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SILVER-CATALYZED OXIDATIVE LEACHING 
OF AN ARSENICAL COPPER SULFIDE CONCENTRATE

By K. P. V. Lei1 and T. G. Carnahan2

.ABSTRACT

The Bureau of Mines in v e s t ig a t e d  a s i l v e r - c a t a ly z e d  o x id a t iv e  p ro ce
dure fo r  le a c h in g  an a r s e n ic a l  copper s u l f i d e  c o n c e n tr a te  c o n ta in in g  
10 p e t  As and 32 p et Cu. C u rr e n tly , th e re  are no en v iro n m en ta lly  s a fe  
means to  t r e a t  a r s e n ic a l  copper c o n c e n tr a te s  in  th e  U n ited  S t a te s .  
L eaching was conducted  in  a 2 -L a u to c la v e  r e a c to r . The e f f e c t s  o f c a ta 
l y s t  c o n c e n tr a t io n , 0 2 p r e s su r e , tem p era tu re , and H2SO4 , Cu, A s, and Fe 
c o n c e n tr a t io n s  in  th e  le a c h in g  s o lu t io n  on e x tr a c t io n s  o f m eta ls from  
th e  c o n c e n tr a te  were d eterm in ed . The b e s t  le a c h in g  c o n d it io n s  fo r  e x 
t r a c t in g  95 p et Cu and As and l e s s  than 21 p et Fe were 260  g/L  concen
t r a t e ,  0 .0 0 7  m ol/L ( 1 .0  g /L ) AgCl, 3 .0  m ol/L (294  g /L ) H2S0 4 , 100° C,
60 p s ig  0 2 , and 6 h . Copper as CuS0 4 *5H20 was recovered  by c r y s t a l l i z a 
t io n  from the pregnant s o lu t io n .  A r se n ic , as AS2O3 , was recovered  from  
th e  copper mother liq u o r  by s o lv e n t  e x tr a c t io n ,  w ith  t r ib u t y l  phosp h ate , 
S0 2 r e d u c tio n  o f A s5 + to  A s3+ in  th e  s t r ip  s o lu t io n ,  and c r y s t a l l i z a t i o n  
o f th e  A s3+. The s i l v e r  c a t a ly s t  was recovered  by c o n ta c t in g  th e  
lea c h e d  r e s id u e  w ith  a b r in e  s o lu t io n .  A co n cep tu a l scheme i s  proposed  
f o r  t r e a t in g  a r s e n ic a l  copper s u l f i d e  c o n c e n tr a te s .

1 S u p e r v i s o r y  r e s e a r c h  c h e m i s t .
S u p e r v i s o r y  m e t a l l u r g i s t .

R e n o  R e s e a r c h  C e n t e r ,  B u r e a u  o f  M i n e s ,  R e n o ,  N V .
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INTRODUCTION

The o n ly  com m ercial d om estic  sm e lte r  
th a t  p ro c e sse d  s u l f id e  m inera l concen
t r a t e s  c o n ta in in g  As ( O 3 was c lo s e d  in  
J u ly  1985 ( 2 ) .  P y r o m e ta llu r g ic a l pro
c e s s in g  probably w i l l  no lo n g er  be used  
to  t r e a t  a r s e n ic a l  c o n c e n tr a te s  in  t h is  
cou n try  b ecause o f  env iron m enta l and 
w orkplace r e g u la t io n s  regard in g  As em is
s io n s .  A hydrom eta1lu r g ic a l  p r o c e ss  i s  
th e  most l i k e l y  a l t e r n a t iv e  because i t  
can s i g n i f i c a n t l y  d e c r ea se  th e  a ir  p o l lu 
t io n  caused  by As e m iss io n s  ( 3 ) .  The Bu
reau o f  Mines in v e s t ig a t e d  a A g -c a ta ly z e a  
o x id a t iv e  procedure fo r  le a c h in g  an a r 
s e n ic a l  copper s u l f i d e  c o n c e n tr a te  to  
dem onstrate th e  f e a s i b i l i t y  o f  hydrom et“ 
a l lu r g i c a l  tec h n iq u es  fo r  r e co v e r in g  Cu 
w ith o u t As e m is s io n s .

One o f  th e  common a r s e n ic -b e a r in g  cop” 
per m in era ls  i s  e n a r g ite  (Cu3AsS4 ) ( 4 ) ,  
w hich i s  an im portant ore m ineral a t  
B u tte , MT, and to  a l e s s e r  e x te n t , a t  
Bingham Canyon, UT ( 5 ) .  Recent d isc o v e r y  
o f  CU3ASS4 o ccu rren ces in  c e n tr a l  Tennes
s e e  (6 )  in d ic a t e  th a t  o th e r  e x p lo r a t io n  
e f f o r t s  m ight d is c o v e r  occu rren ces o f  
t h i s  m in era l r e so u rce  e lse w h er e . 
E n a rg ite  cou ld  be a sou rce  o f  Cu i f  a 
h y d r o m e ta llu r g ic a l p r o c e ss  can be d e v e l
oped to  t r e a t  t h i s  m in era l.

I n v e s t ig a t io n s  to  reco v er  Cu by le a c h 
in g  CU3ASS4 have not been e x te n s iv e .  An 
e a r l i e r  s tu d y  by th e  Bureau used  an a c id 
i c  F e2( 8 0 4 ) 3  le a c h in g  s o lu t io n  a t  35° C 
and e x tr a c te d  o n ly  33 p e t 4 o f  th e  Cu in  
60 days 0 0 . D u tr iza c  and MacDonald r e 
p o rted  a 50 p e t  Cu e x tr a c t io n  a f t e r  
le a c h in g  minus 100-mesh s y n t h e t ic  CU3ASS4 
w ith  a c id ic  F e2(S0 4 ) 3 s o lu t io n  a t  8 0 ° and 
8 5 ° C f o r  7 days ( 8 ) .  B a c te r ia l  o x id a 
t io n  o f n a tu r a l Cu3ASS4 a t  3 0 ° C r e s u lte d  
in  7-p e t  Cu e x tr a c t io n  in  21 days ( 9 ) and 
55 -p c t  Cu e x tr a c t io n  in  more than 2 ,0 0 0  
days ( 10 ) .  In s i t u  le a c h in g  w ith  th e  a id  
o f  T h io b a o i l lu a  th io o x id a n a  and T hioba~  
o i l l u s  fe r ro o c s id a n s  was rep orted  to  pro
duce a s o lu t io n  c o n ta in in g  0« 625 g /L  Cu

3U n derlined  numbers in  p a r e n th e se s  r e 
f e r  to  item s in  th e  l i s t  o f  r e fe r e n c e s  a t  
th e  end o f  t h i s  report*

4In t h i s  r e p o r t , " p et” in d ic a t e s  "per
c e n t  by w e ig h t .”

in  an u n s p e c if ie d  tim e ( 11 ) .  Kuhn, 
A r b ite r , and l l e n g  ( 1 2 ) found th a t  
Cu3AsS4 e x h ib ite d  th e  s lo w e s t  r e a c t io n  in  
com parison to  o th e r  copper s u l f i d e s  in  
ammoniaeal s o lu t io n  w ith  5 p s i  oxygen  
p r e ssu re  and concluded th a t  CU3ASS4 was 
more r e fr a c to r y  than c h a lc o p y r ite  
(CuFeS2 ) .  Gajam and Raghaven ( 1 3 ) in 
v e s t ig a te d  th e  k in e t i c s  o f  d i s s o lu t io n  o f  
n a tu r a l CU3ASS4 a t  82° C in  ammoniaeal 
s o lu t io n s  a t  5 to  50 p s i  O2 in  which  
60 p e t  Cu was e x tr a c te d  in  24 h . A h ig h -  
tem perature (< 200° C) and h ig h -p r e ssu r e  
(~600  p s i  0 2 ) p retrea tm en t tech n iq u e  was 
used to  o x id iz e  a r s e n ic -b e a r in g  s u l f i d e  
m in era ls  and to  f a c i l i t a t e  th e  e x tr a c t io n  
o f  p r e c io u s  m eta ls  by c y a n id a tio n  ( 1 4 ) .  
The h igh  tem perature and p r e ssu re  le a c h 
in g  tech n iq u e  would undoubtedly  be e f f e c 
t i v e  to  t r e a t  Cu3AsS4 , but would in cu r  
h igh  c a p i t a l  and o p e r a tin g  c o s t s .  L ei 
and Carnahan ( 15 ) d e v ise d  and i n v e s t i 
g a ted  an o x id a t iv e  e l e c t r o l y s i s  procedure  
to  le a c h  an CU3ASS4 c o n c e n tr a te  in  a b i 
membrane e l e c t r o l y s i s  c e l l  in  w hich th e  
r e fr a c to r y  n atu re  o f  CU3ASS4 was overcome 
by C l2 th a t  was g en era ted  in  s i t u  in  th e  
le a c h in g  p u lp . The e l e c t r o l y s i s  ex 
t r a c te d  95 p e t  o f  th e  m eta ls  from th e  
c o n c e n tr a te , produced base a t  th e  
ca th od e , but consumed 2 .8  t o  3 .0  kW *h/lb  
c o n c e n tr a te . The h igh  energy requirem ent  
was due to  c o n v e r tin g  most o f th e  S2" in  
th e  c o n c e n tr a te  to  S0 4 2“so  th a t  h igh  met
a l  e x tr a c t io n s  co u ld  be o b ta in ed .

