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T h e  d i sso lu t ion  of spha le r i t e  (ZnS) in su l fur ic  acid solut ion under  oxygen p r e s s u r e  was 
inves t iga ted .  Effects  of t e m p e r a t u r e ,  pe rcen t  sol ids ,  agi tat ion,  sample  s ize ,  oxygen p a r -  
t i a l  p r e s s u r e  and fore ign ions were  evaluated .  The effect of hydrogen p r e t r e a t m e n t  on 
spha le r i t e  leaching ra te  was a lso  examined .  Leach ing  of spha l e r i t e  at 90~ and 150 psi  
oxygen p r e s s u r e  was found to occur  at a cons tan t  ra te .  This  r a t e  was d e t e r m i n e d  f rom 
the expe r imen ta l  data observed  under  the d i f fe rent  leaching condit ions ment ioned  above.  
The constant  leaching  ra te  was a t t r ibu ted  to the chemica l  r eac t ion  o c c u r r i n g  on the s u r -  
face of the f l a t -p la te  type spha le r i t e  sample .  The r a t e - c o n t r o l l i n g  step of the r eac t ion  
was de t e rmined  to be the oxidat ion of hydrogen sulf ide to e l e me n t a l  su l fur .  Oxidat ion of 
hydrogen sulf ide was s tudied through the addi t ion of i ron  and through the obse rva t ion  of 
the change in i r o n  concen t ra t ion  dur ing  leaching.  The oxidation was concluded to be by 
r eac t i on  with f e r r i c  ion r a t h e r  than by d i r ec t  oxygen oxidation.  Leach ing  t e s t s  run  with 
s amples  p r e t r e a t e d  with hydrogen do not show any i n c r e a s e  in the ra te  of z inc e x t r a c -  
t ion.  

DIRECT leaching  of spha le r i t e  (ZnS) at e levated  
t e m p e r a t u r e s  and p r e s s u r e s  has been  the object  of 
s e v e r a l  inves t iga t ions .  1-8 The ove ra l l  r eac t ion  of the 
p roce s s  is  

ZnS + H2SO4 + 1 /202  = ZnSOa + H20 + S. [1] 

It was r epo r t ed  as ea r ly  as  1956 by B jo r l i ng  1 that the 
r eac t ion  proceeded  so slowly that i t  was i m p r a c t i c a l  
to ex t rac t  z inc  f rom zinc  sulf ide un l e s s  n i t r i c  acid 
was a lso  p r e s e n t  as a p r o m o t e r .  The n i t r i c  acid,  
B jo r l i ng  stated,  p r e s e n t s  obvious d i f f icul t ies  in  the 
subsequent  e l e c t r o l y s i s .  He concluded that because  of 
these  di f f icul t ies  and the added p r o b l e m s  of r e c o v e r -  
ing su l fu r  f rom the leach res idue ,  " ac id  decompos i -  
t ion of z incblende  is  u n f a v o r a b l e . "  

However Bjor l ing ,  F o r w a r d  and Vel tman  z in 1959 
succes s fu l ly  leached ZnS at 110 to 115~ at oxygen 
pa r t i a l  p r e s s u r e s  f rom 10 to 60 ps i .  Subsequent ly ,  r e -  
s e a r c h  work done by Mackiw and Vel tman,  3 and Vel t -  
man  and O 'Kane  4 enabled the grea t  i m p r o v e m e n t  of 
the p r o c e s s  and the reduc t ion  of leach r e t en t ion  t i me .  
The r eac t ion  m e c h a n i s m  was proposed  to be 

ZnS + H2SO4 = ZnSO4 + H2S [2] 

H2S + Fe2(SO4)s = 2 FeSO4 + H2SO4 + S [3] 

2 FeSO4 + H2SO4 + 1 /202  = Fe2(SO4)3 + H20. [4] 

Li t t le  explanat ion  was made r ega rd ing  the proposed  
m e c h a n i s m  and no expe r imen ta l  ve r i f i ca t ion  was r e -  
por ted.  

The cont r ibu t ion  f rom Exner ,  Ger lach ,  and Pawlek s 
f rom the Ins t i tu te  for Me ta l lu rgy  of the Techn i ca l  
Un ive r s i ty ,  Ber l in ,  and l a te r  publ ished by Pawlek 6 
proposes  an en t i r e ly  d i f fe rent  m e c h a n i s m  for  the d i s -  
solut ion of ZnS. Z incb lende  (ZnS) was chosen in the i r  
inves t iga t ion  of the k ine t i cs  of the r eac t ion .  An e l ec -  
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t r o c h e m i c a l  model  was proposed  in  which leaching of 
z inc is  analogous to the c o r r o s i o n  of m e t a l s .  Anodic 
and cathodic p a r t i a l  r e a c t i ons  occur  at the sol id  s u r -  
faces ,  s epa ra t ed  local ly  f rom each other .  The anodic 
r eac t ion  is  given as :  

ZnS = Zn +2 + S O + 2e - .  [5] 

On the other  hand, the cathodic reduc t ion  of chemi-  
so rbed  oxygen takes  p lace  with the uptake of the e lec -  
t rons  produced by the anodic  r eac t ion :  

2 e - +  2H § 1 /202  =H20 .  [6] 

F o r  the loca l ly  s epa ra t ed  e l e c t r o n  exchange to take 
place,  the sol id  to be d i s so lved  mus t  exhibi t  a ce r t a in  
conductance.  The speci f ic  e l e c t r i c a l  r e s i s t a n c e  of 
spha le r i t e  was found to be 6 • 109 o h m - c m  at 90~ a 
value which is  about t en  o r d e r s  of magni tude  higher  
than that  of mos t  other  me t a l  su l f ides .  Also,  oxygen 
molecu les  f rom the so lu t ion  mus t  be adsorbed  before 
a r eac t ion  on the su r face  of the sol id can take p lace .  
A theory of boundary  c he mi so r p t i on  was developed 
to explain these  even ts .  Accord ing  to the theory ,  the 
n u m b e r  of charge c a r r i e r s  in  the spha le r i t e  s e m i -  
conductor  can be i n c r e a s e d  by the p r e s e n c e  of fore ign  
a toms,  by the addi t ion of ex t r a  chemica l  subs t ances  
to the solut ion to fo rm a redox  sys t em,  or  by r a i s i n g  
e l ec t rons  f rom the va lence  band to the conduct ivi ty  
band by me a ns  of i r r a d i a t i o n .  

Th i s  s emiconduc to r  model  was tes ted  by in t roduc ing  
u l t r av io le t  r ad ia t ion  into the sy s t e m.  However,  the ex-  
t r a c t i on  could not be enhanced.  Zinc  sulf ide was then 
doped with Cu and A1, and the ex t r ac t ion  curve  s t i l l  
lay below that  of nondoped s a mp l e .  However,  the ex-  
t r a c t i on  curve  of the doped z inc  sulf ide with UV r a d i a -  
t ion exhibi ted a l i nea r  r i s e  and reached  a va lue  3.5 
t i me s  h igher  than the va lue  without r ad ia t ion .  

The def ic iency  in the s emiconduc to r  model  p rompted  
the a s s u m p t i o n  of another  fac tor  h inde r ing  ZnS d i s -  
so lut ion.  This  was found to be the H2S which is  fo rmed  
dur ing  the leaching.  Expe r i me n t a l l y ,  Pawlek proved  
that  the cont inual  r e m o v a l  of H2S can i n c r e a s e  the 
leaching ra te  approx ima te ly  4-fold,  while adding H2S 
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at  a p r e s s u r e  of 2 a tm can c o m p l e t e l y  s u p p r e s s  the  
r e a c t i o n .  

Scot t  and Dyson  7 i n v e s t i g a t e d  the  ef fec t  of v a r i o u s  
c a t a l y s t s  on the  p r e s s u r e  l each ing  of z inc  su l f ide .  The  
p r e s e n c e  of s e v e r a l  m e t a l s  in ac id  so lu t ion  c a t a l y z e d  
the  to ta l  amount  of z inc  l eached .  I n c r e a s i n g  c a t a l y t i c  
a c t i v i t y  i s  in the  o r d e r  of Cu > Bi  > Ru > Mo > F e .  
I n t e r e s t i n g l y  enough, a t  a l each ing  condi t ion of 113~ 
250 ps i  oxygen p a r t i a l  p r e s s u r e  and 0.1 N H2SO4, add i -  
t ion  of 0.6 m g  Cu p e r  gm of ZnS enab led  92 p c t  of the 
Zn to be e x t r a c t e d  a f t e r  1 h. Addi t ion  of 14 m g  F e  p e r  
gin of ZnS y i e l d e d  51 pe t  Zn e x t r a c t i o n  in an hour  com-  
p a r e d  with 6 pc t  e x t r a c t i o n  when no c a t a l y s t  was  
added .  However ,  i n c r e a s i n g  the c a t a l y s t  concen t r a t i on  
shows l i t t l e  o r  no effect  fo r  Cu but g r e a t  enhancemen t  
fo r  the  e f f e c t i v e n e s s  of F e .  

