Magnesium by 
t h e  Seawa te r /E lec t ro ly t i c  Process  According 

t o  Bureau o f  Mines - Battel1.e Study 

6 
6 10 Kcal pe r  M t on  

(10 Rtu per  S ton)  of  magnesium metal  

kwh/M ton Mg 
(kwh/S ton  Mg) 

Thermal E l e c t r i c a l  To ta l  E l e c t r i c a l  

P r e p a r a t i o n  o f  dolime- 4.4.3 (1 5. Q?) 0.29 (1.05) 4.67 (l6,8l) 1 1 1 1  (100) 

P r e p a r a t i o n  o f  MgCl 
c e l l  feed  21.98 (79.14) 1.44 (5.20) 23.42 (84.34) 546 (495) 

E l e c t r o l y s i s  and 
Metal Re f in ing  6.96 (25.04) 54.50 (196.18) . 61.45 (221.22) 20594 (18,683) 

Acid Regenerat ion 3.19 (11.47) 6 . 7 1  (24.15) 9.30 (35.62) 2535 (2300) 

TOTAL 36.56(131.58) 62.94 (226.58) 99.44 (358.16) 23787 (21,580) 

Although t h e  d i f f e r e n c e  i n  t o t a l  energy shown by t h e  two ana lyses  i s  sma l l ,  

t h e r e  i s  a wide d i s p a r i t y  i n  t h e  d i s t r i b u t i o n  of energy among t h e  major 

s t e p s  I n  t h e  process .  The Dow Chemical Company has  i n d i c a t e d  t h a t  t h e  Oak 

Ridge f i g u r e  i s  c l o s e r  t o  t h e i r  exper ience ,  

I n  1974, 'l'l~e Dow Chemical Colupany had under way a major e f f o r t  

t o  reduce t h e  energy consumed i n  producing magnesium 
( ~ 2 0 )  . A r e c e n t  news 

r e l e a s e  (A21) has confirmed t h e  success  of t h i s  program: Changes have been 

made i n  t h e  des ign  of t h e  c e l l  covers ,  i n  t h c  mcthod nf rnai~uIdcLurLng c e l l  

f eed ,  i n  t h e  ac id  recovery  process ,  and i n  the use  nf  g r a p h i t e  anode€ having 

lower e l e c t r i c a l  r e s i s t a n c e .  The t o t a l  e f f e c t  o f  t h e s e  improvements has  

been t o  lower energy consumption by about  15  t o  20 percent  t o  a l e v e l  of 
6 6 78 x 10 K c a l / ~  t o n  (280 x 10 Btu/S ton)  of magnesium i n  c o n t r a s t  t o  t h e  

6 6 
94.2 - 99.5 x 10 K c a l / ~  ton  (339-358 x 10 B ~ U / S  ton)  shown i n  t h e  previous 

ana lyses .  It i s  s t a t e d  t h a t  by  no l a t e r  than 1985 fur ther ' improvments  w i l l  

lower the energy consumption f o r  producing magnesium t o  about  66.67 x 10 
6 

6 Kcal/M t o n  (240 x 1 0  Btu/S t o n ) .  



Information on t h e  energy.cons&nption i n  t h e  b i t t e r n s / e l e c t r o l y t i c  

process  a s  r epo r t ed  by Bauer i s  presented i n  Table A2 and summarized i n  

t h e  fol lowing t a b u l a t i o n .  

Energy Consumed t o  Produce Magnesium 
by t h e  B i t t e r n s / ~ l e c t r o l y t i c  Process  a t  

NL I n d u s t r i e s  P l a n t  

6 
6 10 Kcal per  M ton' 

(10 Btu per  S ton)  of Magnesium meta l  

kwh/M ton Mg 
( k w h / ~  ton  Mg) 

Thermal E l e c t r i c a l  To ta l  E l e c t r i c a l  

P repa ra t ion  of MgC12 
c e l l  feed 24.24 (8.7.24) . 6.81 (24.53) 31.05 (111.77) 

E l e c t r o l y s i s  and . . 

Metal Refining.  1.06 . (3.82) 44.01 (158.42) 45.07 (162.24) 

Miscel laneous -5.26 (-18.92) 13.10 (47.16) 7.85 (28.24) 

SUBTOTAL 20.04 (72.14) 63.92 (230.11) 83.97 (302.25) 

By-Product Chlorine 
Cred i t  (1.78 M tons)  10.24 (36.85).. 

NET TOTAL .73.73 (265.40) 

Energy.consumption and . . g r a p h i t e  anode consumption a r e  s i g n i f i c a n t l y  lower 

i n  t h e  I.G. Farben c e l l  than i n  t h e '  p r e sen t  Dow ce ly .  Bur another  important  

f a c t o r  is t h e  c r e d i t  r e s u l t i n g  from t h e  a v a i l a b l e  by-product ch lo r ine .  

Accord ing . to  Bauer,, t h e  NL I n d u s t r i e s  w i l l  produce 1.78 M tons  of c h l o r i n e  

per  M ton of  magnesium. This compares r a t h e r  unfavorably wi th  t h e  theore-  

t i c a l  amount nf 2.9 M tons per  M t o n  of magnesium. The c r e d i t  of 5.26 x 10 
6 

6 Kcal/M ton  (18.92 x 10 Btu/S ton)  of thermal energy taken i n  t h e  energy ca l -  

c u l a t i o n  i s  no t  expla ined  by Bauer. . . 

The energy consumed t o  produce magnesium by t h e  Magnetherm si l i-  

cotheqnic process  ,has  been analyzed by Lugagne (A22) and i s  presented  i n  

'Table A3. Over 40 .percent  of  t he '  energy consumed' i s  r ep resen ted '  by t h e  



TABLE A2. .ENERGY TO PRODUCE PRIMARY MAGNESIUM BY THE ' 

B ITTERNS/ELECTROLYTIC PROCESS (A13). . . 
(NL. 1ndus t r i e s ,  Inc  . ) 

. . 

l o 6  ~ c a l / M  Ton of Magnesium 
( lo6  Btu/S Ton of Magnesium) 

Thermal E l e c t r i c a l  To ta l  
Energy Energy Energy 

S o l a r  Evaporat ion .53 .53 
(a ,  so) (1 . pn) 

