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A m o n g  t he  v a r i o u s ,  p o s s i b l e  a p p l i c a t i o n s  of t h e r m o d y n a m i c s  to  e x t r a c t i v e  m e t a l l u r g i c a l  
p r o c e s s e s ,  t he  a v a i l a b i l i t y  of c h e m i c a l  p o t e n t i a l  d i a g r a m s  a n d  c a l c u l a t i o n  m e t h o d s  
c o m b i n i n g  s t o i c h i o m e t r i c  r e l a t i o n s  w i t h  e q u i l i b r i u m  c o n s t a n t s  a r e  e m p h a s i z e d .  In  h y d r o -  
m e t a l l u r g i c a l  p r o c e s s e s ,  t h e  v a l u e  of p o t e n t i a l - p H  d i a g r a m s  h a s  b e e n  w e l l  r e c o g n i z e d  
a n d  t he  a p p l i c a t i o n  of s i m i l a r  t e c h n i q u e s  to  r a t h e r  c o m p l e x  s y s t e m s  c o n t a i n i n g  l i g a n d s  
s u c h  a s  t h e  c y a n i d a t i o n  p r o c e s s  i s  v e r y  i n t e r e s t i n g .  I n  t h e  r o a s t i n g  of s u l f i d e  o r e s ,  
v a r i o u s  i n f o r m a t i o n  i s  d e r i v e d  f r o m  s u l f u r - o x y g e n  p o t e n t i a l  (log P s 2 - 1 o g  p o  2) d i a g r a m s .  
E s p e c i a l l y  c o n v e n i e n t  f o r  s u l f a t i o n  r o a s t i n g  a r e  t h e  SO2-O2 p o t e n t i a l  d i a g r a m s .  V a r i o u s  
s m e l t i n g  p r o c e s s e s  i n c l u d i n g  t he  d i r e c t  p r o d u c t i o n  of m e t a l  f r o m  s u l f i d e  o r e  a r e  d i s -  
c u s s e d  w i t h  t h e  u s e  of c h e m i c a l  p o t e n t i a l  d i a g r a m s .  B a s e d  upon  the  p r e d i c t i o n  d e r i v e d  
f r o m  s u l f u r - o x y g e n  p o t e n t i a l  d i a g r a m ,  t h e  r e c o v e r y  of e l e m e n t a l  s u l f u r  f r o m  o x i d a t i o n  
of F e S  i s  e v a l u a t e d  b y  s t o i c h i o m e t r i c  c a l c u l a t i o n s .  V o l a t i l i z a t i o n  b e h a v i o r  of e l e m e n t s  
s u c h  a s  z i n c ,  c a d m i u m ,  a n d  m e r c u r y  a r e  a l s o  e x p l a i n e d  b y  s i m i l a r  d i a g r a m s  a n d  t h e  
p o s s i b i l i t y  of t he  d i r e c t  d i s t i l l a t i o n  of z i n c  s u l f i d e  i s  p r e d i c t e d  by  s t o i c h i o m e t r i c  c a l c u l a -  
t i o n s .  A n a l o g o u s  c a l c u l a t i o n s  a r e  u s e d  to  c l a r i f y  t h e  r e a s o n s  why  t h e  s e g r e g a t i o n  p r o c e s s  
i s  a m e n a b l e  to  c o p p e r  ox ide  o r e  b u t  n o t  t o  n i c k e l  o r e .  

~1 ~ 
J_ H E R M O D Y N A M I C S  h a s  wide  a p p l i c a b i l i t y  in  t h e  f i e l d  

of e x t r a c t i v e  m e t a l l u r g y .  H o w e v e r ,  t h i s  d i s c i p l i n e  h a s  
n o t  b e e n  a c c e p t e d  b y  i n d u s t r i a l  e n g i n e e r s  a s  w i d e l y  a s  
m i g h t  h a v e  b e e n  h o p e d .  R e c e n t l y ,  a c o n s i d e r a b l e  
n u m b e r  of r e s e a r c h e r s  h a s  d i r e c t e d  t h e i r  e f f o r t s  to  
b r i d g e  t h i s  g a p  b e t w e e n  f u n d a m e n t a l  t h e o r i e s  a n d  
p r a c t i c a l  p r o c e s s e s .  

V a r i o u s  t h e r m o d y n a m i c  t e c h n i q u e s  h a v e  b e e n  d e v e l -  

o p e d  t o  e v a l u a t e  p r a c t i c a l  p r o b l e m s  a n d  to  e s t i m a t e  
o p t i m u m  c o n d i t i o n s .  In  t h i s  p a p e r ,  t h e  e f f e c t i v e n e s s  of 
c h e m i c a l  p o t e n t i a l  d i a g r a m s  a n d  s t o i c h i o m e t r i c  c a l c u -  
l a t i o n s  i n c o r p o r a t i n g  e q u i l i b r i u m  c o n s t a n t s  a r e  e m p h a -  
s i z e d .  B o t h  m e t h o d s  a r e  no t  n ew  b u t  v e r y  u s e f u l  
e s p e c i a l l y  f o r  e v a l u a t i n g  o p t i m u m  c o n d i t i o n s  in  c o m -  
p l e x  o p e r a t i o n s  a n d  f o r  p r e d i c t i n g  t h e  p o s s i b i l i t y  of 
n ew  p r o c e s s e s .  
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An e x c e l l e n t  g e n e r a l  d e s c r i p t i o n  of c h e m i c a l  po ten-  
t i a l  d i a g r a m s  is g iven  by  Masuko .  1 The  c h e m i c a l  
po t en t i a l  of rt g iven  component  is  g e n e r a l l y  e x p r e s s e d  
as  : 

o [1] t~i = bti + R T  In a i 

thus ,  log a i c o r r e s p o n d s  to a c h e m i c a l  po t en t i a l  a t  a 
def in i te  t e m p e r a t u r e .  F o r  the r e a c t i o n  in the m e t a l -  
oxygen s y s t e m ,  

2 M(s) + O2 = 2 M O ( s )  [~] 
when the condensed  phase  a c t i v i t i e s  a r e  unity,  

A G  ~ = A + B T  = R T  In Poz [3] 

The r igh t  s ide  of Eq.  [3], R T  In Pox, is  t e r m e d  the 
oxygen po ten t i a l  and is  p r o p o r t i o n a l  to  log PO~ at a 
g iven  t e m p e r a t u r e .  It is  we l l  unde r s tood  f rom Eq.  [3] 
that  log  POx v s  1 / T  d i a g r a m s  and even the E l l i n g h a m  
d i a g r a m  a r e  r e n d i t i o n s  of c h e m i c a l  po ten t i a l  d i a g r a m s .  
The  a p p l i c a b i l i t y  of such  s imp le  d i a g r a m s  is we l l  
r e c o g n i z e d .  Thus ,  only the m o r e  complex  s y s t e m s  wi l l  
be t r e a t e d  in th i s  p a p e r  with the o c c a s i o n a l  use  of 
s t o i c h i o m e t r i c  c a l c u l a t i o n s .  

HYDROMETALLURGY 

A we l l  known e x a m p l e  of c h e m i c a l  po t en t i a l  is  pH 
or  - log all+ which def ines  the hydrogen  ion po ten t i a l  in 
an aqueous  so lu t ion .  To choose  a s i m p l e  e x a m p l e ,  the 
h y d r o l y s i s  e q u i l i b r i a ,  

M 2+ + 2 H20 = M(OH)2 + 2 H + [4] 

log K4 = 2 log all+-- log aM2+ = - 2  pH - log aM2+ [5] 

is  c a l c u l a t e d  b a s e d  upon the d a t a  c o m p i l e d  by th is  
au thor ,  2 and is i l l u s t r a t e d  by plot t ing log aM2+ v s  pH 
to c o n s t r u c t  the c h e m i c a l  po ten t i a l  d i a g r a m ,  a s  shown 
in F i g .  1. Th is  f igure  can be app l i ed  to  exp la in  l e ach -  
ing, pu r i f i c a t i on ,  or  was te  wa te r  t r e a t m e n t .  
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Fig. 1-Hydrolysis equilibria at 25~ (solid lines) and 200~ (dashed 
line). 

As  i nd i ca t ed  in F i g .  1, a sh i f t  to the lef t  of up to 
3 pH units  o c c u r s  in the h y d r o l y s i s  l ines  when the t e m -  
p e r a t u r e  i s  i n c r e a s e d  f rom 25 to 200~ An  even 
l a r g e r  sh i f t  in pH value  o c c u r s  in the d e h y d r a t i o n  of 
the hydrox ide  into oxide .  In  the  so lu t ion  pu r i f i c a t i on  
p r o c e s s  at  o r d i n a r y  t e m p e r a t u r e s ,  it  i s  w e l l  known 
that  f e r r i c  ions but not f e r r o u s  ions a r e  s e p a r a b l e  
f r o m  n o n f e r r o u s  ions by  p r e c i p i t a t i o n  at  pH 2 to 4. At  
200~ p r e c i p i t a t i o n  of the f e r r i c  ion is  a c c o m p l i s h e d  
even in m o r e  s t r o n g l y  ac id i c  so lu t ions .  In  c o n s i d e r i n g  
the r e v e r s e  r e a c t i o n  of the leaching  of ox ides ,  the 
s e l e c t i v e  s e p a r a t i o n  of the n o n f e r r o u s  s p e c i e s  f rom 
i ron  oxide can e a s i l y  be r e a l i z e d  at  200~ by  the use  
of s t rong  a c i d s .  However ,  it  may  be d i f f icu l t  to c a r r y  
out the s a m e  leach ing  p r o c e s s  at  r o o m  t e m p e r a t u r e  
b e c a u s e  weak a c i d s  in the pH 2 to  4 r ange  mus t  be 
used .  T h e s e  p r i n c i p l e s  a r e  wide ly  a c c e p t e d  in v a r i o u s  
m e t a l l u r g i c a l  p r o c e s s e s  and can e a s i l y  be i l l u s t r a t e d  
by r e f e r r i n g  to log aM2+ v s  p H ,  c h e m i c a l  po ten t i a l  
d i a g r a m s .  

The s i m p l i f i e d ,  b a s i c  r e a c t i o n s  of the B a y e r  P r o c e s s  
a r e  a s  fo l lows :  

for  G i b b s i t e :  AI(OH)3 + OH- = A10~ + 2 H20 [6] 

for  B o e h m i t e :  A1OOH + OH- = A10~ + H20 [7] 

T h e s e  e q u i l i b r i a  a r e  r e p r e s e n t e d  in F i g .  l (b)  accord ing  
to the da t a  g iven by R u s s e l l  e t  a l .  3 The ho r i z o n t a l  ax i s ,  
pH, v a r i e s  wi th  t e m p e r a t u r e  acco rd ing  to  Eq.  [8], 

pH2oo = pH2s .Kw25/Kw2oo = 0.805 pH2s [8] 

where  K w i s  the d i s s o c i a t i o n  cons tan t  of w a t e r .  
Account ing  for  th is  effect ,  c aus t i c  l each ing  is s t i l l  
e a s i l y  a c h i e v e d  at  high t e m p e r a t u r e .  M o r e o v e r ,  as  
shown in F i g .  l (b) ,  it  i s  e a s i e r  to l each  g ibbs i t e  than 
boehmi te  a t  200~ whi le  a t  25~ no s ign i f i can t  
d i f f e r ence  e x i s t s .  Undoubtedly,  the app l i ca t i on  of in-  
c r e a s e d  t e m p e r a t u r e s  in the B a y e r  P r o c e s s  is  p r i -  
m a r i l y  b a s e d  on kinet ic  a s p e c t s .  However ,  invaluable  
con t r ibu t ions  a r e  d e r i v e d  f r o m  a t h e r m o d y n a m i c  
examina t i on  .2 

The E h - p H  d i a g r a m  for aqueous  so lu t ion  s y s t e m s  
is wel l  unde r s tood  and can be e s t a b l i s h e d  a l s o  at 
e l eva t ed  t e m p e r a t u r e s  in connec t ion  with the above 
d i s c u s s i o n .  In th is  case ,  " p o t e n t i a l "  r e f e r s  to the 
po ten t i a l  of e l e c t r o n s  and sugges t s  the d e g r e e  of oxida-  
t ion or  r e duc t i on .  The app l i ca t ion  of Eh-pH d i a g r a m s  
to eva lua te  sul f ide  leach ing  p r o c e s s e s  is  exce l l en t ly  
s u m m a r i z e d  by P e t e r s  .4 

The u t i l i z a t i on  of s i m i l a r  t echn iques  to r a t h e r  com-  
p l ex  aqueous  s y s t e m s  conta in ing l igands  is  v e r y  i n t e r -  
e s t ing  and is  d e s c r i b e d  by Masuko .  ~ Fo l lowing  his 
d e s c r i p t i o n ,  r e s u l t s  based  upon the da ta  compi l ed  by 
Si l len  6 and L a t i m e r  7 a r e  i l l u s t r a t e d  in F i g .  2 in o r d e r  
to exp la in  the cyanida t ion  p r o c e s s .  B a s e d  upon the 
fol lowing da ta ,  

Au § + e- = Au E : 1.68 + 0.0591 log aAu+ [9] 

Ag § + e- = Ag E = 0.80 + 0.0591 log aAg+ [10] 

both gold and s i l v e r  a r e  v e r y  s t a b l e .  However ,  if the 
a c t i v i t i e s  of Au + and Ag § can be  r e duc e d  to e x t r e m e l y  
low l e v e l s ,  the po ten t ia l ,  E,  m a y  d e c r e a s e  to a leve l  
whe re  the m e t a l s  can be p l a c e d  into so lu t ion .  