A ga lvan ic  m e c h a n i s m  r e p r e s e n t e d  by Eq.  [5] for  the 
anodic  and Eq.  [6] fo r  the ca thodic  r e a c t i o n  was  a l so  
p r o p o s e d .  T h e r e f o r e ,  the m a i n  r e q u i r e m e n t s  fo r  a 
m e t a l  to exhib i t  c a t a l y t i c  a c t i v i t y  a p p e a r s  to be :  

a) tha t  the  z inc  su l f ide  c r y s t a l  should  be a c t i v a t e d  
by i n c o r p o r a t i o n  of c a t a l y s t  ions  in p l a c e  of z inc  in 
the  s u r f a c e  l a y e r s  of the  l a t t i ce ;  

b) that  the  c a t a l y s t  should  be  capab le  of f o r m i n g  a 
r e d o x  couple  which  p a r t i c i p a t e s  in one o r  m o r e  of the 
c h e m i c a l  r e a c t i o n s  be tween  ZnS and oxygen.  

Though many  o t h e r  ions ,  in add i t ion  to those  l i s t e d  
c a t a l y s t s ,  have the  c o r r e c t  ionic  r a d i i  to exchange  
with z inc  in the  ZnS l a t t i c e  (e.g. Ag, Hg, Pb,  Sn), they  
do not  in f luence  the  k ine t i c s  of d i s s o l u t i o n  at  a l l .  
F u r t h e r m o r e ,  f r om the half  c e l l  po t en t i a l s  of e l e c t r o -  
c h e m i c a l  r e a c t i o n s  (E /z )  , n o  r e a s o n  can be  given why 
s o m e  of the m e t a l s  which f o r m  a r e d o x  couple  with 
e i t h e r  ZnS o r  oxygen exhib i t  a c a t a l y t i c  effect  and 
s o m e  do not.  

The  s e m i c o n d u c t o r  m o d e l  and the  ga lvan ic  m o d e l  
a r e  c i t ed  to i nd i ca t e  a s i m i l a r i t y  be tween  m i n e r a l  
l each ing  and m e t a l  c o r r o s i o n .  Unfor tuna te ly ,  no c o r -  
r e l a t i o n  be tween  t h e o r y  and e x p e r i m e n t a l  da t a  have 
ye t  been r e a c h e d .  M e a s u r e m e n t  of c o r r o s i o n  po t en t i a l  
of a p a r t i c l e  under  condi t ions  of c o r r o s i v e  e n v i r o n -  
men t  and p r e s s u r e  i s  a l m o s t  i m p o s s i b l e .  A l each ing  
m e c h a n i s m  p r o p o s e d  by V e l t m a n  and O 'Kane  (Eqs .  
[2] to [4]) a p p e a r s  r e a s o n a b l e .  The  m o d e l  they used  
exp la ins  the  i m p o r t a n c e  of HzS r e m o v a l  which was  
e x p e r i m e n t a U y  d e m o n s t r a t e d  by  P a w l e k  and the  c a t a -  
l y t i c a l  e f fec t  of i r o n  i m p u r i t y .  N e v e r t h e l e s s ,  the  V e l t -  
man  and O ' K a n e  m e c h a n i s m  was  p r o p o s e d  by looking  
at  the z inc  e x t r a c t i o n  cu rve  at  d i f f e r en t  t e m p e r a t u r e s  
and d i f f e r en t  oxygen p a r t i a l  p r e s s u r e  only.  

It i s  t h e r e f o r e  the p u r p o s e  of th i s  s tudy to t r y  to 
iden t i fy  a s ing le  s t ep  which i s  r a t e - d e t e r m i n i n g  dur ing  
s p h a l e r i t e  l each ing .  The  m e c h a n i s m  of th is  r a t e - d e -  
t e r m i n i n g  s t ep  wi l l  a l s o  be e x a m i n e d  by the t h e o r y  of 
l each ing  and v e r i f i e d  by l a b o r a t o r y  da ta .  

E X P E R I M E N T A L  APPARATUS AND 
PROCEDURE 

E x p e r i m e n t s  w e r e  c a r r i e d  out in a 1 l i t e r  t i t an ium 
m a g n e t i c  d r i v e  au toc l ave .  The  equ ipment  was m a i n -  
t a i ned  a t  a cons tan t  t e m p e r a t u r e ,  cons tan t  oxygen p a r -  
t i a l  p r e s s u r e ,  and a l so  p e r m i t t e d  the  w i thd rawa l  of 
so lu t ion  s a m p l e  at  def ined  i n t e r v a l s .  

The  s a m p l e  t r e a t e d  was a s p h a l e r i t e  f lo ta t ion  con-  
c e n t r a t e  ob ta ined  th rough  the c o m p l i m e n t s  of Cominco ,  
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Ltd . ,  P ine  Poin t ,  N.W. T e r r i t o r i e s ,  Canada .  The con- 
c e n t r a t e  i s  c o m p o s e d  chief ly  of s p h a l e r i t e  with m i n o r  
amoun t s  of p y r i t e ,  p y r r h o t i t e ,  ga lena ,  and o the r  
s p e c i e s .  A typ ica l  c h e m i c a l  a n a l y s i s  of the concen t r a t e  
was  ob ta ined  f rom t h r e e  d i f f e r en t  l a b o r a t o r i e s ,  Co- 
m i n c o  Ltd . ,  C l imax  Molybdenum Co. ,  Golden,  Colorado  
and the C h e m i c a l  E n g i n e e r i n g  and M e t a l l u r g y  L a b o r a -  
t o r y ,  U n i v e r s i t y  of D e n v e r .  The  r e s u l t  is  shown in 
T a b l e  I .  An a v e r a g e  va lue  i s  a l so  shown. 

Z inc  compos i t i on  in each  s i ze  s a m p l e  shows l i t t le  
v a r i a t i o n  and i s  i nd i ca t ed  in T a b l e  I I .  

A - 2 0 0  +325 m e s h  s a m p l e  was  u sed  fo r  the  p r e -  
l i m i n a r y  e x p e r i m e n t s  whe re  Zn e x t r a c t i o n  was  s tud ied  
a s  a funct ion of t e m p e r a t u r e .  Subsequent ly ,  a l l  the ex -  
p e r i m e n t s  u s e d -  150 +200 m e s h  s i z e  u n l e s s  the inf lu-  
ence  of s a m p l e  s i ze  on Zn e x t r a c t i o n  was  the  ob jec t ive  
of the  spec i f i c  s e t  of t e s t s .  

A t yp i c a l  e x p e r i m e n t  to s tudy the  p r e s s u r e  leach ing  
of s p h a l e r i t e  was under  the  condi t ions  of 90~ 150 ps i  
oxygen p r e s s u r e ,  twice  the s t o i c h i o m e t r i c  amount  of 
H2SO4 b a s e d  on Eq.  [1], 3 pc t  s o l i d s ,  992 RPM and 6 h 
d u r a t i o n .  Tab le  III  i nd i ca t e s  the  r e l a t e d  quant i t i es  
added .  

A s t a n d a r d  l each  p r o c e d u r e  was  fo l lowed.  The auto-  
c l ave  was  p r e h e a t e d  to  the d e s i r e d  t e m p e r a t u r e .  The 
c o n c e n t r a t e  was  then  pulped in a g l a s s  l ining with the 
d e s i r e d  quant i ty  of w a t e r  and s u l f u r i c  ac id .  Th is  g l a s s  
l in ing  was  then put into the a u toc l a ve .  The r e a c t i o n  
c h a m b e r  was  p u r g e d  t h r e e  t i m e s  with  oxygen at  a 
p r e s s u r e  of 100 ps i  to  a s s u r e  n i t r o g e n  r e m o v a l .  Af t e r  
purg ing ,  the  au toc lave  was a l lowed  to r e a c h  the s t eady  
s t a t e  r e a c t i o n  t e m p e r a t u r e .  Oxygen  of the  d e s i r e d  
p a r t i a l  p r e s s u r e  was  i n t roduced  into the  c ha mbe r  a c -  

Table I. Chemical Analysis of Zinc Sulfide Concentrate 

Analysis, Pct 

Climax Chemical 
Molybdenum Engineering 

Constituent Cominco Company Laboratory Average 

Zn 56 58.4 57.65 57.42 
Pb 1.5 0.53 1.19 1.07 
Fe 5 4.26 4.65 4.64 
S - 32.32 30.43 31.38 
Cu - 0.05 0.089 0.07 
Ca - 0.75 - - 

Table II. Variation of Zn Composition in Different Screen Size Sample 

Size, Mesh Zn, Pct 

-50+115  58.22 
-115  +150 54.40 
-150  +200 54.04 
- 2 0 0  +325 57.62 
-325 57.8O 

Table Ill. Amount of Reagents Added 

Percent Solids ZnS H2SO 4 H20 Total Volume 

3 7.9 grn 8.7 ml 239.4 ml 250 ml 
15 50.04 gm 54.9 ml 182.9 ml 250 ml 
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cordingly.  Mixing was then s ta r t ed  and the leaching 
react ion proceeded.  