Brine  Evaporat ion 

Evaporat ion t o  29% MgCR2 

Melt-Chlorinat ion 

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

Graphi te  E lec t rodes  

Al loying  and Cas t ing  

Cred i t  f o r  By Product  Chlorine 
6 ( a )  7 10.2 4 

1.78 l b -  C 1  / l b  Mg x 20.7 x 10 2 (36'. (35) 
7STr3 

NET TOTAL (265.40) 
- ~~~~~ 

(a') 'Total energy t o  produce 1 n e t  ton  of l i q u i f i e d  c h l o r i n e  from Reference A18. 



TABLE A3. ENERGY TO PRODUCE PRIMARY MAGNESIUM BY THE 
MAGNETHERM SILICOTHERMIC PROCESS (A22) 

Kwh per . ' 

6 10 BTU per 
Metric Ton M Ton 
(Short Ton) (S ton) 

(a) Ferrosilicon (75 Percent) 

Quartzite : Quarrying and crushing , 

Transportation 

Coke Breeze 

Coal 

Iron ore pellets 

Snderberg paste 

Transportation 

Electrical energy (including ancillary) 



f e r r o s i l i c o n  used i n  t h e  process .  A c o n s i d e r a b l e  amount of  a d d i t i o n a l  

e l e c t r i c a l  energy i s  needed i n  t h e  r educ t ion  s t e p .  The process  d e r i v e s  a  

b e n e f i t  from t h e  by-product s l a g  produced t h a t  i s  so ld  t o  the-cement  

i n d u s t r y .  

Although t h e  Pidgeon f e r r o s i l i c o n  process  r e p r e s e n t s  a  very  smal l  

percentage  of t h e  t o t a l  world product ion of magnesium, f o r  completeness an 

a n a l y s i s  of t h e  energy consumed i n  t h i s  process  i s  included i n  Table A4. 

The B a t t e l l e  s tudy  i s  based on information found i n  t h e  Bureau of Mines 

r e p o r t  (A19) f o r  t h e  war t ime p l a n t s  which d id  not  n e c e s s a r i l y  ope ra t e  a t  

t h e  b e s t  a t t a i n a b l e  e f f i c i e n c i e s .  This  shows up a s  t h e  wide d i s p a r i t y  i n  

t h e  energy requi red  t o  produce f e r r o s i l i c o n  and i n  t h e  energy used i n  t h e  

r e t o r t i n g  ope ra t ion .  Also, i f  t h e  o v e r a l l  meta l  y i e l d  i n  t hese  p l a n t s  was 

lower than  p l a n t s  ope ra t ing  today,  t h i s  would a l s o  i n c r e a s e  t h e  energy 

consumed per  u n i t  weight of f i n a l  product .  : I n  any .event , .  t h e  Magnetherm : 

process  has a d i s t i n c t  advantage over t h e  Pidgeon process .  

Energy uses  f o r  t h e  processes  discussed a r e  compared i n  T a h h  A S .  

Annual energy va lues  w e r e . c a l c u l a t e d  f o r  each process  assuming i t . a l o n e  

was used f o r  t o t a l  annual  meta l  product ion.  

The h igh  energy use f o r  t h e  Dow process  i s  due t o  t h e  a d d i t i v e  

e f f e c t s  of  (1) need f o r  e x t e r n a l  h e a t i n g  of  the c e l l s  ( 2 )  high energy l isp 

i n  dehydra t ing  MgCl 6H20 (3)  a  d e f i c i t  r a t h e r  than  a  c r e d i t  f o r  c h l o r i n e  and 2'  
(4)  h igh  consumption of  g r a p h i t e .  Dow developed t h i s  process  and uses  i t  

e x c l u s i v e l y  due t o  t h e  t r a d i t i o n a l  cheap energy on t h e  Gulf Coast.  However, 

t h e  a v a i l a b i l i t y  of  cheap energy may b e  a t  an end o r  w i l l  end s h o r t l y .  It 

i s  probably not  f e a s i b l e  t o  reduce t h e  energy of t h i s  process  markedly. 

However, t h i s  does no t  exclude t h e  use  of seawater  a s  a  source  of magnesium 

i n  o t h e r  processes .  Chlorine produced by t h e  c e l l  can be  used i n  organic  

c h l o r i n a t i o n  r e a c t i o n s  and t h e  H C 1  byproduct of c h l o r i n a t i o n  used t o  neu- 

t r a l i z e  t h e  p r e c i p i t a t e d  MgO ( s e e  p r e v i o i ~ s  d is r i i s s inn  on Nnrsk Hydro). The 

t o t a l  and e l e c t r i c a l  energy u s e  a r e  s i m i l a r  f o r  t h e  anhydrous and magnetherm 

processes .  The choice  of one o r  t h e  o t h e r  of t h e s e  systems i n  t h e  f u t u r e  

w i l l  depend i n  p a r t  on which can be  developed t o  r e q u i r e  t h e  l e s s e r  energy. 

The energy f o r  t h e  Pidgeon process  i s  h igh  probably because i t  s u f f e r s  from 

t h e  l a c k  of s i z e  of  t h e  Magnetherm process .  A r e t o r t  produced 22.7 kg (50 l b )  



TABLE A4. ENERGY TO PRODUCE PRIMARY MAGNESIUM BY 
THE PIDGEON SILICOTHERMIC PROCESS 

-- g 

6 lo6 ~cal/M Ton MgMetal 
(10 ~tu/S Ton Mg Metal), 

Thermal Electrical Total 

(a) From Private Communication 

Ferrosilicon Production (1.13 tons) 9.43 
(33.93) 

Dolomitic Lime Production - . 5.82 
(20.96) 

Briquetting Retorting, & ~elting 20.64 
(74.31) 

. . 35.89 
TOTAL (129.20) 

(b)  ~ r o m  Bureau of Mines-Battelle Study (19,21,22) 

Perrus llicun Production 

~olomitic'Lime Production 

Briquetting, Retorting, & Mglting 

TOTAL 94.03 
(338.48) 



TABLE A5. COMPARISON OF ENERGY REQUIREMENTS FOR UGNESIUM 
PRODUCTION PROCESSES 

Process 

Annual 'Energy Use *** 
Energy/Ton Metzl Yr '1!377* ' ' ' Yr 2000** 

kwh/M. ton lo6 ~ c a l  I N ,  ton 1012 Kcal 1012 Kcal 
(Bwh/~ .ton) . , ,  . (106 Etu/S'.toi). .lo? ;kwh. . . :10l?.:~t,) lo9 kwh 1012 Btu 

Dow Electrolytic (USBM) 23,787 
(21,580) 

Dow Electrolytic (ORNL) 16,589 
( 15,050) 

Bitterns/Anhydrous 24,157 
Feed Electrolytic (21,915). 

Magnetherm Silicothermic 3G,977 
(19,030) 

Pidgeon Ferrosilicon -- 

* . Assumes production of .L14,330 M tons C126,00,0 S tons). 

** Assume ~roduction of 357,005 L! tons (394,000 S tons). 

* *  Assumes total anncal produc:isn by each process. 



i n  an  8-hour run. An obvious way t o  decrease  t h e  energy consumed i n  t h e  

b i t t e r n s  process  i s  t o  i n c r e a s e  t h e  y i e l d  .of by -p roduc tch lo r ine .  I f  t he .  

c h l o r i n e  y i e l d  i n  Table A2 is  increased  t o  t he  l e v e l  of 2.7 kg/kg:~g a s  

a n t i c i p a t e d  by Norsk Hydro (A17), t h e  t o t a l  energy consumption would b e  
6 6 

lowered t o  68.3 x 10 ~ c a l / ~  ton  (246.x 10 Btu/S ton)  of magnesium. Fur the r  

r educ t ion  can b e  e f f e c t e d  by process  improvenients i n  t h e  evapora t ion  s tep. ,  

. and i n  t h e  e l e c t r o l y s i s . .  Norsk Hydro has  s t a t e d  t h a t  they expect  t o  achieve  
6 a l e v e l  of energy consumption i n  t h e i r  new process  of 61-67 x 10  ~ c a l / M  ton  

6 (220-240 x 10  Btu/S ton ) .  

The Dow Chemical Company a l s o  has  been reported '  t o  have under 

development a b i t t e r n s l d e ~ t r o l ~ t i d  process  which i s  p red ic t ed  t o  lower t o t a l  
6 6 energy consumption t o  38'.9 x 10 Kcal/M ton. (140 x 10 B.tu/S ton)  o f .  

magnesium (A23). The n a t u r e  of t h e  process  has  not  been made known o t h e r  than  

t h a t  t h e  maximum amount of by-product c h l o r i n e  w i l l  b e  a v a i l a b l e  f o r  s a l e  

o r  use  i n  o t h e r  Dow manufacturing processes .  However, i t  can b e  s a f e l y  

assumed t h a t  a t  l e a s t  two major t echno log ica l  improvements must be  involved: 

(1) a new and h i g h l y  e f f i c f e n t  method f o r  producing c e l l  feed;  and (2) a 

completely new e l e c t r o l y t i c  c e l l  wi th  s i g n i f i c a n t l y  lower r e s i s t a n c e  and 

energy requirements .  It i s  known from . the  pa t en t  l i t e r a t u r e  (A26 ,A271 that 

Dow many y e a r s  ago developed a b i p o l a r  c e l l  f o r  e l e c t r o l y s i s  of magnesium 

ch lo r ide .  Among t h e  many advantages of t h i s . c e l 1  t h e  fo l lowing .were  c i t e d :  

(1.) reduct ion  ~f ope ra t ing  c e l l  v o l t a g e  (5.0 versus  6 .3  v o l t s )  ; (2)  red'uction 

of  energy consumption from.18.5 t o  13.2 kwh/kg (8.4 t o  6.0 kwh per  pound) o f  

magnesium; -and (3) r educ t ion  of  g r a p h i t e  anode consumption t o  a , v e r y  low 

l e v e l .  Although i t  has  nor: beer1 di:vulged by Dow, t h e r e  3.s:a very  h igh  pro- 

b a b i l i t y  t h i s  c e l l  o r  a modern and improved v e r s i o n  o f .  i t  i s  be ing  used 

i n  t h i s  advanced product ion process .  The l a b o r a t o r y  and mini-plant  work on 

t h i s  process  .can be  expected i n  t he  l a t t e r  , h a l f  o f  t he  1980 decade. For 

s t i l l  f u r t h e r  r educ t ions  i n  energy consumption, and much f u r t h e r  down t h e  

road,  Dow (personal  communication) i s  working on an undisclosed process  fo.r 

producing magnesium t h a t  could lower the energy 'consumpt ion ' tn  t h e  l e v e l  of 
6 6 25 x 10 Kcal/M ton  (92 x 10 B ~ U ' / S  ton)  .' However, u n t i l  t h e  b a s i s  f o r  such 

a n  e s t ima te  5s  made known, i.t w i l l b e '  d i f f i c u l t  t o  a s s e s s  whether such a 

low energy process  can be achieved. 



6 6 
The f i g u r e  of 38.9 x 10 Kcal/M ton  (140 x 10 B ~ U / S  ton)  Mg i s  

d r a s t i c a l l y  lower than  f o r  any of t h e  processes  d iscussed  and some e s t ima te s  

a r e  u s e f u l  i n  de te rmining  whether i t  i s  i n  f a c t  poss ib l e .  A f i ve -vo l t  c e l l ,  

a s  desc r ibed  above, o p e r a t i n g  a t  90 percent  c u r r e n t  e f f i c i e n c y ,  w i th  10  

pe rcen t  power conversion l o s s  w i l l  r e q u i r e  13,602 k w h / ~  ton  (12,340 kwh/S ton) 
6 6 

Mg o r  36.1 x 10 Kcal/M ton  (130 x 10 Btu/S ton)  Mg a t  t h e  power p l a n t .  

F ive  v o l t s  i s  s t i l l  s u b s t a n t i a l l y  above t h e  t h e o r e t i c a l  p o t e n t i a l  o f  3 .1 v o l t ,  

l e a v i n g  room f o r  f u r t h e r  improvements. I n  Table A2 p repa ra t ion  of  an  anhy- 
6 6 

drous feed  r e q u i r e s  31.05 x 10 Kcal/M ton  (111.7.7 x 10 Btu/S ton)  Mg. 

However, t h i s  might be  reduced by dehydra t ion  i n  an H C 1  atmosphere (Norsk 
6 6 Hydro) t o  28 x 1 0  K C ~ ~ / M  t on  (100 x 10 ~ t , i i / ~  t n n )  Mg. I f  3.9 lcg eh la r i i i e  

6 6 can be  c r e d i t e d l k g  Mg t h e  t o t a l  c r e d i t  i s  16.7 x 10 K c a l / ~  ton  (60 x 10  B ~ U / S  

t on  Mg). Thus, t h e  t o t a l  energy consumption can b e  es t imated  a s :  

6 6 (130 + 100 -60) x 10 B ~ U / S  ton  Mg = (170 x 10 Btu/S ton  Mg) 
6 

47.2 x 10  Kcal/M ton  Mg . 

A lower o v e r a l l  energy use  than  t h i s  would r e q u i r e  f u r t h e r  r educ t ion  i n  energy 

f o r  feed  p r e p a r a t i o n  and/or  e l e c t r o l y s i s .  

Lugagne (A25) h a s  presented  conc re t e  p l ans  01) huw 111s company i s  

going about  reducing energy cnnsumption i n  t h e  Magnethem Process .  During 

the nex t  f o u r  yea r s  they  expect  t o  reduce t h e  consumption of :  a l l  ma te r i a l  6 h y  

no l e s s  than  10 percent  and t o  i n c r e a s e  t h e  y i e l d  of magnesium by reducing 

l o s s e s  i n  t h e  condensat ion s t a g e  and i n  t h e  mel t ing  and r e f i n i n g .  Beyond 

t h a t  and over  t h e  next  10-12 years thciy p1.a.n. t n  i .ntroduse morc encrgy.,,,,efffeie~.lL: 

E r r r o s i l f c o n  product ion furnaces ,  t o  improve t h e  dolomite  and b a u x i t e  c a l -  

c i n a t i o n  s t a g e ,  and t o  b u i l d  l a r g e r  and m o r e . e f f i c i e n t  r educ t ion  furnaces .  

The t o t a l ' e f f e c t  of a l l  t he se  ,improvements i s  shown by t h e  comparative f i g u r e s  

i n  Table A6. There i s  no qi iest ion t h a t  t h e  Magnctherm Process  dues hold 

promise and t h a t  t h e  major improvements a n t i c i p a t e d  by Dow i n  t h e  b i t t e r n s  

process  w i l l  need t o  b e  made t o  compete w i t h  i t ' i n  energy consumption. 

I n  summary, i t  can b e  s t a t e d  t h a t  t he  p rod1 lc . e~~  nf primary magne- 

sium a r e  agg res s ive ly  seeking improvements i n  t h e  processes  f o r  producing 

primary magnesium. A major p o r t i o n  of  a v a i l a b l e  r e sea rch  funds a r e  committed 



TABLE A6.  ENERGY "CONSUMPTION TODAY AND IN 1990 IN 
THE MAGNETHERM. SILICOTHERMIC PROCESS (A251 

'6 . . 10 ~ c a l / ~  Ton of Magnesium 
6 

(10 Btu/S ton) of Magnesium 
Today 1990 

Ferrosilicon 32.51 24.39 
(117.04) (87.78) 

Dolomite, Bauxite, etc. 

Calcination of Dolomite and Bauxite . . 

Electrical Energy in Reduction 

Melting and Refining 

Subtotal 

Credit (Siag and Residual FeSi) 
. . 

Net Total 



t o  lowering t h e  t o t a l  energy r equ i r ed  t o  produce magnesium. However, t h e  

impetus f o r  development has  been and w i l l  b e  economic. Energy p l ays  a more 

dominant r o l e  i n  development now than  p rev ious ly  because of i t s  i n c r e a s i n g  

c o s t .  

Comparison o f  E l e c t r o l y t i c  Product ion of Magnesium 
wi th  Product ion of  Aluminum 

Magnesium and aluminum a r e  both  a c t i v e  meta ls  produced i n  q u a n t i t y  

by e l e c t r o l y s i s .  The predominant method f o r  aluminum product ion i s  the  

Hal l -Heraul t  p rocess  us ing  a fll.loride e l e c t r o l y t e  and a re11 fppd of pur$ficd 

. aluminum oxide. However, Alcoa has  undertaken a cons iderable  development 

of  a merhod us ing  a c h l o r i d e  b a t h  and an anhydrous aluminuil c h l o r i d e  feed .  

Lewis h a s  reviewed energy use  f o r  both technologies  s t r e l e t s  (A291 

has  provided an exhaus t ive  review of magnesium technology. Table A7 i s  a ' 

compi la t ion  of in format ion  from these  two sou rces  a l lowing  d i r e c t  comparison 

of parameters  and r e s u l t s .  Information on magnesium i s  no t  n e c e s s a r i l y  

c o n s i s t e n t  wi th  previous  informat ion  given. The 5.5 vo. l t s  f o r  t h e  magnesium 

c e l l  seems low f o r  present '  commercial c e l l s ;  6 .3  v o l t s  has  been used pre- 

v i o u s l y  a s  more r e a l i s t i c a l l y  r e f l e c t i n g  a c t u a l  o p e r a t i n g  c e l l s .  The theore-  
, . 

t i c a l  c e l l  v o l t a g e  p rev ious ly  r epo r t ed  was 3.16 v o l t ,  based on f r e e  energy of  

formation a t  25' C f o r  und i lu t ed  MgCl,  S t r e l e t s  c laims t o  havc measured 
L ' 

2.735 v o l t s  i ~ ~ d l c a t i n g  char t h e r e  may be f u r t h e r  room. f o r  improvement be fo rc  

a t h e o r e t i c a l  va lue  i s  reached. 

Ce l l  amperes and c u r r e n t  e f fJ .c ienc ies  a r e  s i m i l a r  f o r  aluminum and 

magnesium. The majnr reasnn for d i f f e renocc  i n  t h c  cel.3 vnl t age  uf thtl 

Hall-Heraul t  and magnesium process  i s  t h e  h ighe r  (1.0 v n l t  nr mnre) decom- 

p o s i t i o n  vo l t age  f o r  t h e  magnesium c e l l .  The lower vo l t age  f o r  t he  Alcoa 

process  would most l i k e l y  be  due t o  a lower decomposition vo l t age  and lower 

I R  drop  through t h e  e l e c t r o l y t e  due t o  the  c.loser e l e c t r o d e  spacing poss ib l e .  

The Alcoa aluminum process  and t h e  anhydrous magnesium process  both use 

i n s o l u b l e  g r a p h i t e  anodes, a l lowing  some p r e c i s i o n  i n  e1ec t rode . spac ing  a s '  

compared t o  t h e  Hall-Herault  p rocess  o r  t he  Dow magnesium process .  However, 

t h e  Alcoa process  a l lows  c l o s e r  e l e c t r o d e  spac ing  than the  anhydrous magnesium 



TABLE A7. COMPARISON OF ELECTROLYSIS PARAMETERS AND RESULTS 
FOR. ALUMINUM AND MAGNQ1,UM ELECTROLYSIS CELLS 

. . 

. . . .  . . . .  

Process  
H a l l  Alcoa Anhydrous 

Heraul t Chlor ide  Ma gne s ium 

S ize ,  ki loamperes  

-Current  E f f i c i e n c y  . . 

Voltage Drop i n  C e l l  

Anode Bus-Elec t ro ly te  

Cathode Bus-Electrolyte  

Through E l e c t r o l y t e  

Rev. P o t e n t i a l  & , P o l a r i z a t i o n  1 .8  2.75 

T o t a l  4..  22 3 .1  5.55 
. . 

- 2 
Anode Current  Dens i ty  (amp/cm ) 0.8 t o  1 .0  0 .8  t o  2.3 0.5 t o  0.6 

. . 

Temperature, O C  . - 970 700 7 00 

E lec t rode  Spacing, cm 4.5 t o  5 .1  1.27 t o  1 . 9  . ' 5 

T l l r u ~  e t l c a l  Voltage 1.1 2.75 

T h e o r e t i c a l  Energy U s e ,  kwh/kg 6'; 547 12,108 

Actua l .Energy  Use, kwh/kg 28,542 21,454 28,414 
. . 

Energy E f f i c i e n c y ,  . percent  . . 22 4 3 



process ,  probably because of t he  e a s i e r  s e p a r a t i o n  of aluminum and c h l o r i n e  

(gas  up, meta l  down) than  t h e  magnesium process  (gas  and metal  up) .  I t  

seems p o s s i b l e ,  then,  t h a t  c l o s e r  spac ing  could be  achieved i n  t h e  magnesium 

c e l l  by use  of the'  l igh ter - than-meta l  e l e c t r o l y t e . ,    hi? p o s s i b i l i t y  i s  
- .  . . 

f u r t h e r  considered under Oppor tuni t ies  f o r  Development.. .Taking t h e  c a l c u l a t e d  

energy e f f i c i e n c i e s  a t  f a c e  va lue  i s  misleading,  s i n c e  a  h ighe r  r e v e r s i b l e  

p o t e n t i a l  g ives  a h ighe r  energy e f f i c i e n c y  even i f  o t h e r  vo l t age  l o s s e s  a r e  

e q u i v a l e n t .  The Hall-Heraul t  c e l l  ope ra t e s  a t  3.1 v o l t s  over  t he  t h e o r e t i c a l  

v o l t a g e  and the  magnesium c e l l  2 .8  v o l t s  over  t h e o r e t i c a l .  Therefore t h e  

two c e l l s  a r e  s i m i l a r  i n  p r a c t i c a l  e f f i c i e n c y  wi th  a  good p o s s i b i l i t y  t h a t  

t h e  vo l t age  of t h e  magnesium c e l l  can be  reduced by a t  least one v n l t .  With 

such a r educ t ion  i t s  p r a c t i c a l  e f f i c i e n c y  would probably correspond t o  t h a t  

of t h e  Alcoa c h l o r i d e  process  f o r  aluminum. 

Oppor tuni t ies  for-Development i n  
Magnesium Product ion Processes  

Two a r e a s  of t h e  e l e c t r o l y t i c  process  a r e  important  t o  t h e  e f f i c i e n t  

and economical o p e r a t i o n  o'f t h e s e  c e l l s .  One involves  c r i t i c a l  m a t e r i a l s  of  

c o n s t r u c t i o n  and the  second t h e  c e l l  des ign  t o  encourage s e p a r a t i o n  of c e l l  

p roducts  t o , p r e v e n t  t h e i r  recombination. 

The Dow pro,cess was e s t a b l i s h e d  on t h e  Gill f Coast when energy and 
' 

raw m a t e r i a l s  i n  t h e  a r e a  were economic, even thniigh. i t s  energy u6e i s  arih.stsn'- 

t i a l l y  h ighe r  than  t h a t  df t h e  o t h e r  commercial process&s.  Some engineer ing  

improvements a r e . b e i n g  made as p rev ious ly  descr ibed  t o  reduce energy. However, 

the presence of water  i n  t he  feed ,  caus ing  g raph i t e  co r ros ion  and need f o r  

a n  a d j u s t a b l e  anode, need for e x t e r n a l l y  hea t ing  the  c e l l ,  e tc . ,  make 

s u b s t a n t i a l  energy r educ t ion  d i f f i c u l t .  Assuming t h a t  t h e  Dow process  w i l l  

become o b s o l e t e  due t o  i t s  h igh  energy requirements ,  t h e  anhydrous c e i l  

(F igu re  4) w i l l  be t h e  norm f o r  p re sen t  des igns .  This  c e l l  i s  cons t ruc ted  

o f  ceramic m a t e r i a l s  except  f o r  t h e  s t e e l  cathode and a  con ta ine r  surrounding 

t h e  o u t s i d e  ceramic w a l l s .  The sho r t - l i ved  component i n ' t h e  system i s  the  



ceramic s e p a r a t o r  ( c a l l e d  a  semi-wall) between anode and cathode. This wears 
C C  

away, becoming t h i n n e r  and s h o r t e r .  A s  t h i s  happens the  c h l o r i n e  and molten 

magnesium which r i s e  t o  t h e  top  of  t he  c e l l  a re '  l e s s  e f f i c i e n t l y  s epa ra t ed ,  

recombination occurs ,  and c u r r e n t  e f f i c i e n c y  decreases .  Then t h e  c e l l  must 

b e  s h u t  down and r e b u i l t ,  even though most of t h e  c e l l  components, i . e . ,  

cathodes,  anodes, w a l l s ,  r oo f ,  may l a s t  f o r , a  cons iderably  longer  per iod.  

The r ap id  d e t e r i o r a t i o n  of  t h e  semi-wall appears  t o  be a s s o c i a t e d  w i t h  t h e  

f a c t  t h a t  i t  i s  s u b j e c t  t o  a p o t e n t i a 1 , g r a d l e n t  due t o  t he  vo l t age  drop 

between anode and cathode,  s i n c e  the .  same ceramic  used elsewhere i n  t he  c e l l  

i s  n o t  a f f e c t e d .  Of course ,  t h e  movement of  t he  e l e c t r o l y t e  due t o  t h e . g a s  

l i f t  e f  f e c f  around the  semi-wall could a l s o .  be a  c o n t r i b u t i n g  f a c t o r .  If 

i t  i s  assumed t h a t  c u r r e n t  e f f i c i e n c y  i s  improved by 10  p e r c e n t  through b e t t e r  

semi-wall m a t e r i a l s  ( i n  a d d i t i o n  t o  t h e  economic sav ings  of fewer product ion 

i n t e r r u p t i o n s  f o r  r ebu i ld ing )  t h e  annual  (1977) energy savings  should be: 

The Dow p a t e n t s  f o r  a b i p o l a r  c e l l  a l s o  show ceramic components f o r  

t h e  c e l l  which, by . the n a t u r e  o f  t he  des ign  , may b e  s u b j e c t  t o '  d e t e r i o r a t i o n  . 

i n  t h e  v i c i n i t y  of t h e  junc t ion  of  t h e  e l e c t r o d e s  and ceramic. , I f  t h e  b i p o l a r .  

c e l l .  makes p o s s i b l e  a r educ t ion  of  c e l l  p o t e n t i a l  from 6 . 3  t o  5.0 volts ' ,  t h e  

1977 energy saving  is:  

o r  i n  year  2,000 



C e l l  Design 

T r a d i t i o n a l  e l e c t r o l y t i c  c e l l s  have been designed us ing  e l e c t r o -  

l y t e s  h e a v i e r  t han  t h e  molten magnesium. Thus, both c h l o r i n e  and magnesium 

r i s e  concur ren t ly  t o  t h e  top  of  t he  c e l l .  I n  a d d i t i o n ,  t h e  Dow c e l l  consumes 

g r a p h i t e  a t  a  s u f f i c i e n t  r a t e  t o  r e q u i r e  adjustment  o r  feeding  of t h e  e l e c t r o d e  

i n t o  t h e  c e l l .  This  requirement  has  made i t  d i f f i c u l t  o r  impossible  t o  

c o l l e c t  c h l o r i n e  and perhaps con t r ibu ted  a l s o  t o  lowering c e l l  e f f i c i e n c y  

through recombinat ion o f  c h l o r i n e  and magnesium i n  t h e  e l e c t r o l y t e .  The 

anhydrous c e l l  does n o t  have the  g r a p h i t e  feeding  problem s o  c h l o r i n e  i s  more 

e a s i l y  c o l l e c t e d .  Current  e f f i c i e n c y  a t  t h e  o u t s e t  can b e  of  t h e  n r d ~ r  n f  

90 pe rcen t  b u t  dec reases  as the  semi-wall d e t e r i o r a t e s .  

There i s  a  t r a d e o f f  between c u r r e n t  e f f i c i e n c y  and c e l l  p o t e n t i a l .  

A s  t h e  cathode-anode spac ing  i s  decreased t o  minimize t h e  vo l t age ,  t he  

c h l o r i n e  and magnesium r i s i n g  i n  t he  c e l l  a r e  brought c l o s e r  t oge the r  and 

recombinat ion is  inc reased ,  lowering r . l l rrPnt e f f i c i e n c y .  Thus, i gnor ing  

s e m i - w a l l  d e t e r i o r a t i o n  f o r  t h e  moment, t h e r e  i s  an  optimum e l e c t r o d e  spacing.  

Ha l l i day  and McIntosh (A28) have been a b l e  t o  demonstrate t h a t  t h e  hydro- 

dynamics of the  e l e c t r o l y t e . a n d  th i ckness  of  t he  gas l a y e r  i n  a  2000-ampere 

p i l o t  magnesium c e l l  could be simul.ated hy flowing n i t r o g e n  through a porous 

e l e c t r o d e  i n  an aqueous.model l ing system. Whi1.e thef.r fused s a l t  c e l l  u ~ c d  

a n  LiC1-KC1 e l e c t r o l y t e  t h a t  i s  l i g h t e r  than magnesium, the  c e l l  and aqueous 

system shouid be a p p l i c a b l e  w i th  some n iodi f ica t ion  t o  s tudying  heav ie r  

e l e c t r o l y t e s  a s  w e l l .  Optimizing c u r r e n t  e f f i c i e n c y  w i t h  a  p o s s i b l e  decrease  

i n  c e l l  vo l t age  could add up t o  an  e f f e c t  equ iva l en t  t o  improvement o f  

10  pe rcen t  i n  c u r r e n t  e f f i c i e n c y . '  For t h e  p red ic t ed  product ion vol..ume i n  t he  

yea r  2,000 t h i s  energy saving  would amount t o  1 .4  x 1012 Kcal (5.6 x 1012 Btu) . 
It (A26) has  been shown t h a t  c l ean  s t e e l  i s  p r e f e r e n t i a l l y  w e t  hy 

magnesium r a t h e r  than fused salt. This l e a d s  t o  t hc  r.onr.r.pt nf a porous 

cathode through which t h e  magnesturn formed on t h e . s u r f a c e  permeates and i s  

c o l l e c t e d  on the  back s i d e .  Such. a  system w i l l ' a l l o w  minimal e l e c t r o d e  

spac ing  and could l e a d  t o  c e l l  p o t e n t i a l s  a s  low a s  4.0 v o l t s ,  a  4  v o l t  c e l l  

would r e p r e s e n t  an  energy saving  i n  1977 o f :  



I n  year  2,000 energy saving  w i l l  be: 

Hal l iday  and ~ c ~ n t o s h  chose t o  use a  low d e n s i t y  e l e c t r o l y t e  t o  

s i m p l i f y  s e p a r a t i o n  of ch lo r ine  .and magnesium, s i n c e  the  l a t t e r  dropped t o  

the  bottom of t h e  c e l l .  E l ec t rodes  were s l i g h t l y  s loped  t o  enhance t h e  

s e p a r a t i o n  as demonstrated i n  t h e  s imu la t ing  aqueous system and the  fused 

s a l t  c e l l .  Current  e f f i c i e n c i e s  of  over  90 percent  were obta ined  a t  c u r r e n t  
2  2  

d e n s i t i e s  of 1 .5  amp/cm (1400 amp/ft  ) ,  some t h r e e  t i m e s , t h e  ope ra t ing  

' l e v e l  of t h e  convent ional  c e l l s .  Even a t  . t h i s  c u r r e n t  d e n s i t y  c e l l  p o t e n t i a l s  

of t h e  o rde r  of on ly  5 v o l t s  were obtained.,  Thus, use of t h e s e  l i g h t  

e l e c t r o l y t e s  o f f e r s  a  way of improving ' c e l l  e f f i c i e n c y  wi th  energy savings  

s i m i l a r  t o  those  c i t e d  , f o r  a  4  v o l t  c e l l .  Use of' l i . g h t  e l e c t r o l y t e s ,  based 

on a  composition conta in ing  l i t h i u m  c h l b r i d e , ' h a s  been pa ten ted  by Dow (A271 

However, t h e r e  appears  t o  be no major e f f o r t  devoted t o  use  of a  l i g h t e r -  

than-magnesium e l e c t r o l y t e  .at t h e  p re sen t  t ime. Aluminum c e l l s  o p e r a t e  wi th  

l ighter- than-metal  e l e c t r o l y t e  which i s  an  advantage over  convent ional  

magnesium c e l l s .  
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In t roduc t ion  

Among nonfer rous  meta ls  z inc  i s  a r e l a t i v e l y  important  consumer 

of energy.  In  t h e  United States t he  primary z i n c  i n d u s t r y  consumes n e a r l y  

25.2 x 1012 Kcal (100 x 1012 Btu) y e a r l y ,  o r  an average of 18.1 x l o 6  Kcal/M 
6 6 6 

t o n  (65 x 10 ~ t u / S  t o n ) .  Of th i s ' ,  about  3.9 x 10  Kcal/M ton  (14 x 10 ~ t u /  
(Dl> S ton)  i s  used i n  mining and concen t r a t ing  the  o r e  . 

Tho advantage? of c l c e t r a n ~ c t a l l u i . ~ i c c l l  p r u c e s s l l i g  U P  z l n c  cancen- 

t r a t e s  have been w e l l  recognized.  I n  f a c t ,  s i n c e  cons t ruc t ion  of t he  

f i r s t  commercial p l a n t  f o r  s u l f a t e  l each ing  and e l ec t ro recove ry  i n  1916 a t  

Grea t  F a l l s ,  Montana, t h e r e  has  been s t e a d y  growth i n  use of  t h i s  method. 

Now a l l  new p l a n t s  o r  p l ans  f o r  new z i n c  p l a n t s  in the United S t a t e s  a r e  

e l e c t r o l y t i c .  A l l ,  s o  f a r ,  a r e  based on l each ing  roas t ed  concen t r a t e s  wi th  

s p e n t  e l e c t r o l y t e  con ta in ing  s u l f u r i c  a c i d ,  p u r i f i c a t i o n  of t h e  n e u t r a l i z e d  

s o l u t i o n ,  and aqueous e l e c t r o l y s i s  w i t h '  r egene ra t ion  of the  a c i d  l eachan t .  

Only two py rometa l lu rg i ca l  z i n c  p l a n t s  a r e  p r e s e n t l y  ope ra t ing  i n  t h e  United 

S t a t e s .  One uses  an  e l e c t r o t h e r m i c  p roces s ,  t h e  o t h e r  uses  v e r t i c a l  r e t o r t s .  

Energy exc lus ive  of mining and concent ra t ing  used i n  e l ec t ro the rmic  r educ t ion  
6 of Cbncentrates  t o  meta l  has  been c a l c u l a t e d  t o  b e  16.7 x 10 Kcal/M ton  

6 6 6 
(60 x 10  B ~ U / S  t o n ) ,  compared t o  12 .8  x 10  Kcal/M ton  (46 x 10 B ~ U / S  ton)  

(B1) f o r  t h e  average e l e c t r o l y t i c  p l a n t  . 
Since t h e  i n d u s t r y  i s  a l r eady  s t r o n g l y  involved i n  hydrometallur- 

g i c a l  t rea tment  wi'th e l e c t r o l y t i c  recovery of z i n c ,  t h e r e  a r e  only  two a r e a s  

i n  which p o s s i b l e  sav ings  i n  energy by t h i s  means can be developed, (1) a  . 

d i f f e r e n t . a n d  b e t t e r  procedure f o r  l each ing  and e l e c t r o l y s i s ,  and ( 2 )  by 

improvements i n  t h e  va r ious  s t e p s  p r e s e n t l y  used f o r  s u l f a t e  leaching- 

p u r i f i c a t i o n - e l e c t r o l y s i s .  Although p u r i f i c a t i o n  of z inc  by e l e c t r o l y t i c  

r e f i n i n g . h a s  been done i n  t h e  p a s t ,  t h e  meta l  p r e s e n t l y  produced i s  of  h igh  

p u r i t y  and t h e r e  i s  no need f o r  f u r t h e r  ref inment  on a  l a r g e  s c a l e . '  I n  

f a c t ,  t he  r e v e r s e  i s  t r u e  s i n c e  f o r  ga lvaniz ing  t h e  h igh  p u r i t y  e l e c t r o l y t i c  

z i n c  i s  purposely debased wi th  cadmium, l e a d  and/or  o t h e r  meta ls  by a l l o y i n g  

t o  produce a  ga lvaniz ing  grade s i m i l a r  t o  Prime Western z inc .  
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Recovery Me<hods f o r  Zinc 

Process  'Seeps and Energy Use 'of ' P re sen t  
E l e c t r o l y t i c  S u l f a t e  'Method 

Figure  B 1  i s .  a  flow shee t :  w i t h  es t imated  energy requirements  f o r  
(B1) th.e va r ious  s t e p s  of t h e  e l e c t r o l y t i c  process  now i n  use  worldwide . 

Table B.1 g ives  more d e t a i l e d  energy d a t a .  The o r e  i s  mined, crushed,  and 

b e n e f i c i a t e d  by f l o ' t a t i o n  methods t o  g ive  a  z inc  blend concen t r a t e  con ta in ing  

from 60 t o  7Q percent  z inc .  The b e n e f i c a t i o n  p l a n t  i s  usua l ly  l o c a t e d  near  

t h e  mine b u t  subsequent . t rea tment  i s  g e n e r a l l y  remote, n e c e s s i t a t i n g  t r ans -  

p o r t  of th.e concent ra te .  The concen t r a t e  i s  gene ra i ly  wet t o  minimize 

dus t ing ,  and r e q u i r e s  dry ing  p r i o r  t o  r o a s t i n g .  Roasting conver t s  t h e  

s u l f i d e  t o  z inc  oxide and s u l f u r  d ioxide  and renders  t h e  concen t r a t e  s o l u b l e  

i n  spen t  a c i d  s u l f a t e  e l e c t r o l y t e .  T r a d i t i o n a l  r o a s t i n g  i n  h e a r t h s  wi th  a  

s t ream o£ a i r  r e q u i r e s  .a n e t  i n p u t  of f u e l .  Leaching i s  done wi th  spen t  

e l e c t r o l y t e  con ta in ing  about 150 t o  200 g / l  of s u l f u r i c  a c i d  and 50 g / l  of 

r e s i d u a 1 , z i n c  s u l f a t e .  Leaching consumes e s s e n t i a l l y  a l l  t h e  a c i d  through 

z i n c  oxide n e u t r a l i z a t i o n  and provides a s o l u t i o n  con ta in ing  about  160 t o  

180 g / l  of z inc .  T h e ' s o l u t i o n  i s  t r e a t e d  t o  remove i m p u r i t i e s  such a s  

cadmium, c o b a l t ,  n i c k e l ,  l e a d ,  a r s e n i c ,  e t c .  Heat and z inc  d u s t  a r e  

r equ i r ed  and t h e  process  is  complex. However , ' the t o t a l  energy use  i s .  

rela tiveX.y sma.l.1. . 
E l e c t r o l y s i s  t akes  p l ace  i n  tanks  w i t h  v e r t i c a l  e l e c t r o d e s  con- 

s i s t i n g  of  aluminum cathodes and s i l v e r - l e a d  anodes i n  a  monopolar c i r c u i t .  

These a r e  pos i t i oned  as c l o s e l y  as p o s s i b l e  to  each o t h e r  ( s h o r t s  duri.n.8 

d e p o s i t i o n  must b e  avoided) and t h e i r  weight  supported 'on bus b a r s .  The 

e l e c t r i c a l  c o n t a c t s  have t r a d i t t o n a l l y  been made t o  t h e  e l e c t r o d e s  by v i r t u e  

of t h e i r  weight  on t h e  bus. Modern e l e c t r o d e s  have dimensions of  t h e  o r d e r  

of one m2 (3'  x  3 ' ) .  Current d e n s i t i e s  f o r  e lec t rowinning  range from 
2 2 

430 t o  807 amp/m (40 t o  75 amp/f t  ) a t  3  t o  4 v o l t s  and e l e c t r o l y s i s  i s  

cont inued f o r  24 t o  48 hours.  Cathodes a r e  removed'for  s t r i p p i n g .  'In a 
' 

modern i n s t a l l a t i o n  up t o  ha.1.f of  the cathodes i n  a  tank a r e  removed toge the r  

and s t r i p p e d  w i t h  a n  automatic  machine. The s t r i p p e d  z inc  i s  melted and c a s t .  
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TABLE B-1. PRODUCTION OF ZINC BY THE ELECTROLYTIC PROCESS 

Units per 6 
6 10 Btu 

Net Ton* 10 Btu per Net Ton 
Unit of Zinc per Unit of Zinc 

Mining 

Steel lb 18.84 0.0175 0.330 

Explosives lb 16.87 0.030 0.506 

Electrical energy kwh 369.3 0.0105 3.878 

Diesel fuel oil gal 7.4 0 . h  1.029 

Gasoline gal 0.60 0.125 0.075 

Subtotal 5.818 

Crushing 

Electrical energy kwh 21.6 0.0105 0.227 

Grinding and classifying 

, Electrical energy kwh 329.0 0.0105 3.455 

Steel lb 31.5 0.0175 0.551 

Subtotal 4.006 

Beneficiation 

Conditioning and 
flotation 

Thickening and 
filtering 

kwh 

kwh 

lb Organic reagents 2.89 0.020 0.058 

Inorganic reagents . . lb 42.9 0.005 0.215 

kwh 5.4 ' Other electrical energy 0.0105 0.057 

Subtotal . 1.755 

Rail  rans sport at ion' . net ton-mile 1,050.0 

.Drying concentrates 

Natural gas , 

Roasting 

~lectrical energy kwh 18.9 0.0105 0.198 

Natural gas 

1.247 Subtotal 

*~et ton = S ton. 



TABLE B-1. (Continued) , 

~- 

Units per 6 
6 10 Btu Net Ton 10 Btu per Net Ton 

Unit of Zinc per Unit of Zinc 

Sulfuric acid production 

Electrical energy kwh 247.9 0.0105 2.603 

Propane gal 8.14 0.095 0.773 

Credit for sulfuric acid tons. , 1.62 0.83 -1.345 

Subtotal . 2.031 

Leaching 

Electrical energy ' kwh . 20.'6 . 0.0105 0.21.7 

Manganese dioxide (MnO ) 
2 lb 85.0 0.005. 0.425 

Subtotal, 0.642 

Residue treatment 

Electrical energy kwh 10.9 0.0105 0.114 

Natural gas for drying ft3 601.0 . 0.001 0.601 

Subtotal 0, ?15 

Solution purification 

Electrical energy 

ElectroLysis 

Sulfuric acid net ton 0.084 0.83 

' Electrical energy kwh 3,600.0 0.0105 

Inorganic reagents lb 16.0 0.005 

Sub total 

Melting and casting 

Natural gas 

Electrical energy 

ft3 331.0 0.001. 

kwh 100.0 0.0105 

Zinc dust mannf actura 

Sub total 1 ..381 

Electrical energy kwh 0.064 0.0105 . '0.0006 

Natural gas (steam plant) it3 2,449.0 0.001 2.449 - 
Total 60.174 

A kwh is. assumed equivalent to 10,500 Btu at' the power plant. 
. 0 '  



C e r t a i n  s t e p s  being incorpora ted  i n t o  some modern processes ,  such 

a s  t rea tment  of r e s idue  f o r  i r o n  removal a r e  no t  incorpora ted  i n t o  Figure B 1 .  

These processes  and t h e  energy involved w i l l  be ' d i scussed  i n  subsequent 

s e c t i o n s  ., 
E l e c t r o l y s i s  uses  63  perc .en t -of  t he  t o t a l  energy requirement . . .  

6 6 
The 10.53 x 10 Kcal/M ton  (37.88 x ' 1 0  Btu/S ton)  ~n corresponds t o  3969 

kwh/M ton  (3600 kwh/S ton) Zn. Other much s inal ler  energy requirements  a r e  

gr inding ,  6 percent.; r o a s t i n g ,  2 percent ;  and steam, 4 ' p e r c e n t .  Thus, sav ings  
J . :. . .  i n  energy should b e  sought by r e d u c i n g ~ e 1 e c t r o l y s . i s  power requirements  o r  

. .. simplifying the  flow s h e e t  t o  e l imina te  a s u b s t a n t i a l  nu&b.er of s t e p s ,  each 
. . ' ,: . . .  0.f which uses  a small  increment of t h e  t o t a l  energy. Zinc p l a n t s  now 

:. . '  . 

planned o r  under cons t ruc t ion ,  and a few b u i l t  ' i n  r ecen t  years., employ. a 

f l u i d i s e d  bed r o a s t e r  wi th  a h e a t  , recoJery  s)stem t h a t  provides  e s s e n t i a l l y  

a l l  of t h e  process h e a t  requirements  of t h e  p l a n t . .  Thus, a s  a f i r s t  approxi-  
6 6 

mation the  product ion of 0.62 x 10 Kcal (2.449 x 10 Btu) from t h e  steam 
6 .  

. p l a n t  i n  F igure  B 1  can b.e e l imina ted  t o  g ive  a t o t a l  o f  16.03 x 1 0  ~ c a l / M  

ton  (57.69 Btu/S ton) of z inc .  The,, steam p l a n t  must b e  provided,.  however, 

t o  take  over  when t h e  r o a s t e r  i s  n o t  ope ra t ing .  . 

Theore t i ca l  ene rg i e s  can be  approxtmated from changes i n ' f r e e  

energy 'and en tha lpy ,  'us ing s tandard s t a t e s ' b u t  t ak ing ' accoun t  of tempera- 
. . 

t u r e  i n  some cases .  . . 

. . '  The o v e r a l l  r e a c t i o n  is: 

- ZnS(s) + 02(g)  -+ Zn (s)+S02(g): 25' C 

AF =. -27.48 Kcal1g mole'  ~n = (-1.52 x 106 B ~ U / S  t on  z?) , 

6 AH' = -25.64 Kcal lg  mole Zn = (-1.42 x 10 B ~ U / S  t on  Zn) , 
6 -. 39 x 1 0 .  ~ c a l / M  t o n  Zn . 

For t h e  e l e c t r o l y s i s :  

1 
z i s o 4 ( a = l )  + H20 (1) + ~ n ( s )  + - 0 (g)  + H SO ( a = l )  : 25O C 

2 2 .. 2 4 .  

Ea  = -2.12 vcilts 



6 AFO = 97.77 Kcal/mole, 1575 kwh/S ton  Zn o r  (5.42 x 10 Btu/S ton  Zn), 
6 

1.51 x 10  Kcal/M ton  Zn , 

6 AH0 = 110.6 Kcal/mole Zn o r  (6.13 x 10 ~ t u / S  ton  Zn), 
6 1.70 x 10  Kcal/M t o n  Zn . 

The o v e r a l l  t h e o r e t i c a l  energy requirement f o r  ox ida t ion  of ZnS 

t o  z i n c  and SO i s  negat ive .  The a c t u a l  r e a c t i o n s  i n  e l e c t r o l y s i s  a r e  2 
s l i g h t l y  endothermic. The hea t  from overvol tages  and I R  drop i n  t h e  

e l e c t r o l y t e  provide  more than  t h e  h e a t  requi red  t o  main ta in  temperature,  

and t h e  c e l l s  must l s s e  hea t  energy, 

V a r i a t i o n s  and Innovat ions  i n  Zinc S u l f a t e  Processes  

Roasting. A s  poin ted  o u c  by S idd le  i n  an e x c e l l e n t  review on energy 

conse rva t ion  i n  e l e c t r o l y t i c  z inc  product ion ,  h e a t  recovery from r o a s t i n g  

i s  a p a r t i c u l a r i l y  good a r e a  f o r  h e a t  c o n ~ e r v a t i o n ' ~ ~ ) .  Some 2 .78  x i 0  6 
6 

Kcal/M ton  (10 x I 0  Btu/S. ton)  of s l a b  z i n c  i s  presumably a v a i l a b l e  a s  

evolved h e a t ,  assuming 100 percent  recovery and us ing  a dry  r o a s t e r .  By 

us ing  a d ry  feed 'fl..ui.d-bed r o a s t e r  0.46 x 10h 1<eal/M ton  (1.67 x 1 . 0 ~  Btu/3 

t on  Zn) o f  energy can b e  saved and converted . to  evolved h e a t  t h a t  would 

o therwise  b e  used ea d r y  the  concent ra te .  Use of r o a s t e r  h e a t  depen.ds upon 

a p l a n t ' s  need f o r  steam genera t ion ,  steam t u r b i n e  ope ra t ions ,  o r  even s a l e  

o u t s i d e .  Woods (B3) s t a t e s  t h a t  1.1 kg of 40 atm steam can be produced from 

a kg of concen t r a t e .  Thus, steam produced from a con.c.entrate w i th  50 

percent z i n c  w i l l  be  2020 kg/M ton  (4040 lb /S  ton) Zn. An 100 percent  e f f i -  

c i e n t  t u r b i n e  wi th  a 65' C e x i t  temperature would r e q u i r e  about 5.4 kg 

(12 l b )  steamlkwh o r  1 8  kg (40 lb)/kwh a t  30 percent  e f f i c i e n c y ,  Thus, about 

110 k w h / ~  ton  (100 kwh/S ton  Zn) can be obtained .frnm the roasting h e s t ,  

A 90,700 M t on /y r  (100,OO S /y r )  z i n c  p l a n t  would produce l e s s  than 270 M ton/  

day (300 'S r o d d a y )  corresponding t o  : 



Thus, t h e  energy a v a i l a b l e  i s  f a r  too smal l  t o  s e t  up a  s e p a r a t e  e l e c t r i c a l  

genera t ing  f a c i l i t y ,  which would a l s o  s u b t r a c t  from the  process  h e a t  o ther -  

w i se  a v a i l a b l e .  

To check the  va lue  r epo r t ed  f o r  h e a t  a v a i l a b l e  from r o a s t i n g  the  

en tha lpy  of t h e  r e a c t i o n  a t  25' C:  

3  
ZnS + - 0 + ZnO + SO2: 25' C 

2  2 

6 
is -109.0 Kcal/g mole o r  -6.04 x. .10 . B . ~ U / S  ton  (1.. 67 x l o 6  ~ c a l / M  ton )  Zn. 

This  i s  lower than  S i d d l e ' s  va lue ,  which howgver, t akes  i n t o  account metal 

l o s s e s  such a s  those .  i n ' t h e  l each  r e s idue .  The r e s i d u e  z i n c  evolves h e a t  

during r o a s t i n g . b u t  does n o t  end up i n  t he  s l a b .  Considering average h e a t  

c a p a c i t i e s  and a  temperature of  1000' C t h e  en tha lpy  va lue  is  only  changed 

t o  -109.8 Kcal/g mole of z inc .  For purposes of es t i ina t ion  we w i l l  use 
6 

1.4 ~ c a l / ~  ton. ( 5  x 10 B ~ U / S  ton)  t o  al low f o r  gas ,  pumps, handl ing ,  e t c .  

Spec ia l  Treatment of Ores and Residues 

. . 

The amount.05 z i n c  l e f t  i n  t h e  r e s idue  v a r i e s  r a t h e r  widely wi th  

d i f f e r e n c e s  i n  concent ra tes  t r e a t e d ,  and the  sys  tem of l each ing  and res idue .  
. . 

t rea tment  given i n  d i f f e r e n t  p l a n t s .  A few years  ago, an  American 

e l e c t r o l y t i c  z i n c  p l a n t  r epo r t ed  20 percent  z inc  i n  t h e  r e s i d u e ,  which 
(B4) corresponds t o  a  l o s s  of 8.6 percent  of t he  z inc  i n  t h e  o r i g i n a l  c a l c i n e  . 

A t  t h e  Risdon e l e c t r o l y t i c  p l a n t  i n  Tasmania, s t o c k p i l e d  r e s i d u e  contained 

22.8 percrut z inc ;  c u r r e n t  rco iduc  i n  1970 contained 22.6 percent z inc .  As  

a g e n e r a l i z a t i n n  the  l o s s  of z i n c  i n  r e s i d u e  from l each ing  c a l c i n e s  i n  1970 

was 7 t o  1 3  percent .  

To recover  most of t h e  z i n c  from the  normally i n s o l u b l e  z inc  f e r r i t e  

i n  t he  r e s idue ,  t he  J a r o s i t e  process  has  been developed i n  Tasmania, Norway, 

and ~ ~ a i n ' ~ ~ ) .  By t h i s  process ,  t h e  r e s idue  is t r e a t e d  wi th  h o t  s t r o n g  

s u l f u r i c  a c i d  t o  d i s s o l v c  t h e  z i n c  f e r r i t e  t h a t  i s  i n s o l u b l e  i n  spen t  

e l e c t r o l y t e  from the  c e l l ,  and t h e  s o l u t i o n ,  a f t e r  removal of  i n s o l u b l e s ,  i s  

p a r t l y  n e u t r a l i z e d  and t r e a t e d  wi th  ammonia o r  a  sodium o r  potassium base 

t o  p r e c i p i t a t e  i r o n  a s  a  complex b a s i c  i r o n  s u l f a t e  o r  J a r o s i t e  compound. 



Thi s  g i v e s  an i r o n  p r e c i p i t a t e  t h a t  may con ta in  on ly  about  0.5 percent  z inc .  

Thus, a t  t h e  Risdon p l a n t ,  from r e s u l t s  when o p e r a t i n g  a  p i l o t  p l a n t  t o  t r e a t  

r e s i d u e  u s ing  t h e  J a r o s i t e  p roces s ,  z inc  l o s s e s  i n  l each ing  were expected t o  

be  reduced from 9.5 pe rcen t  t o  about  1 pe rcen t .  

From r e c e n t  p l a n t  exper ience  a t  Risdon, A u s t r a l i a  t he  energy 

r e q u i r e d  t o  recover  z i n c  i n  s o l u t i o n  from r e s i d u e  by J a r o s i t e  t rea tment  i s  
6  6  

c a l c u l a t e d  t o  be  10.98 x  10  Kcal/M t o n  (39.5 x 10  ~ t u / S  ton)  a s  shown 

i n  Table  B2. S ince  t h e  s o l u t i o n  t r e a t e d  by the  J a r o s i t e  p rocess  must be  

p u r i f i e d  and e l e c t r o l y s e d ,  and t h e  electrowon z i n c  melted and c a s t  t h e  

t o t a l  energy expendi ture  f o r  t h e  z inc  recovered by J a r o s i t e  t rea tment  amounts 
6 G 

t o  22 x  1 U  Kcal/M ton  Zn (79 .3  x 10 R ~ I I / S  tnn Zn) .  T h i s  energy requiromcnt 
6  6 i s  h ighe r  than t h e  16.7 x 1 0  ~ c a l / M  ton  Zn (60.2 x 10 ~ t u / S  ton  Zn) f n r  

producing z i n c  from o r e .  Thus, d i s r ega rd ing  conserva t ion  and c o s t s  of 

r e s i d u e  d i s p o s a l ,  t rea tment  of r e s i d u e s  is no t  a  way t o  save  energy. 

A s  noted i n  Table B2, l~uwever ,  i f  steam i s  be ing  wasted,  i t s  use f o r  r e s idue  

t r ea tmen t  could r e s u l t  i n  a  n e t  energy sav ings  pe r  ton of  z inc .  

A p rocess  w i t h  s i m i l a r  o b j e c t i v e s  developed by V i e i l l e  Montagne (VM) 

i n  France i s  the  Goe th i t e  process .  This i nvo lves  a  h o t  a c i d  l each ,  f e r r i c  

i r o n  r educ t ion  a t  90 C ,  p r e n e u t r a l i z a t i o n ,  and r e o x i d a t i o n  a t  90 t o  95OC f o r  

5  t o  7  hou r s ,  w i t h  i r o n  removed a s  a  g o e t h i t e  p r e c i p i t a t e  (B7 3 8 )  . As with 

t h e  J a r o s i t e  p roces s ,  t h e  i r o n  p r e c i p i t a t e  i s  r e a d i l y  f i l t e r a b l e  and z i n c  

l o s s  i s  low. The economics of t h e  two processes  a r e  s a i d  t o  be  s i m i l a r ,  t he re  

is  need f o r  s u l f u r i c  a c i d  and ammonium o r  sodium s a l t s  f o r  j a r o s i t e  t r e a t -  

ment, and an 'abundance o f  s team f o r  s o l u t i o n  h e a t i n g  i s  needed f o r  t he  g o e t h i t e  

procedure.  A v a r i a t i o n . o f  t h e  VM procedure has  been developed by t h e  

E l e c t r o l y t i c  Zinc Company i n  A u s t r a l i a  whereby t h e  f e r r i c  i,ron is  p r e c i p i t a t e d  