S n e l l  and Sze ( 16 ) in v e s t ig a t e d  a Ag- 
c a ta ly z e d  F e2 (S 0 4 )3  o x id a t iv e  le a c h in g  
p r o c e ss  fo r  copper s u l f i d e  c o n c e n tr a te s .  
More than 97 p e t  o f th e  Cu was e x tr a c te d  
from a c h a lc o p y r i t e - c h a lc o c i t e  (CuFeS2~ 
Cu2S) c o n c e n tr a te  s lu r r y  a t  9 1 ° C, 0 to  
50 p s ig  t o t a l  le a c h in g  p r e ssu r e , 360 ppm 
o f  Ag c a t a l y s t ,  and 3 h. Under compar
a b le  le a c h in g  c o n d it io n s ,  91 p e t  o f  th e  
Cu was e x tr a c te d  from a CuFeS2 con cen 
t r a t e .  Because o f  th e s e  r e s u l t s ,  i t  was 
con clu d ed  th a t  A g -c a ta ly z e d  o x id a t iv e  
le a c h in g  m ight f a c i l i t a t e  th e  e x tr a c t io n  
o f Cu from a Cu3AsS4 c o n c e n tr a te .

T h is re p o r t d e s c r ib e s  r e s u l t s  o f  a 
b e n c h -s c a le  in v e s t ig a t io n  o f  a A g -c a ta 
ly z e d  H2SO4--O2 le a c h in g  procedure to  
t r e a t  a Cu3AsS4 c o n c e n tr a te . The
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i n v e s t i g a t i o n  c o n s i s t e d  o f  d e te r m in in g  
t h e  b e s t  l e a c h in g  c o n d i t i o n s  f o r  t r e a t i n g  
th e  c o n c e n t r a t e ,  r e c o v e r in g  th e  Cu as  
CUSO4 »5H20 from  th e  p r e g n a n t  s o l u t i o n  by

c r y s t a l l i z a t i o n ,  rem oving th e  As a s  AS2O3 
from  th e  Cu m other  l i q u o r ,  and r e g e n e r a t 
i n g  th e  Ag c a t a l y s t  from  t h e  l e a c h  
r e s i d u e .

LEACHING CHEMISTRY AND PROCESSING CONSIDERATIONS

An e l e c t r o c h e m i c a l  mechanism was p r o 
p osed  by Gajam and Raghaven (13 )  f o r  th e  
o x i d a t i v e  p r e s s u r e  l e a c h i n g  o f  n a t u r a l  
CU3ASS4 i n  ammoniacal s o l u t i o n s .  An 
e l e c t r o c h e m i c a l  mechanism would a l s o  be 
e x p e c te d  i n  an  a c i d i c  s y s te m ;  t h a t  i s ,  
o x i d a t i o n  o f  th e  s u l f i d e  s u l f u r  o f  t h e  
m in e r a l  o c c u rs  a n o d i e a l l y  and r e d u c t i o n  
o f  02 o c c u rs  c a t h o d i c a l l y  on th e  s u r f a c e  
o f  t h e  m in e r a l .  The n e t  e l e c t r o c h e m i c a l  
r e a c t i o n s  f o r  l e a c h i n g  CU3ASS4 can  be ex 
p r e s s e d  as  f o l l o w s :

4Cu3AsS4 -i- 1102 + 24H +

+ 12Cu2+ + 4H3As04 + 16S° + 6H20, (1 )

and

4Cu3AsS4 + 3502 + 10H20

12Cu2+ + 4H3As04 + I 6SO42“ + 8H+. (2 )

R e a c t io n  1 i n d i c a t e s  t h a t  o x i d a t i o n  of 
t h e  s u l f i d e  s u l f u r  o f  t h e  m in e r a l  t o  p r o 
duce  S° i s  an  a c i d  consum ing s t e p ;  w here
a s ,  i n  r e a c t i o n  2, o x i d a t i o n  to  p ro d u ce  
SO42 “’ i s  an  a c i d - g e n e r a t i n g  s t e p .  The 
a c t u a l  a c i d  r e q u i r e m e n t  w i l l  depend on 
w h ich  r e a c t i o n  i s  more p re d o m in a te  i n  
t h e  l e a c h i n g  and must be d e te rm in e d  
e x p e r i m e n t a l l y .

The c a t a l y t i c  e f f e c t  o f  Ag i n  a c i d i c  
F e2 (SO4)3 l e a c h in g  o f  CuFeS2 was e s t a b 
l i s h e d  and a t t r i b u t e d  t o  th e  f o r m a t io n  o f  
a  Ag2S f i l m  on t h e  s u r f a c e  o f  t h e  m in e r a l  
t h a t  m in im ized  th e  d i f f u s i o n  b a r r i e r  e s 
t a b l i s h e d  by t h e  b y p ro d u c t  S° l a y e r s  
(1 7 ) .  The r a t e - l i m i t i n g  s t e p  was an  i n 
t e r m e d i a t e  e l e c t r o c h e m i c a l  r e a c t i o n  i n  
t h e  Ag2S f i l m  i n s t e a d  o f  th e  t r a n s p o r t  o f  
r e a c t a n t s  th ro u g h  t h e  S°. The p ro p o se d  
A g - c a ta ly z e d  l e a c h i n g  mechanism was su p 
p o r t e d  by th e  therm odynam ic d a t a  on Ag-S 
compounds (1 8 ) .  A l though  th e  c a t a l y t i c  
e f f e c t  o f  Ag on t h e  r e a c t i o n  mechanism i n  
02“p r e s s u r i z e d  Fe2 ( 804)3 l e a c h i n g  o f  cop
p e r  s u l f i d e  c o n c e n t r a t e s  has  n o t  been  
d e te rm in e d ,  th e  e x t r a c t i o n  o f  Cu was i n 
c r e a s e d  by i n c r e a s i n g  Ag c a t a l y s t  c o n c en 
t r a t i o n  ( 1 6 ) .  More t h a n  97 p e t  o f  th e  Ag 
used  f o r  th e  c a t a l y s i s  r e p o r t e d  t o  t h e  
l e a c h e d  r e s i d u e .  The r e s u l t s  i n d i c a t e  
t h a t  th e  c o n c e n t r a t i o n  o f  Ag c a t a l y s t  
c o u ld  be im p o r ta n t  i n  o b t a i n i n g  h ig h  Cu 
e x t r a c t i o n  from  a  CU3ASS4 c o n c e n t r a t e  and 
t h a t  s p e n t  c a t a l y s t  c o u ld  be r e c o v e r e d  
from  th e  l e a c h  r e s i d u e .

Based on th e  l e a c h i n g  c h e m is t r y  and 
l i t e r a t u r e  i n f o r m a t io n ,  t h e  p r im a ry  pa
r a m e te r s  i n v e s t i g a t e d  f o r  th e  l e a c h i n g  
were Ag c a t a l y s t  c o n c e n t r a t i o n ,  0 2 
p r e s s u r e ,  t e m p e r a tu r e ,  and H2SO4 
c o n c e n t r a t i o n .

EQUIPMENT AND PROCEDURES

LEACHING

The l e a c h i n g  was c o n d u c te d  i n  a s t a n 
d a rd  2-L P a r r 5 ty p e  316 s t a i n l e s s  s t e e l  
a u t o c l a v e  e q u ip p e d  w i th  a 1 . 5-kW h e a t e r  
and  1 /1 5 -h p  s t i r r e r  m otor . The head  i n 
c o r p o r a t e d  a m a g n e t i c - d r i v e  s t i r r e r  a s 
sem bly , a 200- p s i g  p r e s s u r e  gauge, a 
th e rm o w e ll ,  a s o l u t i o n - s a m p l i n g  tu b e ,  and

^ R e fe re n c e  t o  s p e c i f i c  p r o d u c t s  does  
n o t  im ply  e n d o rse m en t  by the^ B ureau o f  
M ines .

a gas  i n l e t  and o u t l e t .  The s t i r r e r  a s 
sem bly , th e rm o w e ll ,  s a m p l in g  tu b e ,  and 
gas i n l e t  e x p o sed  t o  l e a c h i n g  e n v iro n m en t  
w ere made of t i t a n i u m .  The s t i r r e r  con
s i s t e d  o f  a  2- i n ,  s i x - b l a d e ,  t u r b i n e - t y p e  
i m p e l l e r  p o s i t i o n e d  a t  t h e  end o f  t h e
s t i r r e r  s h a f t  and n e a r  t h e  b o t to m  o f  t h e
v e s s e l .  S t i r r i n g  sp e e d  was 600 t o
650 rpm.

The c o n c e n t r a t e  was s l u r r i e d  i n  H20
w i t h  s e l e c t e d  q u a n t i t i e s  o f  % SO4 , Ag 
c a t a l y s t ,  and CuS04*xH20, Fe2 (S04 ) 3*xH20, 
o r  H3ASO4 , o r  r e c y c l e  l e a c h in g  s o l u t i o n s



4

i n  a  2-L g l a s s  l i n e r ,  w hich  was p la c e d  
i n s i d e  t h e  a u to c l a v e .  The head was p o s i 
t i o n e d  on th e  a u to c l a v e  and s e a l e d .  The 
a u to c l a v e  was p u rg ed  w i th  100 p s l g  02 
t h r e e  t im e s  t o  remove N2. A g i t a t i o n  was 
s t a r t e d ,  and 02 was i n t r o d u c e d  a f t e r  t h e  
a u to c l a v e  was h e a te d  t o  th e  o p e r a t i n g  
t e m p e r a t u r e .  When th e  l e a c h i n g  was com
p l e t e d ,  t h e  a g i t a t i o n  was s to p p e d ,  and 
t h e  r e a c t o r  was removed from  th e  h e a t e r  
and a i r  c o o le d  to  90° C b e f o r e  t h e  r e 
a c t o r  was v e n te d .  The g l a s s  l i n e r  was 
removed* and th e  s l u r r y  was f i l t e r e d  a t
80° C t o  s e p a r a t e  t h e  l e a c h e d  r e s i d u e  
from  th e  p r e g n a n t  s o l u t i o n .  The f i l t e r  
cake  was washed by r e p u l p i n g  w i t h  150 t o  
200 mL w a te r  a t  80° t o  90° C and s e p a 
r a t e d  by f i l t e r i n g .  The w ash in g  f i l t r a t e  
was added t o  t h e  p r e g n a n t  l i q u i d  o r  u sed  
a s  t h e  As s t r i p p i n g  s o l u t i o n  i n  t h e  s o l 
v e n t  e x t r a c t i o n  s t e p .  The f i l t e r  cake 
was d r i e d  a t  90° C f o r  1 h, w e ighed , and 
a n a ly z e d .