Pe r iod ic  samples  of approximate ly  2 ml  were  taken 
through the sampl ing tube.  The sample  was centrifuged 
for the sol id- l iquid  separa t ion .  Liquid solution was 
drawn for  pH measuremen t  and analys is  of meta l  ions.  

Analyses  for  zinc, i ron,  copper and lead were  made 
with a P e r k i n - E l m e r  Model 303 Atomic Absorpt ion  
Spectrophotometer .  The amount of e lementa l  sulfur  
in the final res idue  was de te rmined  by d is t i l l ing  a 
definite amount of the res idue  solid under condition of 
total  ref lux for  24 h with an excess  of CS2. The solu- 
tion was then evaporated to c rys t a l l i ze  e lementa l  
sulfur.  

EXPERIMENTAL RESULTS AND DISCUSSION 

P r e s s u r e  leaching t e s t s  were  pe r fo rmed  on the 
spha ler i te  flotation concentrate  by vary ing  s eve r a l  
common va r i ab le s  to de te rmine  the kinet ics  of i ts  
dissolut ion.  The p a r a m e t e r s  under invest igat ion were:  
1) Tempera tu re :  from 90~ to 140~ 2) Pe r cen t  sol ids  
in the pulp solution: 3 pct and 15 pct .  3) S t i r r ing  speed: 
0, 682, 992, and 1163 RPM. 4) Sample s i z e : -  50 +115 
m e s h , -  115 +150 m e s h , -  150 +200 mesh,  a n d -  200 
+325 mesh.  5) Oxygen pa r t i a l  p r e s s u r e :  20, 50, 100, 
150, and 200 ps i .  6) Addition of Fe as Fe2(SO4)3: 0, 5, 
10, 20, 40 mole pct of total  zinc content in the pulp 
solution. 

The reac t ion  t empe ra tu r e  had a pronounced influ- 
ence on the leaching of spha le r i t e  up to 120~ A ra te  
dec rea se  occur red  at 130~ where the f inal  r es idue  
appeared as s eve ra l  lumps ins tead of the powder that 
was obtained when the autoclave was kept below 130~ 
This condition may be caused by the mel t ing of e le -  
mental  sulfur formed during the leaching reac t ion .  
The melt ing point of S and monoclinic $8 a r e  120 and 
119~ respec t ive ly .  F ig .  1 shows the re la t ionship  be-  
tween zinc extract ion and t empe ra tu r e .  

Since the ext rac t ion  curves  a re  s t ra igh t  l ines,  thei r  
ext rac t ion  reac t ion  exhibits ze ro  o rde r  k ine t ics .  The 
ra te  constants can the re fo re  be obtained d i rec t ly  f rom 
the slope of the l ines .  A plot  of the logar i thm of the 
react ion r a t e  vs 1/T (Arrhenius  plot) y ie lds  a mean 
value of 6.14 K c a ~ g - m o l e  (Fig.  2) for the apparent  
act ivat ion energy below 120~ Values f rom the l i t e r a -  
ture  va ry  f rom 4.84 Kcab/g-mole  1~ to 17.38 Kcab/g - 
mole.  n This var ia t ion  may be reasonable  because  
spha le r i t e  containing different  impur i t i e s  could cause 
a marked  difference in leaching ra te  as wil l  be ex- 
plained l a te r .  

F rom the avai lable  data shown in Fig .  2, it is  not 
conclusive whether the line above 120~ should be 
drawn by connecting 120 and 140~ points or  by con- 
necting 130 and 140~ points .  But the apparent  d i s -  
continuity between 120 and 130~ is  r easonab le  because  
during the t e s t s  run above the melt ing point of sulfur,  
the molten sulfur formed globules which wetted and 
occluded the unoxidized sulf ide.  This sulfur  format ion 
may cause the diffusion of reac tan t s  or  products  in 
or out of the sulfide surface  to become so low that a 
low act ivat ion energy resu l t ed .  Below the mel t ing 
point of sulfur,  the e lementa l  sulfur formed was finely 
divided and had much l e s s  effect on the diffusion of 
reac tan t s  and products .  

In o rde r  to desc r ibe  mine ra l  leaching p r o c e s s ,  the 
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s u r e .  S a m p l e  s i z e  - 2 0 0  +325 m e s h .  
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Fig .  2 - - A r r h e n i u s  P lo t  s h o w i n g  t he  e f f ec t  of t e m p e r a t u r e  on 
t he  r a t e  of d i s s o l u t i o n  of s p h a l e r i t e  at  tw ice  s t o i c h i o m e t r i c  
H~SO 4 and 150 p s i  oxygen  p a r t i a l  p r e s s u r e .  

r a t e - d e t e r m i n i n g  step of the reac t ion  can f i r s t  be 
c lass i f i ed  as  one or  a combination of the following: 
a) Diffusion of a reac tan t  R from the bulk of the solu-  
t ion through a liquid f i lm to the m i ne r a l  sur face ,  b) 
Reaction of the reac tan t s  at the mine ra l  sur face  to form 
a soluble product  or  products ,  c) Diffusion of one of 
the products ,  P,  away from the sur face .  

When a porous  solid product  i s  forming during 
leaching, two addit ional  pos s ib i l i t i e s  a re :  d )Dif fus ion  
of the reac tan t  R in through the porous product  l aye r .  
e) Diffusion of product  P out through the porous  p ro -  
duct l aye r .  

For  a leaching react ion ,  d i spe r s ion  of gas is  a lways  
an impor tant  fac tor .  The re fo re  another  poss ib i l i ty  
which might de te rmine  the spha le r i t e  leaching r a t e  is :  
f) Oxygen d i spe r s ion  f rom gas to liquid phase .  

The value of act ivat ion energy can in most  cases  
enable one to dis t inguish between liquid diffusion 
(s teps a), c), d), and e)) and reac t ion  control led  phe-  
nomena (step b)). The value of 6.14 K c a l / g - m o l e  ob- 
se rved  in spha le r i t e  leaching i s  higher than mos t  dif-  
fusion control led  p r o c e s s e s .  This  value is  cons ide r -  
ably lower than for a reac t ion  control led p r o c e s s .  T h e r e -  
fore  no definite conclusion can be made r ega rd ing  the 

VOLUME 7B, SEPTEMBER 1 9 7 6 -3 5 5  



r a t e - d e t e r m i n i n g  step, whether  it be diffusion or  r e -  
act ion control .  T e s t s  were  r u n  with 3 pct sol ids  and 
15 pct so l ids .  No s ign i f ican t  d i f fe rence  in the p e r -  
centage z inc  ex t rac t ion  was r evea l ed .  This  s t rong ly  
indicated  that  the concen t ra t ion  of products  (or i n t e r -  
media te  products)  in the l ix iv ian t  had l i t t le  effect on 
the z inc  d i s so lu t ion  r a t e .  

In addit ion,  the l i nea r i t y  of the ra te  curves  shown in  
Fig .  1 sugges ts  that  the concen t ra t ion  of spha le r i t e  
su r face  s i t e s  which cont r ibu te  to the r e a c t i o n  r e m a i n s  
cons tant  du r ing  leaching.  Also,  the m i n e r a l  su r face  is  
not  obs t ruc ted  by products  of the r eac t i on .  An ana lys i s  
of the data  based upon an approach  suggested  by Wads-  
worth  13 ind ica tes  that for  a r eac t i on  model  which a s -  
sumes  that the r eac t ion  su r f ace  moves  inward  to the 
cen te r  of the pa r t i c l e  at  a cons tant  veloci ty ,  the p e r -  
cent  ex t rac ted  v s  t ime  curve  wil l  r e s u l t  in a s t ra igh t  
l ine only when the m i n e r a l  p a r t i c l e s  being leached 
a r e  in  a d isk  or  a f l a t -p la te  shape.  