d i r e c t l y  wi thout  p r i o r  r educ t ion  and r eox ida t ion .  It i s  a p p l i c a b l e  t o  ch lo r ide  

a s  w e l l  as s u l f a t e  s o l u t i o n s .  I n  Japan,  t h e  Dowa Mining Company wi.th rn- 

o p e r a t i o n  of  S h e r i t t  Gordon h a s  developed t h e  Hematite Process .  Zinc r e s idue  

from normal l each ing  i s  t r e a t e d  w i th  s p e n t . e l e c t r o l y t e ,  makeup s u l f u r i c  a c i d ,  

and s u l f u r  d iox ide  i n  a  low-pressure au toc l ave .  Excess SO i s  s t r i p p e d ,  2  
copper p r e c i p i t a t e d  w i t h  hydrogen s u l f i d e  and s o l u t i o n  n e u t r a l i z e d  wi th  lime- 

s tone .  Oxygen i s  used t o  p r e c i p i t a t e  i r o n  a s  f e r r i c  ox ide  i n  t h r e e  s t a g e s  

a t  200°C and 21 kg/cm2 (300 'p s i a )  p r e s s u r e  f o r  t h r e e  hours .  



TABLE B2. ENERGY USED IN JAROSITE TREATMENT OF ELECTROLYTIC 
ZINC PLANT RESIDUE, RISDON* 

. . 

6 Units per . . 6 10 Btu per 
S Ton'of. .lo . Btu S Ton of 

Unit Zn Recovered per Unit Zn Recovered 

Steam (1) S ton 
(2) Kwh 457.43 0.0105 Power 4.80 

Ammonia S ton 0.1276 38 ..64 4.93 

Sulfuric Acid S ton. ' .  . 4.121 0.83 3.42 

Flocculent lb . 5.32. 0.02 0.11 

.0.09 compressed Air ' M cL. ft. . ' ' 17.92' 0.005 

Total 39.50 

* Communication of September 1, 1978 from ~lectrolytic Zinc Co. of Australia, 
Ltd. Laboratories data treating residue from which 15.2 percent zinc is 

. . 

extracted. 

I Cnl.culatkd as having to be actually at Rildon waste steam is 
' .used which would be credited to another division of the plant. 

(2) .  Power is calculated. as generated from steam at a factor.of 32.5 percent; 
with electricity from hydrop.ower the energy consumed in power generation 
would. be less than half that given.. 



More s team i s  used i n  t he  Geoth i te  procedure than f o r  J a r o s i t e  

t rea tment  s i n c e  h ighe r  temperatures  a r e  needed. Heating requirements f o r  

t h e  Hematite process  would be  expected t o  b e  even g r e a t e r .  Thus, the  th ree  

i r o n  removal processes  d iscussed  conserve m a t e r i a l  a t  the c o s t  of g r e a t e r  

energy use. 

Meisal (B8) has  reviewed these  processes  and a l s o  descr ibed pre- 

l each ing  (be fo re  r o a s t i n g )  of do lomi t ic  concent ra tes  w i t h . d i l u t e  s u l f u r i c  

a c i d  t o  remove magnesium a s  i s  done a t  Bunker H i l l  and by Arnax. This  makes 

an  e x t r a  o p e r a t i o n  b u t  i s  needed when t r e a t i n g  some concent ra tes .  Likewise, 

i n  t r e a t i n g  oxid ized  z i n c  o r e s  which plague t h e  normal 1e.aching p l a n t  wi th  

s o l u b l e  s i l i c a ,  succes s  . i n  recover ing  over  90 percent  of the z inc  has been 

secured i n  an  Aus t r a l i an  p i l o t  p l a n t  ope ra t ion  by completing t h e . n e u t r a l i -  
(B9) z a t i o n  s t e p  wi th  l imes tone  t o  p r e c i p i t a t e  s i l i c a  i n  a  f i l t e r a b l e  form . . 

A.novel procedure f o r  s e p a r a t i n g  z inc  from s o l u b l e , s i l i c a  and o t h e r  m a t e r i a l s  

w a s  i n v e s t i g a t e d  on a  l a b o r a t o r y  s c a l e  ('") . Af t e r  leaching  normally wi th  

spen t  e l e c t r o l y t e ,  the  z inc  was s a l t e d  ou t  a s  ZnSO . 7H 0  by a d d i t i o n  of 4 2 
methanol,  e thano l  o r  ace tone .  Af te r  s e p a r a t i o n ,  t h e  z inc  s u l f a t e  c r y s t a l s  

were d i s so lved ,  p u r i f i e d ,  and e l ec t ro lyzed ;  t he  organic  s o l v e n t s  were 

recovered f o r  r e u s e  by d i s t i l l a t i o n  ( I t  would seem t h a t  a l k a l i n e  leaching  

would b e  .a more promising method fo r  oxid ized  and ha.sic. z i n c  o r b s ) .  

Solvent  e x t r a c t i o n  has  been suggested f o r  removing i r o n  from z i n c  

s u i f a t e  s o l u t i o n s  (B1l). ~y  us ing the  z inc  E a l t  of t h e  organic  "ve r sa t i c "  

a c i d ,  f e r r i c  i r o n  can be  removed wi th  a  very  low z i n c  l o s s ,  i . e . ,  0 .1  percent ,  

which van de r  Zeeuw compared t o  u p . t o  3 percent  l o s s  i n  t h e  J a r o s i t e  process .  

Some i r o n  i s  purposely l e f t  f o r  p r e c i p i t a t i o n  t o  c a r r y  down a r s e n i c ,  a n t i -  

mony, and germanium. I r o n  i s  s t r i p p e d  w i t h  H C 1 ,  o r  more slowly wi th  s u l f u r i c  

a c i d ,  and v e r s a t i c  a c i d  can b e  regenera ted .  Since energy involved i s  

e s s e n t i a l l y  t h a t  f o r  mixing and pumping s o l u t i o n s ,  i t  should compare wi th  

t h a t  f o r  leaching ,  except  t h a t  res idence  time s h o ~ i l d  be 1 e s s .  Thiis, the 
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0.17 x  10 Kcal/M ton  Zn (0.6 x  10 ~ t u / S  ton  Zn) given f o r  leaching  should 

be  an  upper energy l i m i t  f o r  s o l v e n t  e x t r a c t i o n .  

An o ld  e s t a b l i s h e d  method f o r  t r e a t i n g  low-grade oxid ized  z inc  o r e s  

and e l e c t r o l y t i c  z i n c  p l a n t  l each  r e s idue  is  t o  add a  reducing agent  and 

v o l a t i l i z e  t h e  z i n c  and cadmium i n  a  Waelz k i l n .  By an improved process ,  



' t h e  fumed z inc ,  l e a d ,  and cadmium dus t  i s  aga in  run through a r o t a r y  k i l n  

w i t h  a ch lo r fd i z ing  agent  t o  g ive  a z inc  c a l c i n e  and lead-cadmium fume (B12) . 

Recently,  a z i l e r e t  p rocess  has  been mentioned by which an i r o n  p r e c i p i t a t e  

i s  p e l l e t i z e d  and hea ted  wi th  a reductan t  t o  d r i v e  o f f  z inc ,  l e a d ,  cadmium, 

and indium. The r e s u l t a n t  sponge i r o n  conta in ing  some copper and s i l v e r  

can then be used e f f e c t i v e l y  f o r  cementation of copper (B13). n u s ,  an 

.almost complete recovery of u se fu l  metals  can be made, b u t  no t  wi thout  a 

cons iderable  expendi ture  of energy. 

Energy use  f o r  s e v e r a l  of t he  p r o c e s s e s ~ d i s c u s s e d  have no t  been 

e s t ima ted ,  b u t  q u a l i t a t i v e l y  they a r e  be l ieved  t o  be r e l a t i v e l y  low. Assume 

t h a t  no energy i s  r equ i r ed  f o r  r e s idue  t rea tment  and, t h a t  10 percent  of  the  

z inc  i n  t he  o r i g i n a l  concen t r a t e  i s  recovered from t h e  r e s idue .  The z inc  

from t h e  r e s i d u e  must , s t i l l  go through p u r i f i c a t i o n ,  e l e c t r o l y s i s ,  mel t ing ,  

and c a s t i n g ,  r e q u i r i n g  45 x l o 6  B tu l ton  Zn. Average energy consumption f o r  

the  p l a n t  i s  then: . 

6 '  16.3 x 10 ~ c a l / M  ton  Zn . 
. . 

The energy . reduct ion compared t o  n o t  t r e a t i n g  r e s idue  i s  2.5 pe rcen t .  This 

can be s i g n i f i c a n t  to '  an  ope ra t ing  p l a n t  i f  t i e d  i n  w i t h  c o s t  sav ings ,  bu t  

i s  n o t  an a r e a  i n  which to'  undertake a broad-based R and D program aimed 

a t  energy savings .  However, maximum recovery of z inc . f rom t h e  concent ra te  

provides  a saving  i n  n a t u r a l  r.esourbes. 

Leaching. I n  normal l each ing  ope ra t ions  measures have been 

sugggsted by Siddle (B2) t o  produce some energy savings  by conserving h e a t .  

Thus, he mentions d e l i v e r i n g  h o t  c a l c i n e  d i r e c t l y ' t o  t h e  l each ing  tanks t o  

conserve i t s  s e n s i b l e  h e a t ,  i f  a d d i t i o n a l  h e a t  i s  needed a t  t h i s  p o i n t ;  

covering th i ckene r s ;  us ing  ho t  wash. water ;  and blowing f i l t e r s  wi th  



steam where exces s  steam i s  a v a i l a b l e .  Drying l each  r e s i d u e ,  where i t  i s  

r e q u i r e d ,  t akes  h e a t ,  a s  about  330 kg/M ton  (660 l b / S  ton)  of  water  from wet 

r e s i d u e  must be  evaporated.  However, t h e  en tha lpy  change i s  only  of  t h e  
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o r d e r  of  0.3 x 10  Kcal/M ton  ( 1  x 10  Btu/S ton ) .  Here use of a d o u b l e . p a s s  

d r y e r  i s  recommended because of  i t s  e f f i c i e n c y  of  about  70 percent  compared 

t o  50 pe rcen t  f o r  a s i n g l e  pas s  d rye r .  Overa l l  i n  normal l each ing ,  energy 

sav ings  i n  t he  l each ing  department depend too much on i n d i v i d u a l  p l a n t .  

c o n d i t i o n s  f o r  g e n e r a l i z a t i o n s  except  f o r  conc lus~ions  reached on t rea tment  

of  r e s i d u e  t o  recover  more z inc .  

P u r i f i c a t i o n .  The p u r i f i c a t i o n  s t e p  i s  a minor u se r  of  energy and 

t h e  p o t e n t i a l  f o r  r e sea rch  t o  reduce energy he re  consequent ly  i s  smal l .  

Where t h e  s o l u t i o n  must b e  hea ted  f o r  p u r i f i c a t i o n  some energy sav ing  may 

b e  e f f e c t e d  by choosing a system t h a t  r e q u i r e s  a lower temperature .  For 

example, by us ing  b-naphthol and sodium n i t r i t e ,  c o b a l t  and much of t h e  n i c k e l  

can be  removed a t  around 70°C. whereas w i th  a r s e n i c  as an a c t i v a t o r  wi th  

z i n c  d u s t  a temperature  of  over  90°C i s  used. Any new system t h a t  g ives  

e f f e c t i v e  p u r i f i c a t i o n  wi thou t  the  need f o r  h e a t i n g  the  s o l u t i o n  would reduce 

t h e  energy need and c e r t a i n l y  would be  welcome i f  i t  d id  n o t  c a r r y  compen- 

s a t i n g  d isadvantages .  Thus, a r educ t ion  i n  temperature  from 90" t o  70°C 
6 

would r e s u l t  i n  a r educ t ion  i n  energy 0.14 x l o 6  Kcal/M ton  Zn (0.5 x 10 Bfu/S 

t o n  Zn) . 

E l e c t r o l y s i s .  By f a r ,  t he  g r e a t e s t  consumption of  energy i n  an 

e l e c t r o l y t i c  z i n c  p l a n t  i s  i n  t h e  tank house o r  e l e c t r o l y s i s . s e c t i o n .  This  
6 

accounts  f o r  about  63  pe rcen t  of  t h e  t o t a l  o r  10.5 x 10  ~ c a l / ~  ton (38 x 
6 10. B ~ U / S  t on ) .  Th i s  i s  3990.kwhIM ton (3620 kwh/S ton ) .  Obviousljr, 

e l e c t r o l y s i s  would seem t o  be  t h e  p l a c e  f o r  any major r educ t ion  i n  energy,  

and much a t t e n t i o n  h a s  been d i r e c t e d  t o  the problem over  t h e  p a s t  60 yea r s .  

T h e o r e t i c a l l y ,  a t  100 pe rcen t  c u r r e n t  e f f i c i e n c y , . d e p o s i t i o n  of  z i n c  r e q u i r e s  

809 kah/M ton  (734 kah/S ton ) .  The s tandard  ox ida t ion  p o t e n t i a l  of  z inc  

i n  a c i d  s o l u t i o n  i s  -0.76 V and of water  t o  oxygen 1 .23  V.  Thus, t h e  s tandard  

r e v e r s i b l e  c e l l  p o t e n t i a l  i s  1.99 v o l t s .  Theo re t i ca l  power consumption i s  

consequent ly  1630 k w h / ~  ton  Zn (1479 k w h / ~  ton  Zn) o r  4.3 x l o 6  Kcal/M ton  Zn 
6 

(15.5 x 1 0  Btu/S ton  Zn) . The t h e o r e t i c a l  c e l l  vo l t age  f o r  decomposition 



of  z inc  c h l o r i d e  i s  h ighe r  (2.12 v o l t s )  t ~ u t  t he  lower overvol tage  f o r  c h l o r i n e  

d i s cha rge  than f o r  oxygen d i scha rge  s t i l l  makes c h l o r i d e  e l e c t r o l y s i s  p o t e n t i a l l y  

a a t t r a c t i v e .  

While t h e  t h e o r e t i c a l  power consumption does no t  t ake  account of  

t h e  a c t u a l  a c t i v i t y  of t h e  z i n c  i n  t he  e l e c t r o l y t e ,  neg l ec t ing  t h i s  should 

i n t roduce  a  r e l a t i v e l y  small  e r r o r .  P r a c t i c a l  energy use  i s  thus  more than 

twice t h e o r e t i c a l .  S i g n i f i c a n t  l o s s e s  a r e  due t o  t he  I R  drop through the  

e l e c t r o l y t e  and overvol tages ,  p a r t i c u l a r i l y  a t  t h e  anode. B r a t t  0314) has 

given a  d e t a i l e d  account of t h e  v o l t a g e  components i n  a  z inc  e lec t rowinning  

c e l l  and h i s  f i g u r e s  a r e  reproduced i n  Table B3. Assumptions a r e :  

(1) C e l l s  a r e  midway i n  anode c l ean ing  and z i n c  depos i t i on  
c y c l e s  

2  
(2) The mean c u r r e n t  d e n s i t y  i s  526 amp/m2 (50 amplf t  ) 

(3) Temperature is  '350 C .  

The t o t a l  c e l l  v o l t a g e  of  3.5 corresponds t o  a  power consumption o f  
6 3079 kwh/M ton  Zn (2790 kwh/S ton  Zn) o r  8 . 1 4 , ~  1 0  Kcal/M ton Zn (29.3 x 10  

6 

Btu/S ton  Zn). The l o s s  i n  conver t ing  A.C.  t o  D.C .  power i s  es t imated  t o  be  

5 pe rcen t .  An a d d i t i o n a l  l o s s  of 5  percent  i s  assumed t o  b r i n g  power from 

t h e  r e c t i f i e r s  t o  t h e  c e l l s .  Thus, w i t h  t h e  a d d i t i o n a l  10  percent  power 

requirement ,  t he  t o t a l  consumption i s  3418 k w h / ~  ton  Zn (3100 kwh/S ton Zn) 
6  6  

o r  8.9 x  10  Kcal/M ton  Zn (32 x 10  Btu/S ton  Zn). These f i g u r e s  compare 

approximately t o  those  r epo r t ed  by USBM (B1) of  3969 k w h / ~  ton  Zn (3600 kwh/s 
6  6  t a n  Zn) o r  10.53 x 10, ~ c a l / M  ton  Zn (37.9 x 10 ~ t u / S  ton  Zn). 

Anodes. The o v e r p o t e n t i a l  a t  t h e  cathode is  r e l a t i v e l y  smal l  

( 0 . 0 6 . v o l t ) .  However, t h e  anode overvol tage  i s  s i g n i f i c a n t  (0.84 v o l t ,  
6 .  

740 k w h / ~  ton  Zn*, 1.96 x 10  Kcal/M ton  Zn) a s  is  t h e  I R  drop through the  
6 

s o l u t i o n  (0.54 v o l t ,  475 kwh/M ton Zn*, 1.26 x 10  ~ c a l / M  ton Zn) . Reduction 

of t h e  anode overbol tage  i s  thus  an  pbvious problem f o r  R and D ,  but should be 

approached wi th  some r e se rva t ion .  Oxygen overvol tage  i s  a  problem common t o  

s e v e r a l  e lec t rochemica l  systems such a s  f u e l  c e l l s ,  hydrogen-oxygen product ion 

*Assume 93 pe rcen t  c u r r e n t  e f f i c i e n c y .  



TAR1.E 83. VOLTAGE COMPONENTS OF OPERATING ZINC ELECTROLYSIS CELL 

'(1) Thermodynamics. ' ( 5 )  Kivalo and Vuorio, 1961. 

(2) Percherskaya and Stender, 1960. (6) Various conductivity data. 

(3) Kortum and Bockris, 1951. (7) . MacMullin, 1963. 

(4) EZ (8) Indirectly from cell potential 
cathode values. 

(From: The Aus. I.M.M. Conference, Tasmania, May, 197'7). 

See original article for references. 
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Component 

Cathode. 

Reversible potential 

Activation overpotential 

Conccntrntion overpotentinl , 

Effect of potassium anitmonial 

and reversible 

tartrate Conductivity + 55 1.5 + 55 1.6. 

Effect of glue Conductivity 

Effect of 2-naphthol Conductivity 

Total cathode potential 

Reversible. potential 

Oxygen overpotential 

Concentration overpotential 

Time, Scale 

Effect of cobalt 

Effect of manganese Conductivity 

Effect of glue 

Conductivity 

Alloy effects 

Total anode potential 

Crsclductivity Effects 

Anode sheet p.d. 

Ca Llrude tlepoei t y . d . . Conductivl~y 
Solution p.d. 

Gas bubbles 

- 

Basis 

(1) 

(2) 

(3) 

Major Causes 
of Variation 

Activity values 

Current density 

Current density 

Lead Anodes 
mV 

- 819 
- 62 

mil 

7 

Silver-Lead 
Anodes 

% total 

23.1 

1.7 

mil 

mV 

- 819 
- 62 

mil 

% total 

24.0 

1.8 

mil 



c e l l s ,  and e lec t rowinning  i n  aqueous s o l u t i o n s .  It has  consequently,  received 

cons iderab le  a t t e n t i o n  from a  fundamental and p r a c t i c a l  s t andpo in t .  Support 

i s  d e f i n i t e l y  needed b u t  on a  very  broad b a s i s  r a t h e r  than a  s p e c i f i c  , ' 

p r a c t i c a l  l e v e l .  E t t e l  ('15) i nc ludes  curves  showing t h a t  t h e  Dimensionally 

S t a b l e  Anode (DSA) can ach ieve  a  s av ing  of  0 .4  v o l t s  (351 kwh/M ton Zn o r  
6  

.93 x  10  K c a l / ~  ton Zn). However, a t  a  power c o s t  of $.Ol/kwh he concludes 

t h a t  t h e  power sav ings  do no t  pay f o r  t h e  c o s t  of  l e a s i n g .  While t h e  DSA 

has  been w e l l  proved i n  c h l o r i d e  s o l u t i o n s  i t s  d u r a b i l i t y  i s  r epo r t ed  t o  be  

.much less w i t h  oxygen evo lu t ion .  Improved d u r a b i l i t y  would no t  on ly  have 

consequences f o r  z i n c  e.lectrowinning b u t  o t h e r  a p p l i c a t i o n s  such a s  copper 

e lec t rowinning  and water  e l e c t r o l y s i s .  

Anodes can be  d e p o l a r i z e d ' w i t h  reducing agen t s ,  t h e  most r e a d i l y  

a v a i l a b l e  one be ing  SO from t h e  r o a s t i n g  ope ra t i on .  The s t anda rd  e l e c t r o d e  
2  

p o t e n t i a l  f o r  o x i d a t i o n  o f ' s 0  i n  a c i d  s o l u t i o n  is.: 
2 

The t h e o r e t i c a l  c e l l  p o t e n t i a l  f o r  t h i s  r e a c t i o n  combined wi th  z i n c  depos i t ion .  

i s  0.172 + 0.76 = 0.93 v o l t  compared t o  1.99 v o l t s  f o r  z i n c  depos i t ion .  combined 

w i t h  oxygen evo lu t ion .  

The anodic  ox ida t ion  of -  SO2 i n  s t r o n g  s u l f u r i c  a c i d  s o l u t i o n  i s  

h i g h l y  i r r e v e . r s i b l e  (B55). However, us ing  a  ca t a ly sed  porous carbon e l e c t r o d e  

an overvol tage  of about 0 .5  v o l t  has  'been obtained a t  50 ma/cm2 (46 amp/f t 2 ) .  

  hen t h e  anode p o t e n t i a l  wi th  SO2 ox ida t ion  i s  + 0.67 v o l t  compared t o  t h e  
' 

va lue  of 1 . 2 3  + 0.8 = 2 . 1  volts fo r  oxygen evolu t ion .  The energy sav ing  f o r  

e l e c t r o l y s i s  wi th  SO2 i s  t h e r e f o r e  (1 .4 ) (743) .=  (1040 kwh/S ton  Zn) 

1146 kwh/M ton  . o r  3.04 . x  l o 6  K c a l / ~  t on  Zn (10.9 x  l o 6  ~ t u / S  ton  Zn) . The 

o v e r a l l  c e l l  r e a c t i o n  is: 

Thus, twice t h e  a c i d  i s  produced a s  by anodic  oxygen formation and h a l f  of  

t h i s  must be  removed.' I n  o r d e r  t o  main ta in  a  cons t an t  s u l f u r i c  a c i d  con- 

c e n t r a t i o n  i n  t h e  b a t h  on ly  h a l f  o f  . t he  z i n c  s u l f a t e  i n  t h e  n e u t r a l  c e l l  



, feed can be converted to zinc. The'other half is included in the spent 

electrolyte, which must be concentrated'to commercial acid with crystalli- 

zation of the zinc sulfate. An'1C1'patent described in reference (B17) 

involves concentration of spent electrolyte to 70 percent sulfuric acid and 

precipitation of essentially all remaining zinc sulfate. ' Thus the energy 

for the present method'of (1) converting SO from roasting directly to' 
2 

sulfuric acid and electrolysing in a conventional oxygen producing cell 

should be compared to (2) using SO as a depolarizer and concentrating spent 
2 

electrolyte by evaporation to produce commercial acid. 

The overall reaction is' the manufacture of one mole of excess ar.i.d 

for each mole of zinc deposited. Energy for evaporating 17 percent sulfuric' 

acid (190 d l )  to 70 percent acid WR.S estimated from the diffaronec of heat 

of formation of sulfuric acid at these two concentrations and h.ea t  of vapo- 

rization at an average vaporization temperature. From data in Table'B4 the 

enthalpy change of the liquid being concentrated is: 

If water is boiled off from 103 to 165' C an average heat of evaporation of 

530 callg H p  or 9.54 Kcal/mole H 0 will be assumed. There are 24.89 moles 3 
of water vaporized per mole of H SO or per mole of zinc deposited with 

2 4 
energy lisp- o f :  

This is a rough calculation ignoring energy for heating the 

liquid and the heat of solution of the zinc sulfate. It nevertheless 

indicates that the energy saved by 'using sulfur dioxide as a depolarizer 

is required for evaporating water. However, this energy use can be 

approximately halved by use of a double or triple effect evaporator to 
6 

1.9 x 10 Kcal/M ton (6.8 x lo6 Btu/S ton Zn) . One way of reducing 



TABLE B 4 .  DATA.FOR CALCULATING ENERGY FOR 
SULFTRIC ACID. CONCENTRATIONS 

A c i d C o n c ,  A H f o f H 2 S 0 4 ,  . B . P . ,  AH of  vap,' M o l e s  H 2 0  
P e r c e n t  k c a l l m o l e  O C C a l / g  of H z 0  p e r  M o l e  H 2 S 0 4  
. . 

. . 
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t h e  amount of evapora t ion  requi red 'would  b e  through use  of a  c e l l  membrane 

a l lowing  t h e  a n o l y t e  t o  reach  a  h i g h e r ' a c i d  concen t r a t ion ,  i . e . ,  34 percent .  

The t r a d e  o f f  h e r e  i s  more d i f f i c u l t  t o  e s t ima te  b u t  should be of  t h e  same 

magnitude o r  g r e a t e r  than  w i t h  t h e  depolar ized  c e l l  wi thout  a  membrane. 

The lower anode vo l t age  achievable  w i th  a  d e p o l a r i z e r  a l lows  use  

of m a t e r i a l s  o t h e r  than  l e a d  f o r  anodes wi thout  encounter ing d e t e r i o r a t i o n .  

Various porous e l e c t r o d e s  s u i t a b l e  f o r  gas d e p o l a r i z e r s  have been developed 

i n  f u e l  c e l l  technology. Porous carbonaceous m a t e r i a l s  should be  durable .  

Cost w i l l  depend upon t h e ' n a t u r e  and amount of c a t a l y s t  r equ i r ed .  

Me than01 (B16) has  been suggested a s  a depo la r i ee r .  Its s y n t h e s i s  

from o i l  i s  counterproduct ive  t o  t h e  goa l s  of t h e  p r o j e c t .  Methanol o r  

e t h a n o l  from n a t u r a l  r e sou rces  may b e  j u s t i f i e d  i f  i t  can b e  proven t h a t  

energy requirements  f o r  t h e i r  product ion a r e  not  g r e a t e r  than the  sav ings  

p o s s i b l e  through depolar iza t ion . .  However, the disagreement on energy 

requirements  among s e v e r a l  who have s tud ied  t h e  s y n t h e s i s  problems i n  d e t a i l  0317) 

sugges t  t h a t  making a  s e p a r a t e  e s t ima te  f o r  t h e  r e p o r t  w i l l  n o t  b e  use fu l  

a t  t h e  . p re sen t  t ime.  

E l e c t r o l y t e  Conduct ivi ty .  I R  drop through t h e . e l e c t r o l y t e  can be  

reduced by i n c r e a s i n g  i t s  s p e c i f i c  conduc t iv i ty  and decreas ing  t h e  e l e c t r o d e  

spac ing  and c u r r e n t  dens i ty .  The concen t r a t ion  of s u l f u r i c  a c i d , . a  good 

i o n i c  conductor,  i n  t h e  e l e c t r o l y t e  i s  a l r eady  h igh  (150 t o  175 g / l )  s o  i t  

is  doub t fu l  whether s u b s t a n t i a l  improvement can b e  made through concent ra t ion  

and component changes. Inc reas ing  temperature w i l l  i nc rease  conduct iv i ty  

s u b s t a n t i a l l y ,  b u t  c u r r e n t  e f f i c i e n c y  drops s u b s t a n t i a l l y  above 40" C wi th  

t h e  p re sen t  e l e c t r o l y t e  un le s s  c u r r e n t  d e n s i t y  i s  increased  (which i t s e l f  

i n c r e a s e s  vo l t age )  o r  t h e  a l r eady  h igh ly  p u r i f i e d  s o l u t i o n  i s  made even 

pu re r .  The c u r r e n t  e f f i c i ency ,  decrease  i s  due t o  t h e  increased  corrosion of 

t h e  depos i t ed  z i n c  through l o c a l  c e l l  a c t i o n  ( Z ~  + 2 ~ '  +znW + HZ). 

Decreasing t h e  i n t e r e l e c t r o d e  spacing w i l l  r educe . IR drop b u t  r e q u i r e s  tha,t  

e l e c t r o d e s  b e  very  f l a t  and c a r e f u l l y  a l i gned  and d e p o s i t s  be  smoother and'more 

uniform and probably s t r i p p e d  a t  an  e a r l i e r  s t a g e  than now p rac t i ced .  Spacing 

i s  probably a  ma t t e r  f o r  in -p lan t  improvments i n  des ign ,  ope ra t ion ,  e t c . ,  

and could make p o s s i b l e  a  maximum saving  of 0 .2  v o l t  i n  c e l l  p o t e n t i a l  



6 6 
(176 kwh/M ton  Zn, .47 x 10 ~ c a l / M ,  ton  Zn, 1.68 x ' 1 0  Btu/ ton Zn) i f  t h e  

d i s t a n c e  between s t a r t i n g  s h e e t s .  and anodes' was reduced by 1 .3  cm (0.5 inch)  . 

AC t o  DC Power Conversion. Modern systems f o r  power conversion 

c o n s i s t  of step-down t ransformers  and s i l i c o n  r e c t i f i e r s .  When used t o  

supply DC power a t  300 v o l t s  o r  more the ' conve r s ion  e f f i c i e n c y  i s  95 percent  

o r  h igher .    he t h e o r e t i c a l  improvement poss ib l e  f o r  t h e  z ine  e lec t rowinning  

s t e p  i s  thus  3600 x. .05 = (180 kwh/S ton  of Zn) 198 kwh/M ton  Zn o r  
6 ' 6 ' 

(1.94 x 10 Btu/S ton  Zn) 0:54 x 10 ~ c a l / M  ton  i n .  Improving power is  a 

goa l  f o r  s e v e r a l  e lec t rodhemica l  i n d u s t r i e s ,  i. e . ,  f o r  copper e l e c t r o r e f  i n i n g ,  

aluminum and ch lo r ine -caus t i c  product ion.  . Annual domestic product ion of 

e l e c t r i c i t y  i s  2.186 x 1012 kwh.* Assuming t h a t  6 percept  of t h e  t o t a l  

domestic e l e c t r i c a l  power is  low vo l t age  DC f o r  e lec t rochemica l  ope ra t ions ,  

a  one percent  improvement i n  conversion e f f i c i e n c y . w i l 1  save: 

Reversing Current .  Va r i a t ions  i n  t h e  c u r r e n t  flow ( p u l s e ,  i n t e r -  

r u ~ ~ r c l ,  a s y m c t r i e a l ,  and roveroe)  Z?alr~  h ~ e n  researched i n  e l e c t r o p l a t i n g  and 

may f i n d  a p p l i c a t i o n  i n  t h e  e l e c t r o l y t i c  recovery of z inc.  From development 

work i n  Bulgar ia  us ing  a  r e v e r s e  cu r r en t .  (changing p o l a r i t y )  w i th  increased  

c u r r e n t  d e n s i t y  some r a t h e r  i n t e r e s t i n g  r e s u l t s  were secured t h a t  i n d i c a t e  

t h e  p o t e n t i a l  f o r  energy savings  (B18) . ~n a smal l  experimental  i n s t a l l a t i o n  

i n  an  i n d u s t r i a l  p l a n t ,  us ing  r e v e r s e  cu r r en t  decreased t h e  e l e c t r i c a l  

energy requirement from one t o  two percent  compared t o  use  of a  cons tan t  

c u r r e n t .  P roduc t iv i ty  was increased  s u b s t a n t i a l l y  because of a  denser  ca thodic  

d e p o s i t  and h igher  c u r r e n t  d e n s i t y  which permit ted a  h e a v i e r  depos i t .  The 

p o s s i b i l i t y  of energy conserva t ion  ,by. c u r r e n t  r e v e r s a l  i s  due t o  smoother 

d e p o s i t s  which may a l low c l o s e r  spacing of e l e c t r o d e s  . t o . r e d u c e v o l t a g e .  

*Annual E l e c t r i c  Output,  November 1, 1977 t o  November 1, ,1978 
from E l e c t r i c  - . .  Output (EEI) - 46 (43) November 1, 1978. 



A l t e r n a t i v e l y  t h e  same b e n e f i t  may be p o s s i b l e  with.  convent ional  spacing by 

making p o s s i b l e  t h i c k e r  depos i t s .  

Cathodes. The 'u se  of mercury cathodes w i l l  b e  d iscussed  wi th  

c h l o r i d e  l each ing  (B19 ,B20) . There a r e  some i n t e r e s t i n g  p o s s i b i l i t i e s  i n  

u s ing  mercury ca thodes  w i t h  'zinc, such a s  cont inuous removal of depos i t  and 

meta l  s e p a r a t i o n s  from impure s o l u t i o n s ,  bu t  two s e p a r a t e  e l e c t r o l y s i s  opera- 

t i o n s  a r e  gene ra l ly .  r equ i r ed  which i n c r e a s e s  t e c h n i c a l  complexity and c o s t  

w i thou t  s p e c i f i c  i n d i c a t i o n s  of energy savings .  
2 2. 

Cathodes of l a r g e r  dimensions than  1 .0  m (9 f t  ) a r e  being used i n  

some new i n s t a l l a t i o n s  which, wi th  increased  c i r cu l a t i on ,  give greater 

capac i ty .  Also, means f o r  'automatic s t r i p p i n g  a r e  a v a i l a b l e  and being used 

t o  a n  i n c r e a s i n g  e x t e n t  (B21). Such changes do no t  a f f e c t  t h e  energy consumed 

apprec iab ly ;  i n  f a c t ,  automatic  s t r i p p i n g  r e q u i r e s  some mechanical o r  

e l e c t r i c a l  energy i n  p l a c e  of manpower, b u t  reduces c o s t .  

I n  t h e  l a s t  few yea r s  experimental  work has been done us ing  

f l u i d i z e d  bed cathodes.  This  involves  an upward flow of e l e c t r o l y t e  causing 

l i f t i n g  of  smal l  m e t a l l i c  p a r t i c l e s  which grow,with depos i t i on .  A diaphragm 

i s  used,  a s  w e l l  a s  a  c u r r e n t  feeder  e l e c t r o d e  t o  con tac t  t h e  moving p a r t i c l e s .  

The advantage,  of  course ,  i s  i n  ob ta in ing  continuous ope ra t ion  by removlng 

t h e  cathode p a r t i c l e s  a s  they  g e t  beyond a  c e r t a i n  s i z e  and i n  in t roducing  

new seed p a r t i c l e s ,  r a t h e r  than s t r i p p i n g  cathode shee t s .  Current  e f f i c i e n c y  

s u f f e r s ,  a l though up t o  88 percent  has .been  obta ined  in . some t e s t s  (B22) 

Energy r equ i r ed  

c u r r e n t  d e n s i t y  

(63  x lo6 13tu/s 

i n  one s e t  o f  experiments us ing  an  i n c l i n e d  c e l l  w i t h  h igh  
6 

was 6.8 kwh per  Kg  of  z inc  produced o r  18.1 x 10 ~ c a l / ~  ton 

ton ) .  'I'his i s  much g r e a t e r  than  p re sen t  commercial p r a c t i c e .  

P o s s i b i l i t i e s  o f  decreas ing  t h e  vo l t age  below 6 and inc reas ing  the  cu r r en t  

d e n s i t y  e x i s t ,  b u t  a t  p re sen t  a r e  no t  s u f f i c i e n t l y  encouraging t o  cons ider  

t h i s  a r e a l l y  promising method of ob ta in ing  any energy savings .  

C i r c u l a t i o n  and Cool ing . .  Various means have been devised t o  g e t  

adequate  c i r c u l a t i o n  i n  t h e  e l e c t r o l y t i c  z i n c  c e l l  by forced s o l u t i o n  flow 

and p o s i t i o n i n g  of  e l e c t r o d e s .  Sparging o r  t h e  use  of compressed a i r  below 

t h e  e l e c t r o d e s  t o  sweep t h e  e l ec t rode '  s u r f a c e s  w i t h  bubbles  has  rece ived  

renewed a t t e n t i o n  r e c e n t l y .  Sparging t e s t s  over  a  two week period i n  a 



South African e l e c t r o l y t i c  z inc  p l a n t  i n d i c a t e  no p a r t i c u l a r  improvement i n  

c u r r e n t  e f f i c i e n c y ,  bu t  more compact;smoother 'deposits a r e  ob ta inab le  and 

l e s s  l ead  has  been found i n  t h e  d e p o s i t  ( ~ 2 3 ) '  

Ce l l  vo l t age  i s  l i m i t e d ' v e r y  l i t t l e  by'mass-transfer'effects a t  

t h e  c u r r e n t  d e n s i t i e s  used, b u t  r a t h e r ' b y  I R  drop and oxygen overvol tage:  

However, t h e  na tu re  of t h e  depos i t  Can b e " a f f e c t e d  by' mass- t ransfer .  A t  t h e  

m a s s  t r a n s f e r  l i m i t i n g  cu r r en t  d e n s i t y  powdery d e p o s i t s  a r e  produced 0324) 

Compact d e p o s i t s  a r e  obta ined  i n  t h e  range of 25 t o  50 percent  of  t h e  l i m i t i n g  

c u r r e n t  d e n s i t y  (B28). Thus, i f  t h e  c u r r e n t  d e n s i t y  has  been increased  u n t i l  

some roughness occu r s ,  i nc reas ing  t h e  a g i t a t i o n  and mass t r a n s f  e r  can pro-vide 

more compac't d e p o s i t s ,  a s  evidenced'  i n  t he '  South.  Afr ican  experiments.  

Smooth compact d e p o s i t s  may a l low c l o s e r  spac ing  of  t h e  e l e c t r o d e s ,  l ead ing  

t o  a reduced vo l t age  and poss ib ly  even b e t t e r  mass t r a n s f e r  through increased  

e l e c t r o l y t e  v e l o c i t y  i n  t h e  narrower space. Assuming an  e l e c t r o l y t e  
-1 -1 2 

conduc t iv i ty  of 0 .3  ohm cm t h e  vo l t age  a t  50 amp/ft  through one-inch 

of e l e c t r o l y t e  i s  0.45 v d l t .  The' energy use  is 395 k w h / ~  ton  Zn (359 kwh/S 
6 6. 

t on  Zn)' o r  1.05 x 10  Kcal/M ton  Zn (3.77' x 10  Btu / ton  Zn) . Thus 5 t o  

10 percent  of t h e  e l e c t r o l y s i s  power can be saved by decreas ing  i n t e r e l e c t r o d e  

d i s t a n c e  1 . 3  cm (0.5 inch)  o r  more. 

Because of ' t he  h e a t  generated i n  e l e c t r o l y s i s  some cool ing  normally 

i s  r equ i r ed  t o  'keep t h e  e l e c t r o l y t e  below 40". Cooling c o i l s .  o r  reduced 

press~~re  evapora t ion  'have been, a d  a r e  s t i l l ,  gene ra l ly  used. A s  ~ o i n t e d  

o u t  by  idd dell (Reference B2) ;' cool ing  ' c o i l s  r e q u i r e  l i t t l e  energy i n p u t ,  

b u t  have been l a r g e l y  ;eplaced by evapora t ion  because of t h e  l a r g e  amount of  

cool  water  r equ i r ed ,  'd i spusa l  problems f o r  t h e  warm wa te r ,  and c o i l  c leaning  

problems. I n  turn', atmospheric cool ing  towers ,  developed i n  Japanese and 

European p l a n t s ,  a r e  b e i n g . i n s t a l l e d  i n  two' American e l e c t r o l y t i c  z i n c  
. . 

p l a n t s ,  and seem t o  b e  t h e  p r e f e r r e d  method f o r  t h e  f u t u r e .  The' towers 

appa ren t ly  a r e  more e f f i c i e n t  i n  energy u t i l i z a t i o n  than  t h e  p r e s e n t l y  used 

reduced p re s su re  evapora t ion  systems, b u t  i n  any event  consume comparatively 

l i t t l e  power. 

Reagents. Various a d d i t i v e s  a r e  made t o  t h e  e l e c t r o l y t e  during 

z inc  6 l e c t r o d e p o s i t i o n  t o  c o n t r o l  cathode growth, prevent  d e p o s i t i o n  of o r  



adve r se  e f f e c t s  of i m p u r i t i e s ,  and reduce a c i d  mis t ing .  Typica l ly ,  animal 

g lue  o r  gum a r a b i c  o r  sodium s i l i c a t e  a r e  used a s  genera l  a d d i t i v e s  and b e t a  

naphthol ,  s t ront ium carbonate  and c r e s y l i c  a c i d  f o r  more s p e c i f i c  e f f e c t s .  

The a d d i t i v e s  can a l low c l o s e r  e l e c t r o d e  spacing and reduce I R  drop by pro- 

moting smoother depos i t s .  However, cons ider ing  t h e  number of a d d i t i v e s  t h a t  

have been s t u d i e d  t h e  p r o b a b i l i t y . o f  f i nd ing  something t h a t  w i l l  s i g n i f i c a n t l y  

change energy use 'seems remote. 

Mel t ing  and C a s t i n g  

This ope ra t ion  consumes a b o u t  0.39 x l o 6  Kcal/M ton  (1.4 x 10 6  

b ' 

Btu/S ton)  of z inc ,  (some e s t i m a t e s  a r e  a s  much a s  0.51 x 10 ~ c a l / ~  t o n ) .  

Although e l e c t r i c  i nduc t ion  furnaces  a r e  i n c r e a s i n g l y  favored f o r  mel t ing  

ca thodes ,  c a l c u l a t i o n s  of energy used compared t o  f u e l  f i r e d  furnaces  o f t e n  

a r e  i ~ ~ i s l e a d i n g .  Thus, a t  t h e  Por to  Marghera e l e c t r o l y t i c  z i n c  p l a n t ' a  thermal 

e f f i c i e n c y  of 60 percent  i s  claimed f o r  t h e i r  induct ion  f ~ l r n a r . ~ !  and n n l y  

30 pe rcen t  f o r  a  r eve rbe ra to ry  mel t ing  furnace  us ing  n a t u r a l  gas .  This has  

l e d  t o  t h e  assuniption t h a t  changing t o  e l e c t r i c  mel t ing  conserves energy. 

However, s i n c e  e l e c t r i c  energy comes from gas ,  o i l ,  o r  c o a l  a f t e r  s u s t a i n i n g  

a n  energy l o s s  of  around two t h i r d s  i n  conversion,  the a c t u a l  b a s i c  energy 

consumed i s  more f o r  t h e  e l e c t r i c  i nduc t ion  furnace .  The a c t u a l  comparison 

on u t i l i z a t i o n  of  f u e l  energy would be  30 percent  f o r  the gas f i r e d  and 20 

pe rcen t  f o r  t h e  e l e c t r i c  furnace.  A s t i l l  g r e a t e r  va lue  favor ing  t h e  f u e l  

f i r e d  furnace  might be  a t t a i n e d  i f  any of  i t s  waste  h e a t  could b e  u t i l i z e d .  

Heat conserva t ion  i n  mel t ing  and c a s t i n g  can be  obtained by 

avoid ing  remel t ing  of t h e  z inc .  T l~us ,  a l l o y i n g  o r  c a s t i n g  i n t o  f i n a l  products  

can b e  done wi th  energy e f f i c i e n c y  by t r a n s f e r r i n g  molten metal t o  ad j acen t  

fu rnaces  a s  hold ing  v e s s e l s  r a t h e r  than  c a s t i n g  s l a b s  and l a t e r  remel t ing .  

However, t h e  i n c r e a s e  i n  en tha lpy  i n  h e a t i n g  z inc  from 25' C t o  500' C 
6  6  

(M.P. 149' C) i s  only  .07 x 10 ~ c a l / M  ton  (26 x 10 Btu/S ton ) .  Even a  

r e l a t i v e l y  i n e f f i c i e n t  h e a t i n g  process  i s  no t  a  l a r g e  energy consumer. 

Chlor ide  Leaching and Aqueous E l e c t r o l y s i s  

E l e c t r o l y t i c  z inc  was f i r s t  produced on an  i n d k t r i a l  s c a l e  by 

e l e c t r o l y s i s  of a  c h l o r i d e  s o l u t i o n  (B26 'B27 'B28) . Known a s  t h e  ~ o e ~ f n e r  



process ,  a  smal l  demonstration p l a n t  opera ted  i n  1892-1895 i n  F u r f u r t ,  

Germany, and two o t h e r  p l a n t s . u s i n g  t h e ' p r o c e s s . w e r e  b u i l t  and opera ted  i n  

Germany. Another, des igned 'by  Hoepfner opera ted  i n  Norwich, England, from 

1897 t o  1924. The o r i g i n a l  German p l a n t  u s e d ' a  low grade z inc  s u l f i d e  

which was given a  s a l t  ' r oas t ,  l e a c h e d w i t h  h o t  water ,  t h e  s o l u t i o n  p u r i f i e d  

and e l e c t r o l y z e d  i n  diaphragm c e l l s  t o  g ive  z inc .me ta1  and wet c h l o r i n e  f o r  

making b leaching  powder. A t  t h e  E n g l i s h . p l a n t  o r e  was given an  ox id i z ing  

r o a s t  and leached wi th  calcium c h l o r i d e  and carbon d ioxide .  It produced 

z inc  of 99.96 percent  p u r i t y .  

Informat ion  by Rals ton  (B27) from t h i s  per iod shows an  energy con- 

sumption of 2730 kwh/M ton  (2476 kwh/S ton) Zn o r  7.22 x l o 6  Kcal/M ton 
6 (26 x 10 Btu/S ton)  Zn f o r  t h e  e l e c t r o l y s i s  i t s e l f .    ow ever, t h i s  was 

2 2  
obta ined  a t  a  r e l a t i v e l y  low c u r r e n t  d e n s i t y ,  i . e . ,  161  amp/m (15 amp/ft  ) 

2 2 
compared t o  538 amp/m (50 amp/ft  ) i n  a  modern z i n c  p l a n t .  The s tandard  

ox ida t ion  p o t e n t i a l  f o r  c h l o r i d e  i o n  t o  e lementa l  c h l o r i n e  is  1.35 v o l t s .  

Combined w i t h  -.76 v o l t  - f o r  z i n c  o x i d a t i o n  g i v e s ' a  p o t e n t i a l  o f  2.11 v o l t s  

f o r  decomposition of aqueous z inc  c h l o r i d e  i n  t h e ' s t a n d a r d  s t a t e  a t  25' C. 

This  i s  a h ighe r  -vo l t age  than the  t h e o r e t i c a l  vo l t age  of  1.99 v o l t s  f o r  

e l e c t r o l y s i s  of z i n c  s u l f a t e  s o l u t i o n .  Theore t i ca l  energy consumption f o r '  

t he  z i n c  c h l o r i d e  s o l u t i o n  i s  1859 k w h / ~  ton  (1686 k w h / ~  ton)  Zn a t  93 percent  

c u r r e n t  e f f i c i e n c y  o r  4.92 ~ c a l / M  t o n  (17.7 x l o 6  Btu/S ton) Zn. Values f o r  

t h e  s u l f a t e  d iscussed  previous ly  a r e  1630 k w h / ~  ton  (1479 k w h l ~  ton)  ~n o r  
6  6 

4.31 x 10 Kcal/M ton  (15.5 x .  10 Btu/S. ton)  Zn. 

I n  s p i t e  of t h e  h igher  t h e o r e t i c a l  energy, t h e  p r a c t i c a l  energy 

requirement f o r  c h l o r i d e , e l e c t r o l y s i s  probably i s  lower than  f o r  s u l f a t e .  

The anodic evo lu t ion  of c h l o r i n e  i s  p o s s i b l e  a t  a lower overvol tage ,  i . e . ,  

0.2 v o l t s  w i th  m ~ d e r n ' ~ l a t i n i z e d  t i tanlurn anodes a s  compared t o  0.8 v o l t .  

f o r  oxygen evo lu t ion  on l e a d  anodes. Therefore ,  t h e  p r a c t i c a l  v o l t a g e  f o r  

a  c h l o r i d e  c e l l  should be 0.5 v o l t  lower than  f o r  a  s u l f a t e  c e l l  cons ider ing  

t h e  ~ 0 . 1  v o l t  d i f f e r e n c e  i n  r e v e r s i b l e  p o t e n t i a l . .  ~ h e ' 0 . 5  v o l t  corresponds 

t o  ' a n  energy saving  of 441 h h / M  t o n  (400 kwh/S ton)  Zn o r  1.17 x l o 6  ~ c a l / ~  
6 

ton  (4.20 x 10  Btu/S ton)  Zn. Nikiforov and Stender  (B29 9B30) have d i s c u s s e d  

a  more modern technology f o r  e lec t rowinning  z inc  from aqueous c h l o r i d e .  



s o l u t i o n .  Although d a t a  a r e  no t  der ived  f rom,ope ra t ing  p l a n t s ,  which a re .non-  

e x i s t e n t ,  a  good c a s e  can  be  made f o r  lower energy consumption w i t h  c h l o r i d e  

e l e c t r o l y s i s .  The a p p l i c a b l e  cond i t i ons  and r e s u l t s  a r e  as, fo l lows:  . 

E l e c t r o l y t e :  - Zinc 

- H C 1  

Current  Densi ty  

Temperature 

Deposi t ion Time 

C e l l  Voltage 

Current  E f f i c t e n c y  

Power Consumption 

48 t o  80 911" 
30' g / l  (ave) 

2  2 
500 amp/m (47 amplf t  ) 

35" C 

24 h r  max 

3.0 t o  3.1 v o l t s  

>90 percent  

2800 kwh/M ton  Zn. 

The power consumption probably r e f e r s  t o . m e t r i c  t ons ,  s i n c e  a  calcu- 

l a C l o r ~  f o r  3.1 v o l t s  and 93 percknt  c u r r e n t  e f f i c i e n c y  g i v e s  2473 kwh/S ton  . 

Zn. Inc reas ing  t h i s  10 percent  f o r  l i n e  and conversion l o s s e s  g ives  

2998 k w h / ~  ton  (2720 kwh/S ton)  Zn o r  7.95 x l o 6  Kcal/M ton  (28.6 x l o 6  
Btu/S ton)  Zn. These va lues  compare t o  3417 kwh/M ton  (3100 kwh/S ton)  Zn 

6 6 
o r  8.89 x 10 ~ c a l . 1 ~  ton .  (32 x 10 B ~ U / S  ton) Zn f o r  t h e  s u l f a t e  e l e c t r o l y s i s  

w i t h  l e a d  anodes. 

Chlor ide  Leaching wi th  E l e c t r o l y s i s  of  t h e  Molten S a l t  

Background. (B279B28) E. A. Ashcroft  i n  England developed a  procedure 

f o r  r o a s t i n g  z i n c  s u l f i d e  o r e ,  l each ing  w i t h  f e r r i c  c h l o r i d e  and e l e c t r o l y -  

z ing  t h e  s o l u t i o n  t o  r egene ra t e  f e r r i c  c h l o r i d e  and depos i t  z inc .  This was 

t e s t e d  unsuccess fu l ly  i n  A u s t r a l i a  i n  1896, a f t e r  which t h e  Swinburn-Ashcroft 

p rocess  was developed a s  an improvement. By t h i s  process ,  which exemplif ied 

work of a  number of i n v e s t i g a t o r s  of that time, z inc  s u l f i d e  o r e  w s c  chl-nri 

na t ed  d ry  a t  a temperature h igh  enough t o  d i s t i l l  o f f  t h e  s u l f u r ,  and t h e  

m e t a l  c h l o r i d e s  were sepa ra t ed  by a  r a t h e r  complex s e r i e s  of meta l  displacement 

t r ea tmen t s .  Af t e r  d i s s o l v i n g  t h e  remaining ch lo r ides  and f u r t h e r ' p u r i f i -  , 

c a t i o n ,  t h e  f i n a l  s o l u t i o n  w a s  evaporated t o  fused z i n c  c h l o r i d e  f o r  e l e c t r o -  

' l y s i s  . to produce z i n c  and c h l o r i n e  f o r  reuse.  I n  v a r i a t i o n s  o f  t h i s  method, 

c h l o r i n a t i o n . u n d e r  p re s su re  was used; and i n  a  l a t e r  ve r s ion  t h e  o r e  was 



suspended i n  fused z inc  c h l o r i d e  f o r  ch lo r ina t ion .  This e a r l y  e l e c t r o l y s i s  

of fused z i n c  c h l o r i d e  w a s  11se.d f o r  a  time a t  Broken H i l l ,  A u s t r a l i a ,  and, 

l a t e r ,  modi f ica t ions  were t e s t e d ' e l s e w h e r e .  Troubles ,  p a r t i c u l a r l y  i n  c e l l  

des ign  and formation of b a s i c  s a l t s  when' evapora t ing  t h e  z inc  c h l o r i d e  

s o l u t i o n ,  prevented sus t a ined '  commercial use. 

A p i l o t  p l a n t  was b u i l t  i n  1924-1925 i n  Denver t o  produce z inc  

c h l o r i d e  by t h e  M a l m  Process .  I n  t h i s  procedure,  d ry  c h l o r i n a t i o n  of z inc  

s u l f i d e  was c a r r i e d  o u t  a t  a  temperature below t h a t  necessary  t o  v o l a t i l i z e  

t h e  s u l f u r .  (La ter  i n v e s t i g a t i o n s  show need f o r  a  temperature over  600°C 

t o  c h l o r i n a t e  z i n c  s u l f i d e  e f f e c t i v e l y  (B31)) . The ch lo r ina t ed  product 

was leached o u t  wi th  water ,  p u r i f i e d ,  and evaporated t o  a  s a l e a b l e  z inc  

ch lo r ide .  I n  o t h e r  semi-commercial p l a n t s ,  t h e  fused c h l o r i d e  was e l e c t r o l y z e d  

t o  g ive  meta l  and c h l o r i n e  f o r  reuse .  Test  p l a n t s  were b u i l t  e a r l i e r  i n  

Montana, Colorado, Idaho, and Niagara F a l l s .  Mechanical problems and f inanc ing  

d i f f i c u l t i e s  caused eventua l  abandonment of each of t h e s e  p r o j e c t s  over t h e  

yea r s  . 
Rals ton  concluded from h i s  work i n  1918 on a  f u l l - s i z e d  c e l l  i n  

Niagara F a l l s  t h a t  fused c h l o r i d e  e l e c t r o l y s i s  had advantages.  It avoided 

use of diaphragms, occupied l i t t l e  space,  and s i m p l i f i e d  t h e  recovery of z inc .  

The h igh  vo l t age  needed wi th  t h e  c e l l  a t  t h a t  t ime, 4.5 t o  6 .0  v o l t s ,  used 

too much power compared w i t h  aqueous e l e c t r o l y s i s .  I n t e r e s t i n g l y ,  t he  c o s t  

o f  t h e  Malm npe ra t i on  i n  1918, i f  a l l  c o s t s  were charged a g a i n s t  z i n c  i n  

t r e a t i n g  complex o r e s ,  was , c a l c u l a t e d  t o  be  only  2  c e n t s  per  pound o f ' z i n c  
(B28) meta l  

Recent Work. I n  r e c e n t  yea r s ,  a t t e n t i o n  has  been ' .given aga in  t o  