COPPER RECOVERY

Copper as  CuSO^ 5H20 was r e c o v e r e d  by 
c r y s t a l l i z a t i o n  from  t h e  p r e g n a n t  s o l u 
t i o n  a t  20° t o  22° C and a t  4° t o  5° C. 
The l a t t e r  t e m p e r a tu r e s  w ere  a t t a i n e d  by 
p l a c i n g  th e  p r e g n a n t  s o l u t i o n  i n  an i c e -  
w a te r  b a th  f o r  2 h . C r y s t a l s  w ere  f i l 
t e r e d  from  th e  m other  l i q u o r .  R e c r y s t a l 
l i z a t i o n  t o  d e c r e a s e  t h e  i m p u r i t y  c o n te n t  
was a c c o m p lish e d  by d i s s o l v i n g  th e  Impure 
c r y s t a l s  i n  w a te r  a t  80° C t o  p r e p a r e  a  
s a t u r a t e d  s o l u t i o n ,  and th e n  a l l o w in g  new 
c r y s t a l s  t o  form  a t  am b ien t  t e m p e r a tu r e  
f o r  a t  l e a s t  24 h*

ARSENIC RECOVERY

A r s e n ic ,  a s  A s203, was r e c o v e r e d  from  
t h e  Cu m o ther  l i q u o r  by s o l v e n t  e x t r a c 
t i o n ,  SO2 r e d u c t i o n  o f  A s5* t o  As3* i n  
t h e  s t r i p  s o l u t i o n ,  and c r y s t a l l i z a t i o n  
o f  t h e  As 3+. The s o l v e n t  c o n s i s t e d  o f  
60 p e t  t r i b u t y l  p h o s p h a te  (TBP), 35 p e t  
E s k a id  200, and 5 p e t  A l i q u a t  336. The 
w a sh in g  s o l u t i o n  from  th e  l e a c h i n g  s t e p  
was u se d  a s  t h e  s t r i p p i n g  a g e n t .  S e p a ra 
t o r y  f u n n e l s  a g i t a t e d  w i th  a  m e c h a n ic a l  
s h a k e r  were u se d  t o  lo a d  and s t r i p  t h e  
a r s e n i c .  O r g a n ic - to - a q u e o u s  p h ase  r a t i o s  
f ro m  1:1 t o  7 :1 w ere  t e s t e d  i n  t h e

l o a d in g  and s t r i p p i n g  c y c l e s .  A s h a k in g  
t im e  o f  1 min was a l lo w e d  f o r  l o a d i n g  and 
s t r i p p i n g ,  and 10 t o  15 min were a l lo w e d  
f o r  p h ase  d ise n g a g e m e n t .

To red u ce  th e  As5* t o  As3 * w i th  S02, 
s t r i p  s o l u t i o n  was p l a c e d  i n  a  r e s i n  k e t 
t l e  eq u ip p e d  w i t h  a h e a t i n g  m a n t le ,  t h e r 
mowell, gas  i n l e t  and o u t l e t ,  and a 
s a m p l in g  tu b e .  The s t r i p  s o l u t i o n  was 
h e a te d  t o  50° C, and S02 was i n t r o d u c e d  
a t  0 .4  t o  3 L/mln f o r  15 t o  30 min. Ex
c e s s  S02 was t r a p p e d  i n  a  NaOH s o l u t i o n .  
A f t e r  t h e  S02 t r e a t m e n t ,  t h e  s o l u t i o n  was 
e v a p o r a te d  a t  75° C t o  d e c r e a s e  t h e  v o l 
ume by t w o - t h i r d s .  The s o l u t i o n  was 
c o o le d  t o  2 1 ° C, and As203 was c r y s t a l 
l i z e d  d u r in g  a 16-h  p e r i o d .  The c r y s t a l s  
w ere  s e p a r a t e d  by f i l t r a t i o n  on f i b e r 
g l a s s  f i l t e r  p a p e r ,  a i r - d r i e d  a t  21° C, 
and a n a ly z e d .  A s i m i l a r  p r o c e d u r e  was 
u sed  t o  o b t a i n  A s20s  from  th e  Cu m other  
l i q u o r  w i th o u t  t h e  s o l v e n t  e x t r a c t i o n  
s t e p .

SILVER CATALYST RECOVERY

The AgCl c a t a l y s t  was r e c o v e r e d  by r e 
a c t i n g  th e  l e a c h e d  r e s i d u e  w i th  N aC lO j- 
NaCl s o l u t i o n  i n  an  E r len m ey er  f l a s k  
e q u ip p e d  w i th  a w a t e r - c o o le d  c o n d e n s e r .  
T h re e -h u n d re d  grams o f  r e s i d u e  p e r  l i t e r  
o f  s o l u t i o n  c o n t a i n i n g  250 g NaCl and 5 g 
NaC!03 was l e a c h e d  a t  100° C f o r  3 h . 
The s l u r r y  was f i l t e r e d  a t  80° C, and  th e  
f i l t r a t e  was c o o le d  t o  22° C and a l lo w e d  
to  s t a n d  f o r  16 h  t o  p r e c i p i t a t e  AgCl. 
The AgCl p r e c i p i t a t e  was f i l t e r e d  and 
washed a t  70° C w i th  a  s o l u t i o n  c o n t a i n 
i n g  2 .5  p e t  e a c h  o f  NaCl and  NH4C1 t o  r e 
move t h e  c o p r e c i p i t a t e d  PbC l2*

PRECIOUS METAL RECOVERY

Gold and r e s i d u a l  s i l v e r  w ere  r e c o v e r e d  
from  t h e  le a c h e d  r e s i d u e  by c y a n i d a t i o n  
a t  am b ien t  t e m p e r a tu r e  i n  a  s e a l e d  v e s 
s e l .  However, b e f o r e  c y a n i d a t i o n  was 
p e rfo rm e d ,  t h e  r e s i d u e  had t o  be d e s u l -  
f u r i z e d .  D e s u l f u r i z a t i o n  ( 1 9 ) u s i n g  300 
t o  340 g o f  t h e  r e s i d u e  p e r  l i t e r  o f  1. 5M 
(117 g /L )  Na2S s o l u t i o n  a t  24° C was com
p l e t e d  i n  30 min. C y a n id a t io n  was con
d u c te d  a t  pH 12 f o r  a  2 4 -h  p e r i o d ,  and 
t h e  s e a l  o f  t h e  v e s s e l  was opened a t  1 ,
6, 8, and 18 h t o  a d m it  a i r .  The s l u r r y



was f i l t e r e d ,  and th e  r e s i d u e  was d r i e d  
a t  90° C f o r  1 h and a n a ly z e d .

ANALYTICAL METHODS

M e ta ls  i n  t h e  s o l i d s  and s o l u t i o n s  were 
a n a ly z e d  by i n d u c t i v e l y  c o u p le d  p lasm a 
s p e c t r o s c o p y .  Hydrogen io n  c o n c e n t r a t i o n  
o f  t h e  s o l u t i o n s  was d e te rm in e d  by

t i t r a t i o n  w i th  s t a n d a r i z e d  NaOH. S u l 
f a t e ,  S2 - , and S° w ere  d e te rm in e d  by wet 
c h e m ic a l  a n a l y s i s  and p r e c i o u s  m e ta ls  by 
f i r e  a s s a y .  X -ray  f l u o r e s c e n c e ,  X -ray  
d i f f r a c t i o n ,  and s c a n n in g  e l e c t r o n  m ic ro 
p ro b e  a n a ly s e s  w ere  u se d  when e x am in ing  
t h e  c o n c e n t r a t e ,  l e a c h e d  r e s i d u e ,  
CuSO^*5H2O, and AS2O3 p r o d u c t s .