The r a t e - d e t e r m i n i n g  step of the spha le r i t e  leach-  
ing under  p r e s e n t  condit ions the re fo re  could be:  1) 
diffusion of r e ac t an t s  through a l iquid f i lm to the 
spha le r i t e  su r f ace  if the spha le r i t e  pa r t i c l e  is  in 
disk or  f l a t -p la te  shape,  or  2) su r face  r e a c t i o n  if the 
spha le r i t e  p a r t i c l e  is  a disk or f l a t -p la te  shape,  or  
3) d i s p e r s i o n  of oxygen f rom gas to l iquid phase .  

Each step wi l l  be checked e x p e r i m e n t a l l y  and ex- 
p la ined in  the following d i s c u s s i o n s .  

The r a t e  of d i s p e r s i o n  of oxygen f rom the gas to 
the l iquid phase  is  cons tant  for  a given mix ing  sys t em 
at a given t e m p e r a t u r e .  This  could be the r a t e - d e t e r -  
m in ing  step when the su r f ace  r eac t ion  involv ing  d i s -  
solved oxygen is  ex t r eme ly  fas t .  12 If this  i s  the case,  
a plot of pe r cen t  ex t rac t ion  v s  t ime  wil l  be a s t ra igh t  
l ine .  The slope of the l ine is  dependent  upon oxygen 
d i s p e r s i o n  r a t e .  

The d i sso lved  oxygen content  m e a s u r e d  du r ing  the 
spha le r i t e  leaching  r e g i s t e r e d  a concen t ra t ion  of at 
l eas t  8 ppm, ind ica t ing  suf f ic ien t  oxygen is  in  the d i s -  
solved s ta te .  D i s p e r s i o n  of oxygen is concluded not 
to be a con t ro l l ing  factor  in the spha le r i t e  reac t ion ,  
not at l eas t  unde r  the condi t ions  s tudied.  

8 0  i i i i i i 

--50 +115 mesh 

r~J - 115 + 150 mesh J ~ 

6 0  Q -150+200mesh  _ J " ~  
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w 
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0 
0 2 4 6 

T i m e  ~ h o u r  

Fig. 3--Influence of sample size on Zn extraction at 90~ 
twice stoichiometric H2SO 1 and 150 psi oxygen partial pres- 
sure. 

Fig. 4--Scanning electron micrograph of the sphalerite sam- 
pie taken at 45 deg angle (angle between sample and micro- 
scope). Sample size -150 +200 mesh. 

Inf luence  of Sample  Size 

The exclus ion of an oxygen-d i spe r s ion  r a t e - d e t e r m i n -  
ing s tep can fu r the r  be es tab l i shed  by examin ing  the 
inf luence  of sample  s ize  on z inc  ex t rac t ion .  The 
tota l  su r face  a r e a  wil l  g rea t ly  affect the r eac t i on  ra te  
when diffusion to the sol id su r face  or r eac t ion  on the 
sol id su r face  is  r a t e - d e t e r m i n i n g ;  however,  the leach-  
ing r a t e  wil l  not  be affected by the su r face  a r e a  of the 
m i n e r a l  p a r t i c l e s  if oxygen d i s p e r s i o n  is  r a t e - d e t e r -  
min ing .  Surface a r e a  effects shown in Fig .  3 conf i rm 
th is  conclus ion .  

With the exc lus ion  of oxygen d i s p e r s i o n  as a poss i -  
b le  r a t e - d e t e r m i n i n g  step,  the other  two poss ib i l i t i e s  
may  exis t  only when the spha le r i t e  pa r t i c l e  has a disk 
or f l a t -p la te  type shape.  

To explore  this  fu r the r ,  s cann ing  e l ec t ron  m i c r o -  
graphs  of the sample ,  before  and af ter  leach,  were  
taken.  Typica l  m i c r o g r a p h s  a r e  shown in F igs .  4 and 
5. The m i c r o g r a p h  ind ica tes  that  the spha le r i t e  does 
appear  in a f l a t - type  shape.  The change of the m i n e r a l  
su r f ace  a r e a  is  t he re fo re  m i n i m a l  du r ing  leaching.  

Fig. 5--Scanning electron micrograph of sphalerite leach 
residue. Sample initial size -150 +200 mesh. Leach condi- 
tions 90~ twice stoichiometrib H2SO 4, 100 psi O z and 6 h. 
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Influence of Agitat ion 

Agitat ion is often impor tant  in l iqu id-so l id  react ion .  
If 5 r e p r e s e n t s  the thickness of the liquid layer  su r -  
rounding the sol id  pa r t i c l e ,  as agitat ion is  i nc reased  
8 approaches ,  8m, where 5m is the th ickness  of a 
l imit ing boundary l aye r  of stagnant solution adjacent  
to the sol id  sur face .  Diffusion a c r o s s  this  f i lm no 
longer is  influenced by agitation.  It should be empha-  
s ized that diffusion through this  liquid f i lm may s t i l l  
be r a t e  controll ing.  Zinc extract ion was studied as a 
function of s t i r r i n g  ra te  as shown in Fig .  6. The r e -  
sul ts  indicate that agitat ion of 992 RPM in this  study 
had reduced the boundary layer  of stagnant solution 
adjacent  to the solid p a r t i c l e s  to a minimum and con- 
stant th ickness .  Under this condition, reac t ion  ra te  
should be d i r ec t ly  propor t ional  to the concentrat ion of 
the diffusion spec ies .  If, however,  the concentrat ion of 
the diffusion spec ies  r ema ins  constant throughout the 
leaching react ion ,  the leaching r a t e  should r ema in  con- 
stant.  This  conclusion can be der ived  f rom F i c k ' s  
f i r s t  law of diffusion wri t ten in overa l l  r eac t ion  ra te  
form 

R = D A  ( C ) b  - ( C ) i  . 
5 ~ 

Here R is the overa l l  reac t ion  ra te ,  D is  the diffusivity 
of the diffusion spec ies  and A is the to ta l  sur face  a r e a  
of the m i n e r a l  p a r t i c l e s .  For  a reac t ion  proceeding at 
constant ra te ,  (C) i ,  which is  the concentra t ion of the 
diffusing spec ies  at the so l id- l iquid  in ter face ,  can be 
considered as constant.  When the th ickness  of the dif-  
fusion l aye r  5 approaches  5m, the reac t ion  r a t e  is  p ro -  
por t ional  to the concentrat ion of the diffusing spec ies  
at the bulk liquid phase (C)  b. 

The poss ib le  r eac tan t s  which could be the diffusing 
spec ies  a re ,  f rom Eq. [1], d isso lved  oxygen, sulfur ic  
acid, and f e r r i c  ion. As will  be seen f rom the follow- 
ing d i scuss ion  of the exper imenta l  data observed  on 
the " inf luence of oxygen pa r t i a l  p r e s s u r e "  and " i n -  
fluence of addition of F e , "  none of the above diffusing 
spec ies  could be cons idered  as r a t e - d e t e r m i n i n g .  

Influence of Oxygen P a r t i a l  P r e s s u r e  

Fig .  7 shows the influence of oxygen pa r t i a l  p r e s -  
sure  on zinc ext rac t ion .  The slope of the curves  is  
plot ted for  s eve ra l  oxygen p a r t i a l  p r e s s u r e  and is  
shown in F ig .  8. These  tes t s  r evea l  that the ra te  of 
d issolut ion of zinc sulfide i n c r e a s e s  l inea r ly  with in- 
c r eas ing  oxygen pa r t i a l  p r e s s u r e .  The r a t e  i nc rease  
levels  off and becomes essen t ia l ly  unaffected when the 
oxygen p a r t i a l  p r e s s u r e  in the autoclave r eaches  150 
psig.  The level ing off is  not in ag reemen t  with that 
p red ic ted  by F i c k ' s  law of diffusion if d i sso lved  oxygen 
diffusion is  the s lowest  step in leaching.  

The amount of sulfur ic  acid used throughout the 
study i s  twice the s to ich iomet r ic  amount of to ta l  zinc 
content. The reac t ion  r a t e  d i f ference exhibited by dif-  
ferent  oxygen pa r t i a l  p r e s s u r e  not only indica tes  the 
influence of d i sso lved  oxygen, but a l so  excludes the 
diffusion of sulfur ic  acid  as a r a t e - d e t e r m i n i n g  mecha-  
n ism.  This  conclusion can be explained by fur ther  
examinat ion of Fig .  7. Should the r a t e - d e t e r m i n i n g  
step be the diffusion of sulfuric  acid to the mine r a l  
pa r t i c l e s ,  the diffusivity of sul fur ic  acid at  100 psi  

oxygen p r e s s u r e  (about 20 pct  Zn extract ion)  wil l  then 
be about two t imes  higher  than the diffusivi ty at  50 ps i  
(about 10 pct  Zn extract ion)  and five t imes  higher  than 
that of 20 ps i  value (4 pct Zn extract ion) .  This  d ra s t i c  
change of diffusivi ty is  inconceivable and the re fo re  
suggests  that  sul fur ic  acid diffusion is  not r a t e - d e t e r -  
mining s tep.  