t he  c h l o r i d e  system of l each ing  and e l e c t r o l y t i c  recovery from a  fused s a l t  

bath: An'advantage t o  c h l o r i d e  l each ing ,  of  course ,  i s  e l i m i n a t i o n  of t h e  

r o a s t i n g  s t e p  wi th  i t s  concern o v e r ' s u l f u r  d ioxide  d i s p o s a l  and a i r  p o l l u t i o n .  

An obTiious advantage i n  fused s a l t  e l e c t r o l y s i s  i s  withdrawal of molten mefal 

from t h e ' c e l l  which e l i m i n a t e s  t he ' . l abo r  and energy consumed i n  s t r i p p u g  

and mel t ing  cathodes when'hand3.ing z i n c  from aqueous a c i d  e l e c t r o d e p o s i t i o n .  

Although a  number of i n t e r e s t i n g  procedures  have been r epor t ed  i n  

t h e  t e c h n i c a l  l i t e r a t u r e ,  p a r t i c u l a r l y  those  developed i n  Europe and 



A u s t r a l i a  (B32),  p r o g r e s b  i n  product ion and e l e c t r o l y s i s  of  fused z inc  

c h l o r i d e  i s  perhaps b e s t .  exemplif ied '  by' r e c e n t  i n v e s t i g a t i o n s  of t h e  US 

Bureau of  Mines (B33-B'35). A s  d i scussed  previous ly ,  va r ious  methods of  

ob ta in ing  p u r i f i e d  z i n c  c h l o r i d e  have been'  i n v e s t i g a t e d  over  t h e  .years  wi thout  

gene ra l  acceptance of  any one procedure. To avoid t h e . r a t h e r  h igh  temperature 

needed f o r  dry ch lor i 'na t ion ,  a  w e t  c h l o r i n a t i o n  can be used a t  a  much lower 

temperature.  However, t h e ' w e t  method is  1 e s s . s e l e c t i v e  i n  a t t a c k i n g  t h e  

me.tal va lues '  p r e sen t .  The' Bureau of  Mines i n v e s t i g a t o r s  have shown t h a t  by 

adding o x y g e n ' u n d e r p r e s s u r e ,  a f t e r  c h l o r i n a t i n g  t h e  concen t r a t e s ,  i r o n  i..s 

made i n s o l u b l e  a s  f e r r i c  ox ide  and can be separa ted  w i t h  t h e  l e a d  and i n s o l u b l e  

r e s i d u e .  Their  p r e f e r r e d  method at  present, then, i s  t o  l aach  o ine  or zinc- 

l e a d  concen t r a t e s  a t  100."C and 50 p s i  p re s su re  w i t h  c h l o r i n e ,  followed by 

oxygen, remove t h e  e lementa l  s u l f u r ,  l e a d  s u l f a t e  and i r o n  oxide i n  t he  r e s idue  

by  f i l t r a t i o n ,  p u r i f y  t h e  s o l u t i o n s  wi th  z i n c  d u s t ,  evaporate  t h e  s o l u t i o n  

t o  a  molten s a l t , .  and e l e c t r o l y z e  t o  produce z inc  and r ecyc le  c h l o r i n e .  

Although by no means f r e e  from p o s s i b l e  d i f f i c u l t i e s  i n  ope ra t ion ,  t h e  

chlorine-oxygen l each ing  p rocedure :does ' g ive  a n  e x c e l l e n t  e x t r a c t i n n  of  z inc  

and seems t o  have a  r ea sonab le  p o t e n t i a l  f o r  t r e a t i n g  complex s u l f i d e  con- 

c e n t r a t e s  (B36-B39). The t h e o r e t i c a l  p o t e n t i a l  f o r  decomposition of pure 

molten z i n c  c h l o r i d e  a t  450° C i s  1.629 v o l t s  (B41) . This  vo l t age  corresponds 
6 

t o  1334 kwh/M t o n  (1210 kwh/S ton) Zn o r  3.53 x 10  Rcal/M ton  (12.7 x 10 
6 

~ t u l 3  roo) Zn. me a c t i v i t y  of ZnC12 i s  somewhat reduced i n  t he  sal t  mixture 

which w i l l  r a i s e  t h e  t h e o r e t i c a l  energy va lues .  

Fused s a l t  c e l l s  t y p i c a l l y  r e l y  on t h e  c u r r e n t  t o  i n t e r n a l l y  h e a t  

t h e . c e l 1  t o  compensate f o r  en tha lpy  changes and h.eat l o s s e s .  Unlike opera- 

t i o n s  near room temperature,  t h e  surroundings do n o t  supply h e a t .  Externa l  

h e a t  can b e  provided i n  some cases ,  b u t  t h e  m a t e r i a l s  a v a i l a b l e  f o r  c e l l '  

c o n s t r u c t i o n  o f t e n  cannot wi ths tand  t h e  temperatures  o r  prnvirle adequate 

thermal  conduc t iv i ty .  Thus. t h e  theore t ic .  a1 ~.nt=rgy' requirement sllould inc lude  

h e a t  f o r  a pos i t i ve '  en tha lpy  change and f u s i o n  of . the feed  m a t e r i a l .  . The 

ent ropy  change, TAS f o r  ZnC12(s) + Z n ( s ) +  C12(g): 25O C is  -11.1  callm mole. 
Energy t o  f u s e  ZnCl feed  is  es t imated '  t o  b e  1 5  ~ c a l / m o l e  ( i g n o r e s ' h e a t  nf 

s o l u t i o n  i n  fused s a l t  bath) ' .  T h e r e f o r e , ' t h e r e  i s  a t o t a l  requirement of 

26 Kcallmole Zn equ iva l en t  t o  26 x 1.162,;  = 0.030 kwhlmole o r  458 k w h / ~  

t o n  (416 kwh/S ton)  Zn f o r  i n t e r n a l  hea t ing .  This  va lue  added t o  t h e  



1334 kwh/M ton  (1210 kwh/S ton) Zn f o r  t h e  r e v e r s i b l e  po ten t i a l . . g ives  a 
6 t o t a l  of 1797 kwh/M t o n  (1630 kwh/S ton) Zn o r  4.72 x 10 Kcal/M ton  

6 
(17 x 10  Btu/ ton)  Zn a t  t h e  power p l a n t .  This  energy f o r  fu s ion  and main- 

t a i n i n g  temperature i s  about t h e  same a s  the  energy needed i n  the  aqueous 

s u l f a t e  process .  

The USBM a t  Reno operated.  a p i l o t  c e l l '  i n t e r m i t t e n t l y  a t  6.5 ' v o l t s  
2 2 

and 14,500 amp./m (1347 amplf t  ) and obta ined  z i n c  a t ' a  c u r r e n t  e f f i c i e n c y  

of  95 percent  (B39).. Power consumption was es t imated  t o  be  5.7 kwh/kg 
6 

(2.6 kwh/lb) which i s  5733 kwh/M ton.  (5200 kwh/S .ton) Zn o r  15.17 x 10 Kcal/M 
6 

ton  (54.6 x 10 Btu/S ton )  Zn. This  energy consumption 'is h igher  than  f o r  

aqueous e l e c t r o l y s i s ,  b u t  t h e r e  i s  a good oppor tun i ty  f o r  improvement by 

cont inuous ope ra t ion .  

Fray (B40) r epo r t ed  an energy consumption of 2.84 kwh/kg (1.29 
6 

kwh/lb) , 2840 kwh/M ton  (2576 kwh/S ton)  o r  7.50 x. 10  Kcal/M ton  (27 x 10  
6 

Btu/S ton)Zn) f o r  smal l  s c a l e  e l e c t r o l y s i s  a t  a c u r r e n t  d e n s i t y  of 0.7,7 
2 

amp/cm2 (715 amplf t  ) and an e l e c t r o d e  spac ing  of  2.0 cm (0 .8  inch)  . Energy 

1 o s s e s . a r e  due t o  I R  drop i n  t h e  e l e c t r o l y t e  ( p o l a r i z a t i o n  i s  negl igable)  

and recombination of z i n c  ,and ch lo r ine .  Pe r fo ra t ed  and porous e l e c t r o d e s  

were e f f e c t i v e  i n  reducing recombination. The energy consumption repor ted  

by Fray i s  much lower than  r epor t ed  by USBM and e s s e n t i a l l y  t h a t  f o r  aqueous 

e l e c t r o l y s i s .  Therefore,  fused s a l t  e l e c t r o l y s i s  appears  t o  o f f e r  possi-  

b i l i . t i e s  f o r  producing z inc  a t  h igh  c u r r e n t  d e n s i t y  w i th  moderate energy 

consumption. 

~ n t a l  Energy Wequir-ements f o r  Chloride .- . Processes  

P r i o r  d i scuss ion  has  concentrated on the  energy use  i n  aqueous and 

fused salt  e l e c t r o ' l y s i s  of z inc  ch lo r ide .  However, use of c h l o r i d e  e l ec t ro -  

l y s i s  a f f e c t s  . o t h e r  s t e p s  i n  t h e  process  and the  energy involved i n  t hese  

s t e p s .  Therefore va r ious  op t ions  w i l l  be  examined and t o t a l  p rocess .energy  

requirements  estimated. 

Roast ing and Leaching. A scheme suggested by Nikiforov and Stender  

involves  r o a s t i n g  the  o r e  t o  make SO and s u l f u r i c  a c i d . '  Hydrochloric  a c i d  
2 

i s  considered a raw m a t e r i a l  f o r  leaching  and c h l o r i n e  a product a v a i l a b l e  



f o r  o t h e r  uses ,  i f  i t  does n o t  have t o  b e  converted back t o  a c i d  f o r  leaching .  

Thus, t h e  c h l o r i n e  c y c l e  is  n o t  a  c losed  one, and t h i s  may b e  an  advantage 

i f  t h e  process ing  l o c a t i o n  is  such t h a t  i t  can be t i e d  i n  w i t h . o t h e r  

processes ,  i . e . ,  c h l o r i n a t i o n  of e thy lene  t o  make v i n y l  c h l o r i d e  and hydro- 

c h l o r i c  ac id .  I n  a  remote l o c a t i o n  t h e  by-product s u l f u r i c  a c i d  from 

r o a s t i n g  may b e  used t o  make H C 1  from s a l t ,  and t h e  product c h l o r i n e  l i q u i -  . . 

f i e d  and shipped a s  a  marketab1.e product.  However, c h l o r i n e  may be used f o r  

l e a c h i n g  a l s o ,  t o  g ive  e lementa l  s u l f u r  and z inc  c h l o r i d e .  The USBM process  

u s ing  c h l o r i n e  p l u s  oxygen provides a z inc  c h l o r i d e  s o l u t i o n  (es t imated  

25% znc12).  Dry c h l o r i n a t i o n  has  a l s o  been i n v e s t i g a t e d  from time t o  time (I3 31) 

F e r r i c  c h l o r i d e  l each ing  wi thou t  r o a s t i n g  i s  one o p t i o n  t o  c h l o r i n e  

b u t  i nvo lves  renewing the  product  f e r r o u s  c h l o r i d e  by e l ec t ro - .  

l y s i s .  Also, t h e  e l e c t r o l y t i c  c e l l  must be designed and opera ted  i n  a manner 

t h a t  p reven t s  r educ t ion  of t h e  f e r r i c  c h l o r i d e  a t  t h e  cathode. Chlorine;  of . 

course ,  i s  not  produced. 

Table B5 cons ide r s  four  processes  from t h e  s t andpo in t  o f  t o t a l  

energy: 

. ( I )  Roast ing,  H C 1  leaching ,  aqueous e l e c t r o l y s i s  

(11) chlorine-OGgen leaching .  aqueous e l e c t r o l  ysi s 

(111) F e r r i c  c h l o r i d e  leaching ,  aqueous e l e c t r o l y s i s  

(IV) Chlorine-oxygen l eac l l i l~g ,  Iused salt ele.crrolysls . 

The energy a v a i l a b l e  from t h e  r o a s t i n g  r e a c t i o n  was previous ly  
6  6  

e s t ima ted  t o  be  1.4 x  1 0  ~ c a l / M  ton  (5  x  10 Btu/S ton)  Zn. The c r e d i t  more 

than cance l s  o u t  t h e  steam p l a n t  whose output  i s  n o t  n e e a d .  E l e c t r a l y s i s  

energy f o r  f e r r i c  c h l o r i d e  l each ing  was c a l c u l a t e d  from t h e  d i f f e r e n c e  in ' ; t he  

r e v e r s i b l e  o x i d a t i o n  p o t e n t i a l  +0.77 v o l t s = .  t h e  p o t e n t i a l  f o r  c h l o r i d e  

o x t d a t i o n  of  1 . 3 6  v o l t s .  Overvol tages a r e  r e l a t i v e l y  low f o r  both r e a c t i o n s  

s o  f e r r o u s  c h l o r i d e  a s  a  depo la r i ze r  should reduce c e l l  p o t e n t i a l  by 0.6 

v o l t ,  528 kwh/M ton  (479 kwh/S ton)  Zn a t  93 percent  cu r r en t  e f f i c i e n c y  o r '  
6 

(5.03 x 1 0  B ~ U / S  t on  Zn) . The ~ t u  were sub t r ac t ed  from t h a t  f o r  c h l o r i d e .  
6 6  

e l e c t r o l y s i s  and rounded o f f  t o  6.7 x 10 Kcal/M ton  (24 x  10 ~ t u / t o n )  Zn. 

I n  t h e  fused s a l t  p rocess ,  evapora t ion  i s  r equ i r ed  t o  make the  

anhydrous c e l l  feed.  Scheiner  e t . a l .  (B37) r e p o r t  t h a t  a p u l p  d e n s i t y  of  



"ABLE ' ~ 5 .  ENERGY USE OF CHLORIDE Z I N C  PROCESSES 

Process  
6  Kcal x  106/El t on  Zn (Btu x 10 /S 'ton ~ n )  

, I I I I11 I V  

P repa ra t ion  of Concentrate 

Roasting 

Leaching 

Evaporation 

P u r i f i c a t i o n  and Residue ~ r e a t u e n . t  

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

' Steam P lan t  

Yel t ing  and Cast ing 

C r e d i t s  
Chlorine 

T o t a l  . 

I = Roasting, H C 1  Leaching, Aqueous E l e c t r o l y s i s .  

I1 = Chlorine-Oxygen Leaching, Aqueous E l e c t r o l y s i s .  

I11 = F e r r i c  Chloride Leaching, Aqueous E l e c t r o l y s i s .  

I V  = Chlorine-Oxygen Leaching, Fused S a l t  E l e c t r o l y s i s .  



50 pe rcen t  w i th  a concen t r a t e  con ta in ing  50 percent  z inc  i s  used i n  leaching .  

Assuming t o t a l  z i n c  recovery,  25 g  of  z i n c  would be  d isso lved  i n  50 g  of 

s o l u t i o n .  Allowing a n  equal  weight of  water  ' f o r  washing, e t c . ,  a  %25 percent  

z i n c  c h l o r i d e  s o l u t i o n  would r e s u l t .  Heat of s o l u t i o n  f o r  t h i s  concen t r a t ion  . 

i s  less than  +15.7 Kcal/mole. There a r e  10.7 moles of water  evaporated per  

mole ZnC12. Energy f o r  evapora t ion  i s  c a l c u l a t e d  t o  b e  1.9 x lo6  Kcal/M ton  ' 
(6.7 x l o 6  ~ t u / S  ton)  Zn, 

The hydroch lo r i c  a c i d  f o r  Process  I i s  produced from the  r o a s t  

s u l f u r i c  ac id .  I n  t h e  process  t h e  r e a c t a n t s  a r e  hea ted  t o  800' C. The 

en tha lpy  f o r  t he  r e a c t i o n :  

i s  26.55  callm mole H2S04 a t  25' C. Heat ing t h e  products  t o  800' C adds 

65.13 Kcal/mole f o r  a t o t a l  of 91.69 Kcal/mole. ~ e s t  recovery from such a 

system would appear d i f f i c u l t .  Assuming a 60 percent  e f f i c i e n t  use of f u e l  
6  6 t h e  energy requirement w i l l  be  2.36 x 10 ~ c a l / M  ton  (8.5 x 10 Btu/S ton) Zn. 

T ranspor t a t ion ,  could be  a  f a c t o r  i n  energy use.  Lf p o s s i b l e ,  t h e  

same t r a n s p o r t a t i o n  v e s s e l s  may be  used f o r  hydrochlor ic  a c i d  i n t o ' a n d  t h e  

c h l o r i n e  ou t  of t h e  p l a n t .  The c r e d i t  f o r  c h l o r i n e ,  of course ,  is  a n  over- 

whelming f a c t o r  i n  t h e  low n e t  energy f o r  Process  I. A 90,700 M t on /y r  

(100.,000 S  ton Iy r )  z i n c  p l a n t  should produce about 97,000 M t on /y r  (107,000 

S  t o n j y r )  of ch lo r ine .  A p l a n t  of t h i s  s i z e  i s  ave rage . fo r  z i n c  bu t  i s  on 

t h e  smal l  s i d e  f o r  ch lo r ine .  

The process  assumes t h a t  e i t h e r  raw c h l o r i n e  from the  c e l l s  can be 

piped t o  an  ad jacen t  chemical p l a n t  f o r  use o r  t h a t  a  complete l i q u e f a c t i o n  

and tank f a c i l i t y  i s  cons t ruc ted  a t  t h e  z inc  p l a n t .  

Uther Modi t ica t ions  t o  Chlor ide  Methods 

E l e c t r o l y t i c  z i n c  was made from a n  aqueous c h l o r i d e  e l e c t r o l y t e  i n  

Germany i n  1938-1944 us ing  mercury cathodes (B19). The p l a n t  was no t  continued 

a f t e r  t h e  war. Zinc-containing amalgam from primary c e l l s  was pumped t o  a  

second s u l f a t e  c i r c u i t  where t h e  amalgam became t h e  anode. Zinc of high 

p u r i t y  was depos i ted  and the  procedure was considered t o ' b e  t e c h n i c a l l y  
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succes s fu l .  Use of mercury aided i n  s imp l i fy ing  t h e  p u r i f i c a t i o n  problem 

and i n  z inc  removal from t h e  c h l o r i d e  c e l l ,  and t h e  whole ope ra t ion  was 

. considered t o  be  an improvement over t h e  Hoepfner c e l l .  

Some experimental  work wi th  mercury cathodes has  been r epor t ed  i n  

, South Af r i ca ,  and t h e  concept cont inues  t o  be of i n t e r e s t  i n  t h i s  country (B20) 

Although t h e r e  a r e  d e f i n i t e  advantages t o  us ing  a c h l o r i d e  system, and power 

sav ings  may b e  a t t a i n e d  i n  us ing  mercury cathodes (probably even wi th  a 

second r e f i n i n g  s t e p ) ,  from an environmental s t andpo in t  use of  mercury may 

meet s t r o n g  ob jec t ions .  

Deposi t ing a meta l  t o  form an  amalgam and decomposing t h e  amalgam 

anod ica l ly  ' t o  depos i t  t h e  pure meta l  has  been proposed f o r  many systems and 

commercially developed f o r  some, i . e . ,  Castner  rocking ch lo r ine -caus t i c  c e l l .  

The mercury func t ions  a s  a s e p a r a t i o n  membrane. However, des igns  have 

g e n e r a l l y  been abandoned due t o  complexity,  h igh  l a b o r ,  d i f f i c u l t y  i n  con- 

t a i n i n g  mercury, and so  on. With two e l e c t r o l y s i s  s t e p s  t h e r e  a r e  I R  drops 

through two e l e c t r o l y t e s ,  and p o l a r i z a t i o n  a t  4 e l ec t rode - so lu t ion  i n t e r -  

faces: There a r e  spec ia l .c i rcurns tances  where t h e  two-cell  mercury system 

may work, s e e  Sodium, b u t  development of  a s u i t a b l e  semi-permeable membrane 

would seem t o  be a more promising d i r e c t i o n  t o  go i f  t h e  goa l  i s  t o  sepa ra t e  

c h l o r i d e  and s u l f a t e  e l e c t r o l y t e s .  

Recent work by t h e  U:.:S. Bureau of Mines on producing z i n c  c h l o r i d e  

i n  s o l u t i o n  from z i n c  s u l f i d e  concen t r a t e s  may apply  t o  e l e c t r o l y t i c  recovery,  

e i t h e r  by a n  aqueous c h l o r i d e . c e l 1  o r ,  ' a f t e r  evapora t ion ,  by a fused  
' 

c h l o r i d e  c e l l .  Among many procedures- c h l o r i n a t i o n ,  f e r r i c  c h l o r i d e  l each ing ,  

o n l t  r o a ~ t i n g ,  r o a s t i n g  and chl.nride l each ing ,  e t c .  - one of p a r t i c u l a r  

i n t e r e s t  e l e c t r o m e t a l l u r g i c a l l y  has  been t h a t  of  e l e c t r o l y t i c  ox ida t ion  0 3 6 )  

Using a flow-through diaphragm c e l l ,  complex lead-zinc s u l f i d e  concent ra tes  

i n  a b r i n e  s l u r r y  were passed through t h e  anode compartment where hydrochlor ic  

and hypochlorous a c i d s  formed by e l e c t r o l y s i s  converted z i n c  s u l f i d e  t o  z inc  

c h l o r i d e  and r e l eased  e lementa l  s u l f u r .  A t  t h e  cathode sodium hydroxide 

w a s  formcd. Metal e x t r a c t i o n s  of 9 2  t o  100 percent  were a t t a i n e d  i n  experi-  

mental work. However, under optimum experimental  cond i t i ons  energy consumption 

on z inc  concen t r a t e s  was 1 .4  t o  2.3 kwh/kg ( 3  t o  5 kwhllb) .  Using 
6 

1.42 kwhlkg (3.13.kwhIlb) (enclosed c e l l )  t h i s  amounts t o  over  20 x 10 ~ c a l / M  
6 

tnn (70 x 10 BtulS ton) of meta l  e x t r a c t e d  o r  an exces s ive  power consumption 

f o r  d i s s o l v i n g  t h e  zinc.  



Although i t  may b e  poss ib l e  t o  combine d i s s o l u t i o n  and e l e c t r o -  

winning i n  one c e l l  t o  Lower the  energy use ,  t he  t o t a l  energy requirement 

s t i l l  appears  t o  be h ighe r  than  t h a t  f o r  convent ional  process ing .  

We conclude t h a t  w i th  improved methods a v a i l a b l e  f o r  g e t t i n g  

p u r i f i e d  z inc  c h l o r i d e  from z i n c . c o n c e n t r a t e s ,  and p o s s i b i l i t i e s ' f o r  improved 

c e l l  des ign  and ope ra t ion ,  t he  aqueous c h l o r i d e  e l e c t r o l y s i s  method s t i l l  

m e r i t s  a t t e n t i o n  a s  a p o s s i b l i t y  f o r  energy. r educ t ion  i n  producing primary 

z inc .  It would appear t h a t  i t s  l a c k  of development i n  t he  l a s t  25 yea r s  

h a s  been due t o  t h e  succes s  of t he  s u l f a t e  process  and a  l a c k  o f  m a t e r i a l s  

t o  handle  ch lo r ine .  Also, t h e r e  perhaps h a s  been a  r e l u c t a n c e  t o  des ign  

and c o n s t r u c t  a  system involv ing  elemental  ch lo r ine .  Where a  z i n c  p l a n t  can 

convenient ly  be loca t ed  near  a  c h l o r i n e  consumer t h a t  can r e t u r n  byproduct 

H C 1  f o r  l each ing  t h e r e ' s h o u l d  b e  a  r e a l  i n c e n t i v e  t o  develop ch lo r ide  processes .  

Genera l ly ,  t h e s e  circumstances have n o t  e x i s t e d  o r . b e e n  brought about .  

A lka l ine  Leaching and E l e c t r o l y s i s  

I n v e s t i g a t i o n s  t o  l each  z i n c  o r e s  w i th  a l k a l i s  go back t o  about 

1897, b u t  t hese  were l a b o r a t o r y  s t u d i e s .  I n  more r e c e n t  yea r s ,  t h e r e  has  

been i n t e r e s t  i n  a l k a l i n e  l each ing  f o r  z inc  sources o t h e r  than the normal 

s u l f i d e  z i n c  concen t r a t e s .  Thus, t h e  Bureau of  Mines has looked i n t o  t h e  

c a u s t i c  l each ing  of  ox id ized  z inc  o r e s  t h a t  could n o t  be  concent ra ted  r e a d i l y  

and were too  low grade t o  b e  shipped o r  caused t roub le  i n  a c i d  l each ing  (B40) 

A procedure was worked o u t  t o  l each ,  p u r i f y ,  and e l e c t r o l y t i c a l l y  recover  t h e  

z i n c  a s  a  f l a k e  product  w i t h  c a u s t i c  soda recyc led .  Some 85 pe rcen t  of t he  

m e t a l  was recovered from a 21 percent  z inc  o r e  w i th  a  c e l l  power consumption 
6 

of  0.68 kwhlkg (1.5 kwhllb) of  z inc  o r  8.75 x 10 ~ c a l / M  ton  (31.5 x 10 6 

Btu/S t o n ) .  T r a d i t i o n a l l y  t he  depos i t i on  of d e n d r i t e s  r a t h e r  than  compact 

d e p o s i t s  has  been considered a  disadvantage frnm t h ~  s tandpoin t  of  handl ing  

and ob ta in ing  a  pure  product .  However, t h e  advent of " f lu id i z ing"  engineer ing  

h a s  made i t  apparent  t h a t  handl ing  a  s l u r r y  has  product ion advantages a s  long 

as product  q u a l i t y  i s  r e t a i n e d .  

S i m i l a r l y ,  t h e  Tennessee Corporat ion has  found an  a l k a l i n e  leach  

t o  be  e f f e c t i v e  f o r  a  h igh  i r o n  concen t r a t e  con ta in ing  42 percent  z inc  a f t e r  

g iv ing  i t  a  two-stage r o a s t  t o  remove s u l f u r  and, i n  t h e  second reducing 



s t a g e ,  t o  break up f e r r i t e s  and render  l e a d  and copper l e s s  sokuble (B41). In 

a f i r s t - s t a g e  leaching  s t e p ' a t  77OC, some 85-90 percent  of t h e  so lub le  z inc  

was removed, and by r e l each ing  the  r e s idue  w i t h  s t i l l  h o t t e r  s t r o n g  c a u s t i c  

s o l u t i o n ,  an  o v e r a l l  recovery of '93-97 percent  of t h e  'zinc i n  t he  concentr 'ate 

was a t t a i n e d .  Af t e r  p u r i f i c a t i o n  by a i r  ox ida t ion  t o  remove manganese and 

most of t h e  i r o n ,  and by z inc  d u s t  t o  remove copper, l e a d ,  cadmium, and 

r e s i d u a l  i r o n ,  t he  s o l u t i o n  was e l ec t ro lyzed .  A c u r r e n t  e f f i c i e n c y  of 93-94 
2  2  

percent  was ob.tained a t  a  c u r r e n t  d e n s i t y  of 1720 amp/m (160 amp/ft  ) i n  

p i l o t  p l a n t  ope ra t ion .  Nickel anodes and magnesium cathodes were used, 

spaced 2.5 t o  5  cm ( 1  t o  2  inches)  a p a r t .  The d e n d r i t i c  'z inc depos i t  was 

non-adherent and could be  r e a d i l y  c o l l e c t e d  and removed a s  a  s l u r r y  from t h e  

c e l l  base.  Af t e r  washing and dry ing ,  t h e  z i n c  sponge could b e . e i t h e r  pul- 

ve r i zed  t o  a n  unusual ly r e a c t i v e  powder o r  melted and c a s t  i n t o  s l a b s  meeting 

high-grade z i n c  s tandards .  

More r e c e n t l y ,  Amax has  opera ted  an  1360 kg/day (3000 lb/day)  p i l o t  

p l a n t  t o  recover  z inc  from a  s i m i l a r  type  high-iron s u l f i d e  concentrate*.  

They a l s o  have found i t  advantageous t o  fo l low t h e  desu l fu r i z ing -ox id i z ing  

r o a s t  w i t h  a  br ie f - reducing  r o a s t  a t  a  lower temperature.  The second r o a s t  

r a i s e s  recovery from 84 percent  t o  93 percent .  Af t e r  a  s imple s t r o n g  (400 g l l )  

c a u s t i c  l each  a t  90-100°C, t h e  r e s i d u e  i s  removed, t h e  s o l u t i o n  aer i ted ,  
2  2  

f i l t e r e d ,  p u r i f i e d  wi th  z i n c  d u s t ,  and e l e c t r o l y z e d  a t  1080 amp/m (100 amp/ft  ) 

wi th  a  c u r r e n t  e f f i c i e n c y  o f  95 percent .  Power r equ i r ed  f o r  e l e c t r o l y s i s  is  

es t imated  conse rva t ive ly  a t  3.5 v o l t ,  3300 k w h / ~  ton  (3000 k w h / ~  ton) Zn 
6  6  o r  z i n c  o r  8.75 x 10 ~ c a l / M  t o n  (31.5 x 10 B ~ U / S  ton)  , al though i n  some 

runs  s power requirement as low a s  3.0 vn l  ts, 2866 k w h / ~  ton (2600 k w h / ~  ton) 

Zn has  been obtained.  The c r y s t a l l i n e  z i n c  d e p o s i t  i s  c o l l e c t e d  i n  hopper- 

bottomed c e l l s ,  removed mechanical ly ,  and can be  s o l d  a s  such,  pulverized 

t o  a  powder, o r  b r i q u e t t e d ,  melted,  and c a s t .  Such a  system can b e  r e a d i l y  

mechanized. C e l l s  can be  covered t o  prevent  i r r i t a t i n g  c a u s t i c  sp ray ,  and 

manpower requirements  should be low. 

Considering t h e  h igh  c u r r e n t  d e n s i t y  used, which i s  twice . t h a t  

f o r  t h e  usua l  s u l f a t e  e l e c t r o l y s i s ,  t h e  energy f o r  e l e c t r o l y s i s  i s  remarkably 

low. The use of  a  h ighe r  c u r r e n t  d e n s i t y  he re  is  a  good example of t h e  

tendency i n  e l e c t r o l y s i s  processes  t o  i n c r e a s e  c u r r e n t  d e n s i t y  when ga ins  

*Sept., 1978 Communication from Amax Base Metals Research and Development, Inc .  



have been made i n  power consumption. This both ba lances  t h e  power c o s t  

w i t h  c a p i t a l  and o t h e r  ope ra t ing  c o s t s  t o  achieve  maximum.economy. 

A 400 g / l  (10 molar) caus t5c  s o l u t i o n  i s  used a s  e l e c t r o l y t e .  

Standard e l e c t r o d e  p o t e n t i a l s  i n  b a s i c  s o l u t i o n  a r e :  

The r e v e r s i b l e  p o t e n t l a 1  i s  1.62 v o l t  corresponding t o  1326 kwH/M ton  (1203 
6  6  kwh/S ton )  Zn o r  3.51 x - 1 0  Kcal/M ton  (12.63 x  10 Btu/S ton)  Zn of e l e c t r i -  

c a l  p l a n t  power a t  100 pe rcen t  c u r r e n t  e f f i c i e n c y .  The p o t e n t i a l  i s  0.3 

v o l t  lower than f o r  s u l f a t e  e l e c t r o l y s i s  (1.99 v o l t ) .  Nickel i s  used a s  an 

anode i n  c a u s t i c  e l e c t r o l y s i s  and oxygen overvol tage  i s  lower than on l e a d  

i n  a c i d  s o l u t i o n .  Niclccl anodes f i n d  cons iderable  use :i,tl ~ ~ v t a s s i u m  hydroxide 

s o l u t i o n  f o r  water  e l e c t r o l y s i s ,  and the  problem of anodic overvol tage  i s  

now under vigorous a t t a c k  'B42). Use of porous s i n t e r e d  s u b s t r a t e s  combined 

w i t h  c o a t i n g  w i t h  c a t a l y s t s  by such techniques a s  plasma j e t  sp ray ing  have 

r e s u l t e d  i n  anodes t h a t  ope ra t e  a t  c u r r e n t  d e n s i t i e s  up t o  1 .0  ampfcm 2  

2  
(930 amp/ft  ) w i t h  overvol tages  of on ly  0.2 t o  0 .3  v o l t .  

Thus, i t  should be  r e a l i s t i c  t o  e s t ima te  t h e  fo l lowing  vo l t age  

components f o r  a  c a u s t i c  z i n c  e lec t rowinning  c e l l ,  assuming a cu r ren t  d e n s i t y  
2 

of 50 amplf t  (0.05 amp/cm2), and a  cel,l. temperature o f  60°C f o r  which the  

conduc t iv i ty  of t h e  e l e c t r b l y t e  should be  about 0.5 mho (B43). 

Cathode -1 ,4  v.2. IEIE 

E l e c t r o l y t e  0.5  

Anode ' +0.6 v . s .  NHE 

To ta l  C e l l  2.5 v o l t s .  

The i n t e r e l e c t r o d e  spacing i s  assumed t o  b e  about 5  cm (two inches ) .  

With 93 percent  c u r r e n t  e f f i c i e n c y  and 10 percent  power l o s s  between t h e  

power i n t o  the  p l a n t  and the  c e l l s ,  t h e  above vo l t age  corresponds t o  
6 6 

2425 kwh/M ton (2200 kwh/S ton)  Zn o r  6 . 3 9 : ~  10 ~ c a l / ~  ton  (23  x  10 ~ t u / S  

ton)  Zn. We b e l i e v e  t h a t  t h i s  i s  a  conserva t ive  e s t i m a t e  t h a t  could be 



lowered by reducing i n t e r e l e c t r o d e  spac ing ,  e t c .  Conversely, a  s i m i l a r  

power consumption could b e  obtained a t  a  h ighe r  c u r r e n t  dens i ty .  

A process  flow s h e e t  i s  shown i n  F igure  B2. Table B6 i s  an  

e s t ima te  of  energy requirements f o r  t he  var ious  process  s t e p s .  

Demostrated advantages of a l k a l i n e  l each ing  a p p e a r ' t o  be: 

(1) Exce l l en t ! r ecove ry  of z i n c  from most ox id ized  o r e s  and 

from high  i r o n  concent ra tes .  Normal roas t ed  z inc  s u l f i d e  concent ra tes  

should be  handled a t  l e a s t  equa l ly  we l l .  

(2) An energy saving  i n  e l e c t r o l y s i s  of around 30 percent  
6  

3.06 x  10 ~ c a l / M  ton  (11 x l o 6  ~ t u / S  ton)  over s u l f a t e  e l e c t r o l y s i s  i s  

i n d i c a t e d ,  w i t h  o p p o r t u n i t i e s  t o  i n c r e a s e  t h i s  margin s u b s t a n t i a l l y .  

(3) With a  non-adherent d e p o s i t ,  o r  a t  l e a s t  one t h a t  can be  

r e a d i l y  removed by occas iona l ly  v i b r a t i n g  t h e  cathodes,  t h e  c e l l  can b e  

covered t o  e l i m i n a t e  mi s t ing  and recover  oxygen, i f  des i r ed .  

( 4 )  Permanent e l e c t r o d e s  of  magnesium and n i c k e l  o r  nickel-coated 

s t e e l  can be  spaced c l o s e  toge the r  and t i g h t  connect ions made t o  busbars  

t o  reduce vo l t age  l o s s e s .  Anodes do not  need t o  be removed and cleaned a s  

wi th .  s u l f a t e  e l e c t r o l y s i s .  

(5) With no need t o  s t r i p  cathodes,  t h e ' t a n k  house can b e  auto- 

mated and a  s u b s t a n t i a l  saving made i n  manpower c o s t s .  

(6) There appears  t o  b e  no need f o r  a d d i t i v e s  t o  t he  e l e c t r o l y t e  

a s  i n  s u l f a t e  e l e c t r o l y s i s ,  and the  system seems t o ' b e  much l e s s  s e n s i t i v e  

t o  adverse  e f f e c t s  of va r ious  i m p u r i t i e s .  The comment has  been made t h a t  

d e p o s i t i o n  of  z inc  from a l k a l i n e  e l e c t r o l y t e s  has  . t h e  advantage - of r e q u i r i n g  

l e s s  purification (B44) 

( 7 )  Inexpensive m a t e r i a l s  of cons t ruc t ion  can be used. Corrosion 

i s  a  l e s s e r  problem than  wi th  an  a c i d  e l e c t r o l y t e .  
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TABLE B6. ENERGY FOR CAUSTIC ZINC PROCESS . r . ' ' ' .  ' 

Unit Operation (Kcal/M ton Zn) x 10 6 . 6  
(Btu/S ton Zn) x 10 

Preparation of Concentrate 4.22 15.2 

Oxidizing Roast -1.39 -5.0 

Reducing Roast ( .28) (1.0) 

Leaching 

Filtering, Purification' 

Electrolysis 

Steam Plant .69 

Crystal Collection ( ,141 (0.5) 

Compacting, Melting .39 1.4 

11.4 Totals 41 

Values in parenthesis are very rough estimates. Heat from first roast is 
adequate for the reducing roast and only a small amount of carbon is added. 
Leaching is hot, (100' C) requiring heating of solution. 



Disadvantages appear  t o  be: 

(1) The second s t a g e  o r  reducing r o a s t  c o n s t i t u t e s  an e x t r a  

o p e r a t i o n  over  normal s u l f a t e  p r a c t i c e .  However, t h i s  i s  a  s imple 

o p e r a t i o n  a t  a  temperature of  about 750' C ,  compared t o  900' C f o r  t he  

o x i d i z i n g  s t age ,  and can f u l l y  u t i l i z e  t h e  h e a t  i n  t he  h o t  c a l c i n e .  The 
6 energy suppl ied  by t h e  coa l  r educ tan t  i s  es t imated  t o  b e  0.12 x  10 ~ c a l / M  ton  

(0.42 x  10'~ BtulS ton)  o f  z i n c  recovered from a  60 percent  z inc  ca l c ine .  

The reducing  r o a s t  e l i m i n a t e s  t h e  need f o r  a  .Tarosi te  o r  Coc th i t c  tieatmenr: 

o f  r e s i d u e ,  as i n  s u l f a t e  l e ~ r h ~ n g  t o  g e t  n high o v e ~ a l l  z inc  recovery.  

(2)  A small  amount of c a u s t i c  soda i s  needed a s  make up f o r  

l o s s e s  whereas i n  s u l f a t e  l each ing ,  enough z inc  s u l f a t e  can be formed i n  

r o a s t i n g  t o  compensate f o r  l o s s e s .  By conserva t ion  of wash water ,  t h i s  

l o s s  of  a l k a l i  i s  expected t o  be  very  l i t t l e ,  b u t  sus t a ined  ope ra t ion  i s  

needed t o  determine how l i t t l e .  Caus t ic  exposed t o  a i r  w i l l  ca rbonate  

b u t  t h i s  has  s o  f a r  been a  minor problem. 

(3 )  The c r y s t a l l i n e  z inc  d e p o s i t  may need cnmpartinn bwforr 

mel t ing  i f  i t  is  not s o l d  as  a  pswdcr, This has 1.1rru dewmistrated t o  b e  

a s imple  ope ra t ion  and t h e  handl ing  of cathode z inc  Irum the  a1kaJ.i .n~ cells , 

i o  n o t  expecLeJ tu use apprecia 'bly more energy than t h e  removal, washing, 

me l t i ng ,  and c a s t i n g  of cathode z inc  from s u l f a t e  c e l l s .  

( 4 )  A s  a  new method. alkal i n e  1 ~ s c h i n g  doc0 n o t  have Llle Lackgroulid 

of e x p e i i e ~ i c e  and engineer ing  developments of t he  s u l f a t e  process  which 

make e f f e c t i v e  o p e r a t i o n  of a  new p l a n t  more assured .  However, t h e r e  a r e  

p o t e n t i a l . o p p o r t u n i t i e s  f o r  sav ings  i n  c o s t ,  p.nergy, and consc rva t ioa  wiLh 

such a  new process. 

Considering both  advantages and disadvantages,  i t  would appear t h a t  

a l k a l i n e  l each ing  has  an  e x c e l l e n t  chance t o  g ive  a s ~ ~ h s t a n t i a l . s a v i n ~  i n  

energy, a s  we l l  a s  us ing  l e s s  manpower and be ing  more adap tab le  t o  automation 

t h e  s u l f a t e  leaching .  



The f a c t  t ha t ,  a d e n d r i t i c . d e p o s i t  can be considered a l a r g e  s c a l e  

primary m e t a l l u r g i c a l  product r a t h e r  than a s p e c i a l t y  i tem should open up 

a whole new a r e a  , for  sav ing  energy, l a b o r ,  and c o s t s .  Semi-permanent 

i n s t a l l a t i o n  of e l e c t r o d e s  is  poss ib l e ,  meaning p r e c i s e l y  machined s h e e t s  

can be  a c c u r a t e l y  pos i t ioned  t o  g ive  a minimum spacing.  A 5 cm (two-inch) 

spac ing  has been used, whi le  2.5 cm (one-inch) should be  s u f f i c i e n t .  

The d e p o s i t  can b e  loosened by f requent  v i b r a t i o n ,  h y d r a u l i c s ,  

e t c . ,  be fo re  b r idg ing  i s  l i k e l y  t o  occur .  The enhanced s u r f a c e  of t h e  depos i t  

and i t s  growth toward t h e  anode w i l l  a l s o  keep c e l l  vo l t age  a t  a minimum. 

The dendrTtes from t h e  c e l l s  can b e  pumped around a s  a s l u r r y ,  

f i l t e r e d ,  e t c . ,  and handled i n  a manner more ak in  t o  a chemical p l a n t .  The 

concept may have a p p l i c a t i o n  t o  meta ls  o t h e r  than z inc ,  e .g . ,  copper ,  l e a d .  

Other Poss ib l e  Process  Innovat ions  f o r  Zinc Recovery 

Along w i t h  suggested improvements i n  t h e  va r ious  s t e p s  of  conven- 

t i o n a l  s u l f a t e  e l e c t r o l y t i c  z i n c  p l a n t  ope ra t ions ,  t h e r e  have been a number 

of r a d i c a l l y  d i f f e r e n t  approaches t o  g e t t i n g  the  z inc  i n t o  s o l u t i o n .  Much 

of  t h e  impetus t o  t h e s e  e f f o r t s  has  been environmental t o  e l i m i n a t e  t h e  

r o a s t i n g  ope ra t ion ,  a s  w e l l  as f i n a n c i a l ,  t o  g e t  a h ighe r  o v e r a l l  z inc  

recovery.  I n  gene ra l ,  t h e  many procedures  suggested f o r  l each ing  t o  avoid 

r o a s t i n g  do n o t  r e s u l t  i n  any sav ing  of energy; r a t h e r  t h e  energy r e l eased  

i n  r o a s t i n g  i s  an a s s e t  for geurrcrLlng proccoc steam. 

Leaching .. - . Innovat ions  . -. 

Anodic Oxidation. The Bureau of Mines flow-through diaphragm 

c e l l  f o r  e l e c t r o l y t i c  ox ida t ion  of  lead-zinc concen t r a t e s  i n  a c h l o r i d e '  

system has  been d iscussed  under aqueous c h l o r i d e  e l e c t r o l y s i s  0344) 

Similar ly- ,  work h a s  bccn done elsewhere,  p a r t i c u l a r l y  i n  Japan and Germany, 

on anodic d i s s o l u t i o n  of z inc  s u l f i d e ,  i n  an a c i d  s u l f a t e  media. One genera l  

procedure, which h a s  been encouraged by t h e  succes s fu l  Inco deveiopmenr of  

e l e c t r o l y z i n g  c a s t  n i c k e l  s u l f i d e  anodes, has  been t o  e l e c t r o l y z e  pressed 

anodes of z i n c  s u l f i d e  concen t r a t e s  conta in ing  g r a p h i t e  f o r  conduc t iv i ty  
0345) 



This  i s  s i m i l a r  t o  development work i n  A u s t r a l i a  on pressed galena anodes 

a s  d i scussed  i n  t h e  s e c t i o n  "Lead". So f a r ,  t h e r e  has  been i n s u f f i c i e n t  
- 

succes s  exper imenta l ly  w i t h  s o l i d  z i n c  s u l f i d e  anodes t o  warran t  any a t tempt  

a t  commercial izat ion.  This  is  l a r g e l y  because of a  bu i ldup  of e lementa l  

s u l f u r  on the  anode which p reven t s  adequate  mass t r a n s f e r .  Also, t h e  anodes 

have been f r a g i l e  and have had a  r a t h e r  h igh  e l e c t r i c a l  r e s i s t a n c e .  

Experimental work has  been done on us ing  a  s l u r r y  o r  suspension 

of z i n c  s u l f i d e ,  a s  i n  t he  Bureau of Mines work wi th  a  c h l o r i d e  e l e c t r o l y t e .  

Ea r ly  work w i t h  a  d i l u t e  s u l f u r i c  a c i d  e l e c t r o l y t e  was handicapped by 

product ion  of cons ide rab le  hydrogen s u l f i d e .  However, by adding s u f f i c i e n t  

g r a p h i t e  powder o r  c e r t a i n  o t h e r  ox id i zab le  r e a c t a n t s  t o  r a i s e  the  ox ida t ion  

p o t e n t i a l  above t h e  l e v e l  a t  which hydrogen s u l f i d e  was generated,  t h i s  

a c t i o n  w a s  suppressed.  Under optimi.ilm cond i t i ons ,  95 pcrccnt  z inc  d i s so lu t io i l  

w a s  achieved and s u l f i d e  was converted almost  completely t o  elemental  

s u l f u r  0346) . By p u r i f i c a t i o n  of t h e  z i n c  s u l f a t e  s o l u t i o n ,  i t  could be madc 

s u i t a b l e  f o r  e l e c t r o d e p o s i t i o n  t o  cathode z inc .  The ope ra t ions  have not  

been i n t e g r a t e d  i n t o  one process ,  and because of t h e  power requirements ,  a s  

w e l l  as c o ~ ~ l p l i c a t i o n s  i n  ope ra t ion  of a  two-step e l e c t r o l y s i s ,  any sav ing  

i n  energy over  convent iona l  t rea tment  i s  doubt fu l .  

Copper S u l f a t e .  Experimental work h a s  been done on l each ing  zinc- 

s u l f i d e  concen t r a t e s  d i r e c t l y  wi th  copper s u l f a t e  s o l u t i o n  under ~~~~~~~~~e a t  

about  220°C 'B47). A a l u c  s u l f a r e  solur iOn is tormed by t he  exchange r e a c t i o n  

which, a f t e r  removal of t h e  r e s u l t a n t  copper s u l f i d e  p r e c i p i t a t e  and gangue 

can b e  p u r i f i e d  and e l e c t r o l y z e d .  The copper s u l f a t e  s o l u t i o n  i s  regenerated 

by a second p re s su re  l each  wi th  spen t  e l e c t r o l y t e  ~ ~ n r l ~ r  nx id i z ing  condi t iono ,  

thereby  r e l e a s i n g  e lementa l  s u l f u r .  I n  modi f ica t ions  of t h i s  suggested 

process ,  t o  avoid product ion  of excess ive  amounts of  s u l f u r i c  a c i d  dur ing  

cuprous s u l f i d e  p r e c i p i t a t i o n ,  t he  f i r s t  p re s su re  leach  is  done wi th  a i r  o r  

oxygen. This  p roces s ,  l i k e  so many o t h e r s ,  o f f e r s  a novel ,  t e c h n i c a l l y  

f e a s i b l e ,  procedure, b u t  w i t h  i n s u f f i c i e n t  economic i n c e n t i v e s  t o  r ep l ace  a  

more conse rva t ive  method. Because of t h e  e l eva t ed  temperature and p re s su re  

among o t h e r  requirements ,  energy savings  over  t he  p re sen t  roas t ing- leaching  

a r e  un l ike ly .  A s  w i t h  o t h e r  s u l f u r  producing processes  t he  energy from 
6  6 

r o a s t i n g  t o  SO 1.39 x  10 ~ c a l / M  ton  o r  (5 x  10 ~ t u / S  ton Zn) i s  not  2 ' 
obta ined .  



Ammonia. A s  a . c o r o l l a r y  t o  commercially succes s fu l  ammonia l each ing  

of copper s u l f i d e  concentrates- ,  t h e  Anaconda Company has done experimental  

work on ammonia leaching  of  lead-z inc . .concent ra tes  (B48).  The emphasis 

seems t o  have been on l e a d  recovery,  b u t  flow s h e e t s  involve  z inc .  A . s l u r r y  

of s u l f i d e  concen t r a t e s  i s  leached by . s t rong  a g i t a t i o n  w i t h  ammonium s u l f a t e  
2 

and f r e e  ammonia, plus '  oxygen, under s l i g h t  p re s su re  (under 2 .1  kg/cm o r  

30 p s i g ) .  The z i n c  ammonium s u l f a t e  s o l u t i o n  i s  f i l t e r e d  o f f ,  t h e  ammonia 

dr iven  o f f  by hea t ing ,  a n d ' t h e .  z i n c  s u l f a t e  s o l u t i o n  p u r i f i e d  and e l e c t r o l y z e d  

i n  a convent ional  c e l l .  T h e r e . i s  i n s u f f i c i e n t  in format ion  a v a i l a b l e  t o  

c a l c u l a t e  energy requirements ,  p a - r t i c u l a r l y  from complex o r e s .  Here aga in  

power f r o m . r o a s t i n g  i s  no t  ob ta ined .  

Acet ic  Acid. The use of  a c e t i c  a c i d  has  been suggested a s  a  so lven t  

f o r  z inc  i n  t r e a t i n g  oxid ized  z i n c  o r e s .  I n  experimental  work, Escadera has  

found t h a t  up t o  88 percent  of  t h e  z i n c  i n  a  19 percent  ox id ized  o r e  from 

B r a z i l  could be  s o l u b i l i z e d , w i t h  remarkably low impur i ty  concen t r a t ion  i n  

t h e  s o l u t i o n  (B49) . Af te r  adding s u l f u r i c  a c i d  t o  t h e  s o l u t i o n  ( spen t  

e l e c t r o l y t e )  a c e t i c  a c i d  could be  d i s t i l l e d  f o r  r e c i r c u l a t i o n ,  and the  

r e s u l t a n t  z i n c  s u l f a t e  s o l u t i o n  could b e  p u r i f i e d  and e l e c t r o l y z e d  conven- 

t i o n a l l y .  This  procedure may b e  use fu l  f o r  some s p e c i a l  s i t u a t i o n s ,  b u t  

because of a c e t i c  a c i d  l o s s e s  and energy needed f o r  d i s t i l l a t i o n ,  t h e  t o t a l  

energy r equ i r ed  should a t  l e a s t  equal  t h a t  f o r  convent ional  t rea tment .  

Sul furous  Acid. A s u l f i t e  system f o r  l each ing  complex z inc  o r e s  

has been described b r i e f l y  a s  g iv ing  h igh  r a t e s  of  e x t r a c t i o n  and i s  no t  

bothered by halogens i n  t he  l eachan t  (B50). Af t e r  leaching ,  t h e  z inc  i s  

s o l v e n t  e x t r a c t e d ,  s t r i p p e d  wi th  s u l f u r i c  e l e c t r o l y t e ,  p u r i f i e d ,  and e l e c t r o -  

lyzed  convent iona l ly .  Too l i t t l e  ih format ion  i s  a v a i l a b l e  t o  e s t ima te  

energy requirements .  However, t h e  system may b e  i n t e g r a t e d  i n t o  an  e l e c t r o -  

l y s i s  where . su l furous  a c i d  Uepolar izes  t he  nnodc.. 

Other.  The high p re s su re  s u l f u r i c  a c i d  l each ing  of va r idhs  metal  

s u l f i d e s ,  w i t h  a i r  o r  oxygen; over  t h e  p a s t  20 years  has  included a t t e n t i o n  

t o  z inc  al though emphasis 'has '  been on o t h e r  metals, (B51) . . From t h i s  e a r l y  



work by P ro fes so r  Forward and S h e r r i t t  Gordon, a  number of flow s h e e t s  

i nvo lv ing  z i n c  have been suggested. Since high p re s su re  leaching  a t  e leva ted  

temperature i s  i n h e r e n t l y  energy i n t e n s i v e  compared t o  convent ional  roas t ing -  

l each ing ,  t h i s  a r e a  of development w i l l  n o t  be  d iscussed  i n  d e t a i l .  It i s  

of  g r e a t e r  i n t e r e s t  from a n  environmental s tandpoin t  t o  avoid r o a s t i n g  and 

t o  recover  e lementa l  s u l f u r .  

Likewise, so lven t  e x t r a c t i o n  has  been d i r e c t e d  Inure toward o t h e r  

me ta l s ,  b u t  a  few commercial a p p l i c a t i o n s  have developed and t h e r e  a r e  

p o s s i b i l i t i e s  f o r  i t  t o  become a  u s e f u l  s t e p  i n  z inc  e l ec t rome ta l lu rgy  (B52) 

For I n s t a n c e ,  t h e  Metstep p l a n t  i n  South Afr ican  (not  now i n  opera t ion)  used 

s o l v e n t  e x t r a c t i o n  t o  remove z i n c  from a  c h l u r i d e  l each ir~g  s o l u t i o n ,  then  

s t r i p p e d  wi th  s u l f u r i c  a c i d  t o  produce z i n c  s u l f a t e  s o l u t i o n  f o r  s u l f a t e  

e l e c t r o l y s i s .  I f  c h l o r i d e  contaminat ion of t h e  s u l f a t e  s o l u t i o n  can be 

avoided,  t h i s  sugges t s  u s ing  t h e  more powerful c h l o r i d e  leaching  systems f o r  

e x t r a c t i o n  and us ing  p re sen t  equiptaent f o r  convent ional  s u l f a t e  e l e c t r o l y s i s .  

Among many examples of how so lven t  e x t r a c t i o n  may he I I S P ~  t o  s f f c c t  

s e p a r a t i o n  of z i n c  from o t h e r  meta ls ,  t he  s e p a r a t i o n  from'copper i n  s u l f a t e  

s o l u t i o n s  can b e  important .  Zinc and copper commonly occur t oge the r .  The 

.involved e l e c t r o l y s i s  of  a  mixed copper-zinc s u l f a t e  s o l u t i o n ,  o r  t h e  need 

f o r  an exce$slve amount of z i n c  d u s t  f o r  copper removal by displacoment,l 

can  b e  avoided by so lven t  e x t r a c t i o n  of  t h e  z i n c  o r  t h e  copper. This  makes 

p o s s i b l e  s e p a r a t e  e l e c t r o l y s i s  systems a f t e r  s t r i p p i n g  t h e  o rgan ic  phase 