RESULTS AND DISCUSSION

LEACHING

The m ajo r  s u l f i d e  m in e r a l s  i n  t h e  co n 
c e n t r a t e  w ere  CU3ASS4 and p y r i t e  (F eS 2 )» 
and  t h e  m inor s u l f i d e  m in e r a l  was CuFeS2. 
S c a n n in g  e l e c t r o n  m ic ro p ro b e  a n a l y s i s  i n 
d i c a t e d  t h a t  t h e  a p p ro x im a te  r a t i o  o f  
CU3ASS4 t o  FeS2 was 1 :1 .  The c o n c e n t r a t e  
c o n ta i n e d  more t h a n  80 p e t  minus 100-  
p l u s  200-mesh p a r t i c l e s .  T h is  f r a c t i o n  
was u se d  i n  t h e  l e a c h i n g  e x p e r im e n t s ,  and 
i t s  a n a l y s i s  i s  shown i n  t a b l e  1 *

The e f f e c t s  o f  t h e  amount o f  AgCl c a t a 
l y s t  a d d ed ,  02 p r e s s u r e ,  t e m p e r a t u r e ,  and 
i n i t i a l  H2SO4 c o n c e n t r a t i o n  on m e ta l  e x 
t r a c t i o n s  from  t h e  c o n c e n t r a t e  were d e 
t e r m in e d  w i t h  260 g /L  c o n c e n t r a t e *  The 
l e a c h i n g  t im e  t o  o b t a i n  more t h a n  94 p e t  
Cu e x t r a c t i o n  from  t h e  c o n c e n t r a t e  was 5 
t o  6 h .  The r e s u l t s  a r e  shown i n  f i g u r e s
1 th ro u g h  4 .  The e x t r a c t i o n  c u rv e  f o r  As 
was t h e  same a s  t h a t  f o r  Cu and i s  n o t  
shown.

TABLE 1. -  A n a ly s i s  o f  t h e  minus 
100-  p l u s  200-mesh f r a c t i o n  of 
a r s e n i c a l  c o p p e r  s u l f i d e  con
c e n t r a t e ,  p e r c e n t

Ag.......... ..................................................................  *3.3
A s.............................................................................  10 .0
Au. *...................... ............. .................... . * • • • .  ' . 6
Cu. ................................*........................................ 3 2 .0
F e .............................................................................  17 .0
Pb..........................................................................................2
S ° . . . . . ................................................... .. 0
S 2“ . . . . .................................. ..............................  3 6 .2
Sb.............................................................................  1 .0
s o 4 2- ................... ................. .. ..................................... 1 . 0
Zn................................*................ ............* ....................... 3
* o z / s t .

Copper e x t r a c t i o n  a t  40 p s i g  O2 was 
o n ly  12 .5  p e t  w i th o u t  t h e  AgCl c a t a l y s t  
( f i g .  1 ) .  The e x t r a c t i o n  o f  Cu i n c r e a s e d  
r a p i d l y  w i th  a d d i t i o n  o f  AgCl and con
t i n u e d  t o  i n c r e a s e  t o  94 .0  p e t  w i th  
i n c r e a s i n g  Ag c o n c e n t r a t i o n  up t o  
0 .0 0 7  mol/L ( 1 .0  g / L ) .  The c o n c e n t r a t i o n  
o f  Ag c a t a l y s t  and th e  e x t r a c t i o n  o f  Cu 
a l s o  depended  on 0 2 p r e s s u r e .  F ig u r e  1 
shows t h a t  lo w er  Ag c a t a l y s t  c o n c e n t r a 
t i o n s  (0 .0 0 5  t o  0 .007  m ol/L )  were r e 
q u i r e d  to  o b t a i n  95 p e t  Cu e x t r a c t i o n s  
when th e  l e a c h in g  was c o n d u c te d  w i th  
60 p s i g  O2 p r e s s u r e  i n s t e a d  o f  40 p s i g .  
The t e s t s  w i th  60 p s i g  O2 p r e s s u r e  em
p lo y e d  3 .0  mol/L  (294  g /L )  H2SO4 , w hich  
was t h e  b e s t  a c id  c o n c e n t r a t i o n  f o r  
l e a c h i n g  ( f i g .  4 ) .

FIGURE 1 Effect of sllver concentration on métal extraction. 
Conditions; 260 g/L concentrais, 100°C, 6  h; for 40 psig Oa, 3.4 
mol/L (331 g/L) H2S0 4; for 60 psig Ûa, 3.0 mol/L (294 g/L) H2S04-
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O th e r  Ag c a t a l y s t s  t e s t e d  in c lu d e d  
AgN03 ( a s  s o l i d  and s o l u t i o n ) ,  Ag2S04 ( a s  
s o l i d  and s o l u t i o n ) ,  and AgC2H302 ( a s  
s o l i d ) *  E xcep t  f o r  th e  AgC2H302, which 
r e s u l t e d  i n  on ly  82 p e t  Cu e x t r a c t i o n ,  
a l l  y i e l d e d  s i m i l a r  r e s u l t s  t o  th e  AgCl. 
S i l v e r  c h l o r i d e  was chosen  as  th e  c a t a 
l y s t  b e c au se  i t  can  be r e c o v e r e d  by h o t  
b r in e  l e a c h in g  o f  t h e  l e a c h e d  r e s i d u e .

Oa, psig
FIGURE 2.—Effect of oxygen pressure on metal extraction. Con

ditions: 260 g/L concentrate, 0.007 mol/L (1.0 g/L) AgCl, 3.4 mol/L 
(331 g/L) HfS04 , 1 0 0 °C, 6  h.

The mechanism by w hich  th e  AgCl e x e r t e d  
a c a t a l y t i c  e f f e c t  on o x i d a t i o n  o f  t h e  
CU3ASS4 c o n c e n t r a t e  was n o t  c l e a r .  Be
ca u se  th e  Ag was n o t  d e t e c t e d  i n  t h e  
l e a c h i n g  s o l u t i o n ,  w h e th e r  i t  was added 
as  a s o l i d  o r  a s o l u t i o n ,  th e  c a t a l y t i c  
mechanism may be d i f f e r e n t  from  t h a t  i n  
A g - c a ta ly z e d  Fe2 ( 804)3 l e a c h in g  o f  CuFeS2 
(1 7 ) .  In  t h a t  c a se ,  Ag was d e t e c t e d  i n  
s o l u t i o n  and was in v o lv e d  i n  an  exchange  
r e a c t i o n  w i th  CuFeS2 t o  fo rm  Ag2 S on t h e  
m in e r a l  s u r f a c e .  In  t h e  o x i d a t i v e  p r e s 
s u r e  l e a c h in g  o f  CU3ASS4, t h e  Ag c a t a l y s t  
p r e c i p i t a t e d  and p o s s i b l y  a c t e d  as  a s o l 
i d  e l e c t r o n i c  c o n d u c to r  to  f a c i l i t a t e  t h e  
e l e c t r o c h e m i c a l  r e a c t i o n  be tw een  a n o d ic  
and c a th o d i c  s i t e s .

F ig u r e  2 shows t h a t  i n c r e a s i n g  t h e  02 
p r e s s u r e  from  10 t o  70 p s i g  i n c r e a s e d  th e  
Cu e x t r a c t i o n s  f rom  57 t o  96 p e t .  An 02 
p r e s s u r e  be tw een 60 and 70 p s i g  was t h e  
b e s t  t o  u se  b e c a u s e  i n c r e a s i n g  t h e  02 
p r e s s u r e  t o  more t h a n  70 p s i g  i n  l e a c h in g  
r e s u l t e d  i n  no i n c r e a s e  i n  Cu e x t r a c t i o n  
and a s l i g h t  i n c r e a s e  o f  Fe e x t r a c t i o n .  
O x id a t io n  o f  FeS2 I s  more f a v o r a b l e  a t  
h i g h e r  02 p r e s s u r e s  ( 1 3 ) .  F ig u re  3 i n 
d i c a t e s  t h a t  th e  b e s t  t e m p e ra tu re  f o r  t h e  
l e a c h i n g  was 100° C, and t e m p e r a tu r e s  o f  
more t h a n  100° C r e s u l t e d  i n  a d r a s t i c  
d e c r e a s e  o f  Cu e x t r a c t i o n .  The r e a s o n  
f o r  t h e  d e c r e a s e  i n  Cu e x t r a c t i o n  a t  a

TEMPERATURE, °C

FIGURE 3.--Effect of temperature on metal extraction. Condi
tions: 260 g/L concentrate, 0.007 mol/L (1.0 g/L) AgCl, 3.4 mol/L 
(331 g/L) H2SO4 , 40 psig Oa, 6  h.

FIGURE 4.—-Effect of Initial sulfuric acid concentration on metal 
extraction. Conditions: 260 g/L concentrate, 0.007 mol/L (1 .0 g/L) 
AgCl, 100°C, 6  h.
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h i g h e r  t e m p e r a tu r e  was n o t  d e te rm in e d .  
However, u n r e a c t e d  c o n c e n t r a t e  c o a g u la te d  
i n t o  a f l o a t i n g  mass a f t e r  l e a c h in g ;  t h a t  
c o a g u l a t i o n  c o u ld  have i s o l a t e d  t h e  con
c e n t r a t e  from  th e  l e a c h i n g  s o l u t i o n .

F i g u r e  4 shows t h a t  th e  b e s t  H2SO4 c o n 
c e n t r a t i o n  was 3 .0  mol/L (294  g /L )  when 
l e a c h i n g  was c o n d u c te d  a t  60 p s i g  02 
p r e s s u r e ,  100° C, and 0 .0 0 7  m ol/L ( 1 .0  
g /L )  AgCl. D e c re a s e  o f  t h e  0 2 p r e s s u r e  
t o  40 p s i g  r e q u i r e d  an  i n c r e a s e  of  a c i d  
c o n c e n t r a t i o n  t o  3 .5  m ol/L  (342 g /L )  t o  
o b t a i n  h ig h  Cu e x t r a c t i o n .