Fo r  those t e s t s  shown in Fig .  7, su l fur ic  acid had an 
in i t i a l  concentrat ion of 64 gpl (grams  per  l i t e r ) .  The 
concentra t ion dropped to 54 gpl for  the t e s t s  with 
oxygen p a r t i a l  p r e s s u r e  of 150 and 200 psi  and to 
about 58 gpl, 60 gpl, 62.5 gpl accordingly  for  the t e s t s  
with 100 psi ,  50 ps i  and 20 psi  oxygen. The change in 
sulfur ic  acid  concentrat ion did not appear  to be s igni-  
f icant .  
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Fig.  6 - - In f luence  of agi ta t ion  on Zn e x t r a c t i o n  r a t e  at 90~ 
twice s t o i c h i o m e t r i c  H2SO 4 and 150 ps i  oxygen p a r t i a l  p r e s -  
s u r e .  
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Fig.  7 - - In f luence  of oxygen pa r t i a l  p r e s s u r e  on Zn e x t r a c t i o n  
at 90~ and twice  s t o i c h i o m e t r i c  H2SO 4. 
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Fig .  8 - - Inf luence  of oxygen pa r t i a l  p r e s s u r e  on Zn e x t r a c t i o n  
r a t e  at 90~ and twice  s t o i e h i o m e t r i c  H2SO 4. 
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Inf luence  of F e  Addi t ion  

Amount s  of f e r r i c  ion added  in mo le  p e r c e n t  of to ta l  
z inc  p r e s e n t e d  in pulp so lu t ion  and i t s  inf luence  on the 
z inc  e x t r a c t i o n  a r e  shown in F i g .  9. A plot  on a r e -  
ac t ion  r a t e  b a s i s  (F ig .  10) i n d i c a t e s  that  the  d i s s o l u -  
t ion r a t e  i s  not l i n e a r l y  i n c r e a s e d  with r e s p e c t  to the 
add i t ion  of f e r r i c  ion. S i m i l a r  da t a  w e r e  r e p o r t e d  by 
Pawlek .  Al though no s a t i s f a c t o r y  exp lana t ion  can be 
given why the s lope  of the  cu rve  in F ig .  10 i n c r e a s e s  
to a m a x i m u m  when a p p r o a c h i n g  20 mo le  pe t  F e  add i -  
t ion  and then l eve l s  off, the  non l inea r  r a t e  i n c r e a s e  
b e h a v i o r  does  ind ica te  tha t  f e r r i c  ion d i f fus ion  i s  not 
l i ke ly  to be  a r a t e - d e t e r m i n i n g  s tep  in the  s p h a l e r i t e  
l each ing .  

The  r a t e - d e t e r m i n i n g  s t ep  fo r  the  s p h a l e r i t e  p r e s -  
s u r e  l each ing  i s  t h e r e f o r e  concluded  to  be the " r e a c -  
t ion  o c c u r r i n g  on the m i n e r a l  s u r f a c e . "  

Chemical Reactions 

All the important chemical reactions involved in the 
leaching of sphalerite exhibit a strong spontaneous re- 
action characteristic except the following two: 

ZnS + H2SO4 = ZnSO4 + H2S; AF ~ = 4.3 Kca~/g-mole 
[7] 

FeS2 + H2SO4 = FeSO4 + H2S + S; 

AF ~ = 11.7 K c a l / g - m o l e .  [8] 

The  e q u i l i b r i u m  cons tan t  of Eq.  ~7] c a l c u l a t e d  f rom 
i t s  f r e e  e n e r g y  change of 4.3 K c a U g - m o l e  at  25~ i s  
3.7 x 10 -4, o r  

aznsO4 "aH2S = 3.7 X 10 -4 at  25~ [9] 
K e q -  aH2SO4 . a z n  S 

w h e r e  a i s  c h e m i c a l  ac t i v i t y  b a s e d  upon inf in i te  d i l u -  
t ion  a s  the r e f e r e n c e  s t a t e .  

F r o m  the mean  ac t i v i t y  coef f i c ien t  va lue s  given by 
Maron  and P ru t ton  TM at25~ the mean  ac t iv i ty  of H2SO4 
under  l each ing  condi t ions  i s  c a l c u l a t e d  to be 0.095 
m o l e / l i t e r .  At  the  s a m e  t i m e ,  when 50 pc t  Zn e x t r a c -  
t ion  i s  r e a c h e d ,  the  mean  a c t i v i t y  of ZnSO4 in the so lu -  
t ion  i s  0.018. A s s u m i n g  so l id  ZnS has  unit  ac t iv i ty ,  
then  the mean  ac t i v i t y  of H2S at  which Eq.  [7] r e a c h e s  
e q u i l i b r i u m  is  

all2 S = 7 • i0 -s mole/liter. 

In other words, when the activity of H2S in solution 
reaches this value, Eq. [7] reaches equilibrium. Be- 
yond this point no more ZnS dissolution could occur. 
The standard free ener~] change of reaction [7] de- 
creases from 4.3 Kcal/g-mole at 25~ to approxi- 
mately 3.3 Kcal/g-mole at 150~ Equilibrium value of 
aH2S at 150~ is not available due to insufficient ac- 
tivity data related to ZnSO4 and H2SO4 solution at high 
t e m p e r a t u r e .  

N e v e r t h e l e s s ,  r e m o v a l  of H2S i s  c l e a r l y  e s s e n t i a l  
fo r  the  cont inual  d i s s o l u t i o n  of ZnS. Th i s  fact  was  
a l s o  d e m o n s t r a t e d  e x p e r i m e n t a l l y  by Pawlek .  5 A 2 
a t m o s p h e r i c  p a r t i a l  p r e s s u r e  of H2S in 10 a tm au to -  
c l ave  to t a l  p r e s s u r e  p r o v e d  m o r e  than enough to s top  
the  ZnS l each ing  c o m p l e t e l y .  

In sp i t e  of the  low e q u i l i b r i u m  cons t an t  i nd i ca t ed  by 
Eq.  [9], the r e a c t i o n  r a t e  a c c o r d i n g  to Eq.  [7] p r o c e e d s  
r a t h e r  f a s t .  Th is  is  shown by the r e s u l t  of iod ine  t e s t  
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Fig. 9--/nfluenee of iron addition on Zn extraction at 90~ 
twice stoiehiometric H2SO 4 and 150 psi oxygen partial pres- 
sure. (Iron addition in unit of mole percent of total zinc). 
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Fig .  1 0 - - / n f l u e n e e  of i r o n  add i t ion  on Zn e x t r a c t i o n  r a t e  at  
90~ t w i c e  s t o i c h i o m e t r i c  H2SO 4 and 150 p s i  oxygen  p a r t i a l  
pressure .  

in F ig .  7. The iodine  t e s t  was p e r f o r m e d  in a con- 
t r o l l e d  at  90~ p l a s t i c  v e s s e l  w h e r e  ZnS, ac id  and one 
s t o i c h i o m e t r i e  amount  of z inc  of iod ine  d i s s o l v e d  in KI 
so lu t ion  we re  m i x e d  by a m a g n e t i c  s t i r r e r .  No oxygen 
o r  a i r  was  i n t roduced  dur ing  the t e s t .  The  t e s t  in-  
vo lves  the fol lowing t w o - s t e p  r e a c t i o n :  

ZnS + H2SO4 = ZnSO4 + H2S 

H2S+I2--2HI+S. 

The reaction of 12 with H2S is essentially instantaneous. 
The relatively high reaction rate (higher than oxygen 
at 150 p@i in substitution for 12 test) indicates that the 
formation of H2S (Eq. [7]) proceeds relatively fast. It 
is the oxidation of H2S that is slow and rate-determin- 
ing. 

Direct oxidation of H2S is according to the following 
equations: 

H2S+202 =SO( 2 +2H § 

H2S + I/2 02 = H20 + S. 

Walas z5 reported that direct oxidation without catalyst 
required atemperature as high as 750~ The leaching 
rate of pure ZnS at high 02 pressure had been re- 
ported by Bjorling I as negligible. Veltman et  al 2-4 

concluded that the impurities in the sphalerite helped 
its leaching. All of these plus the catalytic effect re- 
ported by Scott and Dyson' on the leaching of pure 
ZnS lead to the conclusion that oxidation of H2S is not 
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d i r e c t l y  by oxygen but  r a t h e r  t h rough  the help  of a 
c a t a l y s t .  