w i t h  s u l f u r i c  a c i d  e l e c t r o l y t e .  A v a r i a t i o n  on s e p a r a t e  e x t r a c t i o n  of copper 

and z i n c  i s  t o  exchange one f o r  t h e  o t h e r .  Use of copper d i  (2-ethylhexyl)  

phosphate a s  t h e  organic  e x t r a c t a n t  t o  e f f e c t  a  copper-zinc exchange has  

been p a t  ~ n t  ed 0353) 

I n  t h e  San Telmo process  nf t r e a t i n g  p y r i t c  conta in ing  coppe l  

and z i n c  s u l f i d e s ,  a s  2 .8  percent  Cu, 3 . 8  percent  Zn and 39 percent  Fc, 

l each ing  i s  done wi th  f e r r i c  s u l f a t e  t o  r e l e a s e  elemental s ~ ~ l f l ~ r .  Copper 

i s  removed by so lven t  e x t r a c t i o n ,  i r o n  p r e c i p i t a t e d  by t h e  J a r o s i t e  procedure, 

and t h e  z i n c  concent ra ted  b y  so lven t  e x t r a c t i o n  be fo re  e l e c t r o l y s i s  0354) 

I n  summary, s o l v e n t  e x t r a c t i o n  can be  a  u s e f u l  t o o l  i n  s epa ra t ing  

z inc  i n  s o l u t i o n  from o t h e r  m a t e r i a l s ,  p a r t i c u l a r l y  i n  t r e a t i n g  complex con- 

c e n t r a t e s ,  bu t  i t s  e f f e c t  on' energy consumption depends on a  comparison of 

s p e c i f i c  f low diagrams. However, as s t a t e d  previous ly ,  t h e  energy i s  probably 
6  

l e s s  than  f o r  a  t y p i c a l  leaching  system, i . e . ,  0.17 x  10  KcalIM'ton (0.6 

x  l o 6  Btu/S ton ) .  
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concius i ons  

Table B7 compares t h e  es t imated  and p ro j ec t ed  energy requi red  f o r  ' 

recover ing  z i n c  by va r ious  processes  t h a t  have been d iscussed .  The rough 

e s t ima te s  r e q u i r e  a  more c a r e f u l  eva lua t ion  be fo re  a c t u a l l y  undertaking 

f u r t h e r  experimental  o r  p i l o t  p l a n t  programs. This  should b e  a  f i r s t  t a s k  

of such programs. Energy i s  r epor t ed  (1) a s  t h e  Kcal/M ton (Btu/S ton) 

i nc lud ing  f u e l  f o r  genera t ing  e l e c t r o l y s i s  power (2646 Kcallkwh o r  10,500 

Btulkwh); (2) t h e  kwh f o r  e l e c t r o l y s i s  assuming a  10 percent  l o s s  i n  e l e c t r i c  

power f o r  conversion and conduct ion t o  c e l l s  and .(3) annual Kcal o r  Btu 

r equ i r ed  i f  t h e  methdd were used f o r  a l l  domestic product ion i n  1977 and 2,000. 

We conclude: 

(1) The lowest  energy used i s  obta ined  by cogenera t ion  

of marketable  c h l o r i n e  i n  t h e  e lec t rowinning  c e l l .  

The energy i s  lowered mainly because t o t a l  energy 

can be  a l l o c a t e d  t o  two products  r a t h e r  than  one. 

(2) Energy may h e  reduced t o  14 x lo6  ~ c a l / M  ton 
6 (50 x 10 Btu/S ton)  Zn by ( a )  use  of DSA anodes 

i n  convent ional  s u l f a t e  e l e c t r o l y s i s ,  and (b) 

c h l o r i d e  e l e c t r o l y s i s  us ing  c h l o r i n e  l each ing  and 

( c )  fused s a l t  e l e c t r e l y s i s .  F e r r i c  c h l o r i d e  

leaching  w i l l  reduce energy t o  12.5 x l o 6  ~ c a l / M  ton  

Zn providing a c u r r c n t  e f f i c i e n c y  nf over  90 

percent  can be  obtained.  

(3) Caus t ic  l each ing  and e l e c t r o l y s i s  can achieve  an 

o v e r a l l  energy use  of 12.5 x lo6  ~ c a l / ~  ton  
6 

(45 x 1 0  Btu/S ton)  Zn even a t  t h e  r e l a t i v e l y  
2 

h igh  cur re l i t  density of 1080 amp/m2 (100 nmplft 1,. 
The method has  t h e  p o t e n t i a l  of reducing energy 

6 6 
use  t o  11 x 10  ~ c a l / M  ton  (40 x 10 ~ t u / S  ton)  

Zn o r  l e s s .  



TABLE B;7., ENERCl SAVINGS FOR Z I N C  WINNING METHODS 

(2) 
m r o t a 1  . 

E l e c t r i c a l  Ecergyl ton,  Year 1977 Year 2000 
Er-ergy 6 12 12 
k ~ h / M  t o n  '. 10 Kcal/M Ton lol2 Kcal lol2 Kcal 

Process  (kxh;S t o n )  (10' EtuIS t o n )  l o 9  kwh (10 Btu) lo9  kwh (10 Btu) 

Average s u l f a t e  process  3790 16.7 0.0 0 . 0  0.0 0.0 
(contemporary) (3600) .(60 1 

Optimum s u l f a t ?  process  

With DSA Anodes 

With SO2 Depolar izer  

Aqueous Chlor ide  Process  

Roast ing,  Chlor ine  
Product ion 

Chlorine-Oxygen 
Leaching 

F e r r i c  Chlor ide Leaching 

Fused c h l o r i d e  Process  2870 14.7 .43 .76 .94 (1.65 ) 
(2600) (53 ) (3.03) (6.58 ) 



TABLE B7. ENERGY SAVING3'FOR.ZINC WINNING METHODS (continued) 

(2) Total Electrical Year 1977 Year 2000 
~nergy/ton, 

Energy 6 10 Kcal/M ton 1017 Kcal 1012 Kcal kwh/ M ton' 
Process (kwh/ S ton) (lIo6 B C ~ /  s ton) logkwh (1012 ~ t u )  logkwh Btu ) 

Caustic Process 

1) Assumes cogeneration of chlorine 

2) Electrical energy for electrolysis 

3) Assumes 394,000 M ?on (434,000 S ton:l/yr. or 42% of consumption 

4) Assumes 853,000 M ton (940,000 S ton)/yr or 42% of predicted consumption. 



(4)  Using t h e  r o a s t i n g  SO off-gas  t o  d e p o l a r i z e  t h e  
2 

anode i n  t h e  s u l f a t e  p roces s  can reduce t h e  energy 
6 requirement  t o  15.5 x l o 6  Kcal/M ton  (56 x 10 ~ t u / S  

ton)  Zn o r  less. Use of  t h e  method w i l l  r e q u i r e  

c a t a l y s e d  porous anodes,  and an  e f f i c i e n t  evapora- 

t i o n  and c rys ta l l . i , za t ion  sys  t e m '  f o r  t r e a t i n g  c e l l  

e f f l u e n t .  
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TECHNOLOGY OF LEAD 

In t roduc t ion  

Lead i s  comparat ively easy  t o  concen t r a t e  and smelt  by convent ional  

py rometa l lu rg i ca l  techniques .  Such techniques a r e  now t h e  only  ones f o r  

domestic product ion.  Lead occurs  predominantly a s  a  s u l f i d e ,  o f t e n  wi th  

copper and z inc .  A r e l a t i v e l y  pure l e a d  concen t r a t e  can n f t ~ n  h e  obtained 

by phys i ca l  mcthods. However, concen t r a t e s  of l ead  w i t h  o t h e r  me ta l s ,  i . e . ,  

l e a d - z i n c ,  ran he readily processed ao w c l l ,  Thc cnckgy required ILJL Lllr 

usua l  s i n t e r - b l a s t  furnace  process  i s  es t imated  t o  be. about 7.5 x l o 6  ~ c a l / ~  
6 

t o n  (27 x 10  ~ t u / S  ton) of  r e f i n e d  l ead .  Energy use i s  d iv ided  i n t o  

(USBM Report) : 

Mining and concen t r a t ing  34% 

Smelting and d ros s ing  48% 

Ref in ing  18%. 

This  comparison of energy requirements  may have t o  be  r ev i sed  i n  t h e  f u t u r e .  
(C3) t o  take' account  of  new pyrometa l lurg ica l  processes  u t i l i z i n g  less energy 

Such processes  a r e  concerned wi th  "convert ing 1 e a d . s u l f i d e  t o  

l e a d  meta l  and s u l f u r  dioxide.much i n  t h e  manner t h a t  copper o r e s  a r e '  

t r e a t e d .  For t h e  r e a c t i o n :  

PbS + o2 

6 
t h e  s tandard  en tha lpy  change i s  -48.1 Kcal/mole Pb o r  0.23 x 10 Kcal/M ton 

Pb. It i s  p o s s i b l ~  t h a t  t h e  48 percent  o r  3.6 x 1 u 6  KcallM ton  (13 x 10 
6 % .  

B ~ U / S  ton)  Pb o f  t h e  t o t a l  c u r r e n t  energy requirement f o r  b l a s t  furnace  

l e a d  could be  lowered by a t  l e a s t  one-half so t h a t  t he  t o t a l  energy requirement 
6 

would be 5.7 x 10 ~ c a l / ~  t o n  (20.5 x 1-(I6 B & / s  ton)  Pb. 

A d e t a i l e d  flow s h e e t  f o r  t h e  convent ional  process  i s  shown i n  

F igure  C 1  and d a t a  a r e  summarized i n  Table C 1 .  P roposed . a i r  p o l l u t i o n  

s t anda rds ,  i f  adapted,  could impose seve re  r e s t r a i n t s  and/or  c o s t s  on 

py rometa l lu rg i ca l  methods i n  o r d e r  t o  meet t he  s t anda rds .  , 



. . 

TABLE C 1 .  PRODUCTION OF REFINED LEAD 

Uni ts  6 
6 10 Btu 

Per  'Net Ton 1 0  Btu Per  S ton 
Unit.  . of Lead Per  Unit of Lead 

Minf ng 

E l e c t r i c a l  energy . kwh . 274.7 0.0105 2.88 
Explosives l b  12.55 0 .0'30 0.38 . . 

Diese l  f u e l  o i l  g a l  5 .51 0.139 ' 0.77 
Gasoline g a l  0.44 0.125 0.06 
S t e e 1  l b  .13.98 0.0175 0.24 

Sub to ta l  4.33. 

Crushing 

E l e c t r i c a l  energy kwh 28.6 0. 0i05 0.30' 

Grinding and c l a s s i f i c a t i o n  

E l e c t r i c a l  energry kwh 244.5 0 -0105 2.57 
S t e e 1  l b  23.44 0.0175 0.41 

Sub t o t a l  2.98 

Conditioning, f l o t a t i o n  
and pumping kwh 89.3 0.0105 0.94 

Thickening and f i l t e r i n g  kwh 11.7 0.0105 0.12 
Organic reagents  l b  . 1.46 0.020 0.03 
Inorganic  r eagen t s  l b  9.29 0.005 0.05 
Other e l e c t r i c a l  energy kwh 4 .O 0.0105 0.04. 

Sub t o t a l  1 .18 

T r a n ~ p o r t a t i o n  o f  concent ra tes  n e t  ton- 
(300. mi l e s  r a i l )  mi le  507 .O 0.00067 . 0 . 3 4  . 

Charge p repa ra t ion  

E l e c t r i c a l  kwh 5 .OO 0.0105 0.05 
Natural  gas f t 3  160.0 0.001 0.16 
Limes tone n e t  ton.  0.12 . 0..24. . 0.03 
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TABLE C 1 .  (Continued) 

Uni t s  6  
6  10  B t u '  

Per  Net Ton 10 Btu Per  S ton  
Uni t s  of Lead . .Per  .Unit  of Lead 

Charge P repa ra t ion  (Cont 'd) 

I r o n  o r e  n e t  t on  0.07 0.715 0.05 
Sand ( s i l i c a )  n e t  ton n . n ~  0.10 0.01 
Sand t r a n s p o r t a t i o n  , n e t  ton- 9 .o 0.00067 U .UL 

Eub t o  tal 0.31 

S i n t e r i n g  

E l e c t r i c a l  energy 
Natura l  gas  
Coke b reeze  
Breeze t r a n s p o r t a t i o n  

(500 m i l e s  by r a i l )  

Bf as c furnace  

E l e c t r i c a l  energy 
Natt iral  gas 
Ccrka 
Coke t r a n s p o r t a t i o n  

(500 m i l e s  by r a i l )  

kwh 44.8 
f t 3  454.05 
n e t  t on  0.019 
n e t  ton- 

mi le  9.5 

kwh 42.5 
f c 3  220.0 
nee ton  0.  23  
n e t  ton- 

m i l ' e  115.0 

Sub t o t a l  

Sub to ta .1  

E l e c t r i c a l  energy kwh 2.30 0.0105 0.02 
Natura l  gas  f t 3  520.0 0.001 0.52 ' 

S u l f u r  net  ton 0,002 5.8 0.01 
YulIur t r a n s p o r t a t i o n  n e t  ton- 

(500 m i l e s  by r a i l )  m i l e  1.0 0.00067 ' 0.00 . 
Sub t o t a l  0.55 



TABLE C l . .  (Continued) 

Units  
6 

6 
10 Btu 

Per Net Ton 10 Btu Per S Ton 
Unit of Lead Per Unit of Lead 

Dross reverbera tory  furnace 

. .  E l e c t r i c a l  energy 
Natural  gas 
Coke Breeze 
Breeze t r a n s p o r t a t i o n  

(500 mi le s  by r a i l )  
Soda ash 

kwh 2.0 0.0105 0.02 
f t 3  782.58 0.001 0.78 
n e t  ton  0.006 21.0 0.13 
n e t  ton- 

mi le  3.0 0.00067 0.00 
n e t  ton  0.010 18.3 0.18 

Soda ash  t r a n s p o r t a t i o n  n e t  ton- 
(300 mi les  by r a i l )  mi l e  3.0 0.00067 0.00 

Subtota l  1.11 

Mobile equipment f u e l  

Diese l  f u e l  

S u l f u r i c  ac id  p lant  

E l e c t r i c a l  energy 
Natural  gas 
S u l f u r i c  ac id  product 

kwh 40.5 0.0105 0.43 
f t 3  600.0 0.001 0.60 
n e t .  ton  . 0.73 0.83 '  -0.61 

Dust . co l l ec t ion  system 

E l e c t r i c a l  energy 

Sampling 

E l e c t r i c a l  energy 
Natural  gas 

kwh 

kwh 
f t 3  

'0.0105 0'.02 
0.001. 0.09 

Sub to ta l  0.11 

Refining 

Softening 

E l e c t r i c a l  energy 
Natural  gas 

kwh 
f t 3  



TABLE C1. (Continued) 

Units 
6 

6 10 Btu 
Per Net Ton 10 Btu Per S ton 

Unit of Lead - Per 'Unit of Lead 

Desilverizing kettles 

Electrical energy 
Natural gas 
Zinc sppltpr 
Zinc transportation 
(300 miles by rail) 

Howard presses 

Electrical 

Retorting 

Natural gas 

Vaccum dczi~~~: . . i -ug 

Electrical energy 
Natural gas 

kwh 14.0 0.0105 0.15 
ft3 610.0 0.001 . U . b l  
net Cull 0.0056 b2.O 0.36 . 

net ton- 
mile 1.68 0.00067 0 .OO 

kwh 

Sub total 1;12 

'Subtotal 0.033 

Debismuthizing 

Electrical energy 
Natural gas 
Caicium 
Calcium transportation 
(1,000 miles by truck) 

Magile~iLuu~ 
Magnesium transportation 

(500 miles by rail) 

kwh 14.0 0.0105 0.15 
f t 3  1,300.0 0.003, 1.30 
net ton 0.00066 243.6 0.16 
net ton- 
mile 0.66 0.0024 0.1111 

rlrt ton 0.00173 350.0 0.61 
net ton- 
mile 0.87 0.00067 0.00 

Subtotal , .2..22 

Refining and casting 

. Electrical energy 
Natural gas 

kwh 
ft3 



TABLE C 1 .  (Concluded) 

Uni.t s 6 
6 10 Btu 

Per  Net t on  10  Btu Per  S ton 
Unit  o r  Lead Per  Unit  of Lead 

Refining and c a s t i n g  (Cont'd) 

. .  Caus t i c  soda ( s o l i d  NaOH) n e t  t on  0.001 47.. 7 0.05 
Soda t r a n s p o r t a t i o n  n e t  ton- 

(300 m i l e s  by r a i l ) .  ' mile  0.3.  0 .do067 0.00 
N i t e r  (NaN03) n e t  ton  0.00025 42.25 0.01 
N i t e r  t r a n s p o r t a t i o n  

(300 m i l e s  by r a i l )  m i l e  0.08 0.00067 0.00 

Sub t o t a l  0.31 

General p l a n t  (hea t ,  l i g h t s ,  e t c . )  

E l e c t r i c a l  energy kwh 
Natura l  gas  f t 3  

TOTAL 

0.0105 0.15 
0.001 0.15 

Sub t o t a l  0.30 

Net ton  = S ton .  



MINING [TI 

GRINDING 1211 
OTHER MINERAL CONC. 

SOLIDS 
PREPARATION 

RECYCLE SULFUR 
UNDERSIZE DIOXIDE 

I '  

FUME 
SINTERING AND FUME' _ ACl D BY-PRODUCT RECOVERY 
MACHINE _ - -- PLANT(* SULFURIC SYSTEM 
. 1.33 - 

I 0.67 
0.42 ACID 

- A0 

T 
PARTIAL 
RECYCLE 

OF - 

DROSS 

BYPRODUCT S O O ~  
REVERRERATORY ASH 

UHOSSING FllRNACE 
SULFUR COPPER RICH DROSS - 0.18 

0.01 
I 

COPPER MAlTE 

MISCELLANEOuS MOBILE EQUIP, SAMPLING,, ED SPEISS 
GEN'L PLANT 

FIGURE C 1 .  PRODUCTION O F  R E F I N E D  LEAD 
6 ( U n i t s  i n  10 B ~ U / S  ton lead) 



DECOwERlZED BULLION 

ARSENICAL AND To 
FURNACE, ANTlMONlAL .- MTrMONIAL 

SKIMS (HARD) LEAD 
MANUFACTURE 

SOFTENED LEAD 

I ,  ZINC ' 

KETTLES 
0.7 6 SKIMS 

zlhc 
RICH DESILVERIZED 

DEZlNClNG 
KETTLE 

CALCIUM 1 

C A 6 T I C  SODA I 
0.05 

REMOVAL Or TnAGEC OF ZINC, ANTIMONY AND 
ARSENIC AS CAUSTIC DROSS TO SINTER CHARGE 

0.01 

t 
REFINED LEAD 

26.78 

FIGURE C1. PRODUCTION OF REFINED LEAD (Concludqd) 



Some producers  have claimed t h a t  technology i s  no t  a v a i l a b l e  t o  

r e s t r i c t  emissions t o  t h e  proposed s tandard .  Addi t iona l  energy (not  est imated)  

w i l l  be  needed t o  power t h e  po l lu t ion -con t ro l  devices .  The c o s t  of 

t h e  c o n t r o l  equipment i s  es t imated  t o  be about 20 percent  of t he  t o t a l  p l a n t  

c o s t  ( s ee  s e c t i o n  on Suggested Fur the r  Analysis  and/or  Development of 

Processes  and Appendix). Such r e s t r i c t i o n s  w i l l  f avor  e l e c t r o m e t a l l u r g i c a l  

methods f o r  l e a d  product ion  which a r e  l e s s  l i k e l y  t o  cause a i r  p o l l u t i o n .  

I n  t h e  fol lowing s e c t i o n s  t h e  va r ious  e lec t rochemica l  methods 

f o r  e lec t rowinning  and e l e c t r o r e f i n i n g  that ,  have been proposed o r  used a re  

reviewed, inc luding  h i s t o r i c a l  and more r ecen t  d e s c r i p t i o n s .  

E lec t ro rne t a l lu rg i ca l  Processes  Based on Chlqr ide  Ions 
. .. 

Ear ly  Developments 

Although hydrometa l lurg ica l  processes  f o r  recovery of lead  have 

no t  rece ived  anywhere n e a r , t h e  a t t e n t i o n  of those f o r  copper,  z inc ,  aluminum, 

magnesium and may o t h e r  me ta l s ,  some processes  have been inves t iga t ed  and 

' a  few even commercialized t o  some ex ten t .  A few p l a n t s  o u t s i d e  o f t h e  USA. 

r e f i n e  l e a d  e l e c t r o l y t i c a l l y .  Without going far back i.n h i s t o r y ,  mention 

should b e  made of e a r l y  a c t i v i t y  i n  hydrometa l lurg ica l  t rea tment  of l.ead 

o r e s ,  p a r t i c u l a r l y  i n  t h e  1918-1925 p e r i o d .  , T r i i s  i s  we l l  Summarized, with 
( ~ 2 )  

r e f e r e n c e s  by. R idde l l  and by C r o a s d a l e , i n  L i d d e l l ' s  Handbook . 
Most o f  the  work a t  t h a t  t ime was on a c i d  b r i n e  l each ing ,  u sua l ly  

preceded by a  c h l o r i d i z i n g  r o a s t ,  and t h e  l ead  w a s  recovered hy el.r?ctrolysin 

o r  by cementat ion on i r o n .  There was s u f f i c i e n t  success  i n , t h i s  f i e l d  t h a t  

hydrometa l lurg ica l  t rea tment  was compet i t ive  wi th  concen t r a t ion  and l ead  

b l a s t  furnace  smel t ing .  I n  f a c t ,  f i v e  commercial b r i n e  l each ing  p l a n t s  were 

b u i l t  i n  t h i s  country and one earh i n  Canada, A u s t r a l i a  and E n g l ~ n d .  w i L 1 1  

improved f l o t a t i o n  t o  t r e a t  complex o r e s  and f o r  v a r i o u s  reasons  ( co r ros ion  

problems, improvements i n  smel t ing ,  c o s t  of r eagen t s ,  ope ra t ing  d i f f i c u l t i e s ,  

e t c . )  none of  t h e s e  p l a n t s  opera ted  f o r  more than  a  few years .  . I n  one p l a i t  

(Kellogg, Idaho) galena concen t r a t e s 'were  given a  s u l f a t e  r o a s t ,  then  

leached  w i t h  h o t  b r i n e  conta in ing  ch lo r ine .  The l e a d  c h l o r i d e  i n  s o l u t i o n  

was e l e c t r o l y z e d  i n  diaphragm' c e l l s  wi th  i n s o l u b l e  anodes and r o t a t i n g  cathodes. 



The spongy l e a d  d e p o s i t  was melted i n t o  b u l l i o n  con ta in ing  gold and s i l v e r ,  

and c h l o r i n e  was recyc led  i n  t h e  form of b leaching  powder. I n  another  

process  l e a d  c h l o r i d e  was c r y s t a l l i z e d  from a  h o t  b r i n e  s o l u t i o n ,  and t h e  

c r y s t a l s  fused and e l e c t r o l y z e d ' f o r  recovery of molten l e a d  and c h l o r i n e .  

When t h e  o l d e r  work was reviewed i t  was ev iden t  t h a t  modern developments a r e  

e s s e n t i a l l y  t h e  same a s  the;older methods w i t h  eng inee r ing  improvements. 

~ t t e n t i o n  i s  d i r e c t e d  to' t he se  developments iC2yC21) r a t h e r  than  t o  d e t a i l s  
. . 

of t h e  e a r l i e r  c h l ~ r i n a t i o ~ ,  b r i n e  leaching;  and e l e c t r o l y s i s  procedures .  

. . 

. .  Modern Development o f - C h l o r i d e  Leaching-Elec t ro lys i s  Methods. 

1n the  l a s t  few yea r s  c o n s i d e r a b l e ' a t t e n t *  has  been g iven  by t h e  

U.S.. Bureau of Mines . to  hydrometa l lurg ica l  t rea tment  of lead  concen t r a t e s .  . . 
This  work is  emphasized becaus'e i t  is  r e c e n t ,  has been b u i l t  on p a s t  experi-  

ence and l i t e r a t u r e  reviews,  and a  reasonable  amount'of r e l i a b l e  d a t a  i s  

a v a i l a b l e  f o r  making comparison's wi th  o t h e r  methods of lead  process ing .  

Also, energy consumption' has  been measured, 'a l though t h e  emphasis of t h e  

work was no t  n e c e s s a r i l y  dn' energy r educ t ion .  Two l i n e s  of a t t a c k  have been 

followed i n  leaching ,  (a )  . f ep r i c  ch lo r ide -b r ine  l each ing ,  and (b) t h e  use of 

chlorine-oxygen mixtures .  a s  an  e f f e c t i v e  l eachan t .  Also, two methods of 

e l e c t r o l y t i c  recovery has  been i n v e s t i g a t e d ,  (a )  e l e c t r o l y s i s  of fused lead  
. . 

c h l o r i d e  c r y s t a l s . ,  and (b) aqueous e l e c t r o l y s i s  of lead  c h l o r i d e .  These a r e  

uuLl l~ led  1 1 1  F i g u r e  C2. 

F e r r i c  c h l o r i d e  has .been  shown t o  be  a  good l eachan t  f o r  l e a d  

s u l f i d e  concen t r a t e s  because of i t s  r a p i d  a t t a c k .  Thus ,  a t  about  100' C 

over  99 percent  of t h e  .galena is  converted t o  l e a d  c h l o r i d e  and e lementa l  

s u l f u r  i n  l e s s  than  15 minutes.  A f t e r  s e p a r a t i o n  of t h e  s u l f u r  and gangue, 

t h e  h o t  l e a d  c h l o r i d e  s o l u t i o n  can b e  cooled t o  d e p o s i t  c r y s t a l s  o f  t h e  

c h l o r i d e  which can be sepa ra t ed  and l e a d  r e c 0 v e r e d . b ~  e l e c t r o l y s i s  from a  

molten s a l t  e l e c t r o l y t e .  Chlorine i s  recovered t o  r egene ra t e . . t he '  l eachant .  

A l t e r n a t e l y ,  w i t h  s impler  equipment, t h e  undissolved l e a d  c h l o r i d e  c r y s t a l s  

can be e l e c t r o l y z e d  i n  con tac t  w i t h . a  h o r i z o n t a l  cathode on the ' bo t tom of 

a  c e l l  us ing  a n  aqueous e l e c t r o l y t e .  Ferrous c h l o r i d e  i s  ox id i zed  t o  

f e r r i c  c h l o r i d e  anod ica l ly  o r  i n d i r e c t l y  by' c h l o r i n e  genera ted '  i n  t h e  c e l l .  

This l a t t e r  approzich is  poss ib ly  p r e f e r a b l e  f o r  smal l  sca ' le  o p e r a t i o n s  
. 

. . . where c a p i t a l .  c o s t  can b e  minimized. Complex concen t r a t e s  can be leached 
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wi th  chlorine-oxygen t o  d i s s o l v e  z inc ,  copper,  cadmium and s i l v e r ,  and the  

s o l i d  r e s i d u e  conta in ing  l e a d  i s  then  leached by t h e  f e r r i c  c h l o r i d e  method. 

These a l t e r n a t e  methods a r e  shown by d o t t e d  l i n e s  i n  F igure  C2. 

From an energy consumption s t andpo in t  none of t hese  procedures  

shows a promising r educ t ion  over  the.  p re sen t  convent ional  method of carbon 

r educ t ion  i n  a  b l a s t  furnace. This i s  p a r t i c u l a r l y  t r u e  i f  improved methods 

of p y r o l y t i c  r e d u c t i o n , a r e  used t o  u t i l i z e ' t h e  f u e l  va lue  i n  t h e  s u l f u r  

i n  p l ace  of u s ing  s o  much coke. It is  suggested t h a t  d i r e c t  sme l t ing  
(C3) could reduce t h e  energy t o  one-half o f  t h e  s i n t e r - b l a s t  furnace '  procedure . 

' .  Kahn (C4) has  d iscussed  t h e  e l ec t rowinn ing  of l e a d  from lekd  c h l o r i d e  d isso lved  

i n  NaC1-CaC1 e l e c t r o l y t e s ,  which d i f f e r s  from t h e  USBM method where t h e  l e a d  
2 

c h l o r i d e  i s  c r y s t a l l i z e d  o u t .  

Theore t i ca l  Ener~y.Requi rements  f o r  Lead Chlor ide 'Processes .  

I n  t h e . l e a c h i n g  r e a c t i o n s  d iscussed  the  r e a c t i o n  products  a r e  

s u l f u r  and l ead  complexed wi th  excess  c h l o r i d e  ions .  I f  t h e  l a t t e r  is 

assumed t o  be present  t o  t h e  s a t u r a t i o n  l i m i t  i ts  a c t i v i t y  is  t h a t  of s o l i d  
. . 

. l ead  c h l o r i d e .  Thus, t h e  .two r e a c t i o n s  i n  t h e  r educ t ion  of ga lena  u t i l i z i n g  

c h l o r i d e  meta l lurgy  and e l e c t r o l y s i s  may be considered t o  be: 

React ions (1) and (2)  a r e  genera l  i n  t h e  sense  t h a t  a  v a r i e t y  of  

ox id i z ing  agen t s  may react i n  equat ion  (1) and be  regenera ted  i n  r e a c t i o n  ( 2 ) .  

These .agents  inc lude  c h l o r i n e  and f e r r i c  i r o n .  

Standard s t a t e  thermodynamic values' ,  i nc lud ing  p o t e n t i a l s ,  f o r  

s e v e r a l  r e a c t i o n s  p e r t i n e n t  t o  t h e  c h l o r i d e  e l ec t rome ta l lu rgy  'of l e a d  a r e  

shown i n  ,Table C2. 

Leaching of l e a d  s u l f i d e  i s  c a r r i e d  o u t  i n  h o t  (90' 6 )  sodiiuu 

c h l o r i d e  s o l u t i o n  i n  which t h e  s o l u b i l i t y  of . lead c h l o r i d e  i s  approximately 

75 g/ l , .  D i s so lu t ion  w i t h  c h l o r i n e  g ives  o f f  h e a t  (AH = -53.49 ~ c a l / m o l e  Pb). 



TABLE C 2 .  REACTIONS IN THE CHLORIDE ELECTROEI3TALLURGY OF LEAD 

Temper a m r e  E* b F  AH AH 
0 1 

Y Volts kcal/mcle kcal/mole 1 0 ~ ~ t u / ~  ton Pb 

*Vs Normal Hydrogen Elec trodk . 
. . 



Since 3.86 l i t e r s  d i s s o l v e  one mole of lead  c h l o r i d e  t h e  en tha lpy  change 

i s  adequate  t o  r a i s e  t h e  temperature of t h e  s o l u t i o n  only 16O' C (assume 

Cp = 1 K c a l l l i t e r ) .  Thus, a u x i l i a r y  h e a t  must be supp l i ed  f o r  most processes .  

Leaching wi th  f e r r i c  ch lo r ide  produces n e g l i g i b l e  h e a t  energy (AH = -2.67 

Kcallmole Pb) . 
Recent work i n  A u s t r a l i a  on l each ing  zinc-lead s u l f i d e  concen t r a t e s  

involved aqueous c h l o r i d e  s o l u t i o n s  from which i t  was assumed l e a d  could be 

recovered e l e c t r o l y t i c a l l y  from t h e  molten c h l o r i d e  a s  i n  the  Bureau of 

Mines procedure(c6) .  This  adds noth ing  new b u t  confirms p r e s e n t  t h ink ing  

t h a t  t h i s  i s  a  p r e f e r r e d  method o f  a t t a c k ;  

Comprehensive . p i l o t  p l a n t  experimentat ion has  been done r e c e n t l y  

by t h e  Hazen Labora to r i e s  along a  l i n e  of a t t a c k  s i m i l a r  t o  t h a t  followed 

by t h e  Bureau of  Mines (C7-C8) . However, i n  p l ace  of  a f e r r i c  c h l o r i d e  

l each  t h e  Hazen approach has  been t o  c h l o r i n a t e  t h e  l e a d  concen t r a t e s  dry 

and l each  t h e  s o l i d  metal  c h l o r i d e s  i n  h o t  b r i n e .  Lead c h l o r i d e  i s  then  

c r y s t a l l i z e d  from t h e  s o l u t i o n . o n  cool ing  and e l ec t ro lyzed  a s  t h e  molten s a l t ,  

a s  i n  t h e  Bureau of Mines procedure. The c h l o r i n e  from t h e  e l e c t r o l y s i s  is  

then .used  t o  c h l o r i n a t e  more concent ra te .  This procedure i s  considered t o  be 

compet i t ive  wi th  convent ional  pyrometa l lurg ica l  t rea tment .  Assuming 

10 percent  of t h e  power requi red  a t  t h e  c e l l  i s  needed f o r  a u x i l i a r y  e l e c t r i c a l  

energy,  t h e  t o t a l  r equ i r ed  has  been c a l c u l a t e d  t o  be 1 .2  Kcallkg (0.55 kwhllb) 

of l e a d  o r  3.21 x 106' ~ c a l / ~  ton  (11.55 x 106 B ~ U / S  ton)  of l ead .  ~ h u s ,  t h e  

energy used i s  about t h e  same.as  t h a t  used i n  t h e  Bureau of Mines procedure. c 

Theore t i ca l  v o l t a g e s  a r e  shown f o r  t h r e e  c e l l s  i n  Table C3. 

The p o t e n t i a l  w j t h  t h e  f e r r o u s  i o n  p re sen t  provides  t h e  lowest  c e l l  

vo l t age  because of t h e  low p o t e n t i a l  f o r  f e r r o u s  i r o n  ox ida t ion .  Oxidat ion 

of c h l o r i d e  i o n  r e q u i r e s  more energy. T h e ' f r e e  energy of formation of l ead  

c h l o r i d e  i s  lower f o r  t h e  fused s a l t  (AF = -62.9 ~ c a l / m o l e )  than  i n  aqueous 

s o l u t i o n  (AF = -74.8  callm mole); hence, t h e  aqueous s o l u t i o n  p o t e n t i a l  i s  

h ighe r .  

P r a c t i c a l  Energy Requirements f o r  Lead Chlor ide  Processes .  

T o t a l  energy requirements  f o r  t h e  fol lowing w i l l  be  compared: 

I Current  b l a s t  furnace  process  



TABLE 123. THEORETICAL VOLTAGES AND PO'WR 
XQUIREMENTS FOR LEAD ELECTROWINNING 

~ w h /  ~ c ' a l  x . 1 0 6 / ~  ton* 
P o t e n t i a l  M t o n  ( ~ t u  1 0 6 / s  t o n  ~ b )  

Med i u m  Anode Oxidat icr-  V o l t s  (S ton)  Pb a t  Power P l a n t  

Aqueous C h l o r i d e  i o n  1.627 466 (423) 1.24(4.4.5) 

Aqueous Fgr rous  i o n  1 . 0 4  298 (271) .79 (2.84) 

Fused. s a l t  C h l o r i d e  i o n  1 .36 390(354) 1 .03(3.73)  

* I n c l u d e s  10 p e r c e n t  power f o r  e l e c t r i c a l  c o n v e r s i o n  and d i s ~ r i b u t i o n .  



I1 Aqueous leaching;  aqueous e l e c t r o l y s i s  

111 Aqueous leaching;  aqueous e l e c t r o l y s i s  of s o l i d  

l e a d  c h l o r i d e  

I V  Aqueous leaching;  fused s a l t  e l e c t r o l y s i s .  

Es t imates  f o r  energy requirements  f o r  t h e  va r ious  processes  a r e  

g iven  i n  Table C4. The breakdown f o r  t h e  b l a s t  furnace was d iscussed  i n  

t he  i n t r o d u c t i o n  and inc luded  a  va lue  f o r  mining and concen t r a t ing  which 

is common t o  a l l  p rocesses .  

Leaching. .Haver  and Wong (C11) r e p o r t  t h a t  h e a t i n g  requirements  

f o r  f e r r i c  c h l o r i d e  leaching ,  a s s o c i a t e d  w i t h  c r y s t a l l i z a t i o n  of l e a d .  

c h l o r i d e  by cool ing ,  a r e  1011 Kcal lkg (1825 B tu l lb )  Pb (1.01 x l o 6  ~ c a l / M  . 
6 

t o n  o r  3.65 x 10  B ~ U / S  ton  Pb).  Independent c a l c u l a t i o n  confirms t h i s  

h e a t  requirement.  S o l u b i l i t i e s  of l e a d  a s  c h l o r i d e  i n  pregnant  and s t r i p p e d  

s o l u t i o n  a r e  r epo r t ed  t o  be 72 g / l  and 1 8  g / l ,  r e s p e c t i v e l y .  Thus: 

207 = 3.83 l i t e r s / m o l e  Pb c r y s t a l l i z e d  ' . 
(72-18) 

Heat ing from 20°.C t o  90' C ,  assuming a  s p e c i f i c  h e a t  of  1 .0  f o r  t h e  s o l u t i o n  

r e q u i r e s  : 

Chlorine from e l e c t r o l y s i s  i s  used t o  reoxidize f e r r o u s  chloride t o  f e r r i c  

c h l o r i d e  which i n  t u r n  ox id i zes  t h e  concent ra te .  The h e a t  o f  r e a c t i o n  

a v a i l a b l e  is  t h e  same a s  d i r e c t  ox ida t ion  o f  t h e  concen t r a t e  by c h l o r i n e  

(63  Kcal/mole Pb). Therefore,  t h e  n e t  h e a t  requirement  i s :  

268-68 = 205 Kcallmole Pb (995 ~ c a l / k g , .  1795 ~ t u / l b  Pb, 
6  6 

.99 x 10  ~ c o l / M  ton Ph, 3.58 x 10  B ~ U / S  t o n  Pb) 

These c a l c u l a t i o n s  do not a l l ow f o r  ex t raneous  h e a t  l o s s ,  which 

we w i l l  assume i s  40 pe rcen t ,  and w i l l  i n c r e a s e  t h e  P r a c t i c a l  hea t ing  



TABLE C4. ESTIMATED TOTAL ENERGY REQUIREMENTS 
FOR LEAD WINNING PROCESSES . 

U n i t  
O p e r a t i o n s  

1 0 6 - ~ c a l / ~  t o n  Ph ( 1 . 0 ~  Btu/S t p n  Pb) 
1 I1 I I T  I V  

Mining,  C o n c e n t r a t i n g  2.5( 9) 2 .5(  9)  2 . 5 (  9)  2 .5(  9) 

Leach ing  

P u r i f i c a t i o n  

Reduc t ion  

Ref i n  i n g  

 elt tin^, c a s t i n g  -- - - - - - - 

I = Convent iona l  s m e l t i n g .  
. . 

I1 = F e r r i c  c h l o r i d e  l e a c h i n g ,  aqueous e l e c t r o l y s i s .  

I11 = F e r r i c  c h l o r i d e  l e a c h i n g ,  aqueous e l e c t r o l y s i s  of 
c r y s t a l l i z e d  PbC12. 

I V  = Fused s a l t  e l e c t r o l y s i s .  



6 requi rement  t o  1.7 x l o6  Kcal/M t o n ,  (6 x 10 ~ t u / ~  ton)  Pb. For pumping, 
6 ' 6  

f i l t e r i n g ,  e t c . ,  0 .3  x 10 Kcal/M.ton ( 1  x 10 B ~ U / S  ton)  Pb w i l l  be  added. 
6 

The t o t a l  energy consumption is  ' then 2 x l o 6  Kial/M ton  (7 x 10 B ~ U / S  ton)  Pb. 

This is  t h e  energy a s s o c i a t e d  w i t h  ob ta in ing  s o l i d  l e a d  c h l o r i d e  f o r  use a s  

a feed t o  a fused s a l t  c e l l .  

Leaching l e a d  concen t r a t e  t o  produce a feed  f o r  aqueous c h l o r i d e  

e l e c t r o l y s i s  can involve  l e s s  energy, Kahn (C4) r e p o r t s  us ing  a temperature 

of 50' C f o r  aqueous e l e c t r o l y s i s .  Assuming h e a t  can b e  conserved fol lowing 

l each ing ,  a h o t  feed can be  used f o r  e l e c t r o l y s i s ,  and t h a t  s o l u t i o n  i s  

s t r i p p e d  t o  1 8  g / l  of l ead ,  t h e  t h e o r e t i c a l  h e a t  requirement  can be  reduced 

t o  : 

(3.83) (90-50) -63 = 90 Kcal/mole Pb 

which i s  equ iva l en t  t o :  

6 6 
0.44 x 10  Kcal/M ton  (1.57 x 10 B ~ U / S  ton) Pb . 

This i s  less than  h a l f  t h e  energy requi red  f o r  the'crystallization'process 

and a t o t a l  energy requirement w i l l  b e  es t imated  a s :  

6 6 
(1.57 x 10 ) / . 6 0  + 1.0 2 4 x 10 ~ t u / S  ton  Pb 

6 
1.1 x 10 Kcal/M t o n  Pb 

.Pu r i f i ca t ion .  P u r i f i c a t i o n  i n  t he .  e lec t rowinning  processes  i s  no t  

necessary  f o r  Processes  I11 and I V  where l e a d  c h l o r i d e  i s  c r y s t a l l i z e d  ou t  , .  

wi th  a h igh  p u r i t y .  The electrowon l e a d  obta ined  from t h i s  feed  s a l t  has  a 

p u r i t y  of 99.33 percent .  

The f e r r i c  c h l o r i d e  l eaches  o u t  a t  l e a s t  50 percent  of t h e  s i l v e r  

i n  t h e  concen t r a t e  and sma l l e r  amounts of copper.  Other i m p u r i t i e s  such 

a s  z i n c  a r e  more 'e lec t ro-negat ive .  The u n d e s i r a b l e , i m p u r i t i e s  can be  removed. 

b$ cementation nnto lead sho t .  Thus, d e p o s i t i o n  of  r e l a t i v e l y  pure l e a d  from 



aqueous s o l u t i o n  should b e . p o s s i b l e .  It i s  assumed: t h a t  t h e  energy 

requirement  f o r  cementat ion is  n e g l i g i b l e .  

E l e c t r o l y s i s .  Kahn (C4) e l e c t r o l y z e d  a  c h l o r i d e  s o l u t i o n  s t a r t i n g  
2  2  w i t h  40 g / l  of  Pb and s t r i p p i n g  t o  2 t o  3  g / l .  A t  1000 amp/m (92 amp/f t  ) 

c u r r e n t  e f f i c i e n c y  was 85  pe rcen t  and ce l l  p o t e n t i a l  3.0 t o  3.5 v o l t .  Using 

t h e  lower v o l t a g e  t h e  power consumption is:  

(234.43)(3.0) / .85 = 827 kwh/S ton Pb o r  912 k w h / ~  ton  Pb 
6 b (8 .7  x 10  Btu/S ton  Pb o r  2.42 x 10  ~ c a l / M  ton  Pb) . 

I f  t h e r e  i s  10 pe rcen t  l o s s  i n  power conversion and bus b a r s  t h e  power con- 
6  

sumption i s  2.7 x l o 6  ~ c a l / M  ton  (9.7 x 10  ~ t u / S  ton)  Pb. I n  a  cont inuous 

o p e r a t i o n  we have assumed d e p o s i t i o n  from a  s o l u t i o n  con ta in ing  18 g / l  of 

Pb ( s t r i p p e d  s o l u t i o n ) .  

The t h e o r e t i c a l  p o t e n t i a l  f o r  lead d e p n s i t i o n  and c h l o r i n e  

e v o l u t i o n  from s t anda rd  s t a t e s  i n  aqueous s o l u t i o n  i s :  

'I, 
1.36 -(-.13) = = 1 . 5  v o l t  

O v e r p o t e n t i a l s  f o r  bo th  r e a c t i o n s  probably t o t a l  no mnre than  0.5 v o l t .  

S p e c i f i c  conduc t iv i t y  o f  an a c i d  c h l o r i d e  s o l u t i o n  i s  nf t h e  o r d e r  of  a 
-1 -1 f e w  ohm cm . Thus, IR drop ueed be  only 0.2 t o  U . 3  v o l t .  Therefore ,  

i t  i s  p o s s i b l e  t h a t  c e l l  p o t e n t i a l  a t  1000 amp/m2 could be  reduced t o  2.3 

v o l t s  and energy use  t o :  

694 kwh/M. t o n  (630 kwh/S ton)  

6  6  1 .86 x 1 0  Kcal/M ton  (6.7 x 10 ~ t u / S  ton)  Pb . 

(C21) 
1Iaver , Bixby , and Wong r e p o r t  c e l l  p o t e n t i a l s  of t h e  o r d e r  

of  2.0 v o l t s  and c u r r e n t  e f f i c i e n c i e s  o f  95 pe rcen t  f o r  ca thod ic  r educ t ion  
2  2  

o f  s o l i d  l e a d  c h l o r i d e  a t  161  amp/m, (15 amp/ft  ) us ing  aqueous sodium 

c h l o r i d e  (o r  HC1) e l e c t r o l y t e .  



The use  of a  spen t  l each  s o l u t i o n  con ta in ing  f e r r o u s  c h l o r i d e  t o  depo la r i ze  

t h e  anode d i d  no t  reduce vo l t age  a s  would .be p red ic t ed  t h e o r e t i c a l l y .  Resu l t s  

correspond t o  a n  energy consumption of  54.3 k w h / ~  ton  (493 h h / S  ton)  Pb o r  
6  6  

1.44 x  10 Kcal/M t o n . ( 5 . 2  x  10 . Btu/S ton ) .  Allowing 10 percent  f o r . c o n v e r s i o n  
6  

and l i n e  l o s s e s  t h e  power consumption is  1 .51  x  10 Kcal/M ton  (5 .8  x  10 
6  

Btu/S ton)  Pb. This f i g u r e  is  low compared'.to t h a t  f o r  e l e c t r o l y s i s  w i th  

l e a d  i n  s o l u t i o n  and r e f l e c t s  t h e  very  low c u r r e n t  d e n s i t y  used. The 

r e s t r i c t i o n  on c u r r e n t  d e n s i t y  seems necessary  f o r  s o l i d - s t a t e  reduct ion .  

Even. then complete r educ t ion  of t h e  c r y s t a l s  i s  n o t  ob ta ined  and the  c h l o r i d e  

and meta l  must b e  sepa ra t ed  by fu s ion .  A p r a c t i c a l  system f o r  continuous 

e l e c t r o l y s i s  has  n o t . b e e n  developed. 

Wong and Haver (C19) r e p o r t  r e s u l t s  f o r  fused s a l t  depos i t i on .  I n  
2  

l a b o r a t o r y  c e l l s  opera ted  a t  7750 amp/m2 (720 amplf t  ) p o t e n t i a l s  of 

2.0 v o l t s  were obta ined  wi th  c u r r e n t  e f f i c i e n c i e s  of over  90 pe rcen t .  

Ex te rna l  h e a t i n g  was requi red .  An energy consumption, exc lus ive  of e x t e r n a l  
6 

h e a t ,  o f  0.55 kwh/kg Pb (0.25 kwh/lb Pb) o r  551 k w h / ~  t o n  o r  1.46 x  10 ~ c a l / M  
6  t o n  (500'kwh/S ton  Pb o r  5.25 x  10 Btu/S ton  Pb) was obta ined .  I n  a  p i l o t  

2  2  
p l a n t  c e l l  opera ted  a t  a  c u r r e n t  d e n s i t y  of  16,420 amp/m (1526 amp/f t  ) and 

5.7 v o l t s  no e x t e r n a l  h e a t  was r equ i r ed  and energy consumption was' 

1 .5  kwhlkg Pb (0.68 kwh/lb Pb) o r  1499 k w h / ~  ton  Pb o r  3.97 x  lo6  Kcal/M ton  
6  

Pb (1360 kwh/S ton .  Pb o r  14 .3  x  10 B ~ U / S  t o n  Pb) . The h ighe r  vo l t age  

r e f l e c t s  t h e  h ighe r  c u r r e n t  d e n s i t y  a s  compared t o  t h a t  i n  t h e  l a b o r a t o r y  
2 2 

c e l l  of 7750 amp/m (720 amp/ft  ) .  The' t h e o r e t i c a l  h e a t  reqillrement f o r  

t h e  endothermic depos i t i on  r e a c t i o n  i s  16  Kcal/mole Pb. Heat ing and f u s i o n  

of o o l i d  PbCIZ cel,l feed  t o  500' C r e q u i r e s  15.2 Kcal/mole. The t o t a l  

t h e o r e t i c a l  h e a t  requirement i s  31.2 Kcal/mole Pb. For a  two e l e c t r o n  

r educ t ion  t h e  h e a t  produced by overvol tage  is:  

Therefore, a n  overvol tage  of 0.7 v o l t  i s  adequate  t o  provide t h e  t h e o r e t i c a l  

h e a t  requirement .  Higher v o l t a g e s ' a r e  t o  compensate f o r  h e a t  l o s s e s  from 

t h e  c e l l .  The h e a t  l o s s e s  i n  t he .  l a r g e r '  c e l l  must b e  cons ide rab le ,  a l though 

perhaps d i f f i c u l t  t o  avoid. For purposes of comparison an  o p t i m i s t i c  va lue  
. 



f o r  e l e c t r o l y s i s ,  i nc lud ing  power t o  main ta in  c e l l  temperature i s  1100 h h / ~  
6 6 .  t o n  (1000 kwh/S ton)  Pb 3 .1  x 10 K c a i / ~  ton  (11 x 10 ~ t u / S  ton) Pb 

inc lud ing  conversion a n d ' l i n e  l o s s .  

. . 
Refining.  Ref in ing  i s  be l i eved  necessary  on ly  f o r  t h e  pyrometal- 

l u r g i c a l  process .  

. . 
Melt inn.  Cast inq.  Theore t i ca l  energy t o  h e a t  s o l i d  l e a d  t o  i t s  

m e l t i n g  p o i n t  (327O C) and mel t  i t  i s  3.24 Kcal/mole o r  16,000 Kcal/M ton 

(57,000 B ~ U / S  t o n ) .  This  i s  a neg l ig i -h l e  amount of energy compared t o  t h a t  

f o r  c l c c t r o l y s i s .  

T l ~ e  ~ u ~ a i  energy requirement  f o r  the  b l a s t  furnace  process  i s  based 

upon a c t u a l  product ion  exper ience  while t h e  es t imated  crlcrgies f o r  Lllr r l e c t r o -  

. winning processes  are based upon p r o j e c t i o n s  of experimental  d a t a .  These 
6 e s t i m a t e s  a r e  probably to'o low and a s  much a s  1 . 5  x l o 6  ~ c a l l l  ton  (5 x 10 

Btu/S ton)  Pb may have t o  b e  added t o  al low f o r  power f o r  running equipment, 

sream, e t c . ,  needed i n  a complex p l a n t .  Process  I1 requirements  might be 

f u r t h e r  reduced by e l e c t r o l y s i s  a t  t h e  l each  temperature (90" C). I n  such 

a case  the  h e a t  from l each ing  and e l e c t r o l y s i s  could be  adequate t o  main ta in  
6 temperntiire ;ma t h e  l.I r l o 6  i<eol/M toil (4  n 1 0  Bcu/5 eon) t o r  h e a t i n g  

l e a c h  s o l u t i o n  elilllirlated. This arrangement would r e q u i r e  some c a r e f u l  

eng inee r ing  t o  i n t e g r a t e  l each ing ,  f i l t r a t i o n ,  p u r i f i c a t i o n ,  and  ~ l e c t r o l y s i s  

i n t o  a cont inuous c losed  cycl1.e. However, depos i t i on  of l e a d  a s  removeab1.e 

d e n d r i t e s  a s  with the. a l k a l i n e  z i n c  process  t o  avoid p u l l i n g  ca thodes ,  would 

a i d  i n  achiev ing  t h i s  goa l .  

D i r ec t  E l e c t r o l y s i s  of Lead - s u l f i d e  Conc,e.ntraJs 

Tl~e I i r e  energy of  formation of l e a d  s u l f i d e  ( P ~ s )  i s  only  -21.98 

Rcal/mule equ iva l en t  t o  i-U.476 v o l t s  ( ~ e a c t i o n  3, Table C l ) .  Therefore,  

i f  PbS can  be d i r e c t l y  e l e c t r o l y z e d  t o  l e a d  and s u l f u r  t h e  energy requirement 

may be low. E l e c t r o l y s i s  has  been at tempted bo th  by us ing  galena i n  a 

compact as a n  anode o r  by adding i t  t o  a fused s a l t  t h a t  w i l l  d i s s o l v e  i t .  



Use of ~ e a d  S u l f i d e  Concentrate  i n  a  Soluble  Anode. 

The most r e c e n t  e f f o r t  t o  u s e  s o l u b l e  anodes was t h a t  by CSIRO i n  
(C22-C26) A u s t r a l i a  . Galena ( l ead  s u l f i d e )  concen t r a t e s  were pressed wi th  

5.5 percent  g r a p h i t e  ( f o r  conduc t iv i ty )  i n t o  anodes t h a t  were e l ec t ro lyzed  

a t  60' C i n  p e r c h l o r a t e  o r  f l u o s i l i c a t e  e l e c t r o l y t e .  Over 90 percent  of 
. . 

t h e  l ead  could-  be  d i s so lved '  i n  t h i s  manner .. ' Power f o r  e l k c t r o l y s i s  ( a t  t h e  

c e l l )  was 530 kwh/M t o n  (480 k w h / ~  ton)  Pb i n  an  i n i t i a l  s tudy  and.reduced 
. . 

t o  39.5 kwh/M ton  (360 kwh/ton) Pb. i n  f u r t h e r  work. With conversion l o s s e s  

t h i s .  would amount t o  440 kwh/M ton  (.400 kwh/S ton) ' Pb o r  1 .2  x 106 Kcal/M 

ton  (4.2 x lo6 ,  Btu/S.  ton)  Pb a t  t he  power p l a n t .  This  va lue  is  low when 

.compared t o  t h e  minimum'of 3.6 x 106 ~ c a l / t o n  (13 x 106 B~; /s  ton) Pb f o r  

leaching  p l u s  r educ t ion  i n  c h l o r i d e  processes  (Table C4). However, t h e r e  

a r e  formidable problems y e t  t o  be overcome wi th  t h i s  method. 

(1) The maximum c u r r e n t  d e n s i t y  t h a t  was p o s s i b l e  
2  2  

i s  only  160 amplm (15 amp/f t  ) .  

(2) The cur ren t .  e f f i c i e n c y  of l e a d  d i s s o l u t i o n  i s  about  

85 percent  ( t h e  o t h e r  1 5  percent  d i s s o l v e s  i m p u r i t i e s )  

t hus ,  l e a d  carbonate ,  e t c . ,  would need t o  be  prepared 

and added t o  main ta in  a  cons tan t  concen t r a t ion  of 

e l e c t r o l y t e  l ead .  

(3 )  Impur i t i e s  must b e  removed from a  s t r o n g l y  a c i d  

e l e c t r o l y t e .  Methods remain t n  h e  developed. 

(4) P repa ra t ion  of  t h e  anodes r e q u i r e s  p r e s s i n g  a t  
2  

0.7 M tons/cm2 ( 2  S  t o n s l i n  ) and h e a t i n g  t o  450' C .  

(5) Spent anodes r e q u i r e  reprocess ing ,  . c o n s i s t i n g  of 

l each ing  t o  remove l e a d  s u l f a t e  and f l o t a t i o n  

t o  recover  s u l f u r ,  g r aph i t e ;  PbS'and ZnS. 

(6) Ref in ing  may be  necessary  i f  p u r i f i c a t i o n  procedures  

a r e  inadequate.  



(7) Es t imates  of  c a p i t a l  and ope ra t ing  c o s t s  a r e  high. 

An e s t i m a t e  f o r  180,000 M ton (200,000 S t o n ) / y r  

p l a n t  was $127 m i l l i o n  (U.S., 1978).  This r e f l e c t s  

t h e  p r e s e n t  low c u r r e n t  d e n s i t y  r e s t r i c t i o n .  Process  

c o s t  was es t imated  t o  b e  $230 (U.S., 1978) pe r  S ton  Pb. 

Cathro and Sieman (C25) have es t imated  power requirements a long  

w i t h  c o s t s  and l a b o r  from t h e i r  conceptual  p l a n t  des ign .  Power requirements  

a r e  shown i n  Table C5. T o t a l  energy needs a r e  thus  of t he  o r d e r  of 
G 6 4.2 x 10 K C ~ ~ / M  t on  (15 x 10  Btu/S ton)  Pb s t a r t i n g  wi th  the  concen t r a t e .  

6  6 Adding 2.5 x 10 Kcal/M ton  (9 x 10  Btu/S ton) Pb f n r  mining and  concant ra t ing  
G b r i n g s  t h e  t o t a l  t o  6.7. x  l o 6  ~ c a l / ~  ton  (24 x 10 B ~ U / S  con) Pb comparrd 

b 6 t o  7.5 x 10 Kcal/M t o n  (27. x 10 Btu/ ton)  Pb f o r  t h e  s i n t e r - b l a s t  furnace 

process .  

The energy c a l c u l a t i o n s  were made w i t h  l i t t l e  in format ion ,  l ead ing  

t o  a l a r g e  unce r t a in ty .  The ene rg i e s  f o r  forming the '  anodes and f o r  

e l e c t r o l y s i s  a r e  modest and g r a p h i t e  is  recovered by f l o t a t i o n  f o r  reuse. 

The process  needs some good t echn ica l  i n p u t  on how t o  i n c r e a s e  c u r r e n t  

d e n s i t y ,  e .g . ,  increased .  s u r f a c e  a r e a ,  and p u r i f i c a t i o n  techniques 'and  

exper imenta l  v e r i f i c a t i o n  t o  make i t  p r a c t i c a l .  Even though est imated energy 

use  i s  n o t  apprec iab ly  l e s s  than  for cnn.ventiona1 process ing  i t . s h o u l d  

c o n t r i b u t e  l e s s  p o l l u t i o n .  

E l e c t r o l y s i s  of Lead S u l f i d e  Concentrates  Dissolved i n  a  Molten E l e c t r o l y t e .  

Vnrioua moltcn s a l t  e l c c t r o l y  t e s  have bee11 Ir~vrstigaLed 
tc27-c.34) 

i n  a n  e f f o r t  t o  f i n d . a  p r a c t i c a l ,  workable combination. I n  e a r l y  work, a s  

descr ibed  above, lead  s u l f i d e  was d isso lved  i n  molten l ead  ch lo r ide .  A 

low-melting potassium-sodium c h l o r i d e  mixture  has  been used a s  we l l  a s  

l i t h i u m  chloride-potassium c h l o r i d e ,  f o r  example. I n  t h e  1930s, a  smal l  