In the cyan ide  solut ion,  the complex ing  r e a c t i o n s ,  
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Fig. 2-Potential-pH diagram for cyanidation process at 25~ under 
10 -2 of the total cyanide content. 

Au + + 2 CN- = Au(CN)~ [11] 

pCN = 19 + 0.5 log aAu+/aAu(CN) ~ 

and, 

Ag + + 2 CN-  = Ag(CN)~ [12] 

pCN = 9.4 + 0.5 log aAg§ ~ 

occur  and indica te  that the concen t ra t ion  of Ag § may 
be one hundred  t i m e s  s m a l l e r  than that  of the Ag(CN)~ 
ion and that the amount  of Ag § is negl ig ib le  when the 
value of aCN- is 10 -s'4" The d i sso lu t ion  r eac t i on s  of 
gold and s i l v e r  a r e :  

Au(CN)~ + e- = Au + 2 CN- [13] 

E = - 0 . 6 0  + 0.118 pCN + 0.0591 log aAu(CN) ~ 

and, 

Ag(CN)~ + e- = Ag + 2 CN- [14] 

E = - 0 . 3 1  + 0.118 pCN + 0.0591 log aAg(CN) ~ 

In addition, the occu r r ence  of the reac t ion ,  

H + + CN- = HCN, pH + pCN = 9.4 - log aHC N [15] 

r e su l t s  in cons ide rab le  cyanide loss  through the f o r m a -  
t ion of the spec ies ,  HCN, when the pH fal ls  below the 
value of 9.4. The total  cyanide content ,  A,  r e f e r r e d  to 
in p rac t i ce  is def ined  by the following equat ion,  

A = aHC N + aCN- [16] 

and Eq.  [15] b e c o m e s :  

pH + pCN = 9 . 4 - 1 o g  A + log (l + lO pH-~'4) [17] 

By combining  Eq.  [17] with [13] or [14], the d i s so lu t ion  
equ l i i b r i a  of gold or s i l v e r  can be i l l u s t r a t ed  in an 
Eh-pH d i a g r a m .  

F igu re  2 is thus cons t ruc ted  w i t h A  equal  to 10 -2 
which c o r r e s p o n d s  approx imate ly  to a 0.05 pct NaCN 
content .  The ac t iv i t i e s  of Au(CN)~ and Ag(CN)~ a r e  
se t  at 10 -a which c lose ly  c o r r e s p o n d s  to a s i l v e r  and 
gold concen t ra t ion  of 10 and 20 g//m 3, r e spe c t i ve ly .  
The line r e p r e s e n t i n g  an ac t iv i ty  of 10 -5 for the gold 
cyanide anion is a l so  included.  The above condi t ions  
c lose ly  agree  with those found in p r a c t i c a l  ope ra t ions .  

F r o m  F ig .  2, one can eas i ly  recognize  that gold and 
s i l v e r  a r e  v e r y  noble  in the low pH reg ion  but  become 
l e s s  noble in high pH, cyanide so lu t ions .  Notably,  s i l v e r  
is  much more  ine r t  than gold in the p r e s e n c e  of 
cyanide .  

The oxidation Eqs .  [13] and [14] involve the r e l e a s e  
of e l ec t rons  which in t u r n  must  be accepted by one of 
the following reduc ing  r e a c t i o n s :  

2 H + + 2 e- = H2 

O 2 + 4 H  + + 4 e - =  2H20  

O 2 + 2 W + 2 e - = H 2 0 2  

H 2 0 2 + 2 I - Y + 2 e - = 2 H 2 0  

[18] 

[19] 
[20] 
[21] 

These  e q u i l i b r i a  a re  i l l u s t r a t ed  in F ig .  2 a s s ign ing  
unit  ac t iv i t i es  to H202 and the gaseous  spec i e s .  The 
evolut ion of hydrogen accord ing  to Eq. [18] s e e m s  to 
be difficult  except  for l imi t ed  condi t ions  in the ex t r ac -  
t ion of gold. Many r e s e a r c h e r s  have conf i rmed  that the 
d i sso lu t ion  of gold and s i l ve r  is accompanied  by the 
product ion of hydrogen peroxide  and thus,  Eq. [20] mus t  
s e r ve  as  the r educ ing  r eac t i on .  

However,  Kameda  8 and Land 9 pointed out that s t rong  
oxidizing agents  such as H2Oz can conver t  CN-  into 
cyanate  ions and this  CNO- is not capable of oxidizing 
gold or s i l v e r .  T h e r m o d y n a m i c  ca lcu la t ions  a l so  
suggest  that CNO- hard ly  fo rms  complex ion such as  
Ag(CNO)~ or Ag(CN)~ in the reg ion  convenient  for the 
d i sso lu t ion  of s i l v e r .  Theo re t i ca l l y ,  the c o n v e r s i o n  
e q u i l i b r i u m  between cyanide and cyanate  ions,  

CNO- + 2 H § + 2 e- = CN- + H20 [22] 

E = - 0 . 1 4 1  - 0.0591 pH + 0.0296 log aCNO-/aCN- 
p o s s e s s e s  a r e l a t i ve ly  low potent ia l ,  as  shown in F ig .  
2. However,  expe r i ence  in cyanide waste water  t r e a t -  
ment  sugges ts  that a cons ide rab le  over  po ten t ia l  is  
n e c e s s a r y  to enable  Eq.  [22] to proceed  to the left .  
The re fo re ,  the CN-  ion is s tab le  in the region where  
the r eac t i ons  r e p r e s e n t e d  by Eqs .  [13] and [14] take 
place .  Such d i f fe rence  of p r a c t i c a l  obse rva t ion  f rom 
t h e r m o d y n a m i c  eva lua t ion  is s o m e t i m e s  obse rved  
espec ia l ly  in h y d r o m e t a l l u r g i c a l  p r o c e s s e s .  F ina l l y ,  
the CN-  ion wil l  not be s table  if Eqs .  [19] and [21] 
occur  due to the high locat ion of these  e q u i l i b r i a  and 
it would not be t h e r m o d y n a m i c a l l y  r a t i ona l  to couple 
these  e q u i l i b r i a  with Eqs .  [13] or [14]. 

F r o m  F ig .  2, it  can  be d e t e r m i n e d  that the mos t  
favorable  pH for  d i s so lu t ion  of gold and s i l v e r  is  9.4. 
However,  to r educe  the HCN losses  desc r ibed  e a r l i e r ,  
a pH value in  excess  of 10.5 is  usua l ly  p r e f e r r e d  in 
p r a c t i c e .  
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The dissolution relation, 

Zn(CNhe-+ 2 e- = Zn + 4 CN- [23] 

is  a l so  p lo t ted  in F i g .  2 b e c a u s e  cemen ta t ion  with  Zn 
is  commonly  used  to r e c o v e r  both  gold and s i l v e r .  A s  
ind ica t ed  by the  r e l a t i v e l y  s t ab l e  loca t ion  of th i s  
e q u i l i b r i u m  po ten t i a l ,  z inc  can r e a d i l y  d i s p l a c e  gold 
and s i l v e r  f r o m  the so lu t ion  to  the  m e t a l l i c  s t a t e .  Be -  
cause  z inc  was t e fu l ly  r e a c t s  wi th  d i s s o l v e d  oxygen,  an 
oxygen r e m o v a l  s t ep  is  inc luded  p r i o r  to  cemen ta t i on .  

SULFUR-OXYGEN P O T E N T I A L  DIAGRAM 

The oxygen po ten t i a l ,  an i n d i s p e n s a b l e ,  b a s i c  p a r a m -  
e t e r  in mos t  p y r o m e t a l l u r g i c a l  p r o c e s s e s ,  is  j u s t  one 
c h e m i c a l  po t en t i a l  to be c o n t r o l l e d  in the r educ t ion  of 
ox ides .  However ,  to  eva lua t e  the  m o r e  complex  p r o -  
c e s s e s  found in sul f ide  and c h l o r i d e  m e t a l l u r g y ,  two 
o r  m o r e  c h e m i c a l  po t en t i a l s  mus t  be c o n s i d e r e d ,  
ana logous  to the Eh-pH d i a g r a m  in h y d r o m e t a l l u r g y .  

The fundamenta l  r e a c t i o n s  in su l f ide  m e t a l l u r g y  may  
be wr i t t en  a s :  

2 M + O 2  = 2 M O  [24] 

log K24 = 2 log (aMo/ /aM)  - log PO~ 

2 M + S 2  = 2 M S  [25] 

log Ke~ = 2 log (aMS//aM) -- log PS2 

Combining  both  r e a c t i o n s ,  

2 M S + O 2  = 2 M O + S 2  [26] 

log Ke6 = 2 log ( a M O / / a M S )  - log p o e +  log PS~ 

A s s u m i n g  that  the condensed  phase  a c t i v i t i e s  a r e  
a l l  uni ty  o r  equa l  to each  o the r ,  the above r e l a t i o n s  for  
1027~ a r e  i l l u s t r a t e d  in F i g .  3 by the use  of oxygen 
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Fig. 3-Combined sulfur-oxygen potential diagram for various elements 
at 1027~ 

and su l fur  po t en t i a l s .  In th is  p a p e r ,  the f r ee  ene rgy  
da t a  compi l ed  by Coughlin,  1~ R i c h a r d s o n  e t  al,  zl and 
Kellogg le a r e  used fo r  the ox ides ,  su l f ides ,  and su l -  
f a t e s ,  r e s p e c t i v e l y .  The s t ab le  a r e a s  for  the meta l ,  
oxide ,  o r  s u l f i d e p h a s e s  a r e  c l a s s i f i e d  in th i s  d i a g r a m .  
M e t a l s  confined to the s tab le  r e g i o n  at  the  bo t tom lef t  
a r e  l e s s  noble,  and t h e r e f o r e  a r e  g e n e r a l l y  more  d i f f i -  
cul t  to  e x t r a c t .  

Al though the l ines  shif t  a c c o r d i n g  to the above equa-  
t ions  when the condensed  phase  a c t i v i t i e s  d i f f e r ,  the 
r e l a t i v e  r e l a t i o n s  can be d i s c u s s e d  on the b a s i s  of th is  
d i a g r a m .  The e q u i l i b r i u m  p a r t i a l  p r e s s u r e s  of s p e c i e s  
such  as  SO, SOs, o r  SO3 a l s o  can  be e x p r e s s e d  with 
inc l ined ,  s t r a i g h t  l ines  b a s e d  upon the fol lowing types  
of r e l a t i o n s h i p :  

1//2 $2 + 02 : SOe [27] 

log Key = log PSO2 - 1//2 log PS2-  log POe 

In th i s  manner ,  the 0.1 a tm i s o b a r  for  SO2 is  i l l u s t r a t e d  
in F i g .  3. 