E x t r a c t i o n  of Fe was due e i t h e r  t o  o x i 
d a t i o n  of CuFeS2 , o r  FeS2 , o r  b o th  m in e r 
a l s  f rom  t h e  c o n c e n t r a t e .  F ig u re  1 shows 
t h a t  Fe e x t r a c t i o n s  w ere 53 and 41 p e t  a t
40 p s i g  and 60 p s i g  r e s p e c t i v e l y ,  w i th o u t  
t h e  Ag c a t a l y s t ,  and th e  e x t r a c t i o n s  w ere 
d e c r e a s e d  i n  t h e  p r e s e n c e  o f  a  Ag c a t a 
l y s t .  The d e c r e a s e  i n  Fe e x t r a c t i o n  w i th  
i n c r e a s e s  i n  Ag c a t a l y s t  c o n c e n t r a t i o n  
i m p l i e s  t h a t  t h e  Ag has  a n e g a t i v e  e f f e c t  
on Fe d i s s o l u t i o n .  However, t h e  e f f e c t  
o f  Ag on r e t a r d a t i o n  of Fe d i s s o l u t i o n  
f rom  F eS 2 c o n c e n t r a t e  was n o t  a p p a r e n t  i n  
e x p e r im e n t s  em ploy ing  a F eS 2 c o n c e n t r a t e .  
I n  t h e s e  e x p e r im e n t s ,  25 g o f  t h e  F eS 2 
c o n c e n t r a t e  c o n t a i n i n g  45 p e t  Fe and 
49 p e t  S 2° w ere  l e a c h e d  a t  100° C,
60 p s i g  0 2 , 3 .5  m ol/L  (342 g /L )  H2S04 , 
and  6 h ,  t h e  Fe e x t r a c t i o n s  w ere 5 p e t  
and  6 p e t ,  r e s p e c t i v e l y ,  w i t h  and w i th o u t  
0 .0 0 7  m ol/L  ( 1 .0  g /L )  AgCl c a t a l y s t .  The 
Fe e x t r a c t i o n s  i n c r e a s e d  t o  a p p ro x im a te ly
41 p e t  w i th  and w i th o u t  Ag c a t a l y s t  i n  
pHl H2S04 s o l u t i o n  (12 g /L  H2SO4) u n d e r  
t h e  same l e a c h in g  c o n d i t i o n s .  The Fe 
d i s s o l u t i o n  was a f f e c t e d  much more by 
H2S04 c o n c e n t r a t i o n  t h a n  by t h e  Ag 
c a t a l y s t .  I n  most c a s e s ,  t h e  maximum Fe

e x t r a c t i o n  from  th e  CU3ASS4 c o n c e n t r a t e  
was a p p ro x im a te ly  21 p e t .  A m a t e r i a l  
b a la n c e  c a l c u l a t i o n  shows t h a t  t h i s  
amount o f  Fe d i s s o l u t i o n  c o r r e s p o n d e d  t o  
t h e  Fe c o n ta in e d  i n  t h e  CuFeS2 t h a t  was 
l e a c h e d .

B e s t  l e a c h in g  c o n d i t i o n s  w ere 260 g /L  
c o n c e n t r a t e ,  3 .0  m ol/L  (294 g /L )  H2S04 , 
60 p s i g  0 2 , 0 .0 0 5  t o  0 .0 0 7  m ol/L ( 0 .7  t o
1 .0  g /L )  AgCl, 100° C, and 6 h .  T y p ic a l  
m e ta l  e x t r a c t i o n s  and t h e  c o n c e n t r a t i o n s  
of  r e s u l t i n g  p r e g n a n t  and w ash in g  s o l u 
t i o n s  and r e s i d u e  a r e  shown i n  t a b l e
2. The e x t r a c t i o n  of  As was t h e  same as  
Cu a t  95 p e t .  Tw enty-one p e r c e n t  of  th e  
Fe was c o e x t r a c t e d  by th e  d i s s o l u t i o n  o f  
CuFeS2. The e x t r a c t i o n  of Sb was 99 p e t .  
L ead , w hich  p r e c i p i t a t e d  as  PbS04 , r e 
p o r t e d  t o  t h e  l e a c h  r e s i d u e  and was s u b 
s e q u e n t l y  e x t r a c t e d  d u r in g  b r i n e  l e a c h i n g  
t o  r e c o v e r  th e  Ag c a t a l y s t .  No Ag o r  Au 
was e x t r a c t e d  by o x i d a t i v e  l e a c h i n g .  The 
c o n c e n t r a t i o n  o f  Cu i n  t h e  p r e g n a n t  s o l u 
t i o n  was be tw een  75 and  86 g /L  and was 
n e a r  s a t u r a t i o n  a t  22° C. The p r e g n a n t  
and  t h e  w ash in g  s o l u t i o n s  c o n ta in e d  3 .5  
t o  4 .2  and 0 .8  t o  1 .0  g /L  H+, r e s p e c 
t i v e l y ,  and i n d i c a t e d  t h a t  a p p ro x im a te ly  
36 p e t  o f  t h e  a c i d  was consumed d u r in g  
l e a c h i n g .  The p r e g n a n t  and w ash in g  s o l u 
t i o n s  c o n ta in e d  320 t o  360 and 70 t o  90 
g /L  S04 2" ,  r e s p e c t i v e l y .  A d d i t i o n a l  r e 
s u l t s  showed t h a t  th e  r e s i d u e  c o n ta i n e d ,  
i n  p e r c e n t ,  0 .4  t o  0 .5  SO42" ,  26 t o  28 
S2 _ , and  3 1 .0  t o  3 3 .0  S° .  M a t e r i a l  b a l 
ance  c l a c u l a t i o n s  b ased  on th e  S04 2" i n  
s o l u t i o n  and t h e  S° i n  t h e  r e s i d u e  i n 
d i c a t e d  t h a t  a p p ro x im a te ly  61 p e t  of  t h e  
s u l f i d e  s u l f u r  was o x i d i z e d ,  a p p r o x i 
m a te ly  75 p e t  o f  t h e  o x i d iz e d  s u l f i d e  
s u l f u r  was c o n v e r te d  t o  S ° ,  and th e

TABLE 2. -  M e ta l  e x t r a c t i o n s  and a n a ly s e s  o f  p re g n a n t  
and w a sh in g  s o l u t i o n s  and l e a c h e d  r e s i d u e '

M e ta l
e x t r a c t i o n ,

p e t

P re g n a n t
s o l u t i o n ,

g /L

W ashing
s o l u t i o n ,

g /L

R e s id u e ,
p e t

95 2 3 .6 - 2 7 .0 5 .0 -  6 .7 0 . 7 -  0 .8
95 7 5 .4 - 8 6 .0 1 6 .0 - 2 1 .3 2 .3 -  2 .5
21 8 .7 - 1 0 .0 1 .8 -  2 .5 2 5 .0 - 2 6 .8
99 1 .9 -  2 .0 . 4 -  .5 <.1
60 . 4 -  .5 . 1 -  .2 . 2 -  .3

'L e a c h in g  c o n d i t i o n s ,  260 g /L  c o n c e n t r a t e ,  0 .0 0 7  mol/L ( 1 .0  
g /L )  AgCl, 3 .0  m ol/L  (294 g /L )  H2S04 , 60 p s i g  0 2 , 100° C, 6 h .
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r e m a in d e r  was c o n v e r te d  t o  SO42“ . X -ray  
d i f f r a c t i o n  and s c a n n in g  e l e c t r o n  m ic ro 
p ro b e  a n a ly s e s  showed t h a t  t h e  m ajor  
f r a c t i o n s  of t h e  r e s i d u e  were FeS2 and S° 
w i t h  a s m a l l  amount o f  u n r e a c t e d  CU3ASS4. 
The w e ig h t  o f  t h e  r e s i d u e  was a p p r o x i 
m a te ly  52 p e t  of  t h e  f e e d  w e ig h t .

C om plete  r e c o v e ry  of  th e  d i s s o l v e d  As 
and  Cu and rem oval of  Fe f rom  t h e  p r e g 
n a n t  s o l u t i o n  was i m p r a c t i c a l  b e c au se  o f  
t h e  h ig h  r e s i d u a l  H2S04 c o n c e n t r a t i o n  r e 
q u i r e d  f o r  s e l e c t i v e  l e a c h i n g  of  Cu and 
As. The e f f e c t s  o f  r e s i d u a l  As, Cu, and 
Fe c o n c e n t r a t i o n s  i n  t h e  r e c y c l e  s o l u t i o n  
on th e  m e ta l  r e c o v e r i e s  d u r in g  l e a c h in g  
w ere  d e te rm in e d .  The r e s u l t s  a r e  shown 
i n  f i g u r e s  5 , 6 , and 7. The l e a c h in g
c o n d i t i o n s  f o r  t h e s e  t e s t s  were 260 g /L  
c o n c e n t r a t e ,  0 .0 0 7  m ol/L  ( 1 .0 0  g /L )  AgCl,
3 .0  m ol/L  (294 g /L )  H2S04 , 60 p s i g  0 2 , 
100° C, and 6 h .  F ig u re  5 shows t h a t  t h e  
Cu e x t r a c t i o n  was a t  93 t o  95 p e t  u n t i l  
t h e  c o n c e n t r a t i o n  o f  As i n  t h e  l e a c h in g  
s o l u t i o n  was g r e a t e r  th a n  0 .5  m ol/L  ( 3 7 .9  
g / L ) .  F ig u re  6 shows t h a t  Cu e x t r a c t i o n  
g r a d u a l l y  d e c r e a s e d  w i th  i n c r e a s i n g  Cu 
c o n c e n t r a t i o n  i n  t h e  l e a c h in g  s o l u t i o n .  
The e x t r a c t i o n  o f  Cu was more t h a n  92 p e t  
f o r  Cu c o n c e n t r a t i o n  o f  l e s s  th a n
0 . 3  m ol/L  (19 g / L ) .  The e x t r a c t i o n  of  Cu 
was n o t ’a f f e c t e d  by Fe c o n c e n t r a t i o n  and 
was 94 t o  96 p e t  f o r  Fe c o n c e n t r a t i o n s  as  
h ig h  a s  1 .2  m ol/L  (67 g /L )  ( f i g .  7 ) .