Since  the  amount  of f e r r i c  ion p r e s e n t e d  in the  l each  
so lu t ion  had a g r e a t  effect  on the  r a t e  of l each ing  as  
i nd i ca t ed  by F i g s .  9, 10 and 11, i t  i s  l og i ca l  to a s s u m e  
Eqs .  [10] to [12] a s  a m e c h a n i s m  for  s p h a l e r i t e  l e a c h -  
ing  and Eq.  [11] as  the r a t e - c o n t r o l l i n g  r e a c t i o n .  

ZnS + H2SO4 = ZnSO4 + H2S [10] 

H2S + Fe2(SO4)s = 2 FeSO4 + H2SO4 + S [11] 

2 FeSO4 + H2SO4 + 1 /202  = Fe2(SO4)3 + H20. [12] 

The  a s s u m p t i o n  i s  in good a g r e e m e n t  with the  fo l -  
lowing o b s e r v a t i o n s :  

1) A h igher  l each ing  r a t e  was o b s e r v e d  when iodine  
was  used  in p l a c e  of oxygen (F ig .  7). The h ighe r  r e a c -  
t ion  r a t e  i s  a t t r i b u t e d  to the  consequence  of i n s t a n -  
t aneous  r e a c t i o n  between hydrogen  su l f ide  and iod ine .  
iod ine .  

2) A c l o s e  examina t i on  of F i g .  11 r e v e a l s  the  con- 
s i s t e n t  r e l a t i o n s h i p  be tween  i r o n  and z inc  c o n c e n t r a -  
t ion .  The h ighe r  the  i r o n  content  in  the  l e a c h  so lu t ion ,  
the  h igher  the  s p h a l e r i t e  e x t r a c t i o n  r a t e .  Th i s  i s  a l so  
in a c c o r d  with  r e a c t i o n  d e s c r i b e d  by  Eq.  [11]. The  
h i g h e r  the  f e r r i c  ion concen t r a t i on  in  the so lu t ion ,  
the  l ower  the  e q u i l i b r i u m  H2S r e m a i n e d  f r e e  in the  
so lu t ion  and t h e r e f o r e  the  h ighe r  Zn d i s s o l u t i o n  r a t e  
p r e d i c t e d  by Eq.  [10]. The  cons tan t  v a l u e s  of i r o n  
concen t r a t i on  in the  so lu t ion  a f t e r  the  f i r s t  two hours  
of l each ing  a l s o  r e s u l t e d  in the  cons tan t  z inc  e x t r a c -  
t ion  r a t e .  

3) E x p e r i m e n t a l  da t a  (F ig .  12) i nd i ca t ed  tha t  a t  low 
s u l f u r i c  a c id  concen t ra t ion ,  z inc  e x t r a c t i o n  r a t e  d e -  
c r e a s e d  g r e a t l y  p o s s i b l y  due to  the  sh i f t  of the  r a t e -  
con t ro l l i ng  s t ep  to Eq.  [10]. Supply ing  m o r e  than  twice  
the  s t o i c h i o m e t r i c  amount  of H2SO4 did  not  i n c r e a s e  
the  d i s so lu t i on  r a t e .  The  effect  of i n c r e a s e d  H2S p a r -  
t i a l  p r e s s u r e  g e n e r a t e d  by h i g h e r  H2SO4 concen t r a t i on  
was  ba l anced  s ince  H2SO4 i t s e l f  i s  invo lved  in the  p r o -  
duc t  s ide  of Eq.  [11]. 

4) Solut ion pH va lue  was  d r o p p i n g  f r o m  an in i t i a l  1.7 
to  1.4 in the  t e s t s  whe re  Fe2(SO4)s add i t ion  was  e x e r -  
c i s e d  i nd i ca t i ng  the p roduc t ion  of H2SO4. When no 
Fez(SO4)3 was  added,  so lu t ion  pH va lue  r e m a i n e d  r e l a -  
t i v e l y  cons tan t  a t  1.7. 

5) T a b l e  IV ind i ca t e s  the  f o r m a t i o n  of e l e m e n t a l  
su l fu r  f rom ZnS o c c u r s  n e a r l y  quan t i t a t i ve ly .  
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Fig. l l - -Rela t ionship  between solution Zn and Fe concentra- 
tion during leaching (90~ twice stoichiometric H2804). 
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R e a c t i o n  M e c h a n i s m  

E x a m i n a t i o n  of a l l  the  e x p e r i m e n t a l  da t a  p e r m i t s  
the  conc lus ion  tha t  the r e a c t i o n  m e c h a n i s m  i s :  

Step 1. FeS + H2SO4 = FeSO4 + H2S 

FeS2 + H2SO4 = FeSO4 + H20 + S 

ZnS + H2SO4 = ZnSO4 + H2S. 
D i s s o l u t i o n  of p y r r h o t i t e  and p y r i t e  o c c u r s  v e r y  
r a p i d l y .  R e a c t i o n  of s p h a l e r i t e  wi th  s u l f u r i c  ac id  i s  
a l s o  f a s t  when the so lu t ion  has  a low i n i t i a l  H2S con-  
c e n t r a t i o n .  

Step 2. 2 FeSO4 + H2SO4 + 1/2 O2 = Fe2(SO4)3 + H20. 
F e r r o u s  su l f a t e  p r o d u c e d  f r o m  Step 1 i s  ox id i zed  to 
f e r r i c  su l f a t e .  The  r e a c t i o n  r a t e  and c o n v e r s i o n  y i e l d  
i n c r e a s e  p r o p o r t i o n a l l y  with oxygen  p r e s s u r e .  

Step 3. Fe2(SOa)3 + HzS = 2 FeSO4 + HzSO4 + S ~ 
Oxida t ion  of H2S i s  by f e r r i c  s u l f a t e .  The  r e a c t i o n  p r o -  
d u c e s  s u l f u r i c  ac id ,  e l e m e n t a l  su l fu r ,  and f e r r o u s  
su l f a t e .  F e r r o u s  su l fa te  thus  f o r m e d  i s  ox id i zed  aga in  
by Step 2. 

Step 4. S teps  1, 2, and 3 r e a c h  a s t e a d y - s t a t e  
r a p i d l y .  Subsequent ly ,  the  i r o n  c o n c e n t r a t i o n  r e m a i n s  
cons tan t  whi le  the  d i s s o l u t i o n  of Zn p r o c e e d s  at  con-  
s t an t  r a t e .  No s a t i s f a c t o r y  r e a s o n  can  be found to ex-  
p l a i n  why the  i r on  c onc e n t r a t i on  shown in F ig .  11 r e -  
m a i n s  r e l a t i v e l y  cons tan t  th roughout  the  l each ing .  

O v e r a l l  Reac t ion :  

ZnS + H2SO4 + 1/2 O2 = ZnSO4 + H20 + S ~ 

Effec t  of Hydrogen  P r e t r e a t m e n t  on the 
S p h a l e r i t e  L e a c h i n g  

Romank iw  and de Bruyn  16 s tud ied  the  d i s s o l u t i o n  of 
c r y s t a l l i n e  z inc  su l f ide  in c o n c e n t r a t e d  s u l f u r i c  a c id  
so lu t ion  in the  a b s e n c e  of ox id i z ing  cond i t ions .  They  
s u g g e s t  tha t  the  d i s s o l u t i o n  p r o c e s s  m u s t  be p r e c e d e d  
by  the  r u p t u r e  of the  z inc  su l f ide  bonds  which  a r e  
p r e d o m i n a n t l y  cova len t  in c h a r a c t e r  and subsequen t  
e l e c t r o n  t r a n s f e r  to y i e ld  Zn § and S -2 ions .  A rough  
ca l cu l a t i on  of the  ionic  n a t u r e  of the  Zn -S  bond, b a s e d  
upon P a u l i n g ' s  17 da ta ,  i n d i c a t e s  tha t  i t  i s  a p p r o x i m a t e l y  
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Fig. 12--1nfluence of sulfuric acid concentration on zinc ex- 
traction at 90~ and 150 psi oxygen partial pressure. (Sam- 

ple size -200 +325 mesh). 
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Table IV. Formation of Elemental Sulfur in the Pressure Leaching of 
Sphalerite at 90~ Twice Stoichiometric H2SO4 and 

150 psi Oxygen Partial Pressure 

S -2 Oxidized S O Formed Pct S -2 Converted 
Test Conditions from ZnS in Residue to S O 

115 +150 mesh, 6 h 0.59 gm 0.58 gm 98 
- 1 5 0  +200 mesh, 6 h 0.72 gm 0.70 gm 97 
- 1 5 0  +200 mesh, 6 h, 0.96 gm 0.90 gm 94 

10 pct Fe addition 
- 1 5 0  +200 mesh, 4 h, 0.90 gm 0.81 gm 90 

20 pct Fe addition 

20 pct ionic  in  c h a r a c t e r .  The m o r e  ionic  in na tu re  the 
bond is  made  to become,  the more  so luble  i t  should 
be .  They a lso  obse rved  an i n c r e a s i n g  r a t e  of d i s so lu -  
t ion as i r on  or  manganese  content  of the Zn-S la t t ice  
was i n c r e a s e d ,  and a t t r ibu ted  the behav io r  to the 
g r e a t e r  ionic  cha r ac t e r  of the la t t ice  as  a r e s u l t  of 
the " d o p i n g "  with i ron  or manganese .  