T r a v e r s i n g  th is  d i a g r a m  f rom top to bo t tom c o r r e -  
sponds  to the e x t r a c t i o n  of m e t a l  by r educ t ion  of 
oxide ,  a p r o c e s s  f a m i l i a r  to mankind s ince  ancient  
t i m e s .  S i m i l a r l y ,  an ho r i zon ta l  shif t  f r o m  r igh t  to lef t  
m a y  be c o n s i d e r e d  to  obta in  m e t a l  f r o m  i t s  sul f ide  o r e .  
Th i s  pa th  is  t h e o r e t i c a l l y  p o s s i b l e  by r educ t ion  with 
hydrogen ,  but ha rd ly  p r a c t i c a l  due to the poor  s t r e n g t h  
of the r e a c t i o n  and economic  f a c t o r s � 9  Through long 
e x p e r i e n c e ,  man has l e a r n e d  that  i t  is  b e t t e r  to oxid ize  
the su l f ide  along the l ine c o r r e s p o n d i n g  to a PSO2 of 0.1 
a rm and then r educe  to p roduce  m e t a l .  To eva lua te  
the v a r i o u s  sul f ide  oxida t ion  p r o c e s s e s ,  the su l fu r -  
oxygen po ten t i a l  d i a g r a m  is  v e r y  usefu l  as  shown in the 
fol lowing d i s c u s s i o n s � 9  

To d e s c r i b e  the e q u i l i b r i u m  r e l a t i o n s  in the m e t a l -  
s u l f u r - o x y g e n  s y s t e m ,  s i m i l a r  but somewha t  d i f fe ren t  
s ty l e  po ten t i a l  d i a g r a m s  have a l s o  been  used,  and 
i n t e r e s t i n g  exp lana t ions  were  r e c e n t l y  g iven  by 
Rosenqvist .13 

ROASTING OF SULFIDE ORES 

The sulfur-oxygen potential diagram is simple in 
nature and easily understood when the activities of the 
participating condensed phases are unity, as often ob- 
served in the roasting of sulfides. As an example, the 
potential diagram for the Cu-S-O system at 680~ is 
presented in Fig. 4. The following explanation of the 
figure highlights the advantages of this style of 
chemical potential diagram: 

I) The stable regions and the conditions required 
for each species can be grasped at a glance. The 
participating species are arranged in order of their 
oxygen or sulfur potentials. With increasing oxygen 
potential, the order is Cu ~ CueO ~ CuO ~ CuO 
�9 CuSO4 ~ CuSO~. In accordance with increasing sulfur 
potential, the sequence is Cu ~ CueS ~ CuS. In fact, 
CuS is metastable at this temperature because liquid 
sulfur appears at a log PS2 value of approximately 0.5. 

2) Isobaric conditions for SO2 and SOs, (also SO if 
necessary), are represented by inclined, straight lines. 
Thus, equilibrium partial pressures of all the impor- 
tant gas species can easily be evaluated at any point in 
the figure. The summation of the resultant gas species 
from the reaction between oxygen and the sulfide, 
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PZO = P02 + PSO2 + PSO3, ( including PS2 if n e c e s s a r y )  

[28] 

is  convenient  when eva lua t ing  the oxida t ion  r e a c t i o n .  
The  r eg ion  where  the va lue  of PEO e x c e e d s  1 arm 
cannot  be c o n s i d e r e d  under  the n o r m a l  p r e s s u r e  cond i -  
t ion.  

3) A r e a s o n a b l e  r e a c t i o n  p r o c e s s  can be p r e d i c t e d  
in connec t ion  with p r a c t i c e .  Roas t ing  with a i r  may  be 
a p p r o x i m a t e d  by fol lowing the i s o b a r s  c o r r e s p o n d i n g  
to PSO2 va lues  of 0.1 and 0.2 a tm or  m o r e  exac t ly ,  to 
PZO va lues  of 0.1 to 0.2 a rm.  Thus ,  a c c o r d i n g  to F i g .  
4, the  r o a s t i n g  sequence  i s  CusS ~ Cu ~ CueS ~ CuO 

CuO . CUSS4 - -  CUSS4. The f o r m a t i o n  of Cu m e t a l  o r  
CuO at th is  t e m p e r a t u r e  d e l i c a t e l y  h inges  on the va lue  
of PZO;  but a s  a l r e a d y  shown in F i g .  3, m e t a l l i c  copper  
is  qui te  s t ab le  p a r t i c u l a r l y  when c o m p a r e d  with o the r  
m e t a l s .  In t y p i c a l  r o a s t e r  g a s e s  conta in ing  s e v e r a l  
p e r c e n t  of SO2 and O2, the f inal  p roduc t  is  CUSS4. A 
p r e v i o u s  c o n t r o v e r s y  as  to whe ther  su l fa te  f o r m e d  
d i r e c t l y  f rom the su l f ide  o r  i n d i r e c t l y  with an i n t e r -  
med ia t e  M S  f o r m a t i o n  s t age  is  r e a d i l y  c l a r i f i e d  by  
examin ing  the d i a g r a m .  D i r e c t  f o r m a t i o n  of su l fa te  i s  
o b s e r v e d  only at  low t e m p e r a t u r e s  fo r  su l fa te  s t ab l e  
e l e m e n t s  such  as  l ead  and c a d m i u m .  

4) T h e r m o d y n a m i c a l l y  va l id  r e a c t i o n s  can  be d i s -  
t ingu i shed  f r o m  the f i gu re .  A s  an e x a m p l e ,  the equ i l i b -  
r i u m  between Cuss and CuO can be e x p r e s s e d  in the 
f o r m  of an equat ion and the f r ee  e n e r g y  change and 
e q u i l i b r i u m  cons tan t  d e r i v e d .  However ,  judging f r o m  
the po ten t i a l  d i a g r a m ,  Cuss cannot  change  d i r e c t l y  to 
CuO. 

5) As  wi l l  be shown in l a t e r  f i g u r e s ,  p a r t i a l  p r e s -  
s u r e s  o r  a c t i v i t i e s  in condensed  p h a s e s  can be i l l u s -  
t r a t e d  ha the d i a g r a m .  A c c o r d i n g l y ,  s y s t e m s  involving 
so lu t ions  o r  vo l a t i l e  componen t s  may  be t r e a t e d .  

6) Ideas  for  new p r o c e s s e s  can be  obta ined  by 
examin ing  c h e m i c a l  po ten t i a l  d i a g r a m s .  A p a r t  f r o m  
p r a c t i c a l  adap t ab i l i t y ,  . d i r ec t  su l fa t ion  of Cu~S to CuS04 
is  p o s s i b l e  in a high p r e s s u r e  r o a s t e r .  Al though l e s s  
a t t r a c t i v e  p r a c t i c a l l y ,  a second  a l t e r n a t i v e  would be 
to r o a s t  d i r e c t l y  to copper  in a s ing le  s t ep  by p r e c i s e l y  
con t ro l l ing  the su l fu r  and oxygen p o t e n t i a l s .  

In F i g .  5 is  p r e s e n t e d  the 680~ d i a g r a m  for  the F e -  
S-O s y s t e m .  Di f fe r ing  f rom the p r e v i o u s  ca se ,  so l id  
so lu t ions  of wus t i t e  and p y r r h o t i t e  a r e  p r e s e n t .  At 
th is  t e m p e r a t u r e ,  the d e c o m p o s i t i o n  su l fu r  p r e s s u r e  
of p y r i t e  to p y r r h o t i t e  is  n e a r l y  1 a t m .  At  point  " A " ,  
FeS  is  ox id ized  to Fe304 and the f ina l  s t ab le  p roduc t  
upon fu r t he r  ox ida t ion  i s  FeeO~, not su l f a t e .  The  f o r m a -  
t ion of m e t a l l i c  i r on  or  wus t i te  i s  h a r d l y  l i ke ly .  It 
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Fig. 4-Sulfur-oxygen potential diagram fro Cu-S-O system at 680~ 
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Fig. 5-Sulfur-oxygen potential diagram for Fe-S-O system at 680~ 

should  be  noted that  FeS  in the  so l id  s t a t e  i s  d i r e c t l y  
ox id ized  to magne t i t e .  

It is  we l l  known that  i ron  and coppe r  s h a r e  s i m i l a r  
a f f in i t i e s  for  su l fur ;  but  in c o m p a r i n g  F i g .  4 with 
F i g .  5, i r on  i s  much l e s s  noble than c o p p e r  wi th  r e -  
spec t  to oxygen.  T h e s e  r e l a t i v e  c o m p a r i s o n s  can  be 
conven ien t ly  p e r f o r m e d  by u t i l i z ing  the o v e r l a p p e d  
d i a g r a m  a l r e a d y  shown in F i g .  3. When r o a s t i n g  p r o -  
ceeds  a t  a pr of 0.1 arm,  the f i r s t  ox ida t ion  p roduc t  
�9 ~  S is  Fe,O4 fol lowed by ZnO. Then,  PbS, Ni3 2, and CueS 
a r e  a l s o  ox id ized .  In the  c a s e  of PbS and CusS, the 
m e t a l l i c  phase  f o r m s  and is subse que n t l y  ox id ized .  In 
p r a c t i c a l  r o a s t i n g  o p e r a t i o n s ,  s i m i l a r  phenomena  a r e  
o b s e r v e d .  However ,  the f o r m a t i o n  of f e r r i t e s  is  we l l  
known and these  c omple x  componen t s  mus t  be  
accoun ted  for  in the o v e r l a p p e d  po ten t i a l  d i a g r a m .  

A s u l f u r - o x y g e n  po ten t i a l  d i a g r a m  c o n s t r u c t e d  for  
the C u - F e - S - O  s y s t e m  at 827~ is p r e s e n t e d  in F i g . f i  
and inc ludes  add i t i ona l  da t a  on f e r r i t e  f o r m a t i o n .  13'~ 
In th i s  f i gu re ,  so l id  so lu t ions  a r e  punc tua ted  by  s ing le  
quota t ion  m a r k s  and t h e i r  mutua l  b o u n d a r i e s  a r e  
p lo t t ed  b a s e d  on equa l  a c t i v i t i e s  of the condensed  
p h a s e s .  A s s u m i n g  a c h a r g e  cons i s t i ng  of CuFeSe with 
s m a l l  quan t i t i e s  of FeS ,  r o a s t i n g  under  insuf f i c ien t  
oxygen at  any t e m p e r a t u r e  r e s u l t s  in the f o r m a t i o n  of 
Fe304 and a b o r n i t e  so l id  so lu t ion .  Th i s  s t ep  c o r r e -  
sponds  to the p r a c t i c e  of p a r t i a l  r o a s t i n g  of coppe r  
c o n c e n t r a t e .  Quite  d i f f e r en t ly ,  the p r o d u c t s  of a dead  
r o a s t  in e x c e s s  oxygen v a r y  wide ly  wi th  t e m p e r a t u r e ;  
and a r e  CuFeeO4 and CuO at 827~ CuFeOe and 
CuFe~O4 at 1000~ and CUSS4 and FeeS3 at  680~ 

SELECTIVE SULFATION ROASTING 

Copper sulfate and hematite are the final roaster 
products at 680~ as observed in Fig. 4 and 5. There- 
fore, this temperature appears to be suitable for 
selective sulfation roasting in which the nonferrous 
values are converted to water soluble sulfates while 
the iron is oxidized to insoluble hematRe. Several 
i n v e s t i g a t o r s  ~5,1s have used  log P S 0 2 -  log POe d i a g r a m s  
for  e x a m i n a t i o n  of su l f ide  r o a s t i n g  p r o c e s s e s  and th is  
s ty le  of po ten t i a l  d i a g r a m  is e s p e c i a l l y  su i t ed  for  d i s -  
cus s ing  su l fa t ion  r o a s t i n g .  The fol lowing fundamenta l  
r e a c t i o n s ,  

M S  + SO3 = MSO4 log Ke9 = - l o g  PSO3 [29] 
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SOs + 1/2Oe = SOs logK~o 

=log PSO3-1~ PSO=- 1/2 log PO= [30] 

are considered in Fig. 7 in which the equilibria at 
680~ are plotted as solid lines while dash-dot lines 
and broken lines represent the equilibria at 630 and 
730~ respectively. All lines parallel to the SOs 
partial pressure isobars express equilibria between 
two solid phases and illustrate the comparative stabili- 
ties of the sulfates. The stable field for the oxide is 
located on the left while the right side is the sulfate 
stability field. Although roaster gas in practical sulfa- 
tion processes contains nearly 10 pct SO~ and a few 
pct of Oe such that the value of P~O is approximately 
0.1, curves representing PZO values of 0.I and 0.2 
a r e  included in F ig .  7. 