experimental  272 M t on /y r  (300 S ton Iy r )  p l a n t  was operated f o r  s e v e r a l  

y e a r s  i n  Halkyn, Wales, u n t i l  t h e  war stoppcd ope ra t ions .  L a t e r ,  a ; s m a l l  

p i l o t  p l a n t  operated b r i e f l y  i n  Canada and another  of 1630 M t o n s ~ ~ r  

(1,800 S ton Iy r )  c a p a c i t y  was operated i n  Po r t  P i r i e ,  A u s t r a l i a .  The gene ra l  

method has  been c a l l e d  t h e  Halkyn process  because of t h e , ' ~ e l s h  ope ra t ion .  



TABLE C5. POWER REQUIREMENTS FOR LEAD SULFIDE ANODE PROCESS 

E lec t r i c  Power Fuel Steam ' Total 
Unit KwhIM ton Kcal x 1 0 6 1 ~  ton Kcal x 1 0 b / ~  ton M ton Kcal x 1 0 3 1 ~  ton Kcal x 106/M ton 

Operation ( K W ~ / S  ton) Btu x 1061s ton) GJ/S ton ( ~ t u  x 1061s ton) s ton ( ~ t u  x 1061s ton) ( ~ t u  x 1061s ton) 

Anode Prepara- 
t i on  85( 78) 0.23(0.82) 0.34 . O.Og(0.32) -- -- 0.32(1.14) 

1.52(5.46) 1.20 0.31(1.13) -- -- Electrouinning 573(520) . 1.83(6.59) 

Elec t ro ly te  64( 58) 0.17(0.60) 0.02 O.Ol(0.02) 1.23(1.36) .  3;46(3.81) 1.23(4.43) 

%So4 leaching 71( 64) 0.19(0.67) , 0.04 . O.Ol(0.04) 0.54(0.59) 1.50(1.65) 0.66(2.36) 

Spent k o d e  
Process .20( 18) ~.05(0.1 '9)  0.05 O.Ol(0.05) -- -- 0.. 07 (0.24) 

Lead Concentrate 
. Preparat ion 4( 3) . . 0.01(0.03) 

817 (741) 2.16(7.77) 

320 Daye/yr f o r  200,000 tpy p lan t  o r  625 tpd  

. . 
1400 B;u/lb steam o r  2.8 x l o 6  Btu/ton steam 

1 G J  5 '  9.48 x 105, Btu. 



Metal of  99.94 pe rcen t  p u r i t y  was produced. Also, work has been done on 

i n t r o d u c i n g  l e a d  i n t o  t h e ' b a t h  a s  l e a d  s u l f a t e  i n  p l ace  of  t he  s u l f i d e .  

Under some cond i t i ons  cathode e f f i c i e n c i e s  of  90 t o  96 percent  were obta ined  

us ing  diaphragm c e l l s .  

No d e f i n i t e  r ea son  i s  apparent  from t h e  l i t e r a t u r e  a s  t o  why t h e  

lead. s u l f i d e  molten c h l o r i d e  process  was d iscont inued .  A scum conta in ing  

i m p u r i t i e s  such as z i n c  c h l o r i d e  formed'on t h e  s u r f a c e  and r equ i r ed  removal. 

Lead c h l o r i d e  w a s  l o s t  i n  t h e  ope ra t ion .  We would venture  t he  opinion t h a t  

t h e  p roces s  l o s t  o u t  economical ly t o  pyrometa l lurg ica l  techniques.  

'C33) have provided t h e  i o d t  d e t a i l e d  Winterhager 'and Kammel 

informat ion  on the  e l ec t rochemis t ry  o f  winning I.ead frnm l ead  s u l f i d a  i n  

l e a d  ch lo r ide .  Theore t i ca l  p o t e n t i a l s  i n  t h e ' r a n g e  of  0.4 t o  0.5 v o l t  f o r  

a n  e l e c t r o l y t e  of  PbS i n  PbCl a t  temperatures  over  500° C were confirmed 2 
by a c t u a l  EMF measurements and polarographic  curves ex t r apo la t ed  t o  zero 

c u r r e n t .  Use of sodium c h l o r i d e  Fn the b a t h  lowered ' t he  m e l t i n g p o i n t  t o  

a minimum of  40g0 C.  

A p o t e n t i a l  of 0.45 v o l t s  corresponds t o  an energy consumption, 
6  

of 128 k w h / ~  ton  (117 kwh/S ton) Pb o r  0.34 x 10 ~ c a l / ~ , t o n  (1.23 x 10 6 

B ~ U / S  ton) Pb, assuming 100' pe rcen t  c u r r e n t  e f f i c i e n c y  and 10  percent  power 

convers ion  loss .  

S ~ ~ l a l l - s c a l e  e l e c t r o l y s i s  (100 amperes) was undcrtalccn a t  an  auode 
2 2 

c u r r e n t  d e n s i t y  of  2 amp/cm (1860 amp/ft  ) and cathode c u r r e n t  d e n s i t y  o f  
2 

0.9 amp/cm2 (836 a a p / f t  ) wi th  3 . 6  cm (1.4 i n )  e l e c t r o d e  spacing.  The 

c e l l  p o t e n t i a l  was 3.9 v o l t s  and o u t s i d e  h e a t i n g  was r equ i r ed  t o  main ta in  

t h e  4800 C temperature.  Lead c u r r e n t  e f f i c i e n c y  was 97..5 percent.  Them 

results Correspond t o  1148  kwh!M t o n  (1042 kwh/S ton) Pb w i t h  10 percent  
6  6. 

conversion l o s s  o r  3.04 x 10 ~ c a l / M  t o n  (10.94 x 10 ~ t u / S  ton  Pb) .   ow ever., 
from independent measurements of p o l a r i z a t i o n  p o t e n t i a l s  and e1Pc t ro ly t e  I 

, 
conduc t iv i ty ,  i t  was es t imated  . t h a t  w i t h  i n  nvcrngr? current d e n s i t y  uf 

2 
0.8 amp/cm2 (5.16 amplin ) and an  e l e c t r o d e  spacing of 2.5 cm, (1.0 i n )  

a c e l l  p o t e n t i a l  o f  2.0 v o l t s  could be a t t a i n e d  corresponding t o  588 k w h / ~ ,  
6  6 

t on  Pb o r  1.56 x 1 0  Kcal/M ton  Pb (534' kwh/S, t o n  Pb o r  5.6 x 10  Btu/S t.nn 

Pb) . Even a t  t h i s  p o t e n t i a l ,  over  75 percent  of t he '  energy i n p u t  merely 

compensates f o r  h e a t  l o s s .  



TABLE C6. TOTAL ENERGY REQUIREMENT FOR DIRECT ELECTROWINNING 
OF LEAD SULFIDE CONCENTRATE 

Energy, 
k w h / ~  ton Kcal x 1 0 6 1 ~  ton Pb 

Operat ion (kwh/S ton) Pb ( ~ t u  i 1 0 ~ 1 ~  ton ~ b )  

Mining and 
Concentrating 

Electrowinning 628(570) 

Electrorefining 220 (200) 

Auxiliary -- 

Total 
- -  - 

850(770) -- 6.1(22) 
-. k -- 



An e s t i m a t e  of  t o t a l  energy f o r  l ead  product ion has  been made i n  

Table C6 assuming a  2.0 v o l t  e lec t rowinning  c e l l .  The' product from t h i s  c e l l  

w i l l  a lmost  c e r t a i n l y  r e q u i r e  r e f i n i n g  and t h e  energy f o r  t h e  B e t t s  e l e c t r o l y t e  

process  ( subsequent ly  d iscussed)  has  been' inc luded '  i n  t h e  tot.al .  An 
6 6 

a d d i t i o n a l  1 .4 x  10 ~ c a l / ~  ton  ( 5  x  10 B ~ U / S  ton)  Eb have been added f o r  
6. 6  misce l laneous  o p e r a t i o n s .  The r e s u l t ,  6.1 x 10 ~ c a l / M  ton  (22 x 10 B ~ U / S  ton)  

Pb i s  lower than  t h a t  of  t h e  p re sen t  pyrometa l lurg ica l  method, 7.5 x 10 6 

6. Kcal/M t o n  (27 x 10.  Btu/S ton)  Pb . .However, the '  e l e c t r o l y s i s  method would 

avoid  a i r  . p o l l u t i o n  o r  t h e  need f o r  involved means f o r  prevent ing  ' 

i t .  Winterhager and Kammel mention t h e  problem of  i m p u r i t i e s  i n  t h e  con- 

c e n t r a t e ,  whicll remains t o  be  so lved .  In so lub le  rnat.,erials arp presumably 

r e a d l l y  removed mechanical ly .  Noble i m p u r i t i e s ,  i . e . ,  copper and s i l v e r  

would b e  codeposi ted and concent ra ted  dur ing  r e f i n i n g .  Soluble ,  l e s s  noble 

i m p u r i t i e s  such a s  z i n c  would r e q u i r e  spec i a l ' p rocedures  f o r  removal a s  

they  b u i l t  up i n  the  ba th .  King and ~ e l t l l ( ~ ~ ~ )  dave Shown t h a t  lead  and ' 

s u l f u r  can  d i s s o l v e  i n  and recombine i n  t h e  e l e c t r o l y t e ,  p a r t i c u l a ~ l y  as 

t h e  temperature is  inc reased .  Also, su l fu r - con ta in ing  coa t ings  can form on 

t h e  g r a p h i t e  anodes, ,which could g ive  r i s e  t o  h ighe r  c e l l  vo1tage.s. Thus 

t h e  d i r e c t  e l e c t r o l y s i s  of  l e a d  s u l f i d e  concen t r a t e  i n  fused s a l t s  shows' 

promise from an  energy ~ t a n d p n i n ~ ,  but s i g n i f i c a n t  research and develupmenr* 

a r e  s t i l l  r equ i r ed  t o  make t h i s  a pract-l.ca.1 contemporary process .  . . 

Juclgiag from Russian and German exper ience ,  a s  well '  a s  t h e  p i l o t  

p l a n t  work i n  Wales, Canada, .and A u s t r a l i a ,  t h e  e l e c t r o l y s i s  of' l e a d  s u l f i d e  

i n  a  molten s a l t  b a t h  h a s  n o t  proceeded t o  a  p r a c t i c a l  ope ra t ion  
(C34-C37) 

Rather ,  t h e  Russian i n v e s t i g a t i o n s  have indicated e a r l y  i.nt.c?rest i n  thc  

Halkyn process ,  then.more a t t e n t i o n  t o  us ing  l ead  c h l o r i d e  e l e c t r o l y s i s  f o r  

r e f i n i n g  l ead .  I n  t h e  USSR as elsewhere, ch i e f  a t t e n t i o n  r e c e n t l y  ha-s been 

g i v e n ,  t o  improving p y r o l y t i c  l e a d  smel t ing  b y  oxygen f l a s h  and ot.hek means 

o f  by-passing the s in t e r inp :  s t e p  and reducing t hc '  nr.c..d f a r  coke (C38) 

Other E lec t rome ta l lu rg i ca l  Processes  f o r  Lead 

An i n t e r e s t i n g  l a b o r a t o r y  s c a l e  s tudy  has been'made i n  A u s t r a l i a  

on o x i d i z i n g  l e a d  s u l f i d e  and d i s s o l v i n g  the '  oxides '  i n  ayhoniaca l  ammonium 



s u l f a t e  s o l u t i o n  a t  normal temperature and p re s su re  (C39).  The r o a s t i n g  

r e q u i r e s  t h a t  heai.ls be '  used t o  c o n t r o l  p o l l u t i o n .  ' ~ e a d ' w a k  recovered 'by  ' 

e l e c t r o l y s i s  ( o r  p r e c i p t a t i o n  by steam d i s t i l l a t i o n  t o  remove ammonia). 

This  procedure avoided some of  t h e  t roub le s  i n  b r i n e  o r  amine l each ing ,  b u t  

had d i f f e r e n t  t roub le s  of i t s  own. For example, much of t h e  l e a d  produced 

w a s  i n  t he  form of l e a d  peroxide a t  t h e  anode. Power, r equ i r ed  f o r  e l e c t r o -  

l y s i s  was 0.26 kwhlkg (0.116 kwhllb) Pb o r  l e s s  than  26 kwh o r  0.69 x  10 
6  

6 
Kcal/M ton  (237 kwh o r  2.5 x 10 Btu/S ton) i nc lud ing  anodic l ead  peroxide 

Power f o r  e l e c t r o l y s i s  i s  one-half o r  l e s s  than  f o r  processes  prev ious ly  

d iscussed .  It i s  doubt fu l  t h a t  t h e r e  i s  a  ready market f o r  t h e  lead  

d iox ide ,  and t h e  removal from t h e  anode could be  an expensive opera t ion .  

Pressure  leaching  of galena concent ra tes  has  rece ived  a t t e n t i o n  

b u t  n o t  t o  t h e  e x t e n t  of o f f e r i n g  s e r i o u s  competi t ion t o  convent ional  

l e a d  process ing  (C40-C42). More work has  been done on t r e a t i n g  complex o r  

zinc-lead concen t r a t e s .  Thus, r a t h e r  ex t ens ive  work has been done by 

S h e r r i t t  Gordon i n  Canada, and o t h e r s  elsewhere, on conver t ing  l ead  s u l f i d e  

t o  t he  s u l f a t e  by p re s su re  ox ida t ion ,  removing s o l u b l e  compounds, and 

recover ing  l e a d  from t h e  r e s i d u e  by smel t ing  o r  by leaching  wi th  an organic  

amine ( a s  ethylenediamine) s o l u t i o n .  Lead i s  removed from t h e  s o l u t i o n  by 

e l e c t r o l y s i s  us ing  a  c e l l  w i t h  semi-permeable membranes. So f a r  t h e  smel t ing  

ioutiilc has bccn p rc fa r r ad .  A v a r i a t i n n  i n  t r e a t n e a t  a f t e r  p re s su re  l each ing  

has  been t o  l e a c h  w i t h  ammoniacal ammonium s u l f a t e  s o l u t i o n ,  followed by 

e l e c t r o l y s i s ,  b u t  d i f f i c u l t i e s  i n  g e t t i n g  a  h igh  grade product l e d  t o  con- 

v e n t i o n a l  smel t ing  of t h e  l ead .  Pressure  l each ing -e l ec f ro lys i s  a p p e a i s  t o  

be  a p p l i c a b l e  p r a c t i c a l l y  only  t o  s e p a r a t i o n  of l e a d  from co-cons t i tuents  

of t h e  o r e  under unusual c ircumstances,  and n o t  as a  primary means of 

m e t a l l i c  l e a d  recovery. 

E l e c t r o r e f i n i n g  of Lead 

The p re sen t  conventiona1.method of r e f i n i n g  l e a d  pyrometa l lurg ica l ly  . . 

i s  e f f e c t i v e  and uses  only  a  moderate amount of power, e s t i m a t e d ' t o  b e  
6. 6  6  

from 1 .33  x  10  Kcal/M ton (4'. 8 x  10  B ~ U / S  ton) t o .  a s  h igh  a s  1.9 x 10 
6  (Cl,C43) . 

~ c a l / M  ton  ( 7  x  10 . B t u / ~  ton)  of l e a d  f o r  d i r e c t  ope ra t ions  



Some energy sav ings  presumably cou ld .be  made by us ing  t h e  well-  

e s t a b l i s h e d  B e t t s  method o f  e l e c t r o r e f i n i n g  from a  f l u o s i l i c a t e  e l e c t r o l y t e .  

I n  e a r l y  work i n  o p e r a t i n g  a  commercial e l e c t r o l y t i c  l e a d  r e f i n e r y ,  t h e  

average energy r equ i r ed  w a s a l  kwh ' to  depos i t  8.2 kg (18.1 l b s )  of l e a d  o r  

121.8 kwh/M ton. (110.5 kwh/S ton)  o r  0.32 x l o6  Kcal/M ton  (1.15 x lo6  Btu/S 

ton)  of  r e f i n e d  l e a d ( C 2 ) .  I n  more r e c e n t  e l e c t r o l y t i c  l e a d  r e f i n e r y  ope ra t ions  

i n  Peru t h e  energy consumed by e l e c t r o l y s i s  amounted t o  189 kwh/M ton  (172 
6 6  

kwhr/S ton)  o r  0.50 x 10  Kcal/M ton  (1.8 x 10 B ~ U / S  ton) of l e a d  (C44) 

Th i s  i s  somewhat more than  r equ i r ed  a t  t h e  Trail., R r i  t i s h  Columbia, Canada 

p l a n t  where .an  average voltage of 8.5 V i s  a t t a i n ~ r l  cornparad wi th  0.6 V a t  

t h e  Peruvian '  r e f i n e r y  (C45).  A r e c e n t  paper on energy requirements f o r  
6  e l e c t r o r e f i n i n g  l e a d  g ives  194 kwh o r  0.40 x 10  ~ c a l / M  ton  (136 kwhr o r  

6 
1 .43  x 10 Btu/S ton) of l e a d  (C46) . However, even us ing  t h e  h ighe r  energy 

6 6 
f i g u r e  of Peruvian ope ra t ion ,  only 0.50 x 10 Kcal/M ton  (I..$ x  10 B ~ U / S  ton) 

of  l e a d  i s  needed f o r  e l e c t r o l y s i s  by t h e . B e t t s  process .  This does no t  

i n c l u d e  t rea tment  of anode s l imes  f o r  s i l v e r  recovery,  o r  mel t ing  and 

c a s t i n g ,  b u t  i t  i s  obvious ly  much l e s s  than  p y r o l y t i c  t rea tment  where 
6  6 

.40 x 10 ~ c a l / ~  ton  (1.45 x 10 Btu/S ton) i s  needed f o r  debismuthizing 

a lone .  Figure C3 shows t h e  s t e p s  i n  the '  p y r o l y t i c  and el.ec.trorefi 'ning process .  

E l e c t r o r e f i n i n g  g ives  a  h igh  p u r i t y  product from very  impure l e a d ,  

and I s  s t i l l  used commercially i n  some p l a n t s  o u t s i d e  of t h e ' u n i t e d  s t a t e s .  

Althougl~ the p o t e n t i a l  sav ing  i n  energy i s  apprec i ab le ,  i t s  use i n  t h e ' f u t u r e ,  

a s  a t  p r e s e n t ,  i s  more dependent on economic cons ide ra t ions  and the  need , for  
* 

better envirolimental control . Where I ead rnn ta i  n.s few i m p u r i t i e s ,  ao t h a t  

from t h e  gene ra l  Missouri  d i s t r i c t ,  t h e  s imple pyrnmeta l lurg ica l  r e f i n i n g  

p r e s e n t l y  used appears  t o  b e  j u s t i f i a b l e , .  except  poss ib ly  under t he  most 

demanding environmental r e s t r i c t i o n s .  With more complex Rocky Mnuntain o r e s  

t h e  economic advantage of p y r o l y t i c  t reatment  woi.ild be somewhat l e s s .  

*In phone conversa t ion  w i t h  Cominco Ltd . ,  i t  was s t a t e d  t h a t  t h e  B e t t s  
process .  was only  j u s t i f i e d  i f  app rec i ab le  bismuth impur i ty  was p re sen t .  
Otherwise i t  was no t  economic. About 25 percent  ol: a z l l ~ c  p lan t  capiral  
c o s t  i s  t h e  tankhouse (Communication wi th  Allen '  Jephson, Consul tant  
t o  Zinc I n d u s t r y ) .  Since l e a d  i s  a  h e a v i e r ' m e t a l  a sma l l e r  tankhouse i s  
r equ i r ed  s o  an e s t i m a t e  would b e ' 1 2  percent  o r  $12,000,000 assuming 
$105,000,000 f o r  a 120,000 S  ton /y r  p l a n t  (See Appendix'A). 
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I n  a n  e f f o r t  t o  f i n d  a b e t t e r  e l e c t r o l y t e  f o r  r e f i n i n g  l e a d ,  

development work has  been done and a commercial p l a n t  opera ted  f o r  four  

y e a r s  i n  I t a l y ,  us ing  a  su l famate  e l e c t r o l y t e  (C47-C49) . However, t h i s  

p l a n t  abandoned t h e  su l famate  process  f o r  a  convent ional  B e t t s  f l u o s i l i c a t e  

e l e c t r o l y t e .  This  r e s u l t e d  i n  lower c o s t s ,  l e s s  l abo r  and twice t h e  pro- 

duc t ion  pe r  c e l l  (C50). There a r e  p o s s i b i l i t i e s  f o r  automation i n  t he  

e l e c t r o r e f i n i n g  of  l e a d  which would reduce l a b o r  and c o s t s  b u t  would add 

s l i g h t l y  t o  o v e r a l l  p l a n t  energy needs (C51) 

A p i l o t  p l a n t  development i n  A u s t r a l i a  f o r  r e f i n i n g  lead  by 

f r a c t i o t l a l  c r y s t a l l i z a t i o n  wi th  r e f l u x  i n  p l ace  of e i t h e r  p y r o l y t i c  o r  

e l e c t r o l y t i c  means has  a t t r a c t e d  a t t e n t i o n  r e c e n t l y  (C52) . though energy 

consumption has been s t a t e d  a s  26 kwh/M ton  (24 kwh/S ton ) o r  only  
6 ti .07 x 10 K c a l / ~  ton CU.24  x 10 ~ t u / t o n )  t h i s  method r e s u l t s  i n  only  p a r t i a l  

r e f i n i n g ,  and some a d d i t i o n a l  energy i s  needed t o  complete p u r i f i c a t i o n - -  

e i t h e r  by e l e c t r o l y t i c  o r  p y r o l y t i c  methods (C50) . 1t conceiva1,ly could 

d iminish  the  volume of l ead  t o  b e  handled e l e c t r o l y t i c a l l y  and g ive  an o v e r a l l  

sav ing  i n  energy. Too l i t t l e  i s  known of t he  p r a c t i c a l i t y  of t h i s  procedure 

u r  i t s  e f f e c t i v e n e s s  i n  removing a l l  i m p u r i t i e s  t o  g ive  an e s t ima te  of 

p o t e n t i a l  energy saving  o r  economic b e n e f i t s .  The low energy needs r epo r t ed ,  

and t h e  f a c t  t h a t  t h i s  method i s  be ing  s e r i o u s l y  regarded by one o f  t h e  

w o r l d ' s  l a r g e s t  l e a d  s m e l t e r - r e f i n e r i e s ,  i n d i c a t e s  that i t  i c  a dovelopmcnt 

w e l l  worth watching c l o s e l y .  

Considerable  a t t e n t i o n  has  been given a l s o  t o , r e f i n i n g  l ead  by 

fused s a l t  e l e c t r o l y s i s ,  p a r t i c u l a r l y  i n  t h e  USSR (C54-C56). m e r e  a r e  

many p u b l i c a t i o n s  by Del imarsk i i  and o t h e r s  on v a r i o u s  molten e l e c t r o l y t e s  

and cond i t i ons .  There a r e  adva.ntages i n  having a morc compact rcfi_nery 

and avoid ing  the  handl ing  of hydro f luo r i c  and hydrof 1.unsj . l ic ic  a c i d s .  

However, s i n c e  the  B e t t s  process  r e q u i r e s  such a  low energy i t  i s  doubt fu l  

thac t h e r e  would be  any advantage i n  going t o  molten s a l t  e l e c t r o l y s i s . .  

Fused sa l t  e l e c t r o l y s i s  can, be used b e s t ,  presumabl .~,  i n  connect ion wi th  

recovery  of lead  from o r e s  and concen t r a t e s  r a t h e r  than f o r  r e f i n i n g  a lone .  

The B e t t s  process  i s  h igh ly  developed and r e q u i r e s  minimal energy. 

There wuuld appear t o  b e  l i t t l e  reason t o  develop i t  f u r t h e r .  It i s  not  

used domes t i ca l ly  s i n c e  i t s  use w i t h  the  s i n t e r  b l a s t  furnace technique 

r e q u i r e s  c a p i t a l  investment i n  a  s e p a r a t e  tankhouse, which i s  more expensive 



than  i n s t a l l a t i o n  of pyro-ref lning equipment i n t e g r a t e d . w i t h  t h e  b l a s t  

furnace. '  E l e c t r o l y t e  re f in ing .would  a l s o  i n c r e a s e -  handl ing  and a s soc i a t ed  

c o s t s .  However, i n c r e a s i n g  energy c o s t s ,  o r  need t o  t r e a t  high bismuth 

concen t r a t e s ,  f o r  which e l e c t r o l y t i c  r e f i n i n g  i s  most e f f e c t i v e ,  could 

b r i n g  about i t s  domestic use .  i n  the,  f u t u r e .  

Conclusions 

The e s t i m a t e d ' e l e c t r i c a l  and t o t a l  energy requirements  of t h e  

b l a s t  furnace  process. .and t h e  v a r i o u s  e l e c t r o l y t e  processed .discussed a r e  

compared i n  Table C7. Within the  accuracy of the '  e s t i m a t e s ,  i . e . ,  25 pe rcen t ,  

a c l e a r  c u t  energy advantage from any process  cannot be  assumed. However, 

i t  appears  t h a t  t h e r e  a r e  s e v e r a l  op t ions  f o r  which e l ec t ro - r educ t ion  can 

d i r e c t l y  compete i n  energy use  wi th  p re sen t  pyrometallurgy, such a s  

t h e  fused c h l o r i d e  e l e c t r o l y s i s ,  s t i l l  being pursued by t h e  USBM. Be- 

cause of i t s  p r i o r  h i s t o r y  of development, and p o s s i b i l i t y  f o r  f u r t h e r  

improvement through s imp l2 f i ca t ion  of t h e  process  and equipment, t h e  

d i r e c t  e l e c t r o 1 y s . i ~  of lead  concen t r a t e  i s  a fused ba th  would appear  

t o  warrant f u r t h e r  development e f f o r t .  

Any op t ions  w i l l  need t o  compete w i th  improved pyrometa l lurg ica l  
. . 

methods where more of t h e  energy i n  t h e  s u l f u r  of t h e  concen t r a t e  i s  used 

t o  reduce ( o r  e l imina te )  present  consumption of coke. This  2 s  be ing  done, 

a s  i n  t h e  QSL'and Kipcet processes ,  under cond i t i ons  leading  t o  commercial 

u t i l i z a t i o n -  i n  t h e  near  f u t u r e  
(C57) 

We would ven tu re  t o  say t h a t  e l e c t r o l y t i c  methods w i l l  r e q u i r e  

s u b s t a n t i a l l y  h ikher  energy and w i l l  b e  more expensive t o  o p e r a t e  than 

these  low energy py rometa l lu rg i ca l  processes  u n d e r  development. However, 

i f  convent ional  c o n t r o l  equipment, e .g . ,  sc rubbers ,  do no t  provide s u f f i c i e n t  

p o l l u t i o n  c o n t r o l ,  and r a i s e  t o t a l  energy above t h a t  f o r  e l e c t r o l y t i c  methods, 

e lectrowinning could assume cons iderable  importance. 



TABLE C7. ZO~WARISON OF ENERGY SAVINGS FOR VARIOUS LEA3 WINNING PROCESSES 

- -  

Annual Enerav Savings 

kwhjM ton* . 

IkwhlS ton) 

Y r  1977** Y r  2000*** 

lo6  ~ c ' a l / M  ton  1012 Kcal 1012 Kcal 
( l o 6  B ~ U / S  ton)  1012 ~ t u  1012 Btu 

Cnrrent s inger -b las t  furnace - - 7.5 (27) -- -- 

Aqueous c h l o r i d e  e l e c  tr3- 
l y t e  992( 900) 5.4(23) 0.61(2.4) 0.89(3.6) 

Aqueous e l e z  t r o l y t i c  
reduct ion  of PbC12 c r y s t a l s  60E ( ,550) 6.1(22) 0.76(3.0) 1.1 (4.4) 

Fused c h l o r i d e  e l e -  t r o l y s i s  llOC~(1000) 7.5(27) - - - - 

Dissolu t ion  of  pressec  modes 815 ( 740) 6.7 (24) 0.46(1.8) 0.67(2.7) 

Lead s u l f i d ?  in  fused cn lo r ide  85Cl( 770) 6.1(22) 0.76(3.0) 1.1 (4.4) 

* E l e c t r o l y s i s  ensrgj- 
*" Assumes 1977 p r ~ d u c  t i o n  of 549,000 >: tons  (605,000 S tons)  

*** Assumes ZOOO p r ~ d u c  t i o n  of 8E-9,000 X ton  (980,000 S t ons ) .  
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TECHNOLOGY .OF CHROMIUM 

Metallic chromium is produced primarily in four forms. Three of 

these forms are as the ferroalloys: high-carbon ferrochromium, low-carbon 

ferrochromium and ferrochromium silicon. The fourth form is chromium 

metal which is produced either by electrolysis or by the aluminothermic 

process. The relative production and consumption of these forms of chromium 

were summarized in Table 8 of the section on production and consumption. 

The ferrochrome alloys are adequate for most applications and nft~n 

advantageous as compared to pure chromiilm. The latter is required in only 

a tew specialty allovs. e.g., cnhal t-rhromium. 

Uses of Chromium and its Alloys 

Chromium is an essential element in modern industry because of its 

use in the production of special irons and steels and in nonferrous alloying 

applications. It is used in stainless, tool, and al.l.oy steels, heat- and 

corrosion-resistant materials, alloy cast irons, and superalloys. Non- 

metallic chromium is used in pigments, metal: plating, leather tanning chernica.ls 

and refractories for metallurgical furnaces. 

Chrorni~nn metal (electrolytic and alumii~otheru~ic) is used primarily 

(about 70 percent of total consumption) in superalloys. 0tker.uses are 

in electrical resistance alloys, aluminum alloys, chromizing and other 

minor applications. 

The use of chr~mium in mp.tal.i.ilrgi.ca1.  application^ ic to promote 

hardenability, tensile and yield spength, impact strength, resistance to 

corrosion and/or high temperature oxidation, and wear resistance. The 

major. metallurgical use for chromium is in the prnducticrn of a variety of 

stainless steels. 

~erroalloys 

The major production of chromium is in the ferroalloy form. All 

of the ferroalloys are produced in electric furnaces by reduction of 

chromium ore with carbon. 



High-Carbon Ferrochromium. High-carbon f e r r o c h r o m i ~ ~ i s  t h e  

la rges t - tonnage  chromium f e r r o a l l o y .  Chromium content  ranges from about  65 

t o  68 percent ,  carbon content  from about 5 t o  7 ' p e r c e n t , , s i l i c o n  content  

from 1 t o  3 pe rcen t ,  and t h e  ba lance  i s  e s s e n t i a l l y  i r b n .  

High-carbon ferrochromium is produced d i r e c t l y  i n  a three-phase 
. . 

submerged-arc e l e c t r i c  furnace.  The furnace  .is opera ted  cont inuous ly  wi th  

tapping of t h e  f e r r o a l l o y  a t  i n t e r v a l s  of a b o u t . 2  hours .  'The charge t o  the  

furnace  c o n s i s t s  p r imar i ly  of' chrome o r e ,  coke, wood chips ,  and s e l e c t e d  

f lux ing  agents .  

Low-Carbon Ferrochromium. The .composition of low-carbon f e r r o -  

chromium i s  about  6 7 . t o  72 percent  chromium, 0.03 t o  0.10 percent  carbon,  

0.30 t o  1.0 percent  s i l i c o n  and ba lance  i r o n .  
1 

The method f o r  product ion of  low-carbon ferrochromium i s  somewhat 

complex. A ferrochromium-silicon a l l o y  (low i n  carbon cont'ent) is produced 

i n  a submerged-arc e l e c t r i c  furnace ,  whi le  i n  another  open-arc e l e c t r i c  

furnace  chrome o r e  f i n e s  and l ime a r e  melted. Then, i n  a s e r i e s  of l a d l e  

r e a c t i o n s  and repourings of mixtures  of chrome s i l i c i d e  and ore-lime me l t ,  

a low-carbon ferrochromium and a waste  s l a g  a r e  produced. The n e t ' m e t a l -  

l u r g i c a l  r e a c t i o n s  of t h e  s e r i e s  of r e l a d l i n g s  is  t o  reduce t h e  Cr203 and 

FeO i n  t h e  chrome o r e  w i th  t h e  s i l i c o n  contained i n  t h e  chrome s i l i c i d e  

and t o  end up w i t h  a waste  s l a g  low i n  C r  0 A low-carbon ferrochromiixu 
2 3' 

product r e s u l t s .  

~ e r r o c h r o d i u m  S i l i con .  The composition of ferrochromium-silicon, 

o r  chrome s i l i c i d e ,  i s  about 38 t o  41  percent  chromium, s i l i c o n  38 t o  42 

percent ,  carbon a t  0.05 percent  maximum, and balance i r o n .  - .  

'Ferrochromium-silicon i s  produced d i r e c t l y  i n  a three-phase 

submerged-arc e l e c t r i c  furnace.  The charge t o  t h e  furnace  c o n s i s t s  of  chrome 

o r e ,  q u a r t z i t e  and/or  s i l i c a  pebble,  coke and wood chips .  The furnace  i s  

tapped about every two hours.  The .primary use  f o r  f e r r ~ c ~ r o m i u m - s i l i c o n  . 

is i n  t h e  product ion of s t a i n l e s s  s t e e l s  f o r  reducing t h e  oxid ized  meta ls  

i n  t h e  s l a g  back i n t o  t h e  metal.  



Chromium Metal 

The domestic chromium metal  i n d u s t r y  p r e s e n t l y  c o n s i s t s  of  two 

producers .  They a r e  Union Carbide Corporat ion,  long a  dominant f a c t o r  i n  

t h e  bus ines s  and a  producer of e l e c t r o l y t i c  chromium, and Sh ie lda l loy  

Corpora t ion  which i s  a  manufacturer of  aluminothermic chromium. ' 

A s u b s t a n t i a l  p o r t i o n  of t h i s  coun t ry ' s  consumption-of chromium 

meta l  i s  supp l i ed  by imports .  These imports  a r e  p r imar i ly  from Japan a s  

e l e c t r o l y t i c  chromium, and some aluminothermic chromium is  imported from t h e  

United Kingdom. 

The e l e c t r o l y t i c  process  involves  t h e  slow depos i t i on  of t h i c k ,  

L L ' I L L ~ ~ ,  chrumlum by ehe e l e c t r o l y s i s  of va r ious  aqueous s o l u t i o n s  of chromium 

chemicals .  Afker a  p l a t i n g  th ickness  of  ahniit 118 inch  i s  obta ined  on a 

meta l  cathode,  t h e  b r i t t l e  chromium product i s  broken f r e e ,  and depos i t i on  

on t h e  cathode i s  cont inued.  

The aluminothermic process  involves  t h e  se l f -propagat ion  r educ t ion  

of h igh-pur i ty  chromium oxide  (Cr 0  ) by f i n e l y  divided aluminum metal .  
2 3 

E l e c t r o l y t i c  Processes .  Chromium metal  has  been produced com- 

m e r c i a l l y  by two e l e c t r o l y t i c  proce'sses. One method i s  t h e  e l e c t r o l y s i s  o f .  

chromic-acid s o l u t i o n s  and t h e  o t h e r  i s  e l e c t r o l y s i s  of chromium-alum 

s o l u t i o n s .  Today p r a c t i c a l l y  a l l  . e l e c t r o l y t i c  chromium i s  'produced from 

a  s o l u t i o n  of t h e  t r i v a l e n t  chromi~m-alum. This process  has  d e f i n i t e  

advantages over p l a t i n g  from the  hexavalen t  chromic a c i d  ba th  i n  t h a t  a t  

100 pe rcen t  c u r r e n t  e f f i c i e n c y ,  t h e o r e t i c a l l y  1545 amp-hrykg (701' amp-hr/lb) 

a r e  r equ i r ed  t o  d e p o s i t  chromium from a t r i v a l e n t  s o l u t i o n ,  while douh1.e 

t h a t  amount i s  needed f o r  depos i t i on  from t h e  hexavalent  s o l u t i o n .  I n  

a c t u a l i t y ,  f i v e  t imes a s  much meta l  per  k i l o w a t t  hour of energy i s  depos i ted  

from a t r i v a l e n t  ba th ,  due c h i e f l y  t o  h ighe r  c u r r e n t  e f f i c i e n c y  and lower 

vu l t age ,  as well  as t h e  lower valence.  Other advantages a r e  lower c o s t  of 

chromium'in t h e  form of chrome alum and fewer t o x i c i t y  problems. The 

d isadvantages  of t h e  chromium-alum.process a r e  t he  requirement of a  diaphragm 

c e l l  and c l o s e  c o n t r o l  of e l e c t r o l y s i s  condi t ions .  



Chromic Acid Process .  The chromic a c i d  e l e c t r o l y t e  used.  f o r  t h e  

e l e c t r o d e p o s i t i o n  of chromium meta l  is e s s e n t i a l l y  t he  same a s  t h a t  used 

i n  chromium p l a t i n g  f o r  deco ra t ive  work, , cor ros ion  r e s i s t a n c e ,  and wear 

r e s i s t a n c e .  The limits w i t h i n  which heavy d e p o s i t s  can b e  produced f o r  use 

a s  commercial chromium metal  a r e ,  however, somewhat narrower than  f o r  

chromium p l a t i n g .  

The e l e c t r o l y t e  i s  made up of chromic a c i d  wi th  a sma l l  amount of 

s u l f u r i c  ac id .  There is  a narrow range i n  composition of  t he  e l e c t r o l y t e  

and ope ra t ing  condi t ions  i n  which c u r r e n t  e f f i c i e n c y  i s  a maximum o f  t h e  

o rde r  of 15 percent .  . 

~ i e c t r o l y t i c  chromium produced from t h e  chromic a c i d  e l e c t r o l y t e  

may con ta in  from 0.01 up t o  1 percent  of oxygen and cons iderable  hydrogen. 

The hydrogen i s  r e a d i l y  elixhinated by annea l ing ,  b u t  t he  oxygen i s  q u i t e  

d i f f i c u l t  t o  remove. 

The c o s t  of producing. e l e c t r o l y t i c  chromium from a chromic a c i d  

e l e c t r o l y t e  i s  p r imar i ly .  dependent upon t h e  c o s t  of chromium i n  chromic 

a c i d  and t h e  h igh  energy c o s t  r e s u l t i n g  from low c u r r e n t  e f f i c i e n c i e s . ,  

Chromium-Alum Process .  The process  f o r  e lec t rowinning  of chromium 

from a chromium-alum e l e c t r o l y t e  i s  t h e  r e s u l t  o f  several.  yea r s  of  r e sea rch  

by t h e  U.S. Bureau of  Mines during t h e  1940's .  

The chrome-alum process  i s  a p p l i c a b l e  t o  bo th  low-grade and high- 

grade ntps nr concen t r a t e s ,  Chromium ammonium alum f o r  c e l l  feed  can be 

produced d i r e c t l y  from chrome o r e  o r  concen t r a t e s  by an a c i d  l e a c h  process  

o r  from high-carbon ferrochromium. Although chromium-alum can be prepared 

from leached o r e ,  t h e  l a r g e  number of  s t e p s  necessary  t o  produce a s u f f i -  

c i e n t l y  pure e l e c t r o l y t e  r ende r s  t h i s  p r o c e s s ~ i s o  c o s t l y  from both  ope ra t ing  

and c ~ n s t r u c t i o n  cons ide ra t ions  t h a t  i t  is  no t  used commercially. In s t ead ,  

t h e  s impler  method of a c i d  d i s s o l u t i o n  of  high-carbon ferrochrome i s  used. 

The e l e c t r o l y t e  c o n s i s t s  of a s o l u t i o n  of chromic su l f a t e , ' ch romous  

s u l f a t e ,  'and ammonium s u l f a t e .  The c e l l  feed  i s  chromium a&o,nium a 1 9  

d i s so lved  i n  water ,  and i s  added t o  che c a t h u l y ~ t :  compartment of a two- 

' compartment c e l l .  The f lowsheet  f o r  t h e  chromium-alum process  using high- 

carbon ferrochromi.um a t  t he  Mar i e t t a  plant.,.of Union carbi.de i s  shown i n  

F igure  D l .  I 
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Alumino thermic Reduction. . The aluminothermic process  f o r  t he  

product ion of chromium meta l  (and o t h e r  meta ls  and a l l o y s )  i s  an o l d  European 

procedure d a t i n g  back t o  a per iod  a f t e r  World War I. The t h e o r e t i c a l  chemical 

r e a c t i o n  i n  t he  case  of chromium meta l  is:  

1.46 .kg + 0.52 kg = 1.0  kg + 0.98 kg + Heat . 

The commercial izat ion of t h i s  alurninothermic r e a c t i o n  t o  produce va r ious  

meta ls  came a f t e r  t h e  es tab l i shment  of  t h e  ' H a l l  p rocess  f o r  t h e  product ion . 

o,f low-cos t aluminum. 

The process  .is c a r r i e d  o u t  a s  ba tch  ope ra t ions  i n  s imple ,  r e f r a c t o r y -  

l i n e d  v e s s e l s .  Enough h e a t  must be  generated by t h e  exothermic formation 

of A1203 t o  mel t  t h e  metal  product and a l s o  t o  mel t  t h e  byproduct A 1  0 2 3' 
The formation. of t h e  f l u i d  s l a g  and meta l  r e s u l t s  i n  a s e p a r a t i o n  of  t h e  

. . 
s l a g  and' metal .  

Aluminothermic r educ t ion  p l a n t s  a r e  low c a p i t a l - c o s t  o p e r a t i o n s  

w i t h  r e l a t i v e l y  h igh  m a t e r i a l  cos t s .  The ' cos t  of t h e  chromium oxide 

(Cr203) i s  c r i t i c a l  t o  t h e  product ion c o s t  o f  the '  product .  Also, t h e  

aluminum i s  'an energy i n t e n s i v e  raw ma te r i a l . '  
. . 

Product q u a l i t y  depends'mainly on t h e  p u r i t y  of t h e  oxide  and 

the  aluminum powder, A d  p a r t i y  on t h e  c o n t r o l  of t h e  reduct ion .  Alumin- 

othermic chromium can b e  produced t o  a q u a l i t y  e i t h e r  equ iva l en t  t o  o r  

b e t t e r  t h a n e e l e c t r o l y t i c  chromium. . 

Energy Cons idera t ions  

The t o t a l  energy requirements t o  produce t h e  t h r e e  p r i n c i p a l  types 

of ferrochromium a l l o y s  has  been determined i n  a s tudy  by B a t t e l l e  f o r  t h e  
? 

U.S. Bureau of Mines . Table D l  g ives  t he '  d e t a i l s  of energy .co.nsump:tion 

*''Energy Use P a t t e r n s  i n  ~ e t a l l u r ~ i c a l  and Nonmetallic Mineral  Processingt '  
(Phase 5 -- Energy'Data and Flowsheets,,Intermediate-Priority Commodities) 
September 16 ,  1975. Prepared by USBM by B a t t e l l e  Columbus Labora to r i e s  
NTIS PB-246-357. 



TABLE DI . TOTAL ENERGY CONSUMPTION TO 
PRODUCE HIGH-CARBON FERROCHROMIUM 

Units 6 
6 10 Btu 

Per Net Ton 10 Btu Per. Net Ton* 
Unit of HC Fe-Cr Per Unit of HC Fe-Cr 

Chrome ore 

Mining 

~x~losives 

Crushing 

Concentration 

net ton 2.50 

lb 1.75 

kwh 10 

kwh 2.325 

Water transportation net 
(7,500 miles) ton-mile 17,450 0.00025 4.363 

Rail transportation net 
(500 miles) ton-mile 1,160 0.00067 0.777 

Suh to tal. 5.946 

Silica pebble 

Mining and screening net ton 0.213 0.10' 0.021 

Rail transportation net 
(300 miles) ton-mile ' 64 0.00067' 0.043 

. . 
sub total 0.064 

Coke 

Colccmalcing naf ton 0.375 31.50 31.813 

Rail transportation net 
(300 miles) ton-milc 113 0.00067 0,076 

Sub total 11.889 

Wood chips 

Sawing and chipping kwh 0.5 0.0105 0 .Ol 

Heating value of wood net ton 0.0975 7.28 0.71 

'l'ruck transportation net 
(50 miles) ton-mile 4.9 0.0024 0.01 

Sub total . 0.73 

*Short ton. 



TABLE. D l .  (concluded) 

Uni t s  
6 

6 
10 Btu 

. Per Net Ton 10  Btu ' P e r  Net Ton 
Unit  o f  HC Fe-Cr Per  Unit o f  HC Fe-Cr 

R e f r a c t o r i e s  l b  45 .O 0.0125 0.563 

Carbon e l e c t r o d e  manufacture n e t  t o n  0.022 82 .OO 1.804 

Elec t rode  r a i l  t r ans -  
p o r t a t i o n  
(500 mi l e s )  n e t  ton-mile 11.0 . 0.00067 0.007 ' . 

Sub t o t a l  1.811 

Alumina s c r a p  r a i l  
t r a n s p o r t a t i o n  
(200 mi l e s )  

E l e c t r i c a l  energy 
(smelt ing)  

n e t  ton-mile 35.8 0.00067 0.02 

kwh 3,575 .O 0.0105 37.54 

E l e c t r i c a l  energy 
( p o l l u t i o n  c o n t r o l )  ' kwh 75 .O 0.0105 0.788 

General p l a n t  'energy kwh' 180.0 0.0105 1.89 

Crushing and s i z i n g  kwh 1 . 0  0.0105 0 . O 1  

TOTAL .61.25* 

9tTocal energy f o r  t h e  a l l o y  averaging apprnximately 60 percent  chromium. 



and F igu re  D2 i s  t h e  f lowsheet  f o r  high-carbon ferrochromium a s  determined 

i n  t h i s  s tudy .  S imi l a r  d a t a  f o r  ferrochromium-silicon a r e  shown i n  

Table D2 and F igu re  D3. Fow low-carbon ferrochromium t h e  d a t a  a r e  shown 

i n  Table D3 and Figure  D4. A s  can be noted,  t h e  energy ana lyses  i nc ludes  

energy f o r  mining o r e ,  t r a n s p o r t a t i o n ,  raw m a t e r i a l s ,  r eagen t s ,  f u e l s ,  

e l e c t r i c i t y ,  p o l l u t i o n  c o n t r o l ,  and misce l laneous  i tems .  No s i m i l a r  energy 

a n a l y s i s  i s  a v a i l a b l e  f o r  chromium meta l .  

Table D4 summarizes t he  a v a i l a b l e  energy d a t a  f o r  t h e  product ion 

o f  m e t a l l u r g i c a l  chromium products .  The l a s t  column g ives  t h e  e l e c t r i c a l  

energy consumption, and i t  can  be  seen t h a t  t h e  e l e c t r i c a l  energy consumed 

by bo th  e l e c t r o l y t i c  processes  f a r  exceeds the tn ta l  energy usad i n  thc 

e l e c t r i c - a r c  furnace  f e r r o a l l o y  processes .  The chromium-alum process  t o  

produce e l e c t r o l y t i c  chromium has been i n  use for over  20 ycars dur ing  

which t ime process  cond i t i ons  have been optimized. However, i t  should be  

p o s s i b l e  t o  decrease  anode p o t e n t i a l  and thus  lower cell v o l t a g e  and power 

requirements .  The s i l v e r - l e a d  i n s o l u b l e  anodes now used a r e  capable of 

o x i d i z i n g  chromic i o n s  t o  dichromate ( s tandard  p o t e n t i a l  i s  +1.33 v o l t s  - V.S. 

NHE) and probably ope ra t e  a t  around +2.0 v o l t s  - V.S. NHE. This vo l t age  is  

t h e  s t anda rd  p o t e n t i a l  o f  +1.2 v o l t s  f o r  oxygen p l u s  0 .8  v o l t s  overvol tage  

( s e e  s e c t i o n  on z i n c  e lec t rowinning) .  

A poss ib l e  improvement is  t o  a n o d i c a l l y  r a t h e r  than  chemical ly 

d f s s o l v e  t h e  ferrochrome. Standard p o t e n t i a l s  f o r  iron and chrnmiiim are: 

Fe + ~ e * +  2; -.4402 v o l t  

~r + ~ r *  +. 3e -. 744 v o l t  

Assuming . t ha t  a ferrochromium annd~. p n l n s i a e s  sufficiently t o  avoid 

l o c a l  c e l l  a c t i o n  ( d i s s o l u t i o n  wi th  hydrogen evolu t ion)  we w i l l  assume t h a t  

t h e  anode p o t e n t i a l  i s  zero.  The sav ing  i n  energy as cnmpared t o  use  of 

i n s o l u b l e  anodes i s  then  2.0 v o l t s .  The c u r r e n t  e f f i c i e n c y  f o r  chromium 

d e p o s i t i o n  i s  about  45 percent .  The energy saving  wi th  t h e  assumed:voltage 

r educ t ion  al lowing 10 percent  power f o r  AC t o  DC conversion and l i n e  l o s s  
6 

i s  7550 k w h / ~  ton  (6850 kwh/S ton) C r  o r  19.9 x 10 ~ c a l / M  ton  (71.9 x 10 
6 

~ t u / S  ton) C r .  This  sav ing  corresponds t o  a 40 percent  decrease  i n  t he  

energy quoted i n  Table D4. 
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TABLE D2. TOTAL ENERGY CONSUMPTION TO PRODUCE 
FERROCHROMIUM SILICON 

Units  6  l o 6  Btu 
Per Net Ton 10 Btu Per Net Ton 

Unit of Cr-Si Per Unit of Cr-Si 

Chrome o r e  

Mining 

Explosives 

net. t o n  1.25 fl. 7.5 

l b  0.9 0.030 

Cruohing lcwh 5 0.0105 0.053 

Concentrat ion kwh 1.15 0.0105 0.012 

Water t r a n s p o r t a t i o n  n e t  
(7,500 miles)  ton-mile 8,625 0.00025 2.156 

Rail t r a n s p o r t a t i o n  n e t  
(500 mi les)  ton-mile 575 0.00067 0.385 

Sub t o t a l  2.946 

S i l i c a  pebble 

Mining and screening n e t  ton 1.7 0.10 0.17 

Kafl  ruansporesrion net 
(300 miles) ton-mile 510 0,00067 . 0,34.2.. 

Sub ro taf 0.512 

Coke 

Cokemaking 

R a i l  t r a n s p o r t a t i o n  
(300 miles)  

Wood ch ips  

Sawing and chipping 

Heating value of  wood 

Truck t r a n s p o r t a t i o n  
( 5 0  miles)  

n e t  ton 0.95 31.50 29.925 

n e t  
ton-mile 285 0.00067 0.191 

s u b t o t a l  : 30.116 

kwh 0.85 0.0105 0.009 

n e t  ton 0.17 7.28 1.238 

n e t  
ton-mile 8.5 0.0024 0.02 

Sub to ta l  1.267 



. . 

TABLE. D2. (concluded) 

-- - ~p~ ~ - 

. . U n i t s ,  . . 6 
6 

10 Btu 
Per  Net.Ton 10 Btu Per  Net Ton 

Unit ' of  Cr-Si Per  Unit o f  Cr-Si 

~ o d e r b e r g  p a s t e  
manufacture n e t  t o n  

P a s t e  r a i l  t r ans -  
p o r t a t i o n  n e t  
(500 mi l e s )  ton-mile 33.75 0.00067 0.023 

R e f r a c t o r i e s  l b  45.0 .: 0.0125 0.563 

E l e c t r i c a l  energy 
(smelt ing)  kwh 7,200 . .  0.0105 75.60 

E l e c t r i c a l  energy 
( p o l l u t i o n  c o n t r o l )  . kwh , 800 . . 0.0105 8.40 

General p l a n t  energy kwh 36 0 0.0105 3.78 

R e f r a c t o r i e s  

TO TAZ, 

*Total  energy f o r  t he  a l l o y  averaging approximately 60 percent  chromium. 
. . 

Net ton  = S ton. . . 
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TABLE D3. ' TOTAL ENERGY CONSUMPTION TO 
PRODUCE LOW-CARBON FERROCHROMIUM 

Units  6  
l o 6  Btu 

Per Net Ton 10 Btu Per Net Ton . 

Unit of LC Fe-Cr Per u n i t  of .LC Fe-Cr 

Chrome o r e  

Mining n e t  ton 1.70 

Explosives 

kwh 6.8' Crushing 

kwh 1.55 Concentration 

Water t r anspor t a t ion  
(3,500 mi les)  

n e t  
ton-mile ' 11,625 

Ra i l  t r anspor t a t ion  
(500 miles)  

ne t  ' 

ton-mile ,775 0.00067 

Sub t o t a l  

n e t  ton 0.625 Molten chrome s i l i c i d e  

Lime 

Production n e t  ton 1.45 

n e t  
ton-mile . 101..5 Transpor t a t ion ,  

Sub t o t a l  12.374 

. . 
Carbon e l ec t rode  

manuf dc t ur e n e t  ton 0.02 82.00 1.64 

Electrode r a i l  t ranspox- ne t  
t a t i o n ,  (500. mi les)  ton-mile 10 0.00067 0.007 

E l e c t r i c a l  energy 
(ore-lime me1 t ing )  kwh 

E l e c t r i c a l  energy 
( p o l l u t i o n  con t ro l )  kwh 

General p l an t  energy kwh 160 0.0105 1.47 

Cast ,  crush and s i z e  kwh 5  0.0105 0.053 

TOTAL 128.571* 

*Total energy f o r  t h e  a l l o y  containing approximately 60 percent  chromium. 
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TABLE D4. ENERGY CONSUMPTION I N  PRODUCTION 
OF METALLURGICAL CHROMIUM PRODUCTS 

. . 

- - 

T o t a l  Energy consumed (1)  ' E l e c t r i c a l  Energy Consumed (2)  
A l h y  Product Contained ~hromiurn(6) Alloy Product  Contained 

lo6 Kcal/M ton  l o 6  Kcal/M ton  lo6  Kcal/M ton  ' 106 KcaljM ton  
Chromium Product (106 Btu/S ton)  (106 Btu/S ton).  ( l o 6  B ~ U / S  , t on )  , . (106 B ~ U / S -  ton)  

Righ-Carbon Ferrochromimn 

Low-Carbon Ferrochromiun 15.72 
(1Z8.57) , 

Ferrcchromium S i l i c o n  . 14.94 
(125.77) 

E l e c t r o l y t i c  Chromium Mstal  

Chromic Acid Process  , . - 

- .  Chrome Alum Process  NA(3) - 49 (5)  
(176) . 

(1) Inc ludes  energy f c r  mining o r e ,  t r a n s p o r t a t i o n ,  raw m a t e r i a l s ,  r e a g e n t s ;  f u e l s ,  e l e c t r i c i t y ,  p o l l u t i o n  
c o n t r o l  and miscel laneous  i t s m s .  

(2)  E l e c t r i c a l  energy-conver ted '  a t  10,500 Btu per  k i lowat t -hour .  

(3)  Not a v a i l a b l e .  . 

(4) Meta l lurgy of .Chromium and Its Al loys ,  M .  C. Udy, ~ e i n h o l d  ~ u b l i s h i n ~  Corpor i t i on ,  New York, 1956, 
Volume 2, p 45. 

(5) Rare Me ta l s  Handbook, C. A.  Hampel, Reinhold pub l i sh ing  Corpora t ion ,  New. York, Second E d i t i o n ,  1961, p  98.  

(6 )  Assumes a  60 perccnt  chromium con ten t .  



Sul fu r  d iox ide  may b e  a s u i t a b l e  anode d e p o l a r i z e r  wi th  a porous 

anode. The s t anda rd  e l e c t r o d e p o t e n t i a l  f o r  SO2 ox ida t ion  i s  +.I72 v o l t s  

V.S. NHE. Assume an overvol tage  of 0.5 v o l t s  ( s ee  s e c t i o n  on z i n c  e l e c t r o -  - 
winning) o r  a n  anode p o t e n t i a l  of +0.7 v o l t . .  Then t h e  r educ t ion  f rom'use  

. . 

o f  t h e  l e a d  anode i s  1 . 3  v o l t .  Energy saving  f o r  t h i s  case  is 4900 kwh/M ton 
6 ' 

(4450 kwh/S ton)  C r  corresponding t d  !13.6 x 10 ~ c a l / M  Lon (46.8 x l o 6  BtulS 

ton)  C r .  The r educ t ion  over  t h e  p re sen t  energy requirements  would , h e  27 