I r o n  e x t r a c t i o n  was n o t  a f f e c t e d  by th e  
As, Cu, and Fe c o n c e n t r a t i o n .  Based on 
t h e s e  r e s u l t s ,  a r e c y c l e  s o lu t u o n  s h o u ld  
c o n t a i n  a p p ro x im a te ly  0 .5  m ol/L  
( 3 7 .9  g /L )  As and 0 .3  m ol/L  (19 g /L )  Cu. 
I r o n  sh o u ld  be a s  low as  p o s s i b l e  t o  min
im iz e  t h e  e f f e c t  on s u b s e q u e n t  p r o d u c t  
p u r i t y .  L ea ch in g  t e s t s  a t  60 p s i g  0 2 and 
100° C w ere r e p e a t e d  w i th  a  s o l u t i o n  
c o n t a i n i n g  0 .0 0 7  m ol/L  ( 1 .0  g /L )  AgCl,

FIGURE 6,—Effect of copper concentration on metal extraction. 
Conditions; 260 g/L concentrate, 0.007 mol/L (1.0 g/L) AgCl, 3.0 
mol/L (294 g/L) HaSQ4, 60 psig Oa, 100°C, 6 h.

FIGURE 5.—Effect of arsenic concentration on metal extraction. 
Conditions: 260 g/L concentrate, 0.007 mol/L (1.0 g/L) AgCl, 3.0 
mol/L (294 g/L) H2S04, 60 psig Oa, 100°C, 6 h.
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FIGURE 7.—Effect of Iron concentration on metal extraction. 
Conditions; 260 g/L concentrate, 0.007 mol/L (1.0 g/L) AgCl, 3.0 
mol/L (294 g/L) H2S04, 60 psig Oa, 100°C, 6 h.
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0 .4 5  m ol/L  (34 g /L )  As, 0 .3 1  m ol/L  (20 
g /L )  Cu, 1.1 m ol/L  (60  g /L )  F e ,  and 3 .0  
m ol/L  (294 g /L )  H2S04 , and gave 95 p e t  
As, 94 p e t  Cu, and 17 p e t  Fe e x t r a c t i o n s  
f ro m  260 g /L  c o n c e n t r a t e  i n  6 h .

COPPER RECOVERY

The o b j e c t i v e s  f o r  r e c o v e r in g  th e  Cu by 
c r y s t a l l i z a t i o n  were t o  o b t a i n  CuS04 *5H20 
s u i t a b l e  a s  t h e  c e l l  f e e d  f o r  e l e c t r o 
l y t i c  Cu and t o  y i e l d  a  m other  l i q u o r  
f o r  r e c y c l e  c o n t a i n i n g  a p p ro x im a te ly
0 .3  m ol/L  (19 g /L )  Cu.

The i n d u s t r i a l  t e c h n iq u e  o f  c r y s t a l l i 
z a t i o n  o f  CuS04 *5H20 i n  CuS04-H2S04“H20 
s y s te m  was d i s c u s s e d  by M i l l i g a n  and Moy
e r  ( 2 0 ) .  They d e v e lo p e d  i s o th e rm s  f o r  
s o l u b i l i t y  o f  CuS04 i n  aqueous  H2S04 t o  
e s t i m a t e  t h e  t h e o r e t i c a l  e q u i l i b r i u m  con
c e n t r a t i o n s  o f  CuS04 * 5H2O a s  a f u n c t i o n  
o f  H2S04 c o n c e n t r a t i o n  a t  t e m p e r a tu r e s
0 . 5 ° ,  10°, 2 0 ° ,  4 0 ° ,  and 60° C* The i s o 
th e rm s  show t h a t  s o l u b i l i t y  o f  CuSO4 .5H20 
i n  aqueous  H2S04 d e c r e a s e s  w i th  d e c r e a s 
in g  t e m p e r a tu r e  and i n c r e a s i n g  a c id  co n 
c e n t r a t i o n .  F o r  exam ple ,  t h e  c o n c e n t r a 
t i o n  o f  CuS04* 5H2O i s  30 p e t  i n  a  s o l u 
t i o n  c o n t a i n i n g  18 .7  p e t  H2S04 a t  60° C, 
b u t  i s  on ly  11 p e t  a t  10° C. I n c r e a s i n g  
t h e  H2S04 t o  30 p e t  d e c r e a s e s  t h e  co n cen 
t r a t i o n s  o f  CuS04 *5H20 t o  2 0 .4  and
5 .0  p e t  a t  60° and 10° C, r e s p e c t i v e l y .  
M i l l i g a n  and Moyer (2 0 )  a l s o  s t a t e d  t h a t  
Fe and H2S04 a r e  t h e  most common i m p u r i 
t i e s  i n  t h e  CuS04 *5H2O c r y s t a l s ;  o t h e r  
i m p u r i t i e s  w ere  As, Sb, Ca, Co, N i , Na, 
and  Zn.

F o u r  p r e g n a n t  s o l u t i o n s  p ro d u ce d  u n d e r  
d i f f e r e n t  l e a c h i n g  c o n d i t i o n s  were t e s t e d  
f o r  Cu c r y s t a l l i z a t i o n .  The a n a ly s e s  of

t h e s e  s o l u t i o n s  a r e  shown i n  t a b l e  3. 
The f i r s t  s o l u t i o n  was p roduced  w i th  a 
l e a e h i n g  s o l u t i o n  f r e e  o f  t h e  a c cu m u la te d  
m e ta l  i o n s .  S o l u t i o n s  2, 3 , and 4 r e p r e 
s e n t e d  th e  p r e g n a n t  s o l u t i o n  p ro d u ced  
from  a r e c y c l e d  s o l u t i o n  c o n t a i n i n g  As, 
Cu, and Fe. The p re g n a n t  s o l u t i o n s  con
t a i n e d  d i f f e r e n t  H2S04 c o n c e n t r a t i o n s .  
T ab le  4 shows t h e  r e s u l t s  o f  c r y s t a l l i z a 
t i o n  a t  two d i f f e r e n t  t e m p e r a tu r e s  f o r  
e a c h  s o l u t i o n .  F o u r - h u n d r e d - f i f t y  m i l l i 
l i t e r s  o f  t h e  p r e g n a n t  s o l u t i o n  was u se d  
i n  e a c h  t e s t .  C r y s t a l l i z a t i o n  t im e  a t  
20° t o  22° C was 16 t o  24 h b e f o r e  c r y s 
t a l s  were s e p a r a t e d  from  th e  m other  l i 
q u o r .  C r y s t a l l i z a t i o n  t im e  a t  4° t o  5° C 
was 2 to  4 h . The Cu r e c o v e r y  ranged  
from  60 t o  65 p e t  a t  a p p ro x im a te ly  20° C 
f rom  t h e  p r e g n a n t  s o l u t i o n s  1, 2, and 3. 
C r y s t a l l i z a t i o n  w i th  an  i c e - w a t e r  b a th  
i n c r e a s e d  t h e  Cu r e c o v e r y  t o  78 t o
81 p e t .  The i m p u r i t y  e le m e n ts  i n  t h e  
c r y s t a l s  were w i t h i n  t h e  l i m i t  f o r  p r o 
d u c in g  f e e d  s o l u t i o n  f o r  Cu e l e c t r o w i n n 
i n g  ( 2 1 ) .  X -ray  a n a ly s e s  i n d i c a t e d  t h a t  
t h e  m a j o r i t y  o f  t h e  c r y s t a l s  were 
CuS04 *5H20 ,  w hich  c o n ta i n e d  a p p ro x im a te ly  
25 p e t  Cu and 39 p e t  S04 . Copper

TABLE 3. -  A n a ly s i s  o f  p r e g n a n t  
s o l u t u i o n s  f o r  c o p p e r  c y r s t a l -  
l i z a t i o n ,  grams p e r  l i t e r

1 2 3 4
As. . . . . . . . . . . 25 .5 3 4 .0 2 4 .0 2 5 .0

8 1 .6 80 .7 106.0 8 0 .8
F e ......................... 9 .5 9 .2 9 .4 6 5 .4

2 .0 1 .8 1 .7 1 .9
.5 .5 .4 .5

u + 4 .0 5 .0 5 .7 4 .3
340 340 380 480

TABLE 4. -  Copper r e c o v e ry  and p u r i t y  o f  c o p p e r  c r y s t a l s

S o l u t i o n T e m p e ra tu re ,
°C

C r y s t a l , Cu r e c o v e r e d ,
p e t

I m p u r i t i e s  i n  c r y s t a l ,  p e t
As Fe Zn

2 0 .0 8 7 .8 60 0 .2 0 .3 0 .1
5 .0 114 .0 78 .2 .3 .2

2 0 .0 8 6 .5 61 .3 .3 .1
4 .0 112 .0 80 .5 .3 .1

2 0 .0 117 .0 65 .3 .2 .1
4 .0 1 48 .0 81 .5 .4 .1

2 2 .0 8 6 .2 56 .5 2 .2 .2
5 .0 *126.4 77 .5 1 .6 .2

1A lso  c o n ta i n e d  0 .1  p e t  Sb.
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r e c o v e r y  from  th e  h ig h -F e  s o l u t i o n  4 was 
56 p e t  a t  22° C and 77 p e t  a t  5° C. Â 
h ig h -F e  c o n c e n t r a t i o n  i n t e r f e r e d  w i th  
c r y s t a l l i z a t i o n  of CuS04*5H20, and th e  
c r y s t a l s  c o n ta in e d  a p p ro x im a te ly  2 p e t  
Fe« R e c r y s t a l l i z a t i o n  to  d e c re a s e  th e  Fe 
i m p u r i t y  was t e s t e d  by d i s s o l v i n g  320 g 
o f  c r y s t a l s  p e r  l i t e r  o f  w a te r  a t  80° C 
and c o o l i n g  th e  s o l u t i o n  t o  21° C f o r  
24 h. The r e e y r s t a l l i z a t i o n  d e c re a s e d  
t h e  Fe c o n te n t  o f  t h e  c r y s t a l s  by 80 p e t ,  
d e c r e a s e d  th e  As c o n te n t  by 91 p e t ,  and 
r e c o v e r e d  76 p e t  of t h e  Cu.