At 680~ the Fez(SO~)s-FeeOs equ i l i b r i um l ies  on the 
r ight  of the PZO curves  while the ma jo r i ty  of the other 
ox ide-su l fa te  l ines  a re  located to the left at higher 
PSOz va lues .  T h e r e f o r e ,  se lec t ive  sulfat ion can be 
accompl i shed .  

However,  at 630~ i ron  is a l so  sulfa ted at the most  
p robab le  gas compos i t ion  range  and se lec t ive  sul fa t ion  
can not be achieved.  At 730~ al though i ron  is oxidized 
to insoluble  FezOs, CuSO4 decomposes  to a bas ic  sulfate  
and ZnSO~ is a l so  uns tab le .  Since the bas ic  su l fa tes ,  
CuO. CuSO4 and ZnO'2ZnSo4 ,  a re  less  soluble,  the 
ex t r ac t ion  of copper  and zinc by acid d i sso lu t ion  wil l  
d e c r e a s e  if su l fa t ion  is c a r r i e d  out at 730~ Thus ,  the 
mos t  sui table  t e m p e r a t u r e  for se lec t ive  sulfa t ion is 
be tween 670 and 680~ with an al lowable f luctuat ion of 
+30~ only.  These  t h e r m o d y n a m i c  obse rva t ions  agree  
v e r y  wel l  with p r ac t i c a l  experiences.*% .8 This  exce l -  
lent  a g r e e m e n t  at these  modera te  t e m p e r a t u r e s  in a 
g a s - s o l i d  r eac t i on  s y s t e m  ind ica tes  adequate r eac t ion  
speeds  and should g rea t ly  encourage  the ex t rac t ive  
m e t a l l u r g i s t  who in tends  to apply equ i l i b r i um theo r i e s  
to ac tua l  p r o b l e m s .  At the s ame  t ime  it should be 
not iced  that such  se lec t ive  su l fa t ion  p r o c e s s e s  could 
neve r  be r ea l i z ed  without the use  of a f luidized bed 
r o a s t e r .  

Based  upon the above d i s c u s s i o n s ,  the op t imum 
condi t ions  for se lec t ive  sulfa t ion a r e  found. However,  
the chemica l  potent ia l s  or pa r t i a l  p r e s s u r e s  alone do 
not provide the r e l a t ive  quan t i t i es  of the r e ac t a n t s  
n e c e s s a r y  for eng inee r s  to d e t e r m i n e  the p r ac t i c a l  
opera t ing  condi t ions.  To fulfil l  this  demand,  s to ich io-  
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met r i c  ca lcu la t ions  combined with the rmodynamic  data 
a r e  v e r y  useful  e spec i a l l y  due to r ecen t  developments  
in compute r  app l ica t ions .  

Ca lcu la t ions  of th is  type were used by Kellogg 19 to 
explain sulfat ion roas t ing .  In this  paper ,  the roas t ing  
of coppe r -n i cke l  concen t ra te  is t r ea ted  as  a s imple  
example  to gain a be t t e r  unders tand ing  of the p rocess .  
One k i log ram of concen t ra te  with the composi t ion  given 
in Table  I is  roas t ed  with m moles  of a i r  Containing 
20.7 pet 02. The condensed phase products  are  CuSO4, 
NiSO,, and Fe2Oz while the gaseous phase is const i tuted 
of SO2, SO3, Oz, Nz, and H20. The m a t e r i a l s  balance in 
which n is the mola r  quant i ty  of each gaseous  species  
is  as follows: 

S ba lance :  10.92 = nso  2 + n so  3 + 1.57 + 0.85 [31] 

O ba lance :  2 • 0.207 m = 2 n so  2 + 3 nSQ + 2 no~ 

+ 4 •  1.57 + 4 •  

+ 1.5 • 6.27 [32] 

The total  moles  of gaseous  product,  n T ,  i s :  

nT =nS02 + n s o  3 + n o  2 + 0.793 m + 8.33 [33] 

The equ i l i b r ium cons tan t  for Eq. [30] is  expres sed  as 
follows under  a one a tm roas t ing  condi t ion:  

1/2 1/2 
K = (nso 3 "nT ) / (nso  2 "n O: ) [34] 

Combining  Eqs .  [31] to [34], the mola r  quant i t ies ,  nso2, 
nso3, no2 , and nT a re  ca lcula ted  for given values  of m 
and t e m p e r a t u r e .  

Table I. Composition of Feed for Selective Sulfation Roasting 

Cu Ni Fe S H20 

Wt Pet 10 5 35 35 15 
Moles in 1 kg 1.57 0.85 6.27 10.92 8.33 
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at 1200~ 

The r e s u l t s  of these  s t o i ch iome t r i c  ca lcu la t ions  for 
680~ a r e  p r e s e n t e d  in F ig .  8 in which the r o a s t e r  gas 
compos i t ion  is  plotted aga ins t  the amount  of a i r  i n t ro -  
duced,  m.  The dashed l ines  a re  the r e s u l t s  at 900~ 
a s s u m i n g  a dead roas t  of the concen t ra t e .  It should be 
noted that i n c r e a s i n g  the va lue  of m r e s u l t s  in a sharp  
d e c r e a s e  in the SOs content ,  e spec ia l ly  in sul fa t ion  
roas t ing  at 680~ 

Var i a t i ons  in gas compos i t ion  with t e m p e r a t u r e  a r e  
plot ted in F ig .  9. The quant i ty  of a i r  in t roduced is 96 
reel which co r r e sponds  to an excess  of 10 pct over  the 
t heo r i t i c a l  amount  r e q u i r e d  for se lec t ive  sulfat ion.  
Decompos i t ion  SO3 p r e s s u r e s  of the va r ious  sul fa tes  
a r e  a lso  included.  S imi l a r  f igures  a re  a l ready  p r e -  
sen ted  by Kellogg ~9 and hence,  p r e c i s e  explanat ions  
a r e  not given here .  

SMELTING PROCESSES 

If the C u - F e - S - O  s y s t e m  shown in F ig .  6 is con-  
s i d e r e d  ut smeltLrtg t e m p e r a t u r e s  under  the coex is -  
tence  of s i l i ca ,  l iquid matte ,  and slag phases  a re  
p r e s e n t  and i n c r e a s e  the diff icul ty in the cons t ruc t ion  
of the d i a g r a m .  The su l fu r -oxygen  potent ia l  d i ag r am 
for  1200~ is cons t ruc ted  by combin ing  phase equ i l i b r i a  
and ac t iv i ty  r e l a t ionsh ips  with t h e r m o d y n a m i c  data  and 
is  r ep roduced  in F ig .  10. A de ta i led  explanat ion of 
th is  d i a g r a m  was given e l s e w he r e  2e mad was found to be 
ve ry  useful  in explaining both new and convent ional  
copper  smel t ing  p r o c e s s e s .  T h e  lack of r e l i ab l e  data  
for  ac t iv i ty  or phase equ i l i b r i a  was c l ea r ly  recognized  
dur ing  the cons t ruc t ion  of this  type of d i a g r a m .  

In this f igure ,  l iquid matte  and s lag  in equ i l i b r ium 
with a gas phase a re  r e p r e s e n t e d  by the reg ion  pqrs tp .  
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The l ine pq c o r r e s p o n d s  to a s i l i c a  s a t u r a t e d  s lag  in 
e q u i l i b r i u m  with an F e S - F e O  mat te  in the a b s e n c e  of 
c oppe r .  By i n c r e a s i n g  the F e O  ac t i v i t y  o r  coppe r  con-  
tent  in the s y s t e m ,  l ine pq sh i f t s  t owards  the upper  lef t  
a s  shown by  the cons tan t  ma t t e  g r a d e  l i ne s .  The  l ine 
q r  r e p r e s e n t s  mat te  and s lag  in e q u i l i b r i u m  with  both 
silica and T-iron and corresponds to an extreme case 
of matte smelting under reducing conditions or a slag 
cleaning process. The line rs describes the conversion 
of copper sulfide into liquid copper under the possible 
coexistence of slag. The upper limit, st, corresponds 
to  the f o r m a t i o n  of magne t i t e  in a s lag  in which the 
F e O  a c t i v i t y  is  0.35. F i n a l l y ,  under  a m b i e n t  p r e s s u r e  
condi t ions  l ine  tp i s  the b o u n d a r y  for the c o e x i s t e n c e  
of mat te  and s l ag .  

C o m m e r c i a l  oxida t ion  s m e l t i n g  fol lows the pa th  ABC 
in F ig .  10. The  mat t e  sme l t i ng  s t age  i s  c a r r i e d  out 
in the r e g i o n  AB under  an oxygen p r e s s u r e  of 10 -8 to 
10 -9 arm at  1200~ with a s m a l l  v a r i a t i o n  in oxygen 
po ten t i a l  wi th  i n c r e a s i n g  mat t e  g r a d e .  C o r r e s p o n d -  
ingly,  the a c t i v i t i e s  of Fe~C~ and CuzO v a r y  s l i gh t ly  and 
sugges t  that  white m e t a l  with a p p r o x i m a t e l y  75 pct  Cu 
may  be p roduced  without s e r i o u s  so l id  magne t i t e  s e p -  
a r a t i o n .  In c o n t r a s t ,  the c o n v e r s i o n  of Cu~S to Cu at  
point C r e q u i r e s  an oxygen p r e s s u r e  one hundred  
t i m e s  h igher  r e s u l t i n g  in the f o r m a t i o n  of so l id  m a g -  
ne t i t e .  Thus ,  dur ing  the f in ish ing  s t age  of conver t ing ,  
a s m a l l  amount  of so l id  magne t i t e  c o e x i s t s  wi th  white 
me ta l  a n d / o r  c rude  copper  a f t e r  s lag  t app ing .  The  
s ign i f i cance  of the d r a s t i c  v a r i a t i o n  in the  oxygen 
po ten t i a l  and FezOa and CueO a c t i v i t i e s  du r ing  the 
oxidat ion  of white m e t a l  to coppe r  was e m p h a s i z e d  z~ 
in connec t ion  with  the  eva lua t ion  of new p r o c e s s e s  and 

the b e h a v i o r  of m i n o r  e l e m e n t s .  It should be noted that  
a d e c r e a s e  in the F e O  ac t iv i ty  r e s u l t s  in an upward  
shi f t  of the Line s t  which in tu rn  r e d u c e s  the l ike l ihood 
of magne t i t e  p r e c i p i t a t i o n .  One way to avoid  so l id  
magne t i t e  s e p a r a t i o n  is found in the use  of a c a l c i u m  
f e r r i t e  s I a g Y  M o r e o v e r ,  h igher  t e m p e r a t u r e s  wi l l  
a l so  s u p p r e s s  magne t i t e  s e p a r a t i o n .  A s i m i l a r  po ten-  
t i a l  d i a g r a m  for  1300~ sugges t s  that  the c onve r s ion  of 
Cues to Cu can be r e a l i z e d  at  an SOe p a r t i a l  p r e s s u r e  
of 0.1 arm without  the  fo rma t ion  of so l id  magne t i t e .  
T h e o r e t i c a l l y ,  with the app l i ca t ion  of vacuum dur ing  
the b l i s t e r  making s t age ,  a coex i s t ing  s lag  may  not be 
h a m p e r e d  by so l id  magne t i t e  s e p a r a t i o n  or  high copper  
content  even at  1200~ 

In F ig .  10, it  i s  s een  that  m e t a l l i c  copper  can be 
p roduced  d i r e c t l y  f r o m  CuzS by oxida t ion  at  point  C, 
c o r r e s p o n d i n g  to the conver t ing  p r o c e s s ,  but not 
th rough  copper  ox ide .  The p roduc t ion  of lead  m e t a l  
d i r e c t l y  f rom PbS s e e m s  to be qui te  s i m i l a r  to the 
c a s e  of coppe r ,  a c c o r d i n g  to F i g .  3. The  p o s s i b i l i t y  of 
th i s  p r o c e s s  was d i s c u s s e d  f rom a t h e r m o d y n a m i c  
s tandpoin t  by Schumann e t  al  ~ and r e v i e w e d  by  Matyas  
e t  a l  ~ ci t ing v a r i o u s  p r a c t i c a l  p r o p o s a l s .  The p r e s e n t  
au thor  a l so  d i s c u s s e d  th is  p o s s i b i l i t y  by u t i l i z ing  the 
s u l f u r - o x y g e n  po ten t i a l  d i a g r a m ,  e~ A r e c a l c u l a t e d  v e r -  
s ion  for  1200~ i s  p r e s e n t e d  in F i g .  11, and the conven-  
t i ona l  l ead  s m e l t i n g  p r o c e s s  may  be e x p r e s s e d  in th is  
f igu re  by " O x i d a t i o n "  fol lowed by " R e d u c t i o n " ,  but a 
s i m p l e  oxidat ion  with a i r  or  oxygen r e s u l t s  in the 
g r a d u a l  c o n v e r s i o n  of Pb8 into Pb as  shown by the 
r e g i o n  l abe l l ed  " D i r e c t " ,  where  the su l fur  content  in 
bu l l ion  is 0.5 pc t  or  so .  