pe rcen t .  The volume o f  pure ch r~ rn ium~used  i s  minor compared t o  t he  volume 

o f  ferrochromium. Thus, what i s  r e a d y  sought i s  a n  e l e c t r o l y s i s  method 

f o r  producing ferrochromium w i t h  l e s s  energy. I n  view o f '  t h e  h igh  energy 

v a l u e s  f o r  t h e  . e l e c t r o l y ' t i c  processed i t  appears  v e r y  unl.ikely t h a t  e l e c t r o -  
I 

l y t i c  methods can compete w i t h  c u r r e n t  methods of producing ferrochromium 

e i t h e r  economically o r  energy wise.  

The p r i c e  d i f f e r e n t i a l ,  Table D5, r e f l d c t s  t h e  h igh  energy use  and 

more complex processes  f o r  producing chromium metal compared t o  ferrochromes. 

. . Summary 

Because of  the.more-or- less  s t a b l e  market f o r  chromium metal  t h e r e  

i s  l i t t l e  impetus t o  t r y  and develop new o r  modified'  e l e c t r o l y t i c  processes .  
r 

D u e , t o  energy and p r i c e  c o n s t r a i n t s ,  t h e r e  is  a l s o  l i t t l e  l i k e l i h o o d  t h a t  

chromium meta l  u n i t s  w i l l  be able. to  capture  any of  t h e  a p p l i c a t i o n s  i n '  

which ferroalloy chromium u n i t s  a r e  now being used. Therefqre,  t h e r e  i s  l i t t l e  

p o t e n t i a l '  p r a c t i c a l  mo t iva t ion  t o  develop a new e lec t rowinning  process  f o r  

ferrochrome o r  chromiirm.. 



TABLE D5. PRICES FOR,METALLURGICAL CHROMIUM 
PRODUCTS IN THE .UNITED ' STATES 

. . 

-- 

Price of Contained 
Chromium . . 

Dollarslkg . . 
Chromium Product ' (~ollars/lb) 

High-carbon f errochromium 

Low-carbon ferrochromium 

Electrolytic chromium 6.59(2.99) 

Source: Metals Week 



TECHNOLOGY OF MANGANESE 

M e t a l l i c  manganese i s  produced e i t h e r  as a f e r r o a l l o y  o r  a s  

' e l e c t r o l y t i c  manganese metal .  The primary manganese £e r roa l loy  i s  high- 

carbon ferromanganese which c a n b e  produced e i t h e r  i n  a b l a s t  furnace  o r  

i n  a submerged-arc e l e c t r i c  furnace.  Other manganese f e r r o a l l o y s  which 

a r e  produced and consumed i n  s u b s t a n t i a l  amounts a r e  medium- and low- 

carbon ferromanganese and sil icomanganese. R e l a t i v e l y  low amounts of  

s p i e g e l e i s e n  ( con ta ins  1 5  t o  30 percent  manganese, 5 t o  7 ,percent  carbon, 

ba lance  i r o n )  a r e  produced and consumed i n  t h e  United s t a t e s .  E1 .ec t ro ly t ic  

manganese i s  suppl ied .  by domestic producers and fo re ign  sources .  

F e r r o a l l o y s  

Standard high-carbon ferromanganese i s  produced by two d i f f e r e n t  

processes .  One method uses  a b l a s t  furnace  wi th  coke as the  r educ tan t .  

Genera l ly ,  manganese b l a s t  furnaces  a r e  l o c a t e d  w i t h i n  an  ope ra t ing  s t e e l  

p l a n t  and thc  product  i s  used d i r e c t l y  i n  t h e  s k e l  product ion.  

The second process  i s  the  usua l  f e r r o a l l o y  method which uses  

submerged-arc e l e c t r i c  furnaces .  I n  t h i s  process  t h e r e  a r e  two gene ra l ly  

accepted p r a c t i c e s  t o  produce high-carbon ferrornanganese. I n  one,  known 

as ehe "high-manganese s l a g  p rac t i ce" ,  t h e  degree of manganese r educ t ion  

t o  meta l  i s  l i m i t e d  and a s l a g  i s  produced which u s u a l l y  con ta ins  more than 

25 pe rcen t  manganese. This s l a g  i s  then  used t o  produce sil icomanganese 

i n  a s e p a r a t e  ope ra t ion .  The sil icomanganese can be used t o  produce low- 

carbon ferromanganese. The second a l t e r n a t i v e ,  known a s  t h e  "low- 

manganese s l a g  p rac t i ce" ,  produces a by-product s l a g  conta in ing  only 8 t o  

12 percent  manganese which i s  d iscarded .  The choice  of p r a c t i c e  depends 

upon s e v e r a l  f a c t o r s ,  i nc lud ing  t h e  r e l a t i v e  c o s t s  of lllangallese ore and 

e l e c t r i c a l  energy and t h e  a b i l i t y  t o  use  a high-manganese s l a g .  

Standard ferromanganese usua l ly  con ta ins  about 78 percent  manganese, 

7 percent  carbon, 1 percent  s i l i c o n ,  and t h e  balance i ron .  
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E l e c t r o l y t i c  Manganese 

A t  p r e sen t  t h e  domestic e l e c t r o l y t i c  'manganese.meta1 indus t ry  

c o n s i s t s  o f  t h r e e  producers a s  fo l lows  : 

Foote Mineral Company, New Johnsonvi l le ,  Tennessee 

Kerr-McGee Chemical Corporat ion,  Hamilton, M i s s i s s i p p i  

Union Carbide ~ o i ~ o r a t i o n ,  Mar i e t t a ,  Ohio. 

" Tota l  U.S. capac i ty  i s  es t imated  t o  be  about 27,200 M ton,(3O,OOO S tons)  

per  year .  'Some of t h e  domestic consumptio.n i s  s a t i s f i e d  by imports .  A t  
8 5 kwhllb t h e  e l e c t r i c a l  energy cons impt ionis  3.0 x 10 kwh (7.9 x 10'2 Kcal . 

o r  3.15 x 1 0 l 2  Btu).  

E l e c t r o l y t i c  Process .  ' The o r i g i n a l  development of  ' t h e  process  f o r  

t h e  product ion of manganese me'tal by t h e  e l e c t r o l y s i s  of manganese s u l f a t e '  

s o l u t i o n s  w a s  t h e  r e s u l t  o f  ex t ens ive  l abo ra to ry  and p i l o t  p l a n t  i n v e s t i g a t i o n s  

by t h e  United S t a t e s  Bureau of Mines. . The process  was brought  t o  t h e  l e v e l  

of commercial product ion by t h e  E l e c t r o  Manganese Corporat ion a t  Knoxvil le ,  

Tennessee, . i n  1939. 
. . 

I n  t he  development of t h e  process  i t  was found t h a t ,  t h e r e  a r e  * 
s e v e r a l  f a c t o r s  p e r t i n e n t  t o  sbccess  . These f a c t o r s  a r e  summarized as' 

fulluw7s : 

Before t h e  manganese i n  most o r e s  becomes a c i d  s o l u b l e  

i t  must be  converted ' i n t o  t'he d iva l en r  f o w .  T l d s  

r e q u i r e s  a reducing r o a s t .  

Manganese has  a h igh  n e g a t i v e , v a l u e  i n  t h e  e lec t romot ive  

s e r i e s  (-1.18 v o l t  v s .  NHE) and n e a r l y  a i l  meta ls  .p ' l a te  ' o u t  

of aqueous s o l u t i o n  be fo re  i t .  For t h i s  reason i m p u r i t i e s .  
. . 

l i k e l y  t o  b e  depos i ted  must b e  kept  down t o  a v e r y . 1 0 ~  

l e v e l  i f  a high-puri ty  product is t o  be  obta ined .  

* Manganese, A. H. S u l l y ,  Academic P res s  Inc. ,  New York, NY, 1955, p 67. 



a It i s  necessary  t o . u s e  a  diaphragm c e l l  f o r  t h e  depos i t ion .  

The temperature of t h e  s o l u t i o n  must b e  c l o s e l y  con t ro l l ed .  

Energy requirements  a r e  s u b s t a n t i a l l y  h ighe r  than  i n  t h e  

e lec t rowinning  of such o t h e r  meta ls  a s  copper,  n i c k e l  and 

z inc .  

The e l e c t r o l y t e s  a r e  very  co r ros ive .  

When t h e  c u r r e n t  t o  t he  cell .is. s topped t h e  manganase 

lutmedfaeely s t a r t s  t o  r e d i s s o l v e  i n  t h e  e l e c t r o l y t e .  

Su l fu r  d ioxide  i s  added t o  t h e  ano ly t e  t o  depo la r i ze  t h e  anode, 

which p reven t s  o x i d a t i o n  of manganous ion  t o  manganese d ioxide .  The c e l l  

v o l t a g e  based on s t anda rd  p o t e n t i a l s  of  -1.18 v o l t s  f o r  ~ n / ~ n *  and +.I7 
- - 

v o l t s  f o r  H ~ S O ~ / S O ~  i s  1.35 v o l t .  This  vo l t age  corresponds t o  a  t h e o r e t i c a l  
6 energy consumption of 1192 kwh/M ton  (1172 kwh/S ton)  Mn o r  3.4 x 10 ~ c a l / M  

6 
t o n  (12.3 x 10 Btu/S ton)  Mn f o r  a  32 percent  e f f i c i e n t  power p l a n t .  

Without going i n t o  d e t a i l s ,  Lllr r l e c t r o l y r l c  p k 6 c e ~ ~  can be 

cons idered  t o  c o n s i s r  of four  b a s i c  s t e p s  a s  fol lows:  

(1) The r o a s t i n g  o f  t h e  o r e  

( 2 )  The l e ach ing  of t h e  roas t ed  o r e  

(3) P u r i f i c a t i o n  o f  t h e  l each  l i q u o r  

( 4 )  E l ~ c f r o d e p o s i t i o n  of the metal i n  a diaphrnm. c e l l .  

The process  f lowsheet  f o r  e l e c t r o l y t i c  manganese meta l  is  shown i n  F igure  

El .  

Energy Cons idera t ions  -- 

The t o t a l  energy requirements  ea produce high-carbon f e r ro -  

manganese i n  the  b l a s t  furnace  and by t h e  submerged-arc e l e c t r i c  furnace 
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process have been determined in a study by Battelle for the U.S. Bureau * 
of Mines . Table El gives the details of energy consumption and Figure E2 

is the flowsheet for the production of electric-furnace high-carbon 

ferromanganese as determined in the Bureau of Mines study. Similar data 

for the production of high-carbon ferromanganese by the blast-furnace process 

are shown in Table E2 and Figure E3. As can be noted, the energy analyses 

includes energy for mining ore, transportation, raw materials, reagents, 

fuels, electricity, pollution control, and miscellaneous items. No such 

detailed energy analysis is available for electrolytic manganese metal. 

Table E3 summarj.zes the available energy data for the production 

of high-carbon ferromanganese and electrolytic manganese. The very low 

electrical enetgy consumption for producing blast-furnace ferromanganese 

can be attributed to the  fact that coke is used to c up ply the necessary 

heat and to serve as the reductant. As can be noted, the electrical energy 

requirement alone for electrolytic manganpse is substantially higher than 

the total energy required for ferromanganese by each of the two processes. 

The electrowinning cell operates at only about 45 percent current efficiency 

and at 5 volts. With ferromanganese at 78 percent contained manganese, 

the energy required for electrolytic manganese is still considerably 

higher per unit of manganese than for the ferromanganese processes. The 

energy consumption for electrolytic manganese would have to be reduced 

to about 6600 kwh/M ton (6,000 kwh/S ton) Mn to be eqi~ival~nt to that for 

the total energy required for either of the two ferroalloy processes. 

The present electrolytic process for manganese metal is one that 

has been refined over a period of more than 30 years and has h ~ ~ n  optimized 

L u  a degree. Substantial reduction in energy r~qiiirements will requirc 

a higher current efficiency along with a reduced cell voltage. Aqii~oiis 

solution will probably need replacement by fused salts in order to 

accu~uplisli this along lwith lower IK drop through the electrolyte. The 

large items in submerged arc ferromanganese production are the Brc furnace 
6 6 

and coke making, which account for 11 x 10 ~ c a x / M  ton (40.0 x 10 Btu/S ton) 

Mn or about 80 percent of the energy required. 

*"Energy Use Patterns in Metallurgical and Nonmetallic Mineral Processing", 
(Phase 6-Energy Data and Flowsheets, Intermeditate-Priority Commodities) 
September 16, 1975. For USBM by Battelle Columbus Laboratories, NTIS 
PS-246-357. 



' . .  TABLE El. TOTAL ENERGY CONSUMPTION TO PRODUCE . . 
ELECTRIC-FURNACE HIGH-CARBON FERROMAWrANF..W 

. , U n i t s  Per lo6 Btu 
Net Ton lo6 Btu Per Ne't Ton 

Unit of FeMn Per Unit of FeMn. 

Manganese ore 

Wining 

Explosives 

net ton. 2.2. .- . . 
l b  1.5 

crushing and concentration . . ttwh 12.0 0.0105 0.126 

.net  .. Water transportai ion.  
(5,600 miles) . '. ton-mile . 12,300 . 0.00025 3.075 

. .  ' Rail transportation (700 ,miles) . II 1,540 0.00067 1.032 

Subtotal 4.828 . . 

Limestone . 

Mining and crushing net  ton .0.3" 0.104 0.031 , '  

Rail transportation ne t  
(200 miles) ton-mile 60 0.00067 0.000 

Subtotal . 0.071 

Coke 
net  ton 0.50 31.50 15.75 Cokemaking 

. . 
Rail transpor'ta t ion ne t  
. (300 miles) ton-mile 150.0 0.00067 , 0.10 .- - 

u .'85 

Refractories l b  ' 45.0 O.Ol25 0.563. 
.Soderberg paste 

. . 

Hanufac ture . ne t  ton 0.02 37.92 . . .  0.758 

kil transportation 
(500 miles) 

I V~.sd chips . ' 

Saving aid chipping . . 

Heating vqlue of hood 

Truck transportation 
(50 miles) . 

=t 
ton-mile 10 0.00067 

. .Subtotal  

M I . .  0.875 0.0105 

net  ton 0.175 7.28 . . 

ne t  
ton-mile 8.75 0.0024 

Subtotal 

Steel  scrap net.  ton 0.U 0.0 .. 0.0 

n e t  Screp transportation . . 

(200 udlas) ton-mf l e  30 0.00067 0.020 
kwh . 2i300 . Elect r ica l  energy (smelting) 0.0105 . . . 24.1s. . 

Elect r ica l  energy (pollution control) .kvh 350 0.0105 . '3.675 

General plant e l e c t r i c a l  energy M' 115 0.0105 1.208 

Crushiag and sizing hah.  ' 1.0 0.0105 0,011 
Total 52.445 
C --_- --A 

~ o n s  are short' tons 
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' ' . TABLE E2. TOTAL ENERGY C9NSUMPTION TO PRODUCE 

BLAST-FURNACE HIGH-CARBON RRROMNGANESE 

- .  . IInitsPer, . lo6 B ~ U  
Net Ton lo6 B tu Per Net. Ton 

Unit of FeMn Per Unit of FeMn 

. . 
. . . .. 

Manganese ore 

Mining . . net ton 1.93 0.25 0.483 

'Explosives . . lb 1.35. , . 0.030 0.041 

C-king &nd concentration tcvh 11.0 . . 0.0105 0.116 

Water transportation. 
(5,600 miles) 

Rail transportation 
(700 miles) 

Limes tone 

Mining and crushing 

 ail transportation 
(200 miles) 

Rail transportation 
(300 mfles) 

Refractories 

Coke .oven gas 

Blast . furnace gas, 
.Natural gag 

oxygen 
Steam 

~lectrical energy 

Crushing ' and sizing 

Total consumption 

net 
ton-mile . .  10,800 0.00025 ' 2.700 ' . 

1,350 0.00067' ' . 0.905 

subtotal '4.245 

, . M t  tOIl 0.5 

net 
ton-m%le 100 

net ton 1.423 

net' 
ton-mi le 430.0 

0.104 

0.00067 

Sub total 

31.50 

0.00067 

Subtotal 

0.0125 

0.0005 

0.00012 

0.001. 

0.000183 

0.001 
0.0105 

0.0105 

By-product production . . 

Blast furnace gas f .t3 114,090 0.00012 . '-13.68 
. . 

47,243 Net energy consumption 
1 

~ e t .  tons. are .. shsrt tons. , 



FIGURE ~ 3 .  U N I T  OPERATION AND ENEQGY FLOWSHEET TO 
PRODUCE BLAST-FURNACE HIGH-CARBON 
FCRROMNGANESE 
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TABLE E3. ENERGY' CONSU~@'TION IN THE PRODUCTION OF HIGH-CARBON 
FERROMANGANESE AND ELECTROLYTIC MANGANESE 

. . 

, Electrical Energy ' 

Total Enetgy Consumed', Consumed 
10;. Kcal/M ton lo6 Kcal/M, ton 

. . Manganese Product (10 Btu/S.ton) (1) (lo6 Btu/S ton).(') . . 

Alloy contained Mn- Alloy Contained Mn 

(4) ~lectric- urna ace ~igh-Carbon :14'.57 (52.45) 19.4 .(69.8) '7.73 (27.83). 10.28 (37..9) 
Ferromanganebe 

 last-Furnace High-Carbon (4) 13.12 (47.24) 17.5 (62.8) 0.07 ( 0.26) ' 0.09 ( 0.35) 

Ferromanganese . . 

Electrolytic Manganese Metal - - 29.17 (105.0)(~) 

(1) Includes energy for mining ore, transportation, raw materials, reagents, fuels, 
electricity, pollution control, and miscellaneous items. 

. . 
(2) Electrical energy converted at 10,500 Btu per kilowatt-hour. 

.(3) At 5 kilowatt-hours per pound. See:' Rare Metals Handbook, C. A. Hampel, Reintiold 
Publishing Corporation, .New York, Second Edition, 1961, p. 275. 

(4) Total energy for the alloy containing approximately 75 percent manganese. In a 
contained manganese base, these.figures should be higher.by a factor of 1.33. 



In the blast furnace process essentially this same total energy 

is consumed for coke making. Increasing current efficiency to near 100 

percent and decreasing cell voltage to 3 volts, (which is still well above 
6 theoretical can reduce electrical energy requirements to about 8 x 10. ~ c a l / ~  

6 ton (30 x 10 B~U/S ton) including conversion and line losses of 10 percent. 

Since other energy elements of manganese alloy production seem relatively 

small it may be possible to develop an electrolytic method of manganese 

or manganese alloy production with energy use equivalent to that of present 

pyrometallurgical processes. However, from the standpoint of this survey 

1 L  would be difficult to show a possible substantial energy saving. 

However, from the standpoint of economics electrolytic manganese 

codd piay a larger role by supplanting the equally costly 1ow.carbon 

ferromanganese. The domestic production of ferromanganese alloys in 1977 

was distributed as follows: 

High carbon ferromanganese 248,987 M tons (268,950 S tons) 

Medium and low carbon 
ferromanganese 75,840 M tons (83,600 S tons) 

Manganese metal 22,123 M tons (24,387 S tons). 

Alrhoiigh specific figures are not available, tlie medium carbon 

ferromanganese production is probably larger than that of lnw carbon 

ferromanganese. Assuming equal procl~~ct,i nn o f  these two ,products the maxi - 
Q 

mum production for low carbon ferromanganese would.have been ~38,000 M tons 

(4.2,000 S tons) . Therefore,, . . there is the' potential for the production of 

electrolytic manganese to increase to 60,000 M tons (66,000 S tons)/yr. 

Prices 

The present prices for four types u1 metallurgical manganese products 

are shown in Table E4. As can be seen, electrolytic manganese is priced 

competitively with low-carbon ferromanganese. It is used in'prsference to 

the low-carbon grade where it is necessary to have low iron and other 

impurity levels. Because of the substantial price differential it is not 

likely that any electrolytic manganege will be' used to replace manganese 



TABLE E4. PRICES FOR. METALLURGICAL MANGANESE 
PRODUCTS IN THE UNITED STATES. 

. . P r i c e  Per  Pound o f  
Contained Manganese, 

Manganese Product ' ' do1 1 a r s  

High-carbon ferromanganese 9.. 24 

Medium-carbon ferromanganese . 0 . 3 8  

Low-carbon f err;omanganese 0'. 58 

S i l  icomanganese 0.31 

E l e c t r o l y t i c  manganese 0 . 5 8  

SOURCE: Meta ls  Week 



u n i t s  from high- and medium-carbon ferromanganese o r  sil icomanganese. Of 

course  a lower c o s t  e l e c t r o l y f i c  process  could change t h i s  balance.  I 

. . 

Summary 

The markets  f o r  manganese' m e t a l . a r e  .expected t o  grow a t  a r e l a t i v e l y  

modest r a t e  and p r e s e n t  consumption is  only  about 2.7  percent  of  t o t a l  

manganese consumption i n  m e t a l l u r g i c a l  applications, .  It doe's no t  appear 

t h a t .  t h e r e  i s  any i n c e n t i v e  f o r  t h e  development o.f a completely new 

e l e c t r o l y t i c  process  because of t h e  lower energy e s t a b i i s h e d  processes 

f o r  f e r r ~ r n a n ~ a n e s e  and t h e  l i m i t e d  potent i .a l  ' fo r .  increased  consumption of 

pure manganese.. 



203 

TECHNOLOGY OF SODIUM 

Current  Methods of Product ion 

The convent ional  method f o r  product ion of sodium i s  by e l e c t r o -  

l y s i s  of  fused sodium c h l o r i d e  (Downs p roces s ) .  The energy used f o r  t h e  
6 process ,  es t imated  i n  t h e  USBM s tudy ,  i s  25.57 x 10 Kcal/M ton (92.041 x 

6 
10 Btu/S ton) (F1) . The breakdown of energy used by process  s t e p s  i s  

shown i n  F igure  F1 and Table F l . .  The v o l a t i l i t y  of sodium has  made poss ib l e  

t h e  dpvelopment of d i r e c t  r educ t ion  processes  from sodium s a l t s  wi th  carbon, 

i r o n  ca rb ide (F2) ,  e t c . ,  b u t  such processes  a r e  no t  i n  c u r r e n t  use.  Most 

of t h e  processes  descr ibed  o p e r a t e  over  1,000°  which c r e a t e s  m a t e r i a l s  

problems. F2apid c h i l l i n g  i s  heeded t o  o b t a i n  a good 

E l e c t r o l y s i s  of Sodium Hydroxide 

The f i r s t  e l e c t r o l y t i c  process  used ex tens ive ly  f o r  sodium pro- 

duc t ion  u t i l i z e d  fused sodium'hydroxide e l e c t r o l y t e ,  and t h e  b e s t  known 

method was t h e  ~ a s t n e r  pro'cess(F1). The  r i l ec t ro ly t e  was l a t e r  d i sp l aced  

by sodium ch lo r ide .   everth he less, t h e  energy requirements  of t h e  processes  

us ing  t h e  two e l e c t r o l y t e s  should be  'compared. 

The c a u s t i c  e l e c t r o l y t e ' m u s t  f i r s t  be  manufactured by c a u s t i c i -  

zing sodium sulfate s o l u t i o n  o r  by e l e c t r o l y s i s  of  sodium c h l o r i d e .  The 

latter is  t h e  predominent process .  The energy f o r  producing a 50 percent  

c a u s t i c  s o l u t i o n  ( t h e  most common a r t i c l e  o f  commerce) has  been es t imated  
6 6 0 3 )  

t o  be  9.31 x 10 K c a l / ~  ton  (33.5 x 10 ~ t u / S  ton) of .contained c a u s t i c  . 
The a l l o c a t i o n  of e l e c t r i c  power f o r  c a u s t i c  i n  ch lo r ine -caus t i c  e l e c t r o l y s i s  

is  1763 kwh/M t o n  (1600 h h / S  ton ) .  The thermal equ iva l en t  of t h i s  is  
6 6 

4.67 x 10 ~ c a l / M  ton  (16.80 x' 10 B ~ U / S  ton)  caust ic ' .  The a d d i t i o n a l  
6 6 

energy f o r  dehydrat ion i s  14.61 x 10 Kcal/M ton  (52.6 x 10 Btu/S ton)  

s o  t h a t  t o t a l  energy f o r  product ion i s  of t h e  order of 24 x l o 6  Kcal/M ton. 
6 i (86 x 10  B ~ U / S  ton) .  D e t a i l s  on t h e  e s t ima te  for energy t o  produce . 

anhydrous caustic a r e  i n  Table F2. The o v e r a l l  r e a c t i o n  of t h e  Castner  

process  is: 
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Wts Per lo6 ~ t u  per. 
mat t an  of 106 ~ t u  Bet ton of 

Onit Sodiuh Xetal Per Unit Sodim Uetal - 
)Ifn in8 

D i s t i l l a t e  f u e l  o i l  . 0.333 0.139 0.046 . 
kwh ' 24.20 0.0105 0.254 E lec t r i ca l  energy 

Explosives . . l b  1.72 0.030 - 0.052 

subtotal '  0,352 ' 

.. ' Sa l t  p iu i f i ca t ion  . . 

Soda a h  l b  87.7 0.009 0.769' 
Caust icsoda . ' l b  , 39.6 0 . 0 s  0.594 
Steam l b  849.0 0.0014 ' 1.189 
E lec t r i ca l  emorgy bth 7.08 - , 0.0105 - 0.074 

.Subtotal 2.646 

Sa l t  c rys ta l l i z ing  

Stern  , l b  ' 6.894.0 0.0014 . '  9.652 
~ l e c t r i c a l  energy brh 1.78 . 0.0105 - 0.019 ' 

.Subtotal 9.671 . . 

S a l t  drying 

E lec t r i ca l  energy Lvh' 13.10 0.0105 0.138 
St- ..' Xb ,368. 0 0.0014 0.515 - 

. S u b t d t d  . 0.653 

Electrolysis 

Ca le im chloride l b  30.0 0.0013 0.039 
Graphite electrode8 l b  8.5 0.080 0.680 
Elect r ica l  energy bh . 10.000.0 ,O. 0105 105.000 

subtota i  10s. 719, - - 
Total  for E Q - P ~ O ~ U C ~ ~  1 9  . 001 

- - - - - - - - - - - - - - _ - - - - - - - - - - - - , - - - - - - - - - - - - - - - -  

Total mergy input for  ceproducte 
allocated an follows: (8) . 

~lodirnn nCtal (1.0 ast ton) 
Chlorine (gaseour, 1.5 net  tone) * 

Total 

*The chlor ine  c red i t  i n  USBM Report  w a s  ca lcula ted  from an estimate 
of energy f o r  chlorine-caustic product ion w i t h  an e l e c t r o l y t i c  
diaphragm ce l l .  The energy up t o  the  p o i n t  the two produc ts  were 
s imultaneously d i scharged  from the  c e l l  w a s  d i s t r i b u t e d  on ,a  weight 
basis.  Energy need t o  furL11eu process thc two streams w a s  then 
assigned t o  the stream involved. That energy f o r  gaseous chlorine 

w a s  18 x l o6  Btu/S ton  C12 .  



TABLE F2. ENERGY FOR PREPARING ANHYDROUS SODIUM HYDROXIDE 

For evapora t ing  t h e  d i l u t e  c a u s t i c  produced i n  making one pound I 

of C 1 2  t h e  energy is: 

To 50% c a u s t i c  (6,000 B t u )  

To 70% c a u s t i c  (6,000 + 12,000) Btu 

To anhydrous c a u s t i c  (6,000 + 12,000 + 18,000)  Btu 

The c a u s t i c  w i t h  one pound of  c h l o r i n e  i s :  

Energy r equ i r ed  per  pound of contained c a u s t i c  is: 

To 50% c a u s t i c  6,000/1.14 = 5263 ~ t u l l b  c a u s t i c  

To 70% c a u s t i c  5263 + 10,526 = 15,789/1b c a u s t i c  

To anhydrous c a u s t i c  15,789 + 15,789 = 31,57811b c a u s t i c  

. . 

The n e t  energy t o  prepare  anhydrous , caus t i c  from 50% c a u s t i c  

G 
(26316) (2000) = 52.63 x LO Btu/S t o n  o r  

G i4 .62  x 10 Kcal/M ton  . 



s o  t h a t ,  t h e o r e t i c a l l y ,  twice t h e  coulombs a r e  r equ i r ed  as f o r  e:uivalent 

product ion w i t h  fused sodium ch lo r ide .  The e l e c t r o d e  p o t e n t i a l  corresponding 

t o  t h e  s tandard  f r e e  energy of formation i s  3.9'8 v o l t s ,  corresponding t o  

a  t h e o r e t i c a l  power requirement of 9268 kwh/M ton  (8408 kwh/S ton) Na 'o r  
6  6  

24.5 x  10 Kcal/M ton  (88 x  10 Btu/S ton)  Na a t  t h e  power p l a n t .  

The commercial Castner process  o p e r a t e s  a t  5.0 v o l t s  and a  cu r r en t  

e f f i c i e n c y  of  36 percent .  Assuming a  10 percent  1 o s s . f o r  AC t o  DC power, . . 
conversion and l i n e .  l o s s  t h e  power r equ i r ed '  f o r  e l e c t r o l y s i s  is:  

1 

o r  17,956 K W ~ / M  t o n "  . 

6 
This  is equ iva l en t  t o  16,290 x .0105 x  l o 6  = 17'1 x 10 Btu/S t o n  o r  

6  
47.5 x  10 ~ c a . 1 1 ~  ton.  Table F3 i s  a  summary of t h e  energy requirements .  

I n  t h e  e l e c t r o l y s i s  of sodium c h l o r i d e ,  a  p a r t  of t h e  e l e c t r o l y s i s . e n e r g y  

can b e  a l l o c a t e d  t o  t h e  c h l o r i n e ,  which i s  c o l l e c t e d  and s o l d  ( see  Table F1. 

footnote)  , However, w i th  ' e l e c t r o l y s i s  of  fused c a u s t i c ,  t h e  sodium meta l  

i s  t h e  on ly  product  of va lue  'aid'  31.1 of  t h e  energy f o r  t h e . p r o c e s s i n g  s t e p s  

must b c  aooignad to i t .  Th4 v ~ k i . l r n ~ s  nf hgdrngen and oxygen a r e  too small '  

t o  j u s t i f y  r ecove ry .  Of t h e  t o t a l ,  requirement of  86.4 x  lo6  ~ c a l / ~  ton  I 

6 6 6  
(311 x ' 1 0  Btu/S ton), 53 x  10 Kcal/M t o n  (191 x 10  Btu/S ton) .  a r e  

r equ i r ed  f o r  t h e  two e l e c t r o l y s i s  s t e p s  t o  produce NaOH f i r s t  and rhen Na. 

The energy requirements  a r e  too h igh  t o  g ive  i t  f u r t h e r  cons ide ra t ion .  

Product ion of Sodium by E l e c t r o l y s i s  With Alloying Cathodes 
. . 

Sodium may b e  depos i ted  i n t o  a  mercury cathode from .aqueous 

s o l u t i o n ' ( e . g . ,  NaC1) and i n t o  lead  from a  fused s a l t  e l e c t r o l y t e .  .The 

sodium may then  be  recovered i n  p r i n c i p l e  by vapor i za t ion  o r  r e v e r s e  

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



TABLE F3. PRODUCTION OF SODIUM METAL FROM FUSED 
CAUSTIC' ELECTROLYTE 

- .- - . .-- 

T o t a l  
kwl11N Lori N a  K.cal x L U ~ / M  t o n  Na 
(kwh/S ton  Na) ( ~ t u  x I O ~ / S  ton  Na) 

Product ion  of 50 pe rcen t  
Caus t i c  Soda 1,764(1,600) 16.20.(58.3) 

Evaporat ion t o  S o l i d  
C a u s t i c  

Heat ing t o  400, C -- 0.25(9.9) 

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

TOTAL 

NaOH. p rope r ty  d a t a :  Cp, Assume 10  ca l lmole ;  ' h e a t  of fusiori ,  ,2000 
rallrnole; MP, 322 C. 



Mercury cathode.  
. . 

A modern process  has ' been  developed by Tekkosha i n  Japan (F4 ,F5) 

u t i l i z i n g  a  mercury cathode f o r  e l e c t r o l y s i s  o f  b r i n e  t o .  form t h e  amalgam. 

The sodium is  recovered from t h e  amalgam i n  a  second c e l l  using a  fused 

mixture  of NaOH-NaI-NaCN a t  a  temperature of only 220 t o  240°C. Sodium 

i s  deposi ted.  on a  h o r i z o n t a l  per fora ted  i ron"ca thode  through which i t  

f l o a t s  t o  t h e  s u r f a c e .  - The ba th  is  s a t u r a t e d  wi th  hydrogen t o  r e p r e s s  

t h e  r eac t ion : .  
.. , 

Na + NaOH + Na20 f 'H2  

The small amount of mercury i n  t h e  sodium (0.1 t o  0.5 percent )  i s  removed 

by subsequent t rea tment  wi th  calcium ch lo r ide .  

The Tekkosha process  i s  a modern v e r s i o n  of o l d  technology t h a t  

never r e a l l y  reached a  p r a c t i c a l  s t a g e  f o r  a  sus t a ined  l e n g t h  of  time (F1 ,F6) 

Table F4 i s  from t h e  Tekkosha r e fe rence  (F2) and compares sodium product ion 

processes .  

The l i s t e d  e l e c t r i c a l  requirements  cons iderably  exceed those  

c a l c u l a t e d  from c e l l  v o l t a g e  and c u r r e n t  e f f i c i e n c y .  However, assuming 

t h a t  a l l  c a l c u l a t i o n s  have the  same b a s i s  t h e  Tekkosha process  o f f e r s  an  

energy saving  of t h e  o rde r  of 2756 k w h / ~  t o n  (2500 k w h / ~  ton) Na (7.22 x 10 6 

6 
~ c a l / M  ton  o r  26 x 10 Btu/S ton  Na). 

The energy of  t h e  Tekkosha process  can a l s o  b e  es t imated  inde- 

pendent ly from informat ion  on mercury cathode c h l o r i n e  c e l l s ,  and t h e  

vo l t age  and c u r r e n t  i n  Tahle  F4 f o r  the second e l e c t r o l y s i s  s t e p .  The 

d a t a  on c h l o r i n e  and c a u s t i c  product ion from USBM (F1) may be  u t i l i z e d .  

. Resu l t s  a r e  shown i n  Table F5. E l e c t r o l y s i s  i n  a  mercury cathode c e l l  w i l l  

be  assumed t o  r e q u i r e  3300 kwh/M ton  (3000 kwh/S ton)  C 1 2 ,  which w i l l  inc lude  

0.56 M t ons  (0.62 S tons)  Na a s  amalgam. ~ l l o c a t i d n  of  energy t o  t he  two 

products  i s  a r b i t r a r y  and w i l l  b e  assumed equal .  .Mining and b r i n e  prepara- 
6  6 

t i o n  r e q u i r e  156 x 10 ~ c a l / ~  ton (;2 x 10 B ~ U / S  ton)  C 1 2   heref fore, 
h a l f  o f  t h i s  va lue  and h a l f  t h e  power w i l l  b e  a l l o c a t e d  t o  0.56 ' M  tons  

(0.62 S tons)  of  sodium. Values under a u x i l i a r y  e n e r g y . a r e  very  rough 

e s t ima te s ,  cons ider ing  t h a t  no th ing  i n  the:  o t h e r  i tems a l lows  f o r  amalgam 

pumping and t r a n s f e r ,  p rocess ing  of t h e  product sodium, e t c .  The t o t a l  can 



TABLE, F4. TEKKOSHAtS COMPARISON OF SOD,IUM PRODUCTION METHODS . 

-I;nmparisnn nf  M 0 ~ 3 l l i a  'Sodium Praceoaca 
Cestner process .Downs process Tekkustla process 

Bath temper5ture ( OC) 320 330 570 600 220 240 

Electrolysis voltage (iolt). 4.5. 5.0 5.7 6.0 - . .  2.5 3.0 
. . 

Current efficiency ( X )  ' 37 40 75 85 96 98' 

Eleccricicy req~rirement ' 29,800* . 14,300 15,400 12,100*. 
kwh/S ton of Na (27,O'OO) (13,000 14,000) (11,000) 
(kwh/M ton Na) , 

Salt requirement 
(tonlton of Na) 

Consumption of electrode small .very large negligible 

Corrosion of cell small large negligible . 

Operation environment mild, n~ eood ~ n n d  

*Total requirement for 1st cell and 2nd cell. . . 



TABLE F5. ENERGY.REQUIREMENTS OF THE TEKKOSHA PROCESS 

Total 
kwh/M ton Na ~ ~ a l  x 1 0 6 / ~  ton Na 

Operat ion (kwh/S ton Na) (Btu x 1 0 ~ 1 ~  ton Na) 

, , . . . , , . . 

. . 

Salt mining and hrine 
prepa'rat ion -- . . 0.44(1.6) 

Electrolysis I 2645.(2400) 6.95 (25) 

Electrolysis I1 3360 (3050) 8.89 (32) 
. . 

Auxiliary . .  550(500) . 2.78'(10) . .  

TOTAT,S , 6560(5950) 19.2 (69)' 



6 6 
b e  compared w i t h  25.5 x 10 Kcal/M t o n  (92 x 10 Btu/S ton)  Na f o r  t h e  

Downs process  and r e p r e s e n t s  an energy saving  of 20 t o  25 percent .  

Tobias and Jorne have suggested an a l t e r n a t i v e  t o  the  second 

e l e c t r o l y s i s  s t e p  of t h e  amalgam i n  fused s a l t  (F6y F7) . This  i n v o l v e s  t h e  

use of propylene carbonate  as an ap , ro t i c  so lven t ,  which is  a l i q u i d  a t  room 

temperature.  An advantage of  t h e  lower temperature ( i . e . ,  65' C) e l e c t r o -  

l y s i s  w i t h  t h i s  s o l v e n t  i s  the  absence of  mercury i n  the  product .  

In  an  example where potassium r a t h e r  than sodium i s  formed, a 
2 2 c u r r e n t  d e n s i t y  of 538 amp/m (50 amp/ft  ) gave a c e l l  p o t e n t i a l  o f  5.0 

v o l t s .  If sodium were produced under t h e ~ e  condi t ions  t h e  energy use i s  

6472 k w h / ~  ton (5872 . kwh/S ton)  Na; (17.14. x l o 6 .  Kcal/M ton  o r  61.7 x 106 Btu/S 

t on  Na) assuming 10 percent  conversion l o s s .  

I f  t h e s e  energy va lues  a r e  used f o r  t h e  second e l e c t r o l y s i s  i n  

Table F5,  t he  t o t a l  energy requirement is 27.2 x 10' ~ c a l / M  ton  (98 x 10 6 

~ t u / S  ton)  Na, which i s  s l i g h t l y  more than t h c  requirement f o r  t he  Downs 

process .  However, f u r t h e r  development might lower t h e  energy requirements  

f o r  non-aqueous e l e c t r o l y s i s ,  and use of  such e l e c t r o l y t e s  should b e  con- 

s i d e r e d  as an  a l t e r n a t i v e  t o  fused s a l t s  f o r  t he  amalgam process .  

The conduc t iv i ty  of  non-aqueous e l e c t r o l y t e s  i s  gene ra l ly  lower - 
-1 -1 

than  tha t  of aqueous s o l u t i o n s ,  e .g . ,  0.01 t o  0.001 ohm cm , so  t h a t  c l n s e  

e l e c t r o d e  spac ing  and small  dimensional t o l e r ances  a r e  requi red .  T t  i s  

necessary  t o  t r e a t  t h e  crude propylene carbonate  by d i s t i l l a t i o n ,  adsorp t ion ,  

e t c . ,  t o  remove t r a c e s  of  mois ture ,  and t o  p r o t e c t  t h e  e l e c t r o l y t e  from 

air t o  prevent  mo i s tu re  pickup. Also, moisture entrainment  by t h e  mercury 

from t h e  aqueous c e l l  must be avoided. Therefore,  c a r e f u l  engineer ing  des ign  

w i l l  be  r equ i r ed  f o r  a s a t i s f a c t o r y  c e l l  us ing  propylene carbonate  e l e c t r o l y t e .  

An a l t e r n a t i v e  method of  r e c o v ~ r i n g  sodlum from amalgam i s  t o  

d i s t i l l  o f f  t he  mercury. A process  was pa ten ted  by Moulton and i s  d iscussed  

by ~ a c ~ u l l i n ' ~ ~ ) .  Moulton proposed t h a t  t he  mercnry he  used i n  a Genernl- 

E l e c t r i c  type mercury-steam b ina ry  u n i t .  The mercury vapor would e n t e r  

t u r b i n e s  a t  621° C (1150 F) and b e  r e j e c t e d  a t  226' C (438 F) . The r e j e c t e d  

mercury would be used t o  produce steam a t  211° C (411 F) .  Fuel  consumption 

f o r  t he  e n t i r e  process ,  i nc lud ing  t h e  e l e c t r o l y s i s  t o  produce amalgam was 

es t imated  t o  be  5.6 tons  of coa l / t on  of sodium metal .  This would correspond 



6 t o  approximately 5.6 x 31.5 x lo6  = 176.40 x 10 Btu/S ton  o r  49.0 x 10 6 

Kcal/M t o n  Na. This  va lue  i s  much h ighe r  than f o r  t h e  Downs process .  The 

p r o d u c t i v i t y  of t h e  mercury-steam p l a n t  w a s  es t imated  t o  b e  8800 kwh/M ton  

(8000 kwh/S ton) of sodium. Of t h i s  approximately 4500 kwh a r e  requi red  

t o  make one S ton  o f  sodium a s  amalgam p l u s  1 .5  S tons  o f  c h l o r i n e  f o r  
6 which a c r e d i t  o f  27 x . 1 0  Btu/S ton  can be assumed. Therefore,  c r e d i t  

f o r  excess  power gene ra t ion ' and  t h e  c h l o r i n e  a r e :  

6 6 3500 x .0105 x 106 = 36.45 x 10 ~ t u / . S  ton  o r  10.13 x 10  ~ c a l / M  ton  
6 . .  6 1 .5  x 27 x lo6  = 40.50 x 10 B t u / S  ton  o r  11 .25 x 10 ~ a l / M  t o n  

TOTAL 
6 ' 6 76.95 x 10  ' Btu/S ton  o r  21.3 x 1 0 ,  ~ a l / ~  ton  

The n e t  energy f o r  sodium product ion would then  b e  reduced t o  27.5 x 10 6 

6 
Kcal/M t o n  (99 x 10 Btu/S ton') which is s t i l l  h ighe r  than  f o r  t h e  Downs 

process  and depends upon t h e  tenuous assumption o f "us ing  mercury a s  t h e  

f l u i d  i n  a thei-mal power system. 

Molten Lead Cathode. 

. 
Sodium may be  depos i ted  and a l loyed  wi th  a molten lead  cathode,  

bu t  a fused s a l t  e l e c t r o l y t e  such a s  a molten c h l o r i d e  mixture is requi red .  

The sodium may then  be recovered by a second e l e c t r o l y s i s  o r  poss ib ly  by 

d i a t i l l n t i o n .  Early cells s11r.h as t h a t  of Acker and Ashcroft  (F2) requi red  

about t h e  same power inpu t  a s  t h e  Downs c e l l .  However, , a n  improved 24,000 

ampere c e l l  was developed. i n  Germany .during W W I I ,  ' f d r  which c u r r e n t  e f f i -  
I '  

c i e n c i e s  of 80 percent  . . and c e l l  p o t e n t i a l s  as  low as 3.5 v o l t s  werc 

claimed(F9).  A 10  weight percent  sodium i n  lead  a l l o y  was produced cor- 

' responding t o  a 50 atomic percent  a l l o y .  Under our  u sua l  assumption of 

1 0 - p e r c e n t  power l o s s  t o  t h e  c e l l ,  t h e  e l e c t r o l y s i s  power is  then  5655 

kwh/M ton  (5130 kwh/S ton)  Na.' Of t h i s  t o t a l ,  2480 (2250)* kwh a r e  a l l o c a t e d  

t o  t h e  1.36 M tons  (1.5 S tons)  of ch lo r ind  a l s o  formed leaving  a n e t  of 

3174 kwh/M ton (2880 kwh/S ton) Na o r  8.39 x 106 ~ c a l / ~  t o n ,  (30.2 x l o 6  
B t u / ~  ton)  Na. Reverse e l e c t r o l y s i s  t o  recover  sodium meta l  even wi th  a 

, 

p o t e n t i a l  a s  low a s  t h r e e  v o l t s  would add a t  l e a s t  an  a d d i t i o n a l  

*3000 .kwh was assumed f o r .  producing 1 . 0  S ton  of  c h l o r i n e  p l u s  
1 .0  S t o n  of c a u s t i c  and a l l o c a t e d .  1500 kw11 t o  cskh product .  



3675 kwh/M ton,(3334 ,kwh/S ton) o r  g ive  a  t o t a l  of  6500 kwh/M.ton (5895 
6 6 

kwh/S ton)  o r  17.2 x 10  Kcal/M ton  (61.9 x 10 B ~ U / S  ton)  Na. The power 

requirement  is less than  t h a t  of  t h e  Downs process .  

D i s t i l l a t i o n  of  sodium from t h e  l e a d  a l l o y  i s  poss ib l e .  Vapor 

from a n  a l l o y  con ta in ing  more than  0.'3 atom f r a c t i o n  sodium con ta in s  less 

than  0.004 atom f r a c t i o n  l e a d  a t  8 5 3 0 C ' ~ ~ O ) .  Sodium vapor p r e s s u r e  a t  t h i s  

temperature  i s  16.4 Torr .  The en tha lpy  o f  t h i s  vapo r i za t i on  can be  e s t ima ted ,  

and i t  i s  no t  c r i t i c a l l y  dependent on temperature .  Data f o r  427°C a r e  

a v a i l a b l e  ( F l u  

Na (0 .3  Mole f r a c t i o n  i n  Pb) ' Na 
1 ( a >  A H  = 8,200g cal /mole 

Na + N a  
(1) (8) 

To ta l  

-- 6 6 453 2'000 32,273) = 5.04 x 10 Btu/S ton  o r  1.40 x 10 ~ c a l / M  ton 
2 3 252 

5*04 - 480 kwh/S ton  o r  530 k w h / ~  ton  . 10,105 '- 

I n  t heo ry ,  t h e r e  i s  a  smal l  increment of  energy t n  he added t o  tho  3174 

k w h / ~  ton  (2880 kwh/S ton)  f o r  forming t h e  snrli1.1rn l ead a l l o y .  Evcn i f  t h e  

p~acLlca l  requirement  t o r  evapora t ion  w e r e  1100 kwh/M ton  (1000 kwh/S t o n ) ,  
6  t h e  t o t a l  would be  4300 kwh/M tun  (3880 kwh/S ton) Na o r  11 .3  x 10  Kcal/M ton 

6 
(40.7 x 1 0  B ~ U / S  ton)  Na. Even with a d d i t i o n a l  energy f o r  a u x i l i a r y  

p roces s ing  the  total energy rniilrl he one-half t h a t  of  t h e  25  x I n b  Kcal/El 
6 

t on  (92 x 10  B ~ U / S  ton)  Na f o r  t h e  nnwns Process .  The t o t a l  energy f o r  r l r c t r o -  

l y s i s  w i th  a  l e a d  cathode and vapor i za t i on  of sodium i s  es t imated  i n  Table F6. 

Conclusions 

The t o t a l  energy use  and sav ings ,  assuming each process  is  used 

fur the  t o r a l  annual  p roduct ion  of  145,000 M tons  (160,000 S tons)  i s  

showwin  Table F7. 



TABLE F 6 .  ENERGY REQUIREMENTS FOR THE SODIUM-LEAD ALLOY ' . ' 

CATHODE METHOD ' WITH EVAPORATION . . 

Total  
kwh/M ton Na Kcal x 1 0 6 / ~  ton Na. , 

Operat i on  (kwh15 ton Na) . ,  ( ~ t u  x 106/s  ton Na) 

Sa l t  Mining and Brine . . 

  re par at ion  

E l e c t r o l y s i s  3174 (2880) 8.4(3.0.2) 
-- Evaporation 2. .9(10.5) 

Auxil iary 500'(500) . . 1 . 4 ( 5 . 0 )  

3725 (3380) TOTALS 13 .1(47 .0)  



TABLE F7-.' PROJECTED ENERSY SAVINGS FOR ALTERNATIVE PlOCESSES 
FOR SODIUM IET.Y!L PRODUCTION 

El~ctrical Total Energy Savings in Year Shown 
E-nergy Elergy 19 7 7 2000 
iach /M ton 106 kal/M ton 1012 Kcal 1012 Kcal 
( k ~ h / ~  ton) (106 B~U/S ton) 109 kwh (1012 ~tu) 109 kwh (1012 ~tu) 

Downs-fused NaCl (currene (15) 

Castner-fused NaOH 

Tekkosha-two'electrolpsis (16) 

:Sodium lead-with evaporztion 

*Allows credit of 24,s kwh/M ton (2250 kwh/s ton) for chlorine production 

**~s~umes production of 145,000 M tons (1601000 5 .  tons) in both 1977 and 2000.. 



The amalgam process  proved o u t  i n  1972 o f f e r s  d i s t i n c t  energy 

savings .  The process  i t s e l f  appears  s u i t a b l e  f o r  demonstrat ion wi th  c r i t i c a l  

a t t e n t i o n  g i v e n . t o  containment of t h e  mercury i n  t h e  system. This  appears  

t o  have been accomplished i n  modern ch lo r ine -caus t i c  p l a n t s  us ing  mercury 

cathode c e l l s .  

The lowes t  es t imated  energy is' f o r . e l e c t r o l y s i s  of  fused ch lo r ide  

w i t h  a l e a d  cathode followed by evapora t ion  of  t h e  sodium from t h e  l ead .  

Vapor iza t ion  of .the sodium from leas a t  600" C i s  a p a r t  o f ' a  p roces s  

pa ten ted  by Dow ('12) f o r  producing sodium by carbon r educ t ion  of sodium 

carbonate .  Lead contaminat ion of t h e  product i s  a p o t e n t i a l  problem. Costs  

and o t h e r  f a c t o r s  i n  t h e  R and D and scale-up of  t he  l e a d  cathode process  

a r e  f u r t h e r  d i scussed  i n  the  l a t e r  s e c t i o n  on Suggested Fur ther  Analysis  and/ 

o r  Development of  Processes .  
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ELECTROCHEMISTRY AND HYDROMETALLURGY 

~ntroduct ion 

The principles of. electro:chemistry arid. electrochemical engineering . , 

have been applied in an empirical way in hydrometallurgy. Electrowinning 

and electrorefining in aqueous solu.tions have usually involved flat-plate 

anodes and cathodes' hung .on bus-bars and producing.an electrical contact 

by their oyn weight. Spacing is as close as ,practicable .considering 

dimensional tolerances and the uniformity of deposition. Natural convection 

is common and forced agitation is sometimes used to promote mass transfer. 

In electrowinning the gas evolved at the anode is a source of forced 

agitation. In fused salt cells the current often takes on the additional 

function of maintaining the cell temperature through energy losses resulting 
I 

from the IR drop through the electrolyte. This is a factor influencing 

the higher power and current density often used in fused salt cells. Geometries 

of electrodes in such cells may be parallel, vertical (anhydrous magnesium 

cell); annular, cylindrical (sodium and Dow magnesium cells) and parallel, 

horizontal (aluminum reduction cells). 

Many fundamental advances in electrochemistry and electrochemical 

engineering have been made subsequent to the establishment of the electro- 

chemical systems used in even modern metals production plants. Applying 

some of these advances to practical systems should reduce energy consumption. 

The general extent of such a reduction is difficult to estimate. However, 

application of baoic engineering principles, where better developed, such 

as in the petroleum industry, has led to marked process'improvements and 

should do.likewise for the electrochemical industry. 

In this section, refining or'winning cells will be briefly 

described in electrochemical and hydrodynamic terms, and some actual. or 
. . 

possible. improvements to metal production systems discussed. 



Cel l  Dynamics 

An e x c e l l e n t ,  b r i e f  summary of e lec t rochemica l  c e l l  theory  is  
(GI) g iven  by Newman (1) i n  h i s  book Electrochemical  Systems . 

An e lec t rochemica l  c e l l  can be  considered i n  i t s  s imples t  arrange-  

ment a s  c o n s i s t i n g  of an  uniformly conducting e l e c t r o l y t e  between two 

e l e c t r o d e s ,  each wi th  an  e q u i p o t e n t i a l  su r f ace .  The LaPlace equat ion  can 

then  be  solved t o  d e r i v e  a  primary c u r r e n t  d i s t r i b u t i o n  Kaspar ( G 2 )  made 

such c a l c u l a t i o n s  f o r  s p e c i f i c  geometries.  However, i n  p r a c t i c e  t h e  e l e c t r o d e s  

do no t  c o n s t i t u t e  e q u i p o t e n t i a l  s u r f a c e s  due t o  t h e  r e s i s t a n c e s  of t h e  

e l e c t r o d e s  themselves , ( C 3 ' ~ 4 )  , and t h e  c u r r e n t  d e n s i t y  dependent p o l a r i t a t i o n  

nea r  t h e  e l e c t r o d e  s u r f a c e  due t o  non-uniform concent ra t ion ,  and a c t i v a t i o n  

e n e r g i e s  r e l a t e d  t o  t h e  e l e c t r o n  t r a n s f e r  and c r y s t a l l i z a t i o n  i n  metal  

depos i t i on .  Using t h e s e  current-dependent boundary cond i t i ons ,  secondary 

c u r r e n t  d i s t r i b u t i o n  ( c l o s e r  t o  t h e  a c t u a l  d i s t r i b u t i o n  f o r  many cases  then 

t h e  primary cu r ren t  d i s t r i b u t i o n )  can b e  ca l cu la t ed .  Ca lcu la t ion  of primary 

and secondary c u r r e n t  d i s t r i b u t i o n  i n  such systems can b e  r e f e r r e d  t o  a s  

po ten t i a l - t heo ry  problems. 

Currents  i n  a n  electrowinning o r  e l e c t r o r e f i n i n g  c e l l  should not  

exceed t h e  r a t e  a t  which meta l  i ons  a r e  t r anspor t ed  t o  t h e  cathode o r  away 

from a s o l u b l e  anode. Assuming t h a t  t h i s  i s  adequately provided by d i l I u s i v n  

a s  t h e  r e s u l t  of a  concen t r a t ion  o r  p o t e n t i a l  g rad ien t  i n  a  s t a t i c  f l u i d  