A n a ly se s  of  th e  Cu m other  l i q u o r s  from  
t h e  c r y s t a l l i z a t i o n  t e s t s  a r e  shown i n  
t a b l e  5. The l i q u o r s  c o n ta in e d  18 t o  21 
g /L  Cu, which s a t i s f i e d  th e  Cu c o n c e n t r a 
t i o n  l i m i t  f o r  r e c y c l e d  l e a c h i n g  s o l u 
t i o n .  No d e c r e a s e  i n  th e  a c id  c o n c e n t r a 
t i o n  was n o te d  i n  t h e  m other  s o l u t i o n ,  
w hich  i n d i c a t e d  t h a t  H2SO4 i n c l u s i o n  i n  
t h e  CuS04* 5H2O c r y s t a l s  was m inim al. The 
volume o f  t h e  m other  l i q u o r  was 11 p e t  
l e s s  t h a n  t h e  volume of t h e  p re g n a n t  s o l 
u t i o n  owing t o  t h e  l o s s  o f  h y d r a t i o n
w a te r .

ARSENIC RECOVERY

A r s e n ic  was r e c o v e r e d  from  th e  Cu 
m o ther  l i q u o r  by s o l v e n t  e x t r a c t i o n  w i th  
t r i b u t y l  p h o s p h a te  (TBP), r e d u c t i o n  o f
As 5+ t o  As3* i n  t h e  s t r i p  s o l u t i o n  w i th
S02 , and c r y s t a l l i z a t i o n  o f  t h e  As3* a s  
ÀS2O3 f rom  th e  s o l u t i o n .  The e x t r a c t i o n  
o f  As f rom  a ta n k h o u se  e l e c t r o l y t e  w i th

TABLE 5. -  A n a ly s is  of  t h e  c oppe r  m other  
l i q u o r ,  grams p e r  l i t e r

I 1 2r 31 41
27. 6 37. 0 25. 5 25 .4
19 .5 18. 0 21 .4 20.0

9. 7 10.0 9 .8 66.8
2.2 2.0 1.8 1.8

. 4 .4 .2 .  1
H + . . . . ............... 4 .5 5 .8 6.8 4 .6

270 270 290 410

24° C.

TBP was s e l e c t i v e  and i n c r e a s e d  w i th  
i n c r e a s i n g  H2S04 c o n c e n t r a t i o n  (2 2 ) .  The 
o r g a n i c  e x t r a c t a n t  c o n s i s t e d  o f  60 p e t  
TBP, 35 p e t  E sk a id  200, and 5 p e t  A l iq u a t  
336. Copper m others  l i q u o r s  c o n t a i n in g  
low Fe ( fe e d  1) and h ig h  Fe ( f e e d  4) were 
t e s t e d .  The r e s u l t s  i n  t a b l e  6 show t h a t  
Cu, Fe, Sb, and Zn were n o t  e x t r a c t e d  and 
t h a t  20 p e t  of th e  H2SO4 was c o e x t r a c t e d  
w i th  As. The o v e r a l l  e x t r a c t i o n  o f  As 
w i th  an o r g a n i c - to - a q u e o u s  phase  r a t i o  o f  
3:1 was 84 t o  86 p e t ,  which r e q u i r e d  
t h r e e  s t a g e s  of lo a d in g  f o r  th e  low~Fe 
l i q u o r  and f o u r  s t a g e s  of l o a d in g  f o r  th e  
h ig h -F e  l i q u o r .  The r e s u l t s  i n d i c a t e  
t h a t  h ig h  Fe c o n c e n t r a t i o n  may i n f l u e n c e  
th e  As e x t r a c t i o n  k i n e t i c s .

Because s t r i p p i n g  was f e a s i b l e  w i th  a 
d i l u t e  H2S04 s o l u t i o n ,  th e  u se  o f  th e  d i 
l u t e  a c id  w ash ing  s o l u t i o n  from  th e  f i l 
t r a t i o n  s t e p  c o n t a i n in g  0 .8  t o  1 .0  g /L  H+ 
was s u i t a b l e .  S t r i p p i n g  w i th  t h e  wash

TABLE 6. - S o lv e n t  e x t r a c t i o n  of a r s e n i c  from two co p p e r  
m other  l i q u o r s ,  grams p e r  l i t e r

As Cu Fe Sb Zn H* S04 2“
S o l u t i o n  1 : 1

Feed........................... 27 .6 19 .5 9 .7 2.2 0 .4 4 .5 270
R a f f i n a t e ............... 3 .8 19.7 9 .8 2 .3 .5 3 .4 210
S t r i p . . . . . . . . . . . 5 .0 11 .0 1.8 .2 . 1 1 .3 90
Loaded s t r i p . . . . 2 4 .0 11 .0 1.8 .2 . 1 2.0 120

S o l u t i o n  4 : 2
F e e d . . . . . . . . . . . . 25 .4 20.0 66.8 1.8 .1 4 .6 410

4 .0 19.7 6 7 .0 1 .9 . 1 3 .5 370
S t r i p . . . . . . . . . . . 4 .5 1 6 .0 1.8 .2 . 1 1 .2 94
Loaded s t r i p . . . . 22.0 16.3 1.8 .2 . 1 1. 7 ' 150
1Low-Fe f e e d ,  o r g a n i c - t o - a q u e o u s  = 3 : 1 ,  3 s t a g e s  o f

l o a d i n g  and 3 s t a g e s  of s t r i p p i n g .
2H igh-Fe f e e d ,  o r g a n i c - t o - a q u e o u s  = 3 : 1 ,  4 s t a g e s  o f

l o a d i n g  and 3 s t a g e s  of  s t r i p p i n g .
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s o l u t i o n  would e l i m i n a t e  a s e p a r a t e  
t r e a t m e n t  f o r  i t  i n  t h e  p r o c e s s  se q u e n c e .  
A p p ro x im a te ly  80 p e t  o f  t h e  e x t r a c t e d  As 
was r e c o v e r e d  by t h r e e  s t a g e s  o f  s t r i p p 
i n g  w i th  an  o r g a n i e - t o - a q u e o u s  ph ase  r a 
t i o  of  3 : 1 .  The s t r i p p e d  o r g a n i c  con
t a i n e d  a p p r o x im a te ly ,  i n  grams p e r  l i t e r ,
1 t o  1 .5  As, 0 .1  t o  0 .2  H+, and 7 t o  11 
SO42" ,  w hich  w ere removed by s c r u b b in g  
w i t h  H20 i n  two s t a g e s .  The s c ru b b in g  
H20 lo a d e d  w i th  As can be r e c y c l e d  t o  th e  
f i l t r a t i o n  s t e p ,  o r  i t  can  be c l e a n s e d  of  
As by S02- r e d u c t i o n  and c r y s t a l l i z a t i o n  
s t e p s .

C o e x t r a c t i o n  o f  H2SO4 i n t o  t h e  o r g a n ic  
p h a s e  was a p p ro x im a te ly  20 p e t .  T h is  
H2S04 was s t r i p p e d  c o n c u r r e n t l y  w i th  t h e  
As. The p rob lem  o f  t r a n s f e r  of  a c i d  from  
t h e  f e e d  s o l u t i o n  t o  t h e  s t r i p p e d  s o l u 
t i o n  has  been  r e c t i f i e d  by o t h e r  r e 
s e a r c h e r s  by s c r u b b in g  t h e  lo a d e d  o r g a n i c  
p h a se  w i th  an  As s o l u t i o n  t o  remove th e  
a c i d  b e f o r e  s t r i p p i n g  t o  r e e o v e r  th e  As 
( 2 3 ) .  T h is  a c i d  rem ova l a p p ro a c h  was n o t  
I n v e s t i g a t e d  and , f o r  t h i s  s t u d y ,  As and 
a c i d  w ere s t r i p p e d  t o g e t h e r .