It i s  v e r y  i n t e r e s t i n g  to  c o m p a r e  the  m e r i t s  and 
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Fig. 1 l-Sulfur-oxygen potential 
diagram for Pb-S-O system at 13~ 0 1200~ to explain lead smelting. 
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d e m e r i t s  of d i r e c t  l e ad  p roduc t ion  with  that  of c o p p e r .  
As  sugges t ed  by F i g .  3, the s t ab i l i t y  of l ead  m e t a l  i s  
not i n f e r i o r  to that  of copper  along the 0.1 arm SO2 
i s o b a r .  In fact ,  the oxygen po ten t i a l  r e q u i r e d  for  PbS 
c o n v e r s i o n  is much lower ,  sugges t ing  that  the d i f f i -  
cu l t i e s  a s s o c i a t e d  with  magne t i t e  f o r m a t i o n  may be 
r e d u c e d .  M o r e o v e r ,  the t h e r m o d y n a m i c  b e h a v i o r  of 
some  i m p u r i t i e s  such  as  a r s e n i c  and an t imony  which 
mus t  be ca r e fu l l y  t aken  into account  in d i r e c t  copper  
p roduc t ion  is not as  s ign i f ican t  in the  c a s e  of lead .  An 
add i t iona l  p r a c t i c a l  m e r i t  in d i r e c t  l ead  s m e l t i n g  is  
that  the amount  of s l ag  is g r e a t l y  r e d u c e d  b e c a u s e  the  
content  of gangue is  c o n s i d e r a b l y  lower  in l ead  con-  
c e n t r a t e .  

D e m e r i t s  of the p r o c e s s  a r e  found in a de t a i l ed  
examina t i on  of the po ten t i a l  d i a g r a m s .  C o n v e r s i o n  of 
CueS into copper  t a k e s  p lace  at  point  C in F i g .  10 o r  
point  e in F i g .  3 where  both the a c t i v i t i e s  of CueS and 
Cu a r e  n e a r l y  unity.  However ,  due to the s ingle  
eu tec t i c  type P b - P b S  s y s t e m ,  the c o n v e r s i o n  of PbS 
t a k e s  p lace  g radua l ly ;  and thus ,  an equa l  ac t iv i ty  point  
be tween  Pb and PbS, such  as  point  c in F i g .  3, is  too 
low in oxygen po ten t i a l  to obtain d e s u l f u r i z e d  l iquid 
lead .  Th i s  s i tua t ion  is  c l e a r l y  i l l u s t r a t e d  in F i g .  11 
which shows that  in o r d e r  to obta in  l ead  bu l l ion  con-  
ra in ing 0.3 to 0.5 pc t  su l fur ,  an a c t i v i t y  of PbO of 0.1 
to 0.2 i s  inev i tab le  a t  1200~ In conjunct ion,  the 
ac t i v i t y  coef f ic ien t  of CuOo.~ is a p p r o x i m a t e l y  3 in 
f aya l i t e  type s l a g s  while  that  of PbO may  be l e s s  than 
unity.  T h e r e f o r e ,  a h igher  m e t a l  content  in s l ag  is  
unavoidab le  for  the d i r e c t  sme l t i ng  of l ead .  F u r t h e r -  
m o r e ,  a s  poin ted  out in cormect ion with r o a s t  r e a c t i o n  
p r o c e s s e s ,  the high v a p o r  p r e s s u r e  of l ead  compounds  
and the high mel t ing  point  of z inc  compounds  may  l ead  
to p r o b l e m s  in d i r e c t  s m e l t i n g .  

In F i g .  11, add i t iona l  i n fo rma t ions  on o the r  e l e m e n t s  
a r e  a l so  shown to b e t t e r  u n d e r s t a n d  d i r e c t  l ead  s m e l t -  
ing. To obta in  l ead  bul l ion  conta in ing  0.3 to 0.5 pc t  S 
by use  of a i r  o r  oxygen,  the a c t i v i t y  of F e O  mus t  be 
m a i n t a ined  at  low l e v e l s  to avo id  the  f o r m a t i o n  of so l id  
magne t i t e ,  as  ind ica ted  in the f i gu re .  A c c o r d i n g  to the 
o x i d e - s u l f i d e  ac t iv i ty  r a t i o  l i nes ,  z inc  and i ron  su l f ides  
in the concen t r a t e  may  be expec ted  to be s a t i s f a c t o r i l y  
ox id ized .  In r e f e r e n c e  to F i g .  10, i t  i s  e s t i m a t e d  that  
c o n s i d e r a b l e  amounts  of copper  wi l l  r e m a i n  as  a s u l -  
fide to f o r m  a r e l a t i v e l y  high g r a d e  m a t t e  phase  con-  
ta in ing  PbS and F e S .  

The e f fec t ive  v a p o r  p r e s s u r e ,  PZPb,  def ined  along a 
g iven  PSO2 i s o b a r  a s  the sum of PPbs  + 2 PPb2S2 + PPb 
+ P PbO+ 2 PPb202 + 3 PPb303+ 4 PPb404 is  p lo t ted  a long 
the upper  s c a l e  in F i g .  11 and i nd i ca t e s  that  v a p o r i z a -  
t ion l o s s  mus t  be c a r e f u l l y  t aken  into accotmt .  Con-  
s i d e r i n g  that  the v a p o r  p r e s s u r e  of pu re  PbO and p u r e  
Pb a r e  of the s a m e  o r d e r  and that  the PbO a c t i v i t y  is  
s m a l l ,  the con t r ibu t ion  of oxide v a p o r  s p e c i e s  is  s m a l l .  
Judging  f r o m  the va lue s  of P~Pb in the  f igure ,  equ i l i b -  
r i u m  vapor  p r e s s u r e s  in d i r e c t  s m e l t i n g  a r e  a few 
t i m e s  h igher  than in the convent iona l  p r o c e s s .  

S u m m a r i z i n g  these  o b s e r v a t i o n s  ob ta ined  f r o m  the 
po ten t i a l  d i a g r a m ,  an e f fec t ive  d i r e c t  l ead  s m e l t i n g  
p r o c e s s  r e q u i r e s  the m i n i m u m  use of a low mel t ing  
point ,  f luid s lag  with a low F e O  a c t i v i t y  and a high 
PbO a c t i v i t y  coef f i c ien t .  In o r d e r  to d e c r e a s e  v a p o r i z a -  
t ion l o s s ,  low ope ra t ion  t e m p e r a t u r e ,  low su l fur  bu l -  
l ion,  and use of oxygen wil l  be convenien t .  Unfor tu -  
na te ly ,  t h e s e  condi t ions  a l l  tend  to i n c r e a s e  the a c t i v i t y  

o 

I 

- - " %  I . I  I 

- 7  f f l  "I - 

I I i z ]  i \ ' ~  I Z l  
-5  - 4  -,5 - 2 - I 0 

l o g  Psz (a tm)  

Fig. 12-Sulfur-oxygen potential diagram for Ni-S-O system at 1450~ 

of PbO.  The op t imum condi t ions  a r e  d i s c u s s e d  in 
de t a i l ,  s e p a r a t e l y .  26 

D i r e c t  s m e l t i n g  of n i c k e l  su l f ide  into m e t a l  a p p e a r s  
to be d i f f icu l t  at  1027~ a c c o r d i n g  to F i g .  3 due to the 
low oxygen and su l fu r  d iox ide  p r e s s u r e s  involved .  
However ,  i n c r e a s i n g  the t e m p e r a t u r e  r e s u l t s  in an in-  
c r e a s e  in the s t a b i l i t y  of the m e t a l .  F i g u r e  12 is  the 
po ten t i a l  d i a g r a m  for  the N i - S - O  s y s t e m  at 1450~ 
in which the a c t i v i t y  da t a  ob ta ined  by R e m e n  e t  a l  2~ 

a r e  a l s o  used .  Judging  f r o m  the loca t ion  of the SO2 
i s o b a r s ,  s u c c e s s f u l  d i r e c t  c o n v e r s i o n  into m e t a l  may  
be ach i eved  at  h igher  t e m p e r a t u r e s .  Th i s  i s  c o n t r a r y  
to  the t r a d i t i o n a l  view that  the n i cke l  su l f ide  s m e l t i n g  
p r o c e s s  mus t  be t e r m i n a t e d  at  the c o n c e n t r a t e d  mat te ,  
Ni3Si2, s t age  and that  conver t ing  to m e t a l  can not be 
r e a l i z e d .  In fact ,  a s i m i l a r  po ten t i a l  d i a g r a m  at  1250~ 
s u g g e s t s  the  d i f f i cu l t i e s  in p roduc ing  n i cke l  d i r e c t l y .  
However ,  INCO has c a r r i e d  out the d i r e c t  p roduc t ion  
of m e t a l  f r o m  c o n c e n t r a t e d  mat t e  in t h e i r  TBRC 28 
ope ra t i on ,  a high t e m p e r a t u r e ,  homogeneous  oxida t ion  
p r o c e s s .  

S t o i c h i o m e t r i c  c o m p u t e r  c a l c u l a t i ons  we re  s u c c e s s -  
ful ly  p e r f o r m e d  by Goto 29 and N a g a m o r i  e t  aI  3o main ly  
for  copper  s m e l t i n g .  Al though not d i s c u s s e d  he re ,  
these  r e s u l t s  aga in  r e i n f o r c e  the use  of t h e r m o d y n a m i c  
c a l c u l a t i ons  for  the eva lan t ion  of m e t a l l u r g i c a l  p r o -  
c e s s e s .  

RECOVERY OF SULFUR 
IN THE OXIDATION PROCESS 

Al though in mos t  su l f ide  s m e R e r s ,  the exhaus t  gas  
is  c o n v e r t e d  to su l fu r i c  ac id ,  e l e m e n t a l  su l fu r  is  
s o m e t i m e s  p r e f e r r e d  depending  on the m a r k e t .  How- 
e v e r ,  r educ t i on  of SO2 by consuming  f o s s i l  fue ls  is  too 
e x p e n s i v e  and  the s e a r c h  i s  on fo r  a new p r o c e s s  to 
e c o n o m i c a l l y  p roduce  both e l e m e n t a l  m e t a l  and su l fu r .  
Undoubtedly,  h y d r o m e t a l l u r g y  o f fe r s  one hopeful  rou t e  
but  the convenience  of r e c o v e r i n g  e l e m e n t a l  su l fu r  
p y r o m e t a l l u r g i c a l l y  dur ing  ox ida t ion  cannot  be ignored .  
Judging  f r o m  F i g .  3, r e c o v e r y  of su l fu r  f r o m  i ron  s u l -  
f ide dur ing  oxidat ion  is  the  mos t  f a v o r a b l e  b e c a u s e  the  
c o n v e r s i o n  of FeS  to Fe304 at  point  a in F i g .  3 r e p r e -  
s en t s  the h ighes t  su l fu r  p r e s s u r e .  In addi t ion ,  if the 
s t a r t i n g  m a t e r i a l  is FeS2, one su l fu r  a tom is  ob ta ined  
s i m p l y  by  d i s s o c i a t i o n ,  a s  shown in F i g .  5. However ,  
judging f r o m  the p r o p o r t i o n s  of SO2 and $2, if the gas  
at  point  a in F i g .  3 is  cooled  d i r e c t l y ,  the r e c o v e r y  of 
su l fu r  wi l t  be at  mos t  a few p e r c e n t .  The  r e l a t i o n  b e -  
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tween SO2 and $2 is defined t h e r m o d y n a m i c a l l y  and 
high su l fur  r e c o v e r y  is doubtful when FeS is oxidized 
by a i r  in the n o r m a l  m a n n e r .  