Du t r i zac ,  MacDonald and Ing raham z8 compared  the 
k ine t i cs  of the d i s so lu t ion  of n a t u r a l  and synthet ic  
cha lcopyr i t e  in  su l fu r i c  acid and oxygen under  p r e s -  
s u r e .  They  obse rved  that  the pa rabo l i c  r a t e  cons tant  
of synthe t ic  cha lcopyr i te  is  50 t i m e s  that of the ra te  
cons tant  for  the n a t u r a l  m i n e r a l !  No sa t i s f ac to ry  ex- 
p lana t ion  was made  conce rn ing  th is  d i f fe rence  in ra te .  
In  a conve r sa t i on  between P r o f s .  E.  P e t e r s ,  M. T.  
Hepworth and V. G. Fox, z9 the s u r p r i s i n g  d i f fe rence  in 
r a t e s  m e a s u r e d  by Ing raham et al i s  expla ined as fol-  
lows: n a t u r a l  cha lcopyr i te  is  fo rmed  slowly and a l -  
lowed to annea l  for geologic t imes ;  whereas ,  the syn-  
thet ic  m i n e r a l  was me ta thes i zed  and annea led  for  a 
r e l a t i v e l y  shor t  t ime,  i .e. ,  th ree  days at 550~ It i s  
specu la ted  the re fo re  that the synthet ic  m i n e r a l  would 
have a g r e a t e r  n u m b e r  of la t t ice  defects  and conse-  
quent ly  be m o r e  suscep t ib le  to a t tack.  

On the b a s i s  of these  obse rva t ions ,  it  s e e m s  con- 
ce ivable  that  an al tered  sphaler i te ,  which would be 
produced by i n c r e a s i n g  the devia t ion  f rom s to ich i -  
ome t ry  by p a r t i a l  r educ t ion  with hydrogen  to produce 
a m o r e  highly me ta l  excess  semiconduc t ing  m i n e r a l ,  
would have a higher  z inc ex t rac t ion  than those of 
natural sphaler i te  under  the s ame  leaching condi t ions .  

A f lu idized bed was then set  up to t r e a t  the n a t u r a l  
spha l e r i t e  in the t e m p e r a t u r e  range  of 220~ to 600~ 
A h y d r o g e n - n i t r o g e n  gas mix tu re  of 15 pct  hydrogen 
was used as a r educ ing  gas .  The r educ t ion  of s p h a l e r -  
ire was d e t e r m i n e d  by chemica l ly  ana lyz ing  the amount  
of hydrogen sulf ide in the exit gas.  The hydrogen p r e -  
t r ea t ed  sample  was then leached at 90~ twice s to i -  
ch iome t r i c  amount  of H~SO4 and 150 ps i  oxygen p r e s -  
s u r e .  The ove ra l l  z inc and i ron  ex t r ac t ion  a f te r  6 h 
leaching  were  plotted on F ig .  13. The o rd ina te  axis  on 
the left hand s ide of this  f igure  gives the Zn ex t r ac -  
t ion  at the pe rcen tage  of su l fur  r e m o v a l  of that  tes t .  
The o rd ina te  axis  on the r ight  gives the Fe  ex t rac t ion  
co r r e spond ing  to the su l fu r  r e m o v a l  of the t e s t .  The 
ze ro  p e r c e n t  su l fu r  r e m o v a l  r e ad ing  shown on the 
f igure  ind ica te s  the Zn and Fe ex t r ac t ion  of na t u r a l  
spha l e r i t e .  The Zn or  Fe  ex t rac t ion  of each point  on 
the f igure  a r e  ca lcula ted  f rom the vo lume the Zn or Fe 
content  in  the f ina l  leach solut ion.  

Although the Zn  and Fe ex t rac t ion  show a r e l a t ive  
i n c r e a s e  with i n c r e a s i n g  su l fu r  r emova l ,  a l l  the hy- 
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d rogen  p r e t r e a t e d  spha le r i t e  show less  z inc  ex t rac -  
t ion than that  without p r e t r e a t m e n t .  The spha le r i t e  
has a r e s i s t a n c e  of 6 x 109 o h m - c m  at 90~ but no 
m e a s u r e m e n t  on the change of i ts  r e s i s t a n c e  af ter  
p r e t r e a t m e n t  was made.  However it is  poss ib le  that 
spha le r i t e  is  so poor a conductor  ( r e s i s t a n c e  is  about 
ten  t i me s  h igher  than that of mos t  other  sulf ides) ,  that 
this  s m a l l  pe rcen tage  su l fur  r emova l  does not change 
i ts  covalent  bond c h a r a c t e r i s t i c  at a l l .  On the con- 
t r a r y ,  o ther  unknown fac to rs  cause the p r e t r e a t m e n t  
to be unfavorab le .  P r e t r e a t m e n t  of longer  per iods  
of t ime  to r e m o v e  much m o r e  su l fur  may  be n e c e s -  
s a r y  in o r d e r  to produce an enhancemen t  on the leach-  
ing r e s u l t .  However,  this  longer  t ime  wil l  be eco- 
nomica l ly  unfeas ib le .  The h igher  Zn ex t r ac t ion  ra te  
observed  in  Fig .  13 at h igher  su l fur  r e m o v a l  pe r -  
centage may  be the r e su l t  of higher  Fe ex t rac t ion  
ins tead  of h igher  spha le r i t e  conduct ivi ty .  

CONCLUSIONS 

The k ine t ic  r e s u l t s  p e r m i t  the following s u m m a r y  of 
the conc lus ions  to be drawn r e ga r d i ng  the mechan i sm  
of the r e a c t i o n s  and the n a t u r e  of the slow or  r a t e -  
con t ro l l ing  s tage.  

1) The spha le r i t e  is a f l a t -p l a t e  type p a r t i c l e  r e -  
su l t ing  in  the constant  Zn ex t rac t ion  r a t e .  

2) The r a t e - c o n t r o l l i n g  s tep  of l eaching  reac t ion  is  
a he te rogeneous  p r o c e s s  o c c u r r i n g  on the spha le r i t e  
su r face  and not a homogeneous r eac t ion  in  the solution.  
This  is ind ica ted  by the r a t e  dependence on the spha- 
l e r i t e  su r f ace  a rea .  

3) The r a t e - d e t e r m i n i n g  s tep dur ing  leach appears  
to be the oxidat ion of H2S o c c u r r i n g  on the spha le r i t e  
sur face ,  i .e .  Eq. i l l ] .  

4) Oxidat ion of H2S is  by f e r r i c  ion.  I ts  r eac t ion  
ra te  i n c r e a s e s  with i n c r e a s i n g  amounts  of f e r r i c  ion. 
Addit ion of i r o n  in the l ix iv ium did i n c r e a s e  the zinc 
ex t rac t ion  r a t e .  The oxidat ion reagent ,  f e r r i c  sulfate,  
is  then reduced  to f e r r ous  sul fa te .  

5) Reproduct ion  of f e r r i c  sulfa te  is  by oxygen con- 
v e r s i o n  of f e r r o u s  sulfa te .  This  r eac t ion  r a t e  and 
conver s ion  y ie ld  is  low at room t e m p e r a t u r e .  Re-  
act ion ra te  and convers ion  yie ld  i n c r e a s e s  with in-  
c r e a s i n g  oxygen pa r t i a l  p r e s s u r e .  