g e n e r a l l y  does n o t  exp la in  t h e  c u r r e n t  d e n s i t i e s  t h a t  can b e  a t t a i n e d .  Tn 

a p r a c t i c a l  c e l l  t h e  f l u i d  moves e i t h e r  a s  t h e  r e s u l t  of n a t u r a l  convection 

o r  by forced  convect ion from s t i r r i n g ,  pumping, o r  gas evolved a t  an e l ec t rode .  

Natura l  convect ion a r i s e s  due t o  a  decrease  i n  d e n s i t y  a s  meta l  i on  concen- 

t r a t i o n  i n  t h e  f l u i d  l a y e r  ad j acen t  t o  t he  cathode i s  reduced by t h e  depos i t i on  

process .  'Conversely, t h e  d e n s i t y  i s  increased  ad jacen t  t o  a  s o l u b l e  anode. 

Convection enhances t h e  ion  t r a n s p o r t  process  a s  t h e  r e l a t i v e l y  slower 

d i f f u s i o n  process  i s  now requ i r ed  on ly  i n  a  t h i n  s tagnant  l a y e r  ad j acen t  

t o  t h e  e l e c t r o d e s .  

The f l u i d  motion i s  descr ibed  by t h e  Navier-Stokes r e l a t i o n  and 

s o l u t i o n  o f  t he  hydrodynam&!cs problems i n  e lec t rochemica l  c e l l s  has  followed 

p rog res s  made i n  o t h e r  hea t  and mass- transfer  systems. Determination of 



c u r r e n t  d e n s i t y  d i s t r i b u t i o n  where & r e n t s  a r e  l i m i t e d  by t r a n s p o r t  on ly ,  

can obviously ignore  e l e c t r o l y t e  conduct iv i ty .  These c o n s t i t u t e  convective- 

t r a n s p o r t  problems. 

I n  a c t u a l  e l e c t r o r e f i n i n g  and' e lectrowinning systems both  p o t e n t i a l  

. theory  and convect ive t r a n s p o r t  a r e  involved. Compact d e p o s i t s  a r e  produced 

a t  roughly one-third of t h e  t r anspor t - l imi t ed  c u r r e n t  dens i ty(G5)  , and 

powder-type d e p o s i t s  a r e  t y p i c a l l y  obta ined  near  t he  l i m i t i n g  cu r r en t  
(G6) 

. . 

d e n s i t y  . 

P o s s i b l e  S p e c i f i c  Applicatl.on of  Electrochemical  , 

Engineering Theory t o  Electrohydroniefallurgy 

i 

Elec t rode  Geometry and Natural  Convection . 

I n  l e a d  e l e c t r o r e f i n i n g  t h e  mass t r a n s f e r  t o  and.from t h e  e l e c t r o d e s  

is  promoted by n a t u r a l  convection. The average l i m i t i n g  c u r r e n t  d e n s i t y  

f o r  such a  process  i s  i n v e r s e l y  p ropor t iona l  t o  t h e  114 power of e l e c t r o d e  

l eng th  and t h e  t o t a l  l i m i t i n g  c u r r e n t  t o  an e l e c t r o d e  i s  p ropor t iona l  t o  

t h e  314 power of t h e  length(G7) .  Therefore,  doubling t h e  l eng th  of an 

e l e c t r o d e  does n o t  n e c e s s a r i l y  double i h e  p r o d u c t i v i t y  of a tank. 

Mcaouramont of ~ o c a i  Mass Transfer  i n  Me.ta1 D e p o s i t i p ~  

I n  most m e t a l  . . depos i t i on  c e l l s  t h e  amount of c u r r e n t  t h a t  can b e  

maintained by mass t r a n s f e r  v a r i e s  ' f o r  d i f f e r e n t  areas of the  caLllode as a 

r e s u l t  of n a t u r a l  convect ion and va r ious  types  o f  a g i t a t i o n .  I f  a  smal l  

concen t r a t ion  of  a more noble metal  i s  added t o  t h e  e l e c t r o l y t e ,  t h i s  metal  
(G8) w i l l  b e  depos i ted  over  t h e  e l e c t r o d e  a t  i ts  l i m i t i n g  c u r r e n t  d e n s i t y  . 

Current  above t h i s  l i m i t  w i l l  be  used t o  depos i t  t h e  m e t a l  be ing  r e f ined .  

Assuming,lOO percent  c u r r e n t  e f f i c i e n c y  f o r  depos i t i on  of t h e  two me ta l s ,  

a n a l y s i s  of t h e  t o t a l  amount of  meta l  depos i ted  ili a g i v e i a r r a .  a l u i l g  w i th  

t h e  de te rmina t ion  of  i ts  composition makes an  e s t ima te  of t he  

l i m i t i n g  mass t r a n s f e r  p o s s i b l e  f o r  'the' e l e c t r o r e f i n e d  metal .  By determining 



t o t a l  mass and composi t ion.of  t h e  depos i t  on va r ious  a r e a s ,  a g i t a t i o n  and 

flow can be ad jus t ed  t o  provide more uniform mass t r a n s f e r  and reduce 

e l e c t r i c a l  power. 

U s e  of Non-Planar Elec t rodes '  f o r  Electrowinning 
from D i l u t e  So lu t ions  

The a l lowable  c u r r e n t  d e n s i t y  decreases  wi th  decreasing metal ion  

concen t r a t ion  and a t  some po in t  becomes imprac t icably  low. Porous e l e c t r o d e s  

provide  a  high s u r f a c e  a r e a ,  making p o s s i b l e  a  h igher  c u r r e n t  and f a s t e r  

mefai recovery. Flowing t h e  e l e c t r o l y t e  through the  porous e l e c t r o d e  f u r t h e r  

i l l c r eases  recovery by  enhancing mass t r a n s f e r .  Cnpyi~r h a s  be@n reaovcrcd w i t h  

t h e s e  systems'G9' . However, they  must compete w i th  cementation and so lvent  

e x t r a c t i o n  processes .  

P repa ra t ion  of ~ e n d r i t i c ' o r ' F o w d e r  Dgposits 

Powder i s  depos i ted  a t  t h e  c u r r e n t  d e n s i t y  l i m i t e d  by mass t r a n s f e r .  ! 

Deposi t ion  of powder o f f e r ' s  t h e  p o s s i b i l i t i e s  of  ha rves t ing  meta l  i n  a  con- 

t inuous  system r a t h e r  than  removing cathodes and s t r i p p i n g ,  o r  prepar ing  

s t a r t i n g  s h e e t s  of t h e  d e s i r e d  metal .  Too high a s u r f a c e  a r e a  i s  undes i r ab le  

f o r  a  good product.  This  s i~ggests  designing a ' c e l l  f o r  uniform mass 

t r a n s l e r  uver t h e  cathode a r e a  and then  a d j u s t i n g  c u r r e n t  d e n s i t y  t o  a va lue  

c l o s e  t o  b u t  n o t  a t  t h e  l i m i t i n g  va lue .  It should b e  p o s s i b l e  t o  produce a  

range of  d e p o s i t s  vary ing  from coherent  t o  f i n e  powder. An in t e rmed ia t e  

product  should b e  h a r v e s t a b l e  and .sk i11 be  o f  hi..gh q1.1aJ.i.ty. 

I n c r e a s e  i n  Mass Transfer  by Forced Convection 

Forced c n n v ~ r t ~ o n  has  been st;udi,ed t o  incri=.~.se the luass Lr .an~fcr  

r a t e  and p r a c t i c a l  c u r r e n t  d e n s i t i e s  f o r  c o p p e r . e l e c t r o r e f i n i n g  and e l e c t r o -  

winning (G1O). Turbulent  cond i t i ons  can be  obta ined  wi th  proper ly  designed 

a i r  spa rg&rs .  Smoother d e p o s i t s  make p o s s i b l e  c l o s e r  e l e c t r o d e  spacing t o  

compensate f o r  t h e  g r e a t e r  I R  drop wi th  t h e ' h i g h e r ' c u r r e n t  d e n s i t y ,  e .g . ,  
2 

84 amplf t  . 



Very High Mass-Transfer Rates Through 
Forced- Turbulent Flow 

~orced convection at a sufficient velocity,. i.e., 2 m/sec for 

common aqueous electrolytes,- will cause turbulence and a very thin diffusion 

layer adjacent to an electrode. By this.means'the limiting and practical 

current densities can be considerably increased. To minimize the potential 

drop through an electrolyte at elevated current densities the interelectrode 

distance must be small. 

The development of electrochemical .machining utilized these 
2 '  principles . since a high. current density, i. e., 10 to 100 amp/cm was 

necessary for practical removal rates, and .a close spacing 'was. needed to 
I 

maintain dimensional tolerance. 

The same principles have been applied to electroplating (GI11 and 

(G12)' more recently proposed for electrdwinning zinc 

Preliminary calculations, based.upon direct experience with electro- 

chemical machining and electroplating indicate that rotating-drum or 

continuous-belt cathodes can be plated,and',stripped in a continuous manner. 
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COMPILATION AND ORGANIZATION OF PROCESSES 

E l e c t r o l y s i s  i s  only  one of  many s t e p s  i n  t h e  primary winning 

of  metals .  It a l s o  may be one of  t h e  e a s i e r  s t e p s  f o r  which t o  determine 

energy consumption from such well-known parameters  a s  vo l t age ,  c u r r e n t ,  and 

c u r r e n t  e f f i c i e n c y .  The d i v e r s i t y  of a l l  s t e p s  i n  process ing ,  i nc lud ing  

t h e  e l e c t r o l y s i s ,  makes i t  d i f f i c u l t  t o  organize  processes  i n t o  a s imple 

o u t l i n e .  Every o r e  body i s  d i f f e r e n t  and i n  developing a s u i t a b l e  method 

of me ta l s  recovery,  a l l  types of phys i ca l  and chemical t rea tments  a r e  

c o n s i d e r e d  t o  a r r i v e  a t .  t he  b e s t  process;  s t a r t i h g  wi th  t h e  methods of 

mining t h e  o r e  and f i n i s h i n g  wi th  s u i t a b l e  means o f ' m e l t i n g  and c a s t i n g  t h e  

meta l  i n t o  b a r s ,  b i l l e t s ,  o r  wire . '  However,. Table H 1  i s  an  o u t l i n e  

showing some of  t h e  v a r i a t i o n s  i n  t h e  p r o c e s s e s ' t h a t . h a v e  been examined.. 

A b r i e f  d e s c r i p t i o n  of t h e  major s t e p s  follows. 

Concentrat ion and Phase Separa t ion  

The t y p i c a l  z inc  '&id l ead  s u l f i d e  oZes a r e  concent ra ted  by f l o -  

ta t ion:  For magnesium and sodium, p r e c i p i t a t i o n  o r  c r y s t a l l i z a t i o n  (eva- 

po ra t ion  o f  water )  can be involved ,although s o l i d  feed  m a t e r i a l s  may a l s o  
. . 

b e  mined d i r e c t l y .  Manganese and chromium o r e s  a r e  l e s s  s u b j e c t  t o  phys ica l  

bene f i ca t  i on  and involve  d i r e c t  r o a s t i n g l l e a c h i n g  o r  pyrometa l lurg ica l  

t reatment  f o r  hydrometa l lurg ica l  methods of ' e lec t ' rowinning .  Where e l e c t r o -  

r e f i n i n g  r a t h e r  t han  e lec t rowinning  i s  involved concent ra t ion  can b e  

achieved through pyrometa l lurg ica l  processes  t o  form. a s u l f i d e  mat te  o r  

crude m e t a l .  These can then b e  used a s  s o l u b l e  anodes f o r  e l e c t r o l y t i c  

c e l l s .  Zinc and l ead  a r e . c a n d i d a t e s  f o r  t h e  s u l f i d e  mat te  process  and 

crude f errochrorne and f errominganese f o r  upgrading by e l e c t r o r e f  i n i n g  where 

t h e  d isso lved  i r o n  is  removed o r  a t  l e a s t  reduced i n  c.oncentration. 



TABLE H I .  ORGANIZATION OF PROCESSES'IN ELECTROMETALLURGY 

Concentrat ion and/or  Separa t ion  

Phys ica l  B e n e f i c i a t i o n  
P r e c i p i t a t i o n  o r  C r y s t a l l i z a t i o n  
P y r o l y t i c  Formation of Separa te  Matte 

o r  Crude Metal Phase 

Roast ing 

Red LIC I.ng 
S u l f a t i n g  
~ : h ~ . o ~ I d ~ % ~ , ~ g  
Oxide (dead r o a s t )  
Dehydration 

Leaching 

Non-oxidizing.- 'Acidic, Neut ra l ,  Bas ic  
Oxidizing - Oxygen, Chlorine,  F e r r i c  Chloride, 

Anodic 

Sepa ra t ion  Syotcm~ 

Solvent  E x t r a c t i o n  
Ce l l  Separa tors  
P r e c i p i t a t i o n  

Electrochemical  

Elec~rodeposirlon 
A i ~ u J i s  D l s su luLPo~i  
Displacement 



Roasting and l each ing  a r e  means of concen t r a t ing  metal  va lues ,  

b u t  a r e  so important  t o  e l e c t r o m e t a ~ l u r g i c a l  processes  t h a t  they a r e  

considered under separa te '  sub-headings. The r o a s t i n g  and l each ing  processes  

f o r  s u l f i d e  o r e s  have been i n t e n s i v e l y  inves t iga t ed .  Copper o r e s  have 

rece ived  most of t h e  a t t e n t i o n ,  b u t  t h e  concepts and r e s u l t s  have 
. . 

been app l i ed  t o  z i n c  and lead .  

Roasting. Roast ing may b e  i n  a  reducing atmosphere t o  s eg rega te  

meta l  p a r t i c l e s  which a r e  then a c t i v e  t o  l each ing  a s  compared t o  t he  more 

r e f r a c t o r y  o re .  Roast ing can conver t  t h e  s u l f i d e  t o  a  s o l u b l e ~ s u l f a t e  

o r  an  oxide  (dead r o a s t )  . An advantage of t he  l a t t e r  i s  t h a t  t h e  oxide 

w i l l  n e u t r a l i z e  t h e  a c i d  produced a t  an i n s o l u b l e  anode i n  a  s u l f a t e  e l e c t r o -  

winning process  ( i . e . ,  z i n c ) .  While r o a s t i n g  can be avoided i f  an ox id i z ing  

l each  i s  used, ox id i z ing  r o a s t i n g  provide& SO f o r  a c i d  manufacture where 
2 .  . 

a c i d  is  marketable ,  and a l s o  i s  an exothermic r e a c t i o n  t h a t  can provide 

process  h e a t ;  Chlor id iz ing  r o a s t s  f o r .  s u l f i d e  o r e s  have been developed 

f o r  a  long time b u t  depend upon subsequent c h l o r i d e  meta l lurgy ,  w h k h  I 

has no t  been promoted f o r  winning meta ls  from s u l f i d e s .  Dry ch lor ina-  
. . 

t i o n  of s u l f i d e  o r e s  has  r e c e n t l y  rece ived  a t t e n t i o n  (B31). The fused 

sa l t  e l e c t r o l y s i s  of ' l e a d  and z i n c  c h l o r i d e s ,  which has  r e c e n t l y  been 

investigatpd hy TTSRM, cnllld r ev ive  interest i n  c h l o r i d i i i n g  r o a s t i n g . '  

Leaching. 'Non-oxidizing l each ing  s o l u t i o n s ,  e i t h e r  ac id  o r  a l k a l i n e ,  

a r e  commonly used on roas t ed  s u l f i d e  o r e s .  With ,unrosisred ores, ox ida t ion  

leaching  of the s u l f i d e  t o  a . s o l u b l e  meta l  i o n  and a s u l f u r  compound, i . c . ,  

e lemental  s u l f u r ,  can be  accomplished by chemical agents  such a s  oxygen, 

c h l o r i n e ,  f e r r i c  ch lo r ide ,  and so  on. These .agents  may be generated anodi- 

c a l l y .  Conversely, t he  leaching  may be  combined wi th  t h e  e lec t rowinning  b.y 

use  of a ' c a s t  mat te  anode o r  con tac t  of t h e  s u l f i d e  pulp  wi th  an  i n s o l u b l e '  
. . 

anode. It i s  o f t e n  d i f f i c u l t  t o  d i s t i n g u i s h  between d i r e c t  anodic ox ida t ion  

of ' t he '  pulp and i n d i r e c t  o x i d a t i o n  ,by :some redox .system, i. e. , . Fe (11) /Fe (111) , 
presen t  i n  t h e  e l e c t r o l y t e .  



.Separa t ion  of So lu t ion  Components 

Following l each ing ,  var ious  methods, i nc lud ing  e lec t rochemica l  

ones ,  a r e  used f o r  s e p a r a t i n g  (and concent ra t ing)  components. These methods 

may remove i m p u r i t i e s  o r  recover  the  d e s i r e d  metal .  

Solvent  E x t r a c t i o n  

Solvent e x t r a c t i o n  i s  a  u se fu l  technique f o r  s e p a r a t i n g  components 

t h a t  may b e  e i t h e r  t h e  d e s i r e d  metal  va lues  o r  i m p u r i t i e s .  A metal  i on  

can have a d i f f e r e n t  p a r t i t i o n  c o e f f i c i e n t  i n  one s o l v e n t / s o l u t i o n  combination 

t h a n  i.n ano the r ,  T!-mreforo, the so lvont  aan a c t  oo an i n t e rmed ia t e  t o  

concen t r a t e  the  meta l  ion .  The poor d i ' f fus ion  r a t e  of a  component i n  a  

d i l u t e  s o l u t i o n  t o  t h e  s u r f a c e  of an e x t r a c t i v e  so lven t  i s  compensated 

f o r  by t h e  l a r g e  s u r f a c e  a r e a  and s h o r t  d i f f u s i o n  pa th  when the  e x t r a c t i v e  

s o l v e n t  is  i n t i m a t e l y  d i spe r sed  i n  t h e  d t l u t e  s o l u t i o n .  The e x t r a c t i o n  and 

s t r i p p i n g  of s o l v e n t  t o  £ o m  a  more c o n c e n t r a t e d ~ s o l u t i o n  a r e  n o t  energy 

i n t e n s i v e  processes  and a r e  f r equen t ly  p re fe r r ed  t o  d i r e c t  e l e c t r o l y s i s  of 
I 

d i l u t e  s o l u t i o n s  u t i l i z i n g  forced  flow, porous o r  f l ud ized  bed e l e c t r o d e s ,  

e t c . ,  t o  improve t h e  e l e c t r o l y s i s  e f f i c i e n c y  and minimize power requirements.  

C e l l  S e ~ a r a t o r o  

Separa tors  i n  an  e l e c t r o l y t i c  c e l l  such as semipermeable membranes 

o r  porous diaphragms (wi th  o r  wi thout  flow through) c o n s t i t u t e  a  s epa ra t ion  

technique be fo re  r a t h e r  than  a f t e r  t he '  f a c t .  They e i t h e r  do no t  a l low 

mixing of: s o l u b l e  anodic and ca thodic  products ,  o r  passage only  of sele .cted 

components. 

Thus, i n  e l e c t r o r e f i n i n g ,  t h e  impure s o l u t i o n  from anodic d i s so lu -  

t i o n s  can be  p u r i f i e d  be fo re  being s e n t  t o  t h e  c a t h o l y t e  c i r c u i t .  This  

technique  i s  p r a c t i c e d  i n  e l e c t r o l y s i s  of n i c k e l  mat te  anodes and s i m i l a r  . 

t echniques  could be  used f o r  disso.l.ution of z inc  and l e a d  matte .  anodes, o r '  

leaching, of the  s u l f i d e  pulp by anod ica l ly  generated oxi.rlizers such as 

c h l o r i n e  o r  f e r r i c  ch lo r ide .  There i's a  vo l t age  drop ac ros s  membranes due 



both to their inherent. resistance to ion -transpo,rt :-and concentration polari- 

zation effects at the two surfaces. If the.same separation c,an.be accomplished . . 

by solvent extraction, energy requirements. will-.generally be, less. Energy 

for solvent extraction was,previously estimated to be no more than that for 

leaching zinc calcine, which 'is .17 x 106 ~calhM ton.. (. 6,3 106, B~U/S ton) Zn. 

If zinc were deposited in a membrane cell, a,:0.3 volt drop across a membrane 

would require a power consumption of:. ' ; . . .  .. . . . 

(0.0105) (223) = 2.34 x 106 Btu/S ton (615' x lo6 ~cal/M ton).' . 

This is not a severe energy penalty and if advantages outweigh cost, 

increase in. cell complexity, et= . , membranes 'my find increashd p.ract-ical use. 
- . .  . . . . 

1 

. . . . .  
The most common use of precipitation in treating leach solutions 

for the metals under consideration is the removal of iron from 'zinc sulfate 

solutions following an. oxidation to the fefric state. Sulfide. precipitation 

has been included 'in some proposed' flow sheets. Cobalt precipitation with 

nitroso-beta-naphthol is a common procedure although the' reagent is considered 
. . 

expensive . 

Electrochemical Methods of separation 

The most common electrochemical methods of separation utilized in- 

electrometallurgy, are (1) electrodepsotion, (2) anodic dissolution or 

chemicals and (3) displacement. (cementation) . .Since the. electron 
transfer in a complete cell involves both oxidation and reduction, the 

two can often be used together to advantage.' When'only reduction or oxidation 
' 

is used beneficially, there is always an opportunity to find a more effective 



use  f o r  t h e  o t h e r .  ' In  the .  technology reviewed t h e r e  appear t o  be  several. 

o p p o r t u n i t i e s  t o  d e p o s i t  me ta l ' and  gene ra t e  by-product c h l o r i n e  f o r  s a l e .  

I n  z i n c  e lec t rowinning  by the  s u l f a t e  process , .  ca thodic  depos i t i on  

of  meta l  and anodic  p roduc t ion .o f  l e a c h i n g - a c i d  a r e  both  use fu l .  ,However, 

i t  can be  argued t h a t  t h e  oxygen produced i s  wasted and t h a t  a c i d  product ion 
. . 

i s  unnecessary i f  a s u l f a t e . ' r o a s t  r a t h e r  tha'ii..a dead r o a s t  i s . u s e d .  Cemen- 

t a t i o n ,  as used i n  z i n c  e lec t rowinning ,  i s  an  obvious choice  f o r  p u r i f i -  

c a t i o n  because z i n c  i s  such an  a c t i v e  metal .  Thus, t h e  z inc  i t s e l f  can be  

used t o  d i s p l a c e  t h e  more noble  meta ls  and i s  n o t  a  s o l u t i o n  contaminant. 

E l e c t r o r e f i n i n g  provides  t h r e e  o p p o r t u n i t i e s  f o r  ocpara t ion ;  

(1) s e l e c t i v e  anodic d isso l .u t ion ,  (2) e l e c t r o l y t e  t r e a t m a l l ,  and ( 3 )  

selective depos i t i on .  E l e c t t o r e f i n i n g  of l e a d  (aad cupprr) i s  a good example. 

Lead d i s s o l v e s  i n  t he  f l u o s i l i c i c  a c i d  e l e c t r o l y t e  and l e a v e s  a  

mud con ta in ing  bismuth, antimony, and copper. However, f ~ ~ r t h c r  s e p a r a t i o n  

i n  t h e  e l e c t r o l y t e  and a t  t h e  cathode a r e  h a r d l y  r equ i r ed  due t o  t h e  good 

impur i ty  s e p a r a t i o n  achieved a t  t h e  anode. Nickel e l e c t r o r e f i n i n g  involves  I 

s e l e c t i v e  anodic d i s s o l u t i o n  b u t  a l s o  e l e c t r o l y t e  t rea tment .  The ca tho ly t e  

is  a r e l a t i v e l y  pure n i c k e l  s u l f a t e  s n l u t i o n  and s e l e c t i v e  depos i t i on  i s  

n o t  a  f a c t o r  i n  p u r i f i c a t i o n .  However, some processes  involv ing  e l e c t r o l y t e  

con ta in ing  both copper and n i c k e l  depend UpQn s e l e c t i v e  depos i t i on  of the 

copper for sopa ra t ion ,  



SUGGESTED FURTHER ANALYSES 
W / O R  DEVELOPMENT OF 'PROCESSES 

In t roduc t ion  

A number of t h e  p t o c e s s e s  d iscussed  i n  t h e  reviews of  t h e  tech- 

nology of i n d i v i d u a l  meta ls  have es t imated  energy requirements  t h a t  make them 

p o t e n t i a l l y  a t t r a c t i v e  f o r  commercialization. 'While  t h e  technology must 

be developed i n  most ca ses  t o  reach t h e  demonstration o r  product ion s t a g e ,  

p rocesses  w i l l  n o t  be  'developed un le s s  they  a r e  a l s o  economi'cally a t t r a c t i v e  

and have a n  accep tab le  environmental 'impact. Also t h e  m a t e r i a l s  f o r  t he  

process  must be  a v a i l a b l e  on a long-term basis--at  l e a s t  as a v a i l a b l e  a s  

t h e  source o f  t h e  metal .  

Cost e s t ima te s  f o r  t h e  undeveloped can  only  b e  very 

approximate i n  most cases .  Table I1 a t  t h e  end of t h i s  s e c t i o n  summarizes 

t h e  e s t ima te s  of energy savings  a s  compared t o  c u r r e n t  p r a c t i c e  f o r  t h e  

processes  d iscussed .  

Zinc 

P resen t  Processes  

blew ' cons t ruc t ion  .has been l a r g e l y  f o r  e l e c t r o l y t i c  z i n c  p l a n t s .  

C a p i t a l  c o s t s  f o r  two p l a n t s  b u i l t  i n  1974 averaged approximately $600/M 

ton  y r  (.$;51rn/S t on  y r ) , ' ~ i n c  Sec t ion ,  Reference B8). The CE p l a n t  c o s t  index* 

has  changed from 165 t o  22'3 s i n c e  t h a t  quo ta t ion  s o  t h a t  c u r r e n t  c o s t  would 

be  $810/M t o n  y r  ($735/S ton  yr).  . Assuming a t  l e a s t  t h i s  e s c a l a t i o n  i n  t h e  

f u t u r e  (11' pe rcen t ly r )  t h e  c o s t  i n  year  2000 w i l l  b e  $4900/M t o n  y r  ($45000/S 
' 

t on  y r ) .  Contemporary p r i c e  (December 15 ,  1978) of z i n c  is $0.77/kg ($0.35/ lb) .  

No unusual m a t e r i a l s  a r e  used i n  convent ional  z i n c  e l e c t r o l y s i s  

t h a t  would h e  extremely d i f f i c u l t  t o  o b t a i n  o r  f o r  which. s u b s t i t u t e s  a r e  

n o t  a v a i l a b l e .  
b 

*Cheinical Eng,ineering, McGraw H i l l .  



A modern p l a n t  should n o t  cause  any s e r i o u s  o r  unusual environmental 

problems. The gases  genera ted  i n  f l u i d i z e d  r o a s t i n g  of  t h e  o r e  a r e  c o l l e c t e d  

and converted t o  ac id .  Conceivably some metal-containing s ludges  can a r i s e  

through n e u t r a l i z a t i o n  o r  e l e c t r o l y t e  purged from t h e  c e l l .  Also, l e ach  

r e s i d u e s  ( a f t e r  removal of  l e ad  and s i l v e r )  and i r o n  s u l f a t e  r e s i d u e s  may 

c o n s t i t u t e  a d i s p o s a l  problem. Cadmium and l ead  a r e  removed p r i o r  t o  

e l e c t r o l y s i s  and t h e r e f o r e  t he se  elements  should n o t  be p re sen t  i n  t h i s  s ludge.  

A lka l ine  Leaching and E l e c t r o l y s i s  

Comparison .wi th  Presen t  Process .  The alkal i.ne l eaching  and .- .  . .. . . , .- .. . . . , . . 

e l e c t r n l y s i e  systam t h a t  has beer1 descr ibed  i s  recommended f o r  f u r t h e r  s tudy  

and development because of i t s  es t imated  modest e l e c t r o l y s i s  energy requirement 

of 2425 kwh/M ton '  (2200 kwh/S ton)  7.n and t o t a l  energy requirement of 
' 

5 x l o6  Kcal/M ton  (18 x 106 Btu/S ton)  Zn o r  lower. I'he low e l e c t r o l y s i s  . . 

energy r e f l e c t s  t h e  low Anode bver-vol tage and c l o s e  e l e c t r o d e  spac ing  

p o s s i b l e  w i t h  use of a c a u s t i c  e l e c t r o l y s i s  and a system not  r e q u i r i n g  

ca thode  removal. 

Most u n i t  ope ra t i ons  i n  t h i s  p rocess  a r e  analagous t o  t hose  i n  

t h e  s u l f a t e  method. An add i t i ona l  low energy r o a s t i n g  uperacion is  u s e f u l  

t o  brcalc down z i . 1 1 ~  frrrife ,  but cathode s t r i p p i n g  i s  avoided. A f i l t e r  and 

.compacting dev ice  is  used i n s t e a d .  Mild steel t o  con ta in  c a u s t i c  w i l l '  

g e n e r a l l y  be lower i n  c o s t  than  m a t e r i a l s  f o r  a c i d  s u l f a t e  containment.  I f  

t h e  d e s i r a b i l i t y  of us ing  a h ighe r  c u r r e n t  d e n s i t y  can be  d e ~ ~ ~ o r i s t r a t e d  t h e  

amount of m a t e r i a l  f o r  c e l l  b u i l d i n g  w i l l  be  sma l l e r  f o r  a l k a l i n e  than ac id  

systems. WP ~stimate t h a t  c a p i t a l  cusLs f o r  r h e  a l k a l i n e  process  will be 

a s  much as 10 t o  20 percent  less than f o r  t h e  a c i d  process .  Operat ing c o s t  

could be  s u b s t a n t i a l l y  less, e .  g. ,  30 pe rcen t ,  through e l imina t ion '  of 

s t r i p p i n g ,  and automation of metal  d e n d r i t e  removal, f i l t e r i n g ,  washing, com- 

pac t ing ,  mel t ing  and c a s t i n g .  Also, lower energy c o s t s  a r e  p red i c t ed  a s  pre- 

v i o u s l y  descr ibed .  Presumably, l e ach  r e s i d u e s  w i l l  b e  s u i t a b l e  f o r  f u r t h e r  

p rocess ing  f o r  meta l  va lues .  An e l e c t r o l y t e  purge because of carbonate  

bu i ldup  (which has  no t  been a s e r i o u s  problem s o  far) should r e q u i r e  only 

n e u t r a l i z a t i o n  f o r  d i scharge .  Thus, no s e r i o u s  environmental problems a r e  

foreseen .  Raw m a t e r i a l s  a r e  e s s e n t i a l l y  a smal l  amount of coke o r  c o a l  and 

ch lo r ide - f r ee  c a u s t i c ,  which a r e  r e a d i l y  a v a i l a b l e  raw m a t e r i a l s .  



R and D Needs. Fur ther  s tudy  i s  needed,  on t h i s  process  t o  de f ine  
. . 

. t h e  following: I * . . .. .. 

(1) A more ' accu ra t e  e s t ima t ion  of  energy use ' and  c o s t .  

(2.) optimum cond i t i ons  bf e l e c t r o l y s i s  s o  t h a t  good' q u a l i t y  

d e n d r i t e s  a r e  obta ined  t h a t  a r e  neve r the l e s s  removeab1.e. 

Also., condi t ions  t h a t  optimi.ze. p r o d u c t i v i t y ,  and energy 
. . 

use. 
. . . . 

(3) . Optimum cond i t i ons  f o r  removing, f i l t e r i n g ,  compacting, 
. . and mel t ing  dendr i t e s .  

I tem (1) would involve  a more d e t a i l e d  conceptual  des ign  us ing  knowledge 

from p r i o r  p i l o t  ope ra t ions .  Item (2) r e q u i r e s  a l a b o r a t o r y  program 

followed by a scale-up. Item (3) would invo lve  mainly p i l o t  p l a n t  experiments.  

The c o s t s  f o r  . these program's a r e  es t imated  t o  be: 

Conceptual S tud ie s  and Small Sca l e  
, , 

Experimental Work $ . 300,000 

smal l - sca le  P i l o t  P l a n t  1,000,000 

Large-Scale P i l o t  ~ l k ~ t .  5,000;000, 

 full Sca le  Demonstration P l a n t  
(90,000 M t o n l y r  o r  100,000 S ton ly r )  ' , $30 j 000,000 

The amount f o r  t h e  f u l l - s c a l e  u n i t  i s  i n  a d d i t i o n  t o  t h e  nominal 

$65,000,000 f o r  formal des ign  and c o n s t r u c t i o n  and can be c o n s i d c r e d  the  

amount f o r  shakedown of  t h e  p l a n t  t o  s o l v e  unan t i c ipa t ed  opera t ing 'problems 

a s s o c i a t e d  w i t h  a new process . '  



Electrowinning from Aqueous c h l o r i d e  So lu t ion  
wi th  Bv-Product Chlor ine  

Comparison w i t h  P re sen t  Processes .  By cogenera t ing  z inc  metal  

and c h l o r i n e  t h e  energy a l l o c a t e d  t o  t h e  z inc  can be g r e a t l y  reduced. The 
6 

a l l o c a t i o n  i s  somewhat. a r b i t r a r y  bu't a  good estimate i s  8.3 x  10 Kcal/M 
'6 

t o n  (30 x 10 Btu/S ton)  ' ~ n  which is  one-half t h e  energy e s t ima te  

f o r  t h e  z inc  s u l f a t e  e lec t rowinning  process.. The success  of a  cogenera- 

t i o n  process  i s  dependent upon s e v e r a l  f a c t o r s  i nc lud ing  (1) t h e  b a s i c  

technology,, (2) a  convenient  market f o r  t h e  c h l o r i n e ,  (3). a v a i l a b i l i t y  
. , 

o t  hydrochlor ic '  a c i d  o r ' a  process  f o r  making ac id .  

The c a p i t a l  and ope ra t ing  c o s t s  of p l a n t s  'wiqsing zinc. and 

producing c h l o r i n e  w i l l  depend upon the: above f a c t o r s .  Cap i t a l  w i l l  change 

s i g n i f i c a n t l y  i f  c h l o r i n e  l i q u i f i c a t i o n  and a c i d  product ion a r e  requi red .  

a s  compared t o  p ip ing  c h l o r i n e  t o  an ad jacent  p l a n t  t h a t  c a n .  r e t u r n  a c i d .  

Taking as a b a s e l i n e  a c a p i t a l  COST of $100,000,000 f o r  a  90,000 M t on /y r  

(100,000 S. to 'nIyr)  z inc  p l a n t  we would a n t i c i p a t e  t h a t  a  p l a n t  based on 

c h l o r i d e  would c o s t  a t  l e a s t  $125,000,000 wi thout  l i q u i f i c a t i o n  and a c i d  

product ion f a c i l i t i e s .  This  f i g u r e  amounts t o  doubling t h e  tankhovse c o s t .  

B . 6  D Needs. 
." 

Fu.r,ther s tudy  i a  needed on th i s  ymcess ro achieve  t h e  

fol lowing:  

(1)  A c l o s e r  a n a l y s i s  of  p ro j ec t ed  energy savings ,  i nc lud ing  

a l abo rn th ry  program to  de f ine  t h e  b e s t  system, e.g. ,  i s  

a  diaphragm necessary? 

(2) A c a r e f u l  examination of  t h e  log i s td , r . s ,  economics, 

and s i t i n g  of a  p l a n t  t o  produce. z inc ,  s u l f u r i c  a c i d ,  

and ch lo r ine .  

(3) T h e - s c a l e  up of a  system from l a b o r a t o r y  d a t a  and 

engineer ing  and product ion d a t a  now. 



Costs  f o r  t h e s e  programs followed by f u r t h e r  scale-up a r e  es t imated  t o  be: 

Conceptual S tud ie s  and .Small s c a l e  
Experimental Work $ 500,000 

small P i l o t  P l a n t  2,000,000 
Large P i l o t  P l a n t  10,000,000 
Estimated ~ d d i t i o n a l  Costs ,  f o r  

Ful l -Scale  Demonstration, 
P l a n t  Inc luding  Shakedown 75,000,000 

.. presen t  Processes  

Lead 

The c u r r e n t  s i n t e r - b l a s t  furnace  .process f o r  lead  r equ i r e s  

7.5 5 l o 6  Kcal/M ton  (27 x l o 6  Btu/S ton) wi th  t h e  p o s s i b i l i t y  t h a t  t h i s  

requirement can be.reduced by .us ing  more of t h e  energy a v a i l a b l e  from t h e  I 

ox ida t ion  of su l - f ide  t o  meta l  arid s u l f u r  d ioxide .  The c a p i t a l  c o s t  of the '  

l ead  p l a n t s  has  been est imated t o  be $105' m i l l i o n  f o r  a  109,000 M t o n l y r  

(120,000 S ton /y r )  p l a n t  (Appendix A ) .  Lead market p r i c e  (December 10, 1978) 

was $0.8h/kg . ($0 .38/ lb) .  , 

The environmental impact .of  pyrometa l lurg ica l '  l ead  plant 's  is  a  

. . mat t e r  of cons iderable  discuss . ion a t  p re sen t .  The. l i m i t  of 50 u g / m 3 .  o f '  
. . 

l ead  f o r  an  8-hour average proposed by OSHA and the. q u a r t e r l y .  average of  

1 .5  u g / m 2  by EPA a r e  ' c,onsidered imprac t i ca l  by 'most p r o d u c ~ r s , ,  and tqo ' 

l e n i e n t  by some environmental . is ts . .  I f  technology is  not  a v a i l a b l e  o r '  i f  

t h e  c o s t  5s too  g r e a t  t o  meet r e g u l a t i o n s  t h a t  a r e .  imposed, t h e r e  w i l l  b e  

. . f u r t h e r  i n c e n t i v e  t o  .develop e l e c t r o l y t i c  methods. 

Raw m a t e r i a l s  f o r  t h e  lead  b l a s t  furnace  a r e  coke. and s l a g  forming 

c o n s t i t u e n t s ,  such '  a s  l imestone,  s i l i c a  sand, i r o n  o r e ,  and r e r u n  s l a g .  ' . 

~ h b s e  are'commonly a v a i l a b l e  m a t e r i a l s ,  and c r i t i c a l  sho r t ages  a r e  no t  

foreseen .  

e, 

Comparisori'with~Preserit~Processes: Lead s u l f i d e  can be  d i r e c t l y '  

- e l ,ec t ro lyzed  . e i t h e r  a s  a  pressed  anode o r  d i s s o l v e d  i.n a  'molten' e l e c t r o l y t e .  



P r i o r  work w i t h  pressed  galena anodes has  involved an aqueous c h l o r i d e  

e l e c t r o l y t e .  However, a  fused e l e c t r o l y t e  i s  a l s o  p o s s i b l e  and could 

a l l ow  an  i n c r e a s e  i n  t h e  l i m i t i n g  c u r r e n t  d e n s i t y  ob ta ined  i n  t he  aqueous 
2  

s o l u t i o n  (100 amp/m2 o r  15  amplf t  ) .  

The c a p i t a l  c o s t  of  an  e l e c t r o l y t i c  l e ad  p l a n t  i s  d i f f i c u l t  t o  

e s t i m a t e  s i n c e  t h e r e  i s  no precedent  i n  modern times. Cathro and Siemon 

(Lead Sec t ion ,  Reference A25) made an e s t i m a t e  of  $127 m i l l i o n  (1978 U.S. 

d o l l a r s )  f o r  c a p i t a l  c o s t  of  a n  180,000 M t o n l y r  (200,000 S  t o n l y r )  p l a n t .  

This  compares t o  105 m i l l i o n  f o r  a s i n t e r  b l a s t  fu rnace  system of  109,000 

M t o n  (120,000 S  t o n ) / y r  capac i ty .  The e l imina t ion  of  t h e  s i n t e r i n g  i n  t h e  

e l e c t r o l y t i c  p rocess  i s  compensated f o r  by t h e  prnhahle  need f o r  e lec t ro ly te  

prcparaLiuu elecLr.uref11ilng of  rhe '  lead.  'I'he c a p i t a l  c o s t  of  t h e  l a t t e r  

i s  probably h a l f  of t h a t  f o r  a  z i n c  tank house f o r  a  90,000 M t o n l y r  

(100,000 S t o n l y r )  z i n c  p l a n t ,  o r  $12 m i l l i o n .  This  added t o  t h e  p r i o r  

e s t i m a t e  of $127 m i l l i o n  g ives  a  t o t a l  of about $140,000 f o r  t h e  l ead  

e l e c t r o l y t i c  p l a n t .  This  e s t ima te  could be  s u b j e c t  t o  l a r g e  e r r o r  i n  view 

of t h e  u n c e r t a i n t y  a s  t o  what o p e r a t i o n s  would be  r equ i r ed  f o r  a  f u l l y  

developed process .  However, a l i n e a r  e x t r a p v l a t i o n  f o r  a  s i n t e r - b l a s t  

f u rnace  p l an t  t o  180,000 M ton /yr  g ives  a  c o s t  of $175 m i l l i o n .  Thus t h e  

c a p i t a l  c o s t  f o r  t h e  e l e c t r o l - y t i c  p l a n t  appears  a t t r a c t i v e .  

'l'hc environmental impact of LIE e lec t rowinning  method f o r  l e ad  

should be less than f o r  t h e  s i n t e r - b l a s t  fu rnace  process .  Ai r -po l lu t ion  i s  

n o t  a s i g n i f i c a n t  problem w i t h  any of  t he  o p r r e t i o n s ,  and s o l u t i o n s  t o  bc 

d i scharged  can probably b e  r e a d i l y  t r e a t e d  t o  remove contaminants ,  Disposal  

of  p u r i f i c a t i o n  s ludges  i s  a  problem common t o  many i n d u s t r i e s  a t  p r e sen t  

u n t i l  s u i t a b l e  l a n d f i l l  s i t e s  a r e  made ava i l ab l e . .  Di .sposi t ion of  such s ludges  

w i l l  b e  governed by r e g u l a t i o n s  t o  be promulgated under t h e  Resource 

Conservat ion Recovery Act (RCRA) o f  1976. Disposal  cou1.d be a c o s t l y  

h a u l i n g  problem i f  t h e  e lec t rowinning  o p e r a t i o n  i s  remote from such a 

s i t e  o r  it o f f s i t e  d i s p o s a l  i s  needed.  

Raw m a t e r i a l s  a r e  c h l o r i d e s ,  e t c . ,  which a r e  r e a d i l y  a v a i l a b l e .  

F l u o s i l i c i c  a c i d  i s  used f o r  e l e c t r o r e f i n i n g  and i s  a  r e a d i l y  a v a i l a b l e  

by-product of t h c  phoophatc indu3t ry .  Only .luakeufi q u a ~ ~ L i L l e s  a r e  r equ i r ed .  



R and D Needs. Considerable technology must be  developed t o  

u t i l i z e  t h e  d i r e c t  e l e c t r o l y s i s  process .  Experimental work t o  d a t e  has  . 

bee11 r e s t r i c t e d  t o  l abo ra to ry  ~xp~ .r i ,ments .  Fur the r  s t u d i e s  a r e  needed t o  

achieve t h e  following: 

(1)  Define e l e c t r o l y s i s  condi t ions  and an e l e c t r o l y t e  t h a t  

w i l l  a l low cu r ren t  d e n s i t i e s  of  t h e  o rde r  of 540 amp/m 
2 

2 
. (50 amplf t  ) . 

(2) Define a  p u r i f i c i a t i o n  technique f o r  use o'n t h e  e l e c t r o l y t e ;  

a l t e r n a t i v e l y ,  an e l e c t r o r e f i n i n g  s t e p  would be requi red .  

(3)  A b e t t e r  e s t ima te  of c o s t  and. energy f o r  t h e  process  

based upon r e s u l t s  of (1) and (2 ) .  

(4) Scale-up of t he  process  i f  p re l iminary  work appears  

promising. 

Costs f o r  t hese  programs., i nc lud ing  scale-up a r e  es t imated  t o  be: 

conceptual  S tud ie s  and Small Sca le  
Experimental Work $ 500,000 

Small-Scale P i l o t  P l a n t  2,000,000 

Large-Scale P i l o t  P l an t  ' 10,000,000 

Excess Costs  f o r  Full-Scale 
Demonstration $75,000,000. 

The last  i tem inc ludes  t h e  a n t i c i p a t e d  c o s t  a s soc i a t ed  wi th  shakedown. 

Magnesi urn 

R and D needs f o r  magnesium product ion concern improvements t o  

t h e  c u r r e n t  e l e c t r o l y t i c  process .  These.kmprovements do no t  change the  

environmental impact on raw m a t e r i a l s  used'. However, c o s t  and energy 

consumption may be  decreased. 



The c u r r e n t  c a p i t a l  c o s t  of a  magnesium p l a n t  i s  about  

$3300/annual M t o n  ($3000/annual S t on ) .  Current  p r i c e  i s  (December 1 5 ,  1978) 
8 

$2.25/kg ($ l .O l / lb )  . 

Development of  Refrac tory  Mate r i a l s  R e s i s t a n t  
t o  Degradation i n  t h e  E l e c t r o l v s i s  Zone 

The problem of  degrada t ion  of t he  semiwall i n  t he  anhydrous c e l l  

and p o s s i b l e  problems i n  the  e l e c t r o l y s i s  zone i n  o t h e r  c e l l  des igns  was 

d iscussed  i n  t he  Magnesium s e c t i o n .  

The problem is a  d i f f i c u l t  one and w i l l  r e q u i r e  ex tens ive  i n v e s t i -  
I 

g a t i o n  on a  l a b o r a t o r y  s c a l e  be fo re  trials i n  r n m m ~ r r i a l  ce1l.s. Howcvcr, 

t he  commercial t r i a l s  themselves should be s t r a igh t fo rward  and no t  involve  

high expendi tures  o r  i n o r d i n a t e  time t o  prove o u t  m a t e r i a l s .  T r i a l s  with new 

des igns ,  of course  w i l l  be  more expensive and lengthy ,  a l though wi th  a  

promising m a t e r i a l  much of  the c e l l  development may be undertaken by producers.  

Es t imates  of c o s t s  a r e  a s  fol lows:  

Laboratory development and t e s t i n g  $2,000,000 

Scale-up of  process ing  t o  produce 
m a t e r i a l  sf adequate  s i z e  2,000,000 

Tes t ing  i n  p re sen t  c e l l s  1,000,000 

P repa ra t ion  of  material .  s' f o r  and . , 

t e s t i n g  i n  new c e l l  con£ i g u r a t i o n s  $5,000,000. 

ImproVemedCk i n  'Ce l l  'Design 

Opt.i..mi..zation of  cell. designs us ing  hydrodynamic mndel.l.ing wi.~1:1 

i n e r t  gas  and aqueous s o l u t i o n  and confirmation i n  a small, p i l . o t  magnesium 

c e l l  h a s  been d iscussed .  A decrease  i n  power consumption of 5100 kwh/M ton 

(4600 kwh/S ton)  i s  be l ieved  p o s s i b l e  through increased  c u r r e n t  e f f i c i e n c y  



from 80 t o .  90 percent .  combined with. .decreased .voltage. from 6.13'fo 5..0 v o l t s  

o r  less. A porous, wetted cathode could be a p a r t  of t h i s  designiand'  

e l i m i n a t e  t h e  .semiwall i n  t h e  p re sen t  anhydrous' c e l l  an& i ts a t t e n d a n t  

co r ros ion  problem. Estimated c o s t s  f o r  a design program a re :  . \ ' . -  " 

Small s c a l e  hydrodynamic inodellirig . . 

and fused s a l t  e l e c t r o l y s i s  $1 ,sOOO, 000 

Development.of p i l o t  . . c e l l .  5 ,000,000.  . . .. 

Demons t r a . t i on  c e l l  , . . -  . 
. . '$5,000,000.' ' . 

.. . . ., . 

Sodium . . 

' . .  

Molten Lead Cathode 
. . 

Comparison 'with. 'Conventidrial Process .  The  c o n s t r u c t i o n  and I 

. . 

o p e r a t i o n  of  sodium c e l l s  a r e  similar i n  many r e s p e c t s  t o  t h e  magnesium 

c e l l s .  However, t h e ' e q u i v a l e n t  w e i g h t ' o f  sodium i s  approximately twice t h a t  

of  magnesium so  t h e  same ampere-hours 'used ' in  a. sodium c e l l  w i l l  produce 

twice t h e ' m e t a l  t h a t  a magnesium c e l l  w i l l .  Considering t h i s  and t h e  much 

s i m p l e r  feed  p repa ra t ion  f b r a  sodium ceil we w i l l  assume t h a t  a s o d i d  p l a n t  

c o s t s  on ly  50 p e r c e n t . a s  much a s a m a g n e s i u m  p l a n t  on a same weight b a s i s .  

The, c u r r e n t  c a p i t a l  c o s t  o f  a magnesium p l a n t  i s  es t imated  t o  be 

$3300/innual M t on  ($3000/annual S t o n ) .  c o s t  .of a sod ium,p lan t  i s  there-  

f o r e  es t imated  t o  b e  $1700/annual ' M  t on  ($1500/annual. S ton)  . ' 

The c u r r e n t  (December 15,  1978) p r i c e  of  sodium meta l  i s  $0.57/kg 

($0.26/ lb) .  

A process  ~ts i .ng a molten l e a d  cathode t o  form a sodium a l l o y  w i l l  

have t h e  approximate complexity of cons t ruc t ion  o f  a Downs c e l l  wi th  a 

s i m i l a r  c o s t .  I n  a d d i t i o n ,  a n  evapora t ive  system and condenser w i l l  b e  

r equ i r ed .  We es t ima te  t h a t  t h e  c a p i t a l  c o s t  f o r  equipment w i l l  be  20 percent  

h igher  than  t h a t  f o r  t h e  p l a n t  us ing  a Dowris c e l l  o r  $2,00O/annual M t on  . 

($1850/annual S ton)  . However, t h e  lower e l e c t r i c  energy requirement  of 
' 6  6 2.47 x 10 Kcal/M ton  (8.9 x 10  B ~ U / S  ton)  should keep o p e r a t i n g  c o s t s  . 

equ iva l en t .  

Use of a m o l t e n ' l e a d  cathode and t h e ' e v a p o r a t i o n  o f  sodium i n  a 

s e p a r a t e  ope ra t ion  w i l l  involve  t r a n s f e r  of  m o l t e n ' l e a d  between t h e  e l e c t r o - .  

l y s i s  and -evapora t ion  ope ra t ions . .  I n  v iew'of  s t r i n g e n t  requirements  expected 



t o  b e  promulgated by EPA f o r  l e ad  emiss ions ,  means w i l l  need t o  be  provided 

t o  keep l e a d  p o l l u t i o n  below l i m i t s .  

Only common chemicals ,  e . g . ,  s a l t  a r e  r equ i r ed  a s  raw 

m a t e r i a l s .  

R and D'Needs. The c r i t i c a l  n e e d ' i s  to' determine the  e f f i c i e n c y  

of  sodium removal from l e a d  by evapora t ion .  This  should be  done f i r s t  on 

a l a b o r a t o r y  s ca l e . .  Cos ts  f o r  t h i s  and subsequent  scale-up a r e  e s t ima ted  

as fol lows:  

Small-Scale P i l o t  P l a n t  1,000,000 

Ful l -Sca le  Pro to type  
(S ing le  C e l l  and Evaporat ion)  $S,OUO,OUU. 



TABLE 11. ENERGY SAVINGS FOR PROCESSES 
REQUIRING FURTHER DEVELOPMENT 

Annual Energy Savings 
1977 Year 2,000 

Kcal Kcal 
Metal Process  kwh (Btu) kwh (Btu) 

Magnesium Refrac tory  
Improvements 

Hydrodynamic 
S tud ie s  

8* Zinc Aqueous Chloride Elec t ro-  9.8.x 10 3.3 x l o l 2  12  2.1 x 10  9 * 12 
7.1 x lo l2  

l y s i s  (13. x 10  ) (28 x 10  
- 

Caus t ic  l each  6 . 1  x 10 2.1 x 1012 1.'3 x 10 
8 9 

4.5 x 1012 
and e l e c t r o l y s i s  (8.2 x 1012) . . (18 x 1012) 

Lead Anodic Su l f ide  -4.5 x 10 4.6 x 1011 -7.3 x l o 8  6 -7  x 1011 8 

D i s so lu t ion  (1.8 x 1012) (2.7 x 1012) 

Fused S a l t  -4.7 x lo8 7.6 x l o l l  -7.5 x - lo8 1.1 x 1012 
E l e c t r o l y s i s  of  (3.0 x 1012) (4.4 x 1012) 

Su l f ide  
8 

. ' Sodium Lead Cathode 7.0 x 10  1 .8  x 10 12 
7.0. x 10  

8 
1.8 x 10  12 

and Evaporation (7.2 x 1012) (7.2 x 1012) 

Kwh a r e  f o r  e l e c t r o l y s i s .  

*Assume 1480 k w h / ~  ton (1350 kwh/S ton)  f o r  .zinc and same f o r  c h l o r i n e .  



. . APPENDIX A 

Capital Cost of a.Modern Sinter-Blast Furnace 
Plant for Lead Production--1978" 

Size 109-,000 M . tons . ('170,000 S tons)/yr 

Basic cost of reproducing a.conventiona1 plant $ ,  47,160,000 , 

Mobile equipment 930,000 
Engineering, supervision,~procurement. 5,145,000 
Subtotal $ 53,235,000 

Update for environmental.contro1 

Acid plant 10,000,000 
Electric dross furnace 3,900,000 
~nvirdnmental water and afr control equipment 20,000,000 
Maintenance equipment 

. . 
. 8,000,000 

Subtotal " $  41,900,000 

Other costs 

Land . . 

Engineering fees 
~icense fees. 
Corporate management 
Environmental impact statement' 
Legal fees 
Taxes ' ' 

~nsurance 
Subtotal  

Grand Total 

* Source: L. R. Verney, AMAX Corp. 
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