If the n i t rogen  in a i r  is subs t i tu ted  with water  vapor  
and this H20-O2 gas mixture  is used for the oxidation,  
quan t i t i e s  of H2 and H2S are  fo rmed  as suggested by the 
H20/H2 and H2S/H2 sca les  in F ig .  3. When the product  
gas containing SOs, $2, He, H2S, and H20 is cooled to a 
t e m p e r a t u r e  convenien t  for the Claus  r eac t ion  to p ro -  
ceed, a cons ide rab le  r ecove ry  of e l e m e n t a l  su l fur  is 
expected.  

The t r e a t m e n t  of sulf ide ores  with H20-O2 gas mix-  
t u r e s  was proposed by Norman  3~ but lacked quant i ta t ive  
data  and c l a r i f i ca t ion  of the op t imum condi t ions .  

S to ich iomet r ic  ca lcu la t ions  incorpora t ing  t h e r m o -  
dynamic  data  provide  the n e c e s s a r y  in fo rmat ion  to 
d e t e r m i n e  the op t imum condi t ions  for su l fur  r e c o v e r y .  
In the following example ,  an excess  amount  of s o l i d  
FeS is oxidized to FesO4 by a gas cons i s t ing  of 70 tool 
of H20 and 30 mol of oxygen at 1 a tm.  

Reac tan t s :  FeS( in  excess) ,  70 mol of H20, 30 mol 
of 02 

Produc t s :  Fe304, S2, SO2, H2, H2S, H20, (SO), 
Fe ba lance :  nFe S = 3 nFe304 [35] 

S ba lance :  nFe S = 2 ns2 + nso  2 + nil2 S [36] 

O b a l a n c e :  7 0 + 2 •  + 2 n s o 2  +nH20 

[37] 

H ba lance :  2 x 70 = 2 nil2 S + 2 nH20 + 2 nil2 [38] 

where  n denotes  n u m b e r  of moles ,  nFes is the n u m b e r  
of moles  of FeS reac ted ,  and nil20 is the n u m b e r  of 
moles  of H20 in the product  gas .  The tota l  mole n u m b e r  
of the gaseous  phase is ,  

nT = nSO 2 + nil2 + ns2 + nil2 S + nil20 [39] 

Using ava i lab le  f ree energy  data,  the following equa-  
t ions  a re  a lso  der ived :  

1/2 S2 + 02 = SOs K,o = (nSO 2 .n~  2 )~(no2 "n'/Z)S2 [40] 

He + 1 /202 = H20 K41 = (nH20"n~2)/(nH2 .n~/2~02 ) [41] 

nl/2~lln "n ll2x [42] H2 + 1/28z = H2S K42 = (nil2 S �9 T //~ H2 S: j 

6 FeS + 4 0 e  = 2 Fe304 + 3 Sz K 4 3 = n ~ ; n T / n ~ 2  [431 

Solutions for the n ine  unknowns, nS02, nil2, ns 2, nH2S, 
nHz O, nO:, nT ,  nFeS, and nFe204 can  be der ived  by solving 
the above nine equat ions .  

Repeat ing s i m i l a r  s to i ch iome t r i c  ca lcu la t ions ,  v a r i a -  
t ions  in equ i l i b r i um gas compos i t ions  as a function of 
t e m p e r a t u r e  a r e  gene ra t ed  and i l l u s t r a t ed  in F ig .  I3 
for in i t i a l  H20:O2 mole ra t ios  of 80:20 and 70:30. The 
appea rance  of a l iquid phase at the higher  t e m p e r a t u r e s  
is neglec ted  and the ac t iv i t i es  of FeS and Fe204 a re  
always a s s u m e d  to be unity.  Accord ing  to F ig .  13, the 
v a r i a t i o n s  in H20, SO2, and HeS p r e s s u r e s  for a given 
in i t i a l  gas r a t io  a r e  s m a l l  but d e c r e a s e  s l ight ly  with 
i n c r e a s i n g  t e m p e r a t u r e .  To compensa te ,  the H2 and $2 
p r e s s u r e s  i n c r e a s e  as t e m p e r a t u r e  i n c r e a s e s .  

The product  gas compos i t ion  co r r e spond ing  to an 
in i t i a l  HzO :O2 mold ra t io  of 80:20 is  submi t ted  to an 
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Fig. 13-Composition of gas obtained from the reaction between FeS 
and H20-O 2 gas at varying oxidation temperature. Initial H:O to 02 
ratio is, 80 : 20 solid lines 

70 : 30 dashed lines. 

e qu i l i b r i um Claus  r eac t ion  ca lcu la t ion  for 200~ in the 
absence  of FeS and FezO4. The ca lcu la t ions  a re  pe r -  
fo rmed  using s i m i l a r  techniques  to those desc r ibed  
above and the r e su l t s  a re  i l l u s t r a t ed  in F ig .  14. At 
200~ $8 is the p redominan t  gas spec ies  for sulfur  
while the pa r t i a l  p r e s s u r e  of $2 is only 10 -~ a tm.  Al -  
most  a l l  the H2 and H2S reac t  with SO2 to produce 
su l fur  gas ,  but is should be noted that approximate ly  
0.15 pct H2S r e m a i n s  along with a cons ide rab le  
amount  of SOe. 

In F ig .  14, the mole n u m b e r  of r eac t ed  FeS is a lso  
given and i n c r e a s e s  with i nc r ea s ing  t e m p e r a t u r e .  The 
r e c o v e r y  of e l emen ta l  su l fur  is def ined on the bas i s  
of this  r eac t ed  quant i ty  of FeS as  follows: 

2 n s 2 +  6 n s 6 +  8nSs 
R s = • 100 pct [44] 

nFes 

The value of R s is a lso included in F ig .  14 suggest ing 
that the r ecove ry  i n c r e a s e s  cons ide rab ly  with i n c r e a s -  
ing t e m p e r a t u r e .  

Var ious  other poss ib i l i t i e s  a re  t r ea t ed  including the 
i nco rpo ra t ion  of a l iquid phase in the s y s t e m .  32 It is 
worthwhile to cons ider  the appl ica t ion of this  p rocess  
to copper  smel t ing  in which the p r inc ipa l  reac t ion  is 
the oxidation of FeS to FeO.  Also,  as  suggested in 
F ig .  10, the va r i a t i on  of the sulfur  potent ia l  is r e l a -  
t ively  s m a l l  dur ing  the matte  smeRing  s tage.  One 
r e q u i r e m e n t  is the ava i l ab i l i ty  of an effective recyc le  
s y s t e m  for s t eam.  
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VAPORIZATION OF ZINC 
DURING OXIDATION OF SULFIDE 

It is sugges ted  in F ig .  3 that the d i r e c t  oxidat ion of 
zinc sulf ide to me ta l  is hardly  poss ib l e  at 1027~ 
F i g u r e  15 shows a s i m i l a r  d i a g r a m  at 1270~ and 
r e v e a l s  a cons ide r ab l e  i n c r e a s e  in the vapo r  p r e s s u r e  
of z inc.  If the oxidat ion of ZnS by a i r  is  c o n s i d e r e d  
along the 0.1 a tm SO2 i sobar  at 1270~ the m a x i m u m  
zinc p r e s s u r e  o c c u r s  when ZnS and ZnO coex i s t  and 
r e a c h e s  n e a r l y  0.1 arm.  T h e r e f o r e ,  it may be concluded 
that when ZnS conve r t s  to ZnO, the vo l a t i l i t y  of z inc  
bec omes  a m a x i m u m  and a cons ide r ab l e  amount  of z inc  
vapor  is s table  at the sme l t ing  t e m p e r a t u r e .  It has 
a l r eady  been pointed out 33 that the " o x i d a t i o n - v o l a t i l i -  
z a t i on"  phenomenon may be the p r inc ipa l  m e c h a n i s m  
for the vo l a t i l i z a t i on  of zinc dur ing  copper  s m e l t i n g .  

F i g u r e  15 r a i s e s  the poss ib i l i t y  of the d i r e c t  d i s t i l l a -  
t ion of z inc  su l f ide  by a s imple  oxidat ion p r o c e s s  
excluding a reduc ing  s tep .  The potent ia l  d i a g r a m s  

indica te  that  a h ighe r  t e m p e r a t u r e  and lower  SO2 p r e s -  
s u r e  im prove  the r e c o v e r y  of zinc m e t a l  gas ,  but de -  
c r e a s i n g  the t e m p e r a t u r e  ea s i l y  r e su l t s  in the r e -  
oxidat ion or  r e s u l f i d a t i o n  of the zinc v a p o r .  M o r e o v e r ,  
d i f f e r ing  f r o m  the convent iona l  r oa s t i ng  of z inc  su l -  
f ide,  the f o r m a t i o n  of zinc vapor  by the oxidat ion of 
ZnS is not t h e r m a l l y  f avo rab l e  and c o n s i d e r a b l e  heat  
compensa t ion  may be r e q u i r e d .  

A s c h e m a t i c  f lowshee t  is i l l u s t r a t e d  in F i g .  16 for  
the d i r e c t  d i s t i l l a t i on  of z inc  su l f ide .  To  s impl i fy  the 
condi t ions ,  100 mol  of a i r  containing 20.6 pct  oxygen 
a r e  p rehea t ed  to the r e q u i r e d  t e m p e r a t u r e  and then 
r e a c t e d  with oi l  to consum e  12.6 tool of oxygen.  The  
exi t ing combus t ion  gas  containing 8 tool of oxygen is 
in t roduced  into the r e a c t i o n  zone where  the oxidat ion of 
ZnS takes  p lace  to p roduce  me ta l l i c  z inc  v a p o r .  The  
r e s u l t a n t  gas  conta ining a p p r o x i m a t e l y  8 pct z inc  
e n t e r s  a condense r  to co l l ec t  the zinc as a l iquid 
phase .  The  exhaus t  gas  f r o m  the c o n d e n s e r  conta ining 
around 8 pct  SO2 is sent  to the acid plant .  