6) P r e s e n c e  of f e r r ous  sulfate  is  through the d i s -  
so lut ion of py r i t e  and py r rho t i t e .  This  d i s so lu t ion  
occur s  quickly  at the in i t i a l  m o m e n t  of leaching and 
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r e a c h e s  a n  e q u i l i b r i u m  v a l u e .  T h u s  t h r o u g h o u t  t h e  
l e a c h i n g  t h e  a m o u n t  of  i r o n  i n  t h e  s o l u t i o n  r e m a i n s  
c o n s t a n t .  I f  a l l  o t h e r  l e a c h i n g  c o n d i t i o n s  r e m a i n  t h e  
s a m e ,  t he  c o n t i n u a l  i n c r e a s e  in t h e  i r o n  c o n c e n t r a t i o n  
wi l l  a l s o  i n c r e a s e  t h e  z i n c  e x t r a c t i o n  r a t e ,  and  a l i n e a r  
Z n  e x t r a c t i o n  r a t e  c o u l d  t h e n  no t  b e  o b s e r v e d .  

7) Z i n c  e x t r a c t i o n  r a t e  i s  f i r s t  o r d e r  w i t h  r e s p e c t  
to  o x y g e n  p a r t i a l  p r e s s u r e  b e l o w  150 p s i ,  a l t h o u g h  i t  
i s  h a l f  o r d e r  p r e d i c t e d  b y  s t o i c h i o m e t r y .  T h i s  i s  
c o n c e i v a b l e  s i n c e  s o m e  s i d e  r e a c t i o n s  c o n s u m e  o x y g e n  
too .  In a d d i t i o n ,  i t  i s  t h e  d i s s o l v e d  o x y g e n  t h a t  a f f e c t s  
t h e  r e a c t i o n  r a t e  bu t  no t  t he  o x y g e n  p a r t i a l  p r e s s u r e .  
A l s o ,  o x y g e n  d i s s o c i a t e s  i n to  a t o m s  and  r e a c t s  
( r e s u l t s  in  a f i r s t  o r d e r  r e a c t i o n )  i s  u n l i k e l y  u n d e r  
t h i s  c o n d i t i o n .  

8) O x y g e n  c o n s u m p t i o n  c u r v e  f o r  l e a c h i n g  of  
s p h a l e r i t e  r e p o r t e d  b y  M a j i m a  a n d  P e t e r s  2a s h o w e d  
a n  i n i t i a l  low r a t e  w i t h  s u b s t a n t i a l  i n c r e a s e  a n d  
r e a c h e d  a c o n s t a n t  v a l u e  a f t e r  1 h .  T h i s  i s  c o n s i s t e n t  
w i t h  m o s t  of  t h e  e x p e r i m e n t a l  d a t a  s e e n  i n  t h e  s t u d y  
e x c e p t  t h a t  i n i t i a l  l ow r a t e  a p p e a r s  i n  s h o r t e r  p e r i o d s  
of t i m e .  P r o b a b l y  t h e  i r o n  c o n c e n t r a t i o n  h a s  no t  
r e a c h e d  a s t e a d y - s t a t e  v a l u e  c a u s i n g  t h i s  i n i t i a l  l ow 
r a t e .  A f t e r  t h i s  s h o r t  p e r i o d  of  t i m e ,  i r o n  c o n c e n t r a -  
t i o n  r e a c h e d  a s t e a d y  s t a t e  v a l u e  a n d  t h e r e f o r e  Z n  e x -  
t r a c t i o n  p r o c e e d e d  a t  c o n s t a n t  r a t e .  

9) P r e t r e a t m e n t  of  s p h a l e r i t e  s a m p l e s  by  h y d r o g e n  
d o e s  no t  s h o w  a n y  f a v o r a b l e  e x t r a c t i o n  r e s u l t s .  

10) F u r t h e r  s t u d y  on  t h e  d e t a i l s  of  h o w  t h e  d i s s o l u -  
t i o n  of  p y r i t e  a n d  p y r r h o t i t e  p r o c e e d s  d u r i n g  s p h a l e r i t e  
l e a c h i n g  i s  i m p o r t a n t  a n d  m a y  s h e d  m o r e  l i g h t  o n  t h e  
k i n e t i c s  of p r e s s u r e  l e a c h i n g  of  s p h a l e r i t e .  

A C K N O W L E D G M E N T S  

T h e  a u t h o r s  w i s h  to e x p r e s s  t h e i r  a p p r e c i a t i o n  f o r  
t h e  f i n a n c i a l  s u p p o r t  of  t h e  D e p a r t m e n t  of  C h e m i c a l  
E n g i n e e r i n g  a n d  M e t a l l u r g y ,  C o l l e g e  of  E n g i n e e r i n g ,  
U n i v e r s i t y  of D e n v e r .  T h a n k s  e s p e c i a l l y  to  P r o f e s s o r  
L .  W.  R o s s  f o r  h i s  e n t h u s i a s m  a n d  h e l p f u l  d i s c u s -  
s i o n s .  

T h a n k s  a r e  e x t e n d e d  to  C l i m a x  M o l y b d e n u m  C o r n -  

par ty ,  G o l d e n ,  C o l o r a d o ,  e s p e c i a l l y  to  D r .  R .  S. R i c k -  
a r d ,  f o r  t h e i r  h e l p  in  a n a l y z i n g  t h e  s p h a l e r i t e  c o n c e n -  
t r a t e  a n d  i n  t h e  u s e  of  t h e i r  t i t a n i u m  a u t o c l a v e .  A l s o  
t h e  g e n e r o s i t y  of  C o m i n c o  L t d . ,  C a n a d a ,  i n  s u p p l y i n g  
t h e  s p h a l e r i t e  c o n c e n t r a t e  i s  a c k n o w l e d g e d .  

S p e c i a l  t h a n k s  to  P r o f e s s o r  M .  E .  W a d s w o r t h  of  
t h e  U n i v e r s i t y  of U t a h  f o r  h i s  h e l p f u l  a n d  v a l u a b l e  
s u g g e s t i o n s .  

R E F E R E N C E S  

1. G. Bjorline: Metall., 1956, vol. 8, pp. 781-84. 
2. F. A. Forward and H. Veltman: J. Metals, 1959, vol. 11, p. 836. 
3. V. N. Mackiw and H. Veltman: Can. MiningMet. Bull., 1957, vol. 60, no. 657, 

pp. 80-85. 
4. H. Veltman, J. W. Gulyas, P. T. O'Kane, and W. R, Middagh: Can. 904, p. 591, 

July, 1972. 
5. F. J. Exner, J. Gedach, and P. Pawlek: Leits. Erzbergbau Metall., 1969, vol. 

22, p. 219, English translation by Dr. L W. Ross, University of Denver. 
6. F. E. Pawlek: J. S. Aft. Inst. Mining Met., July, 1969. 
7. T. R. Scott and N. F. Dyson: Trans. TMS-AIME, 1968, vol. 242, p. 1815. 
8. M. J. Stanczyk and C. Rampacek: U.S. Bureau of Mines, R.I. 5848, 1961. 
9. A. F. Holleman and E. Wiberg: Textbook of Chemistry, Pr. 1, Inorganic Chem- 

istry, p. 188, 1945, German. 
10. A. L. Smirnikov and C. J. Lariu: lssbd. V. ObL Khim. Z Takhnot. Mineral'n, 

1965, vol. 3, pp. 82-89. 
11. G. N. Dobrakhotov and N. J. Onuchkina: lzv. Vyssh. Ucheb. Zaved. Tsvet. 

Met., 1964, vol. 7, pp. 51-59. 
12. P. B. Queneau, R. J. Jan, R. S. Richard, and D. F. Lowe: Met. Trans. B, 1975, 

vol. 6B, pp. 149-57. 
13. M. E. Wadsworth: Lecture Notes for 2nd Tutorial Symposium on Hydro- 

metallurgy, p.28, coordinated by Prof. M. T. Hepworth, University of Denver, 
December 1972. 

14. S. H. Maron and C. F. Prutton: Principle of Physical Chemistry, 4th ed., p. 
438, The MacMillan Co., 1965. 

15. S. M. Walas: Reaction Kinetics for Chemical Engineers, p. 246, McGraw-Hill, 
1968. 

16. L. T. Romankiw and P. L. de Bruyn: Unit Processes in Hydrometallurgy, 
Wadsworth and Davis, eds., pp. 45-66, 1964. 

17. L. Pauling: The Nature of the Chemical Bond, p. 68, Comeil University 
Press, Ithaca, N.Y., 1960. 

18. J. E.IDutrizac, R. J. C. MacDonald, and T. R. Ingraham: Trans. TMS-AIME, 
1968, vol. 242, pp. 955-59. 

19. Private communication: E. Peters, University of British Columbia, B.C., 
Canada; M. E. Hepworth and V. G. Fox, University of Denver, Denver, 
Colo., Sept., 1973. 

20. H. Majima and E. Peters: Trans. TMS-AIME, 1966, vol. 236, p. 1408. 

METALLURGICAL TRANSACTIONS B VOLUME 7B, SEPTEMBER 1976-361 