Given  the a i r  compos i t i on  shown in Table  II, 12.6 
mol  of oxygen r e a c t  with oi l  having a compos i t ion  of 
85.1 pct  C and 11.8 pct H. Thus,  the combus t ion  gas  
with the compos i t ion  shown in Table  II wil l  be obtained 
by consuming  125.5 g of oil .  Assuming  that the 103.7 
mol  of combus t ion  gas  r e a c t  comple t e ly  with e x c e s s  
ZnS, the r e a c t i o n  p roduc t s  a r e  eva lua ted  quan t i t a t ive ly  
by using s t o i c h i o m e t r i c  cMcuia t ions  along with t h e r m o -  
dynamic  data.  The  e s s e n t i a l  components  a r e  as fo l lows:  

Reac t an t s :  ZnS, O2, CO2, H20 
P r o d u c t s :  ZnO, Zn, $2, SO2, SO, CO, CO2, H2, 

H20, COS, H2S 

N2 and e x c e s s  ZnS r e m a i n  with the p roduc t s .  The mole  
ba lances  be tween  the r e a c t a n t s  and products  a r e  as 
fol lows : 

Zn: nzn s = nzn O + nZn [45] 

S: nZn S =2ns2+nSO2+nSO + n c o s + n H 2 S  [46] 

O: 16 + 17.8 + 9.1 = 

= nzn O + 2nso2 + nso + n c o  +2nco2 + nH20 + n c o  S 

[47] 

C: 8.9 = n c o  + n c o  2 + nCO s [48] 

H 2 : 9 . 1  = nil2 + nH20+ nH2S [49] 

n is the number  of mo le s  of each  product  while n ZnS is  
the pa r t i c ipa t ing  n u m b e r  of moles  of ZnS in the r e a c -  
t ion.  The to ta l  number  of moles  of the gaseous  s p e c i e s  
is,  

Oil 125.5g ZnS 
A/r fOOmoi (85.i%0. 11.8%H) fO.03 mo~ 
r  ~ ~ Ai ,  

I Prod,or I I zo.o I zo.e ~ , , o . . . o  ~ .~ ,o  , ~ 8 ' ' ' ~  
I . . . . .  ~ 8  tool O = ~ 8 6 % { 9 . 9 m o l l Z n ~ C o n d e n s e r ~ p l o n f l  
I ~ - ~ "  I 19J a.o I 74 H=O 
' ' ] 8.9 CO= 6.8 COz 

7.5 SO= Liquid Zn HzSO 4 

Fig. 16-Schematic flowsheet of direct distillation process of ZnS. 
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Table II. Composition of Gases in Various Stages in Direct Extraction of Zinc 

Gas reacted with Gas after condensation 
Air, Combustion gas, ZnS at 1270~ of zinc at 500~ 
Mol Mol Mol Pct Mol Pct 

N 2 77.7 77.7 77.7 67.5 77.7 74.3 
02 20.6 8.0 4.8.10 -7 2.6.10 -a9 
H20 1.7 9.1 8.56 7.44 8.43 8.06 
C02 8.9 7.78 6.76 8.89 8.51 
SO2 8.59 7.47 8.29 7.93 
$2 0.49 0.43 0.53 0.51 
SO 0.36 0.31 1.1.10 -4 
CO 1.11 0.96 4.9.10 -4 
COS 0.01 0.01 8.3.10 -3 0.01 
H2 0.45 0.39 2.8.10 -3 
H2S 0.09 0.08 0.67 0.64 
Zn 9.92 8.62 

Total 100 103.7 115.06 100 104.52 100 

Z nS reacted 10.03 

n T = 77 .7  + nzn + ns2 + n s o  2 + n s o  + nCO+ n c o  2 + n c o  S 

+ni l  2 + nH20 + nH2S [50] 

U n d e r  1 a t m ,  t he  r e l e v a n t  e q u i l i b r i u m  r e l a t i o n s  a r e ,  

1/2 1/2 
1//2S2 + 02 = S02 g5 t  = (nSO 2 .nT )//(no2"ns2) 

1 / / 2  S2 + 1 / / 2  O2 = S O ,  

2 Z n O ( s )  = 2 Z n ( g )  + 02,  

2 Z n S ( s )  = 2 Z n ( g )  + $2, 

n t/2) 
= ,,so/(.'s'2 2. o2 

Ko3 = n Zn 

K s ,  = n2Zn . n s / n ~  

[ 5 1 ]  

[52] 

[53] 

[54] 

[55] 

[56] 

1/2 
CO + 1 / 2  02 = CO2, K55 = ( n c o  2 "nT )/(nCO "nZ/2~02 / 

H2 + 1 / 2 0 e  = n e o ,  K56 = (nH20.n~2)/(nH2 .n '/2~0/ 

n ~/2~ [5'7] CO + 1 / 2  S2 = COS,  K57 = (nco s "n~2) / (nco  �9 S=' 

1/2 1 /2 \  
H2 + 1 / 2  $2 : H2S, K58 = (nH2s.n T ) / ( n H 2 . n s 2 ,  [581 

F o u r t e e n  u n k n o w n  q u a n t i t i e s  a r e  s o l v e d  f r o m  t h e s e  
f o u r t e e n  s i m u l t a n e o u s  e q u a t i o n s .  

T h e  c a l c u l a t e d  r e s u l t s  a t  1270~ a r e  p r e s e n t e d  in 
T a b l e  II  in  b o t h  p e r c e n t  a n d  m o l e  n u m b e r .  O x y g e n  i s  
c o n s u m e d  c o m p l e t e l y  a n d  a g a s  c o n t a i n i n g  8.62 pc t  of 
m e t a l l i c  z i n c  v a p o r  i s  p r o d u c e d  f r o m  10.03 m o l  of 
Z n S .  T h e  r e c o v e r y  of z i n c  v a p o r  i s  a p p r o x i m a t e l y  
99 pc t  b u t  t h i s  z i n c  v a p o r  t e n d s  to  c o n v e r t  to  ZnS  a n d  
Z n O  d u r i n g  c o o l i n g  b e c a u s e  c o n s i d e r a b l e  a m o u n t s  of 
CO2, SO2, a n d  H20 a r e  a l s o  p r e s e n t  in  t h e  g a s .  T h e r e -  
f o r e ,  t he  g a s  m u s t  be  q u e n c h e d  in a s p e c i a l l y  d e s i g n e d  
c o n d e n s e r  to  r e c o v e r  z i n c  a s  l i qu id  m e t a l .  

S o l v i n g  t he  f o u r t e e n  e q u a t i o n s  is  no t  a n  e a s y  t a s k  
e v e n  w i t h  t h e  a id  of a c o m p u t e r  a n d  i t  s h o u l d  b e  e m -  
p h a s i z e d  t h a t  t h e  a p p r o x i m a t e  r e s u l t s  a r e  e s t i m a t e d  a t  
a g l a n c e  f r o m  F i g .  15 w h i c h  c a n  b e  c o n s t r u c t e d  q u i t e  
e a s i l y .  Of c o u r s e ,  t he  d e t a i l e d  n u m e r i c a l  q u a n t i t i e s  
m u s t  be  g e n e r a t e d  t h r o u g h  c o m p l e x  m a t h e m a t i c a l  
p r o c e d u r e s .  H o w e v e r ,  to  o b t a i n  the  b a s i c  c o n c e p t s  f o r  
new  p r o c e s s e s  a n d  to  p e r f o r m  a s e m i q u a n t a t i v e  e v a l u a -  
t i o n  of m e t a l l u r g i c a l  o p e r a t i o n s ,  t h e  c h e m i c a l  p o t e n t i a l  
d i a g r a m  i s  c e r t a i n l y  a u s e f u l  t o o l .  
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Fig. 17-Sulfur-oxygen potential diagram for Cd-S-O system at 900~ 

R e t u r n i n g  to  T a b l e  II ,  t h e  e q u i l i b r i u m  g a s  c o m p o s i -  
t i o n  a t  500~ f o l l o w i n g  t he  c o n d e n s a t i o n  of z i n c  v a p o r  
i s  d e r i v e d  b y  s i m i l a r  c a l c u l a t i o n  m e t h o d s  a n d  t a b u l a t e d .  
T h i s  e x h a u s t  g a s  is  s u i t a b l e  no t  on ly  f o r  t he  u s u a l  a c i d  
p l a n t  bu t  a l s o  fo r  a C l a u s  r e a c t o r  w i t h  a d d i t i o n s  of 
H2S to  r e c o v e r  s u l f u r  in  e l e m e n t a l  f o r m .  

T h i s  d i r e c t  d i s t i l l a t i o n  p r o c e s s  i s  a l s o  i n t e r e s t i n g  
f r o m  a r e q u i r e d  e n e r g y  p e r s p e c t i v e .  S e v e r a l  e n g i n e e r -  
ing h u r d l e s  s u c h  as  c o n d e n s e r  d e s i g n  a n d  t h e  s e p a r a -  
t i o n  of d u s t  f r o m  the  c o m p l e x  g a s  a r e  p r e d i c t e d .  34 
H o w e v e r ,  a d e t a i l e d  d i s c u s s i o n  of t h e s e  a r e a s  i s  b e -  
y o n d  the  s c o p e  of t h i s  p a p e r .  

A s i m i l a r  p h e n o m e n o n  of o x i d a t i o n - v o l a t i l i z a t i o n  
c a n  be  o b s e r v e d  in t he  o x i d a t i o n  of c a d m i u m  s u l f i d e  
a s  i l l u s t r a t e d  in  F i g .  17. B e c a u s e  c a d m i u m  is  m o r e  
n o b l e  and  p o s s e s s e s  a h i g h e r  v a p o r  p r e s s u r e  t h a n  
z i n c ,  c a d m i u m  s u l f i d e  i s  no t  c o n v e r t e d  d i r e c t l y  to  t he  
ox ide  f o r m  d u r i n g  t he  r o a s t i n g  of z i n c  c o n c e n t r a t e  bu t  
v o l a t i l i z e s  a t  f i r s t  a s  c a d m i u m  m e t a l  w h i c h  t h e n  m a y  
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be oxidized or sulfa t ized by the excess  oxygen in the 
bulk r o a s t e r  gas.35 

An ex t reme  case of ox ida t ion-vo la t i l i za t ion  occurs  
with m e r c u r y  which is not eas i ly  conver ted  into oxide 
or sulfate af ter  vapor iza t ion .  This  is ve ry  convenient  
for m e r c u r y  product ion which r e q u i r e s  a s imple  con- 
densa t ion  p roces s  to r e cove r  liquid m e r c u r y .  However,  
the diff iculty in su l fa t iz ing  m e r c u r y  is inconvenien t  for 
the roas t ing  and smel t ing  of sulf ide concen t r a t e s  as it 
is difficult  to prec ip i ta te  m e r c u r y  with convent ional  
gas c leaning s y s t e m s .  Thus,  a s m a l l  f r ac t ion  of m e r -  
cury  s o m e t i m e s  r eaches  the acid plant,  and spec ia l  
r emova l  methods a re  r equ i r ed .  36 

S EGREGATION PROCESS FOR 
COPPER OR NICKEL OXIDE ORES 

Many r e s e a r c h e r s  have been i n t e r e s t ed  in the seg-  
regat ion  p roce s s  for the ex t rac t ion  of copper  or n ickel  
f rom low grade  oxide o r e s .  At p r e s e n t ,  cons ide rab le  
d i s c r epanc i e s  a re  observed  concern ing  the adaptabi l i ty  
of these p r o c e s s e s  to p rac t i ce .  Th i s  confusion is 
a sc r ibed  to the fact that the seg rega t ion  r eac t i ons  a re  
so complex that an exact unders tand ing  of the opt imum 
condit ions is  diff icult .  Many effor ts  have been made to 
c lar i fy  the m e c h a n i s m  and the op t imum condi t ions .  
F r o m  a t he rmodynamic  s tandpoint ,  Iwasaki  37 publ ished 
an in t e re s t ing  r epor t  making use of the oxygen-ch lo r ine  
chemica l  potent ia l  d i a g r a m .  

Although va r ious  deta i led  opinions have been p r e -  
sented hi ther to,  the following three  r e a c t i o n s  a re  
genera l ly  accepted as the p r i nc ip l a  m e c h a n i s m  for 
the copper segrega t ion  p rocess :  

2 NaCI(/) + SiOe(s) + HzO(g) = NaeSiO3(s) + 2HCI(g) 

[59] 

CueO(s) + 2 Hel(g) = 2/3 Cu3C13(g) + HeO(g) [60] 

2/3 Cu3C13(g) + He(g) = 2 Cu(s) + 2 HCI(g) [61] 

In a mix ture  cons is t ing  of ore ,  sa l t ,  and carbon,  these  
quite d i f fe rent  r eac t ions  mus t  take place at ad jacent  
s i t e s .  The reac t ion  r e p r e s e n t e d  by Eq. [61] mus t  occur  
under  the s t rong  reducing condi t ions  found n e a r  the 
surface  of ca rbon .  The product  HC1 gas mus t  be t r a n s -  
por ted to a higher oxygen potent ia l  s i te  to produce 
CusCl3 gas in  accordance  with Eq.  [60]. F ina l l y ,  the 
r e l eased  H20 of Eq. [60] mus t  r e t u r n  as the r eac tan t  
in Eq. [59]. 

Assuming  that  local  equ i l i b r i a  a re  e s t ab l i shed  in 
each step at each si te ,  a t he rmodynamic  eva lua t ion  
can be pe r fo rmed .  F r o m  the loca l ized  concen t ra t ions  
thus gene ra t ed  for the va r ious  gaseous  spec ies ,  one can 
evaluate the feas ib i l i ty  of this  p r o c e s s .  

As the ba s i s  for this  ca lcula t ion ,  100 g of feed pe l le ts  
having the composi t ion  shown in Table  III a r e  con-  
s ide red .  The amounts  of ch lor ides  and ca rbon  a re  
va r ied  depending on the condi t ions  and some H20 is 
a lso  e s s e n t i a l .  As a r e su l t  of the seg rega t ion  r eac t ions ,  
a cons ide rab le  amount  of gas is evolved and g radua l ly  
flows outward f rom the pel le t .  The re fo re ,  it is con-  
s idered  that the segrega t ion  equ i l i b r i a  a r e  es tab l i shed  
inside the pel le t  without apprec iab le  inf luence f rom 
the bulk furnace  gas .  

As an example  of the equ i l i b r i um eva lua t ion  of the 
copper segrega t ion  p roces s ,  100 g of pe l le t s  de sc r ibed  

in Table  III a re  held at 827~ along with 1.14 g (0.0633 
mol) of HeO. 0.9 g (0.0154 mol) of NaC1 conver t  into 
HC1 consuming  0.14 g (0.0077 tool) of HzO. 0.3 g 
(0.025 mol) of C reac t  and produce CO and CO2 gases .  
F r o m  the following s to i ch iome t r i c  and t h e r m o d y n a m i c  
r e l a t i o n s ,  the local  gas compos i t ions  in e q u i l i b r i u m  
with each r e s p e c t i v e  sol id phase  a r e  eva lua ted  at 
ambien t  p r e s s u r e  based upon f ree  ene rgy  data :  ~8 

C ba lance :  0.0250 = riCO + n c o  ~ 

He ba lance :  0.0633 = nil20 + nil2 + 1/2 nHC 1 

C1 ba lance :  0.0154 = nHC l + 2 nFec12 

[62] 

[ 6 3 ]  

+ 3 nCu3C13 + ncuc1 

[64] 

nT  = nil20 + nil2 + riCO2 + r t c o +  nCu3C13 + nCuCl 

+ nHCI + nFeC12 [65] 

Cu~.O(s) + 2 HCI(g) = 2/3 Cu3Cl3(g) + HzO(g) [60] 

K6 0 2/3 113/ 2 
= •Ctl3C1 a "nil20 �9 ~t T /nHC 1 

2/3 Cu3Cl3(g) + He(g) = 2 Cu(s) + 2 nCl(g) [61] 

K61 Z I 2/3 . r t ~ )  
= n H C I / n  Cu3C13 �9 n i l 2  

FeeO3(s) + 4 HOl(g) + Ha(g) = 2 FeCle(g) + 3 HeO(g) 

[ 6 6 ]  

2 3 4 
K66 = (nFeC12 �9 nH20)/(nHC 1 �9 nil2) 

Fe304(s) + 6 HCI(g) + Ha(g) = 3 FeC12(g) + 4 HeO(g) 

[67] 

K67 = (n~ceClz "n~iz~/(n~IC1 "ni l )  

1/2 FeeSiO4(s) + 2 HCI(g) = FeCle(g) 

+ 1/2 SiO2(s) + HzO(g) 

[68] 

/s = (nFeCl 2 �9 nH20)In~iCl 

CO(g) + H20(g) = C02(g) + Ha(g) [69] 

K69 = (r/CO 2 "nH2)/(rtCO" rtH2 O) 

3 CuCl(g) = CuzC13(g) [70] 
2 3 

KTo = ncuaC13 �9 nT / r~uC1  

The r e s u l t s  for 827~ are  p r e s e n t e d  in F ig .  18 in which 
the p a r t i a l  p r e s s u r e s  a re  plotted aga ins t  oxygen poten-  
t i a l .  The p r e s e n c e  of s table  so l id  phases  depends  on 

Table III. Composition of Pellets for Segregation Reaction 

Copper pellet Nickel pellet 

Constituents Content Pet Constituents Amount, g 

Cu 2 Ni 2 
Fe 20 Fe 20 

NaCI 1 CaC12 6 
C 1 C 3 

gangue balance gangue balance 
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Fig. 18-Resu l t ing  partial pressures in copper segregation system 
plot ted against oxygen potential at 827~ Amounts  participating in 
the reaction are as follows: 

C : 0.3 Pct, NaCI : 0.9 Pct, H 2 0  : 1.14 Pct 

the oxygen potential  and a re  located at  the top of the 
f igure.  The ac t iv i t ies  of these condensed spec ies  a re  
always taken as unity. 

As shown in Fig .  18, the evolved gas cons is t s  mainly 
of Co2 and H20 in accordance  with p rac t i ca l  observa-  
t ions 39 The equi l ibr ium p r e s s u r e  of Cu3C13 is consid-  
e rab le  in the region where copper  oxide is  s table 
suggesting that the chlorinat ion react ion of Eq. [60] 
p roceeds  sa t i s f ac to r i ly .  Also ,  the CusC1s p r e s s u r e  de-  
c r e a s e s  sharp ly  with dec reas ing  oxygen potential  be-  
cause Eq. [61] occurs  to produce meta l l ic  copper .  In 
the r e v e r s e  direct ion,  HC1 produced at low oxygen 
potent ial  v ia  Eq. [61] will be t r anspor ted  to the higher 
oxygen potential  region and consumed in the reac t ion  
r e p r e s e n t e d  by Eq. [60J. Thus, the sharp  gradients  in 
the pa r t i a l  p r e s s u r e s  of Cu3C13 and HC1 are  ideal  for 
the segregat ion  reac t ions .  Cu3C13 is drawn to and 
reduced on the carbon sur face  and the produced HCI 
is t r anspor ted  back to the region where Cu20 exis t s  
and is r ecyc led  within the pel le t  for chlorinat ion.  The 
contr ibution of FeClz is r e l a t ive ly  sma l l  or negligible 
espec ia l ly  in the higher oxygen potent ial  region when 
compared  with HC1. 

Detai led calculat ions 4~ suggest  that f rom a the rmo-  
dynamic standpoint,  dec reas ing  the t empera tu re ,  
dec reas ing  the amount of H20 and increas ing  the 
amount of NaCI wil l  enhance the copper  segregat ion  
r eac t ions .  Because excess  H20 s imply  consumes NaC1, 
the quantity of water  should be maintained at minute 
leve ls .  

S imi la r  calculat ions a r e  poss ib le  for  nickel  segrega-  

tion equi l ibr ia  and the resu l t s  a re  i l lus t ra ted  in F ig .  19. 
The par t ic ipat ing amounts of C, CaC12, and HzO are  1, 
2, and 0.37 g respec t ive ly  for a 100 g pel let .  Because 
of the re la t ive  ins tabi l i ty  of NiC12 in compar ison  with 
Cu3C13, the amount of par t ic ipat ing HzO is cons idered  
to be ex t remely  smal l .  Taking into account the activi ty 
re la t ionship  for  the N i - F e  solid solution, the composi-  
t ions of f e r r o - n i c k e l  a l loys are  included on the upper 
sca le  of F ig .  19. 

A sharp d e c r e a s e  in vapor p r e s s u r e  is observed for 
NiC12, s i m i l a r  to CusCla, which indicates  that the t r ans -  
portat ion of NiCI2 gas to the carbon surface is  poss i -  
b le .  However, unlike the previous  case,  cons iderably  
high vapor p r e s s u r e s  of HC1 and FeCI2 a re  observed 
in Fig .  19 and that of HC1 does not dec rease  at the 
higher oxygen potential  region.  Therefore ,  the chloride 
vapors  will tend to escape f rom the pel let  into the bulk 
furnace gas and recyc le  of HCI within the pel le t  cannot 
be expected.  This emiss ion  of chlor ides  was repor ted  
by Rey 41 in the ease  of nickel  segregat ion .  Accordingly,  
a higher consumption of ehloridizing agent is  inevitable 
in nickel segrega t ion .  

S imi la r  calculat ions 4~ revea l  that the NiClz pa r t i a l  
p r e s s u r e  i n c r e a s e s  with increas ing  t empera tu re ,  
increas ing CaC12 amount, and decreas ing  amount of 
par t ic ipat ing carbon.  The effect of H20 is se r ious  and 
increas ing  its quantity resu l t s  in a sharp dec rease  in 
the NiC12 pa r t i a l  p r e s s u r e .  Thus, complete dehydra-  
tion is pa r t i c u l a r l y  important  for nickel  segregat ion.  
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Fig. 19-Resul t ing  partial pressures in nickel segregation system 
plotted against oxygen potential at 927~ Amoun t s  participating in 
the reaction are as follows: 

C : 1 Pct, CaC12 : 2 Pct, H 2 0  : 0.37 Pct 
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T h e  g r a d i e n t s  i n  t h e  c h l o r i d e  v a p o r  p r e s s u r e s  w i t h  
d e c r e a s i n g  o x y g e n  p o t e n t i a l  a r e  s i m i l a r  b u t  s o m e w h a t  
s h a r p e r  f o r  Cu3CI~ t h a n  N i C l z .  C o n s i d e r i n g  t h a t  c o p p e r  
c h l o r i d e  i s  a t r i m e r  a n d  b e g i n s  t o  b e  r e d u c e d  a t  a 
h i g h e r  o x y g e n  p o t e n t i a l  t h a n  n i c k e l  c h l o r i d e ,  t h e  s e p a -  
r a t i o n  o f  c o p p e r  i s  m u c h  e a s i e r  t h a n  t h a t  o f  n i c k e l .  

S u m m a r i z i n g  t h e s e  o b s e r v a t i o n s ,  t h e  f u n d a m e n t a l  
r e a c t i o n  c a l c u l a t i o n s  a r e  p r o m i s i n g  f o r  t h e  c o p p e r  
s e g r e g a t i o n  p r o c e s s .  H o w e v e r ,  v a r i o u s  s e r i o u s  
r e s t r i c t i o n s  a r e  p r e s e n t  i n  n i c k e l  s e g r e g a t i o n .  T h e r e -  
f o r e ,  e f f o r t s  s h o u l d  b e  d i r e c t e d  t o w a r d s  s u c c e s s f u l l y  
d e v e l o p i n g  t h e  c o p p e r  s e g r e g a t i o n  p r o c e s s  p r i o r  t o  
t a c k l i n g  t h e  c a s e  f o r  n i c k e l .  

C O N C L U D I N G  R E M A R K S  

M a t e r i a l  r e s o u r c e s ,  e n v i r o n m e n t a l  r e s t r i c t i o n s ,  
l a b o r  p o l i c y ,  a n d  t h e  e n e r g y  c r i s i s  h a v e  p l a c e d  n o n -  
f e r r o u s  e x t r a c t i v e  m e t a l l u r g y  in  a r e v o l u t i o n a r y  
p e r i o d  c a l l i n g  f o r  t h e  d e v e l o p m e n t  o f  n o n p o l l u t i n g ,  h i g h  
e f f i c i e n c y ,  n e w  p r o c e s s e s .  In  t h i s  b r o a d  a n d  c o m p l e x  
f i e l d ,  t h e r e  e x i s t s  a n  u n l i m i t e d  n u m b e r  of  p o s s i b l e  
s t u d i e s  l e a d i n g  to  n o v e l  p r o c e s s e s .  A l t h o u g h  w e  m a y  
u s e  v a r i o u s  t o o l s  t o  f o s t e r  n e w  i n r o a d s ,  a t h e r m o -  
d y n a m i c  a p p r o a c h  i s  u n d o u b t e d l y  t h e  m o s t  f u n d a m e n t a l .  
A f t e r  d e t e r m i n i n g  p o s s i b l e  r o u t e s  u s i n g  c h e m i c a l  
p o t e n t i a l  d i a g r a m s ,  t h e  o p t i m u m  c o n d i t i o n s  c a n  b e  
q u a n t i t a t i v e l y  e v a l u a t e d  b y  s t o i c h i o m e t r i c  c a l c u l a t i o n s  
c o m b i n e d  w i t h  t h e r m o d y n a m i c  d a t a .  T h e  e x a m p l e s  
c i t e d  in t h i s  p a p e r  a r e  n o t  r e a d i l y  a m e n a b l e  t o  p r a c t i c e  
b u t  s i m i l a r  t e c h n i q u e s  w i l l  c e r t a i n l y  a i d  t h e  y o u n g  
r e s e a r c h e r s  a n d  e n g i n e e r s  w h o  w i l l  b e  d e v e l o p i n g  t h e  
m e t a l l u r g y  of  t h e  f u t u r e .  
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