The r e d u c t i o n  o f  A s5* t o  A s3+ by S02 
and  s u b s e q u e n t  r e c o v e r y  o f  As203 by 
d e h y d r a t io n  can be e x p r e s s e d  a s  f o l l o w s :

H3ASO4 + s o 2 h 2o

+ H3ASO3 + HSO4'  + H+ (3 )

2H3As03 -*■ As20 3 + 3H20 (4 )

The r a t e  o f  r e d u c t i o n  was i n v e s t i g a t e d  by 
P a lm e r ,  Namo, and F u e r s t e n a u  ( 2 4 ) .  T h e i r

i n v e s t i g a t i o n  showed t h a t  th e  r a t e  i n 
c r e a s e s  w i th  t e m p e ra tu re  from  5° t o  45°
C, i s  in d e p e n d e n t  o f  As and a r s e n o u s  a c id  
(H3ASO3) c o n c e n t r a t i o n s ,  and d e c r e a s e s
w i th  i n c r e a s i n g  H2S04 c o n c e n t r a t i o n .  The 
d e c r e a s e  i n  r a t e  i n  c o n c e n t r a t e d  a c i d
s o l u t i o n  was a t t r i b u t e d  t o  p r o t o n a t e d
a r s e n i c  a c id  (H4As04+) ,  w hich  was n o t  as 
r e a c t i v e  a s  a r s e n i c  a c i d  (H3ASO4 ) .  A
9 5 - p e t  c o n v e r s io n  o f  A s5+ t o  As3+ from  
a  s o l u t i o n  c o n t a i n i n g  1 g /L  As^+ and
1 .0  m ol/L  (98 g /L )  H2S04 was r e p o r t e d .

R e d u c t io n  and c r y s t a l l i z a t i o n  were 
t e s t e d  on two p r o c e s s  s o l u t i o n s .  One 
s o l u t i o n  c o n t a i n i n g ,  i n  grams p e r  l i t e r ,  
2 7 .6  As, 19 .5  Cu, 9 .7  Fe ,  2 .2  Sb, 0 .5  Zn,
4 .5  H+, and 270 S042- was th e  Gu m other
l i q u o r  u se d  f o r  As s o l v e n t  e x t r a c t i o n  
( f e e d  1 ) .  The o t h e r  s o l u t i o n  c o n t a i n i n g ,  
i n  grams p e r  l i t e r ,  2 4 .0  As, 11 .0  Cu, 1 .8  
F e ,  0 .2  Sb, 0 .1  Zn, 2 .0  H+ , and 120 SO42“ 
was t h e  s t r i p  s o l u t i o n  f rom  th e  s o l v e n t  
e x t r a c t i o n .  The Cu m o ther  l i q u o r  was 
t e s t e d  t o  d e te r m in e  th e  e f f e c t  o f  h ig h  
a c i d  c o n c e n t r a t i o n  on th e  S02 r e d u c t i o n  
o f  A s5*. The r e s u l t s  a r e  shown i n  t a b l e
7. A f low  r a t e  o f  0 .4  L /min S02 f o r  30 
mln a c h ie v e d  a t  l e a s t  94 p e t  of  c o n v e r 
s io n  of As5+ t o  As3+ i n  b o th  s o l u t i o n s .  
At a  f low  r a t e  h i g h e r  t h a n  0 .4  L/min S02 , 
th e  e x c e s s  S02 was l o s t  and c o l l e c t e d  i n  
t h e  c a u s t i c  t r a p .  The S02 consumed du r~  
ln g  r e d u c t i o n  ran g e d  from  71 t o  100 p e t  
more t h a n  t h e  t h e o r e t i c a l  v a lu e  p r e d i c t e d  
by e q u a t i o n  3. No a d v e r s e  e f f e c t  on t h e  
r e d u c t i o n  o f  As5+ t o  As3+ was c a u se d  by 
t h e  h ig h  a c i d  c o n c e n t r a t i o n  i n  t h e  Cu 
m o ther  l i q u o r ,  b u t  t h e  t o t a l  r e c o v e r y  of

TABLE 7. -  Recovery  of a r s e n i c  by S02 r e d u c t i o n  and c r y s t a l l i z a t i o n 1

Cu m other  l i q u o r S t r i p  s o l u t i o n
12 10
96 94

R ecovery  o f  As, p e t :
63 86
60 81

A n a ly s i s  of As c r y s t a l s ,  p e t :
71 .3 7 5 .6

C u . ............... .. <0.1 <0.1
F e .......... ............................................... ......... 0.2 <0.1
Sb................................................................... 5 .8 0.6
1C o n d i t io n s :  r e d u c t i o n  of  0 .3  L s o l u t i o n  a t  50° C, 0 .4  L /m in  S02 , 30 min;

c r y s t a l l i z a t i o n  o f  As20 3 a t  23° C a f t e r  s o l u t i o n  volume d e c r e a s e d  t o  0 .2  L 
by e v a p o r a t i o n  a t  75° C.
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As from  th e  m other  l i q u o r  was on ly  
60 p e t ;  t h e  r e c o v e ry  from  th e  s t r i p  s o l 
u t i o n  was 81 p e t .  I t  a p p e a rs  from  t h e  
r e s u l t s  t h a t  c r y s t a l l i z a t i o n  of  AS2O3 was 
f a v o r e d  i n  d i l u t e  a c i d  s o l u t i o n .  X -ray  
a n a l y s i s  showed t h a t  c y r s t a l s  from  bo th  
s o l u t i o n s  were p r i m a r i l y  AS2O3, b u t  th e  
As p ro d u c t  from  th e  Cu m other  l i q u o r  was 
c o n ta m in a te d  w i th  a h i g h e r  c o n c e n t r a t i o n  
o f  Sb. The c r y s t a l s  p r e p a r e d  from  th e
s t r i p  s o l u t i o n  c o n ta in e d  l e s s  th a n  1 p e t  
Sb, which was s u i t a b l e  f o r  com m ercial 
a p p l i c a t i o n .  A lthough  th e  r e c o v e ry  o f  As 
from  a Cu m other  l i q u o r  p roduced  AS2O3 
c o n t a i n i n g  Sb, a means was p r o v id e d  f o r  
c o n t r o l l i n g  th e  Sb c o n c e n t r a t i o n  i n  t h e  
p r o c e s s  s o l u t i o n .

The As m other l i q u o r  can be r e c y c l e d  
s e p a r a t e l y  o r  i n  c o m b in a t io n  w i th  th e  
r a f f i n a t e  from  th e  s o l v e n t  e x t r a c t i o n  
s t e p  to  th e  l e a c h i n g  r e a c t o r .  T y p ic a l
r e c y c l e  s t r e a m s  would c o n ta i n ,  i n  grams
p e r  l i t e r ,  7 t o  16 As, 17 t o  19 Cu, 7 t o
10 Fe, 0 .1  t o  1 Sb, 0 .2  t o  0 .4  Zn, 3 .4  t o  
3 .8  H+, and 200 t o  210 SO42 - , and s a t i s f y  
t h e  a c c e p t a b l e  l e v e l s  of  As (3 7 .9  g /L ) ,  
Cu (19 g /L ) ,  and Fe (<67 g /L )  r e q u i r e d  i n  
t h e  l e a c h in g  s t r e a m  i n d i c a t e d  i n  f i g u r e s
5 th ro u g h  7.

SILVER CATALYST RECOVERY

N i n e t y - f i v e  p e r c e n t  o f  th e  170 o z / s t  Ag 
c o n ta i n e d  i n  t h e  l e a c h e d  r e s i d u e  was ex
t r a c t e d  by o x i d a t i v e  b r in e  l e a c h in g  a t

100° C. A p p ro x im a te ly  80 p e t  o f  t h e  Ag 
was p r e c i p i t a t e d  from  th e  b r i n e  a s  AgCl 
when th e  f i l t r a t e  was c o o le d  a t  24° C. 
Lead was a l s o  l e a c h e d  b u t  u n l e s s  i t s  con
c e n t r a t i o n  exceeded  1 g /L , i t  d id  n o t  co
p r e c i p i t a t e  w i th  AgCl. C o p r e c i p i t a t e d  Pb 
was removed by w ash ing  th e  AgCl p r e c i p i 
t a t e  a t  70° C w i th  a  s o l u t i o n  c o n t a i n i n g
2 .5  p e t  each  NaCl and NH4C1.

PRECIOUS METALS RECOVERY

The b r i n e - l e a c h e d  r e s i d u e  was d e s u l f u r -  
i z e d  and c y a n id e d  t o  r e c o v e r  t h e  p r e c i o u s  
m e ta l s .  A p p ro x im a te ly  98 p e t  o f  t h e  S° 
was r e c o v e re d  from  th e  l e a c h e d  r e s i d u e ,  
w hich c o n ta in e d  8 t o  9 o z / s t  Ag and 1 .5  
t o  1 .7  o z / s t  Au. C y a n id a t io n  was made 
w i th  5 g NaCN p e r  250 g d e s u l f u r i z e d  r e s 
id u e  i n  0 .3 5  L H2O a t  pH 12 f o r  24 h . 
E x t r a c t i o n s  o f  Ag and Au were 20 and 
76 p e t ,  r e s p e c t i v e l y .  The in c o m p le te  e x 
t r a c t i o n  o f  Ag and Au by c y a n i d a t i o n  i s  
a t t r i b u t e d  t o  in c o m p le te  o x i d a t i o n  o f  
s u l f i d e  m in e r a l s .

PROPOSED FLOWSHEET

Based on th e  e x p e r im e n ta l  r e s u l t s ,  a 
p ro p o se d  f lo w s h e e t  f o r  t r e a t i n g  CU3ASS4 
c o n c e n t r a t e  i s  shown i n  f i g u r e  8. O x ida
t i v e  l e a c h in g  i s  c o n d u c te d  a t  100° C, 60 
p s i g  0 2 w i th  r e c y c l e d  AgCl c a t a l y s t ,  and 
p r o c e s s  s o l u t i o n  c o n t a i n i n g  H2S04, Cu, 
Fe, and As. L ea ch in g  e x t r a c t s  95 p e t  o f

Enargite concentrate

FIGURE 8.— Proposed flowsheet for sliver-catalyzed oxidative leaching of enargite concentrate.
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t h e  Cu and As b u t  m in im izes  t h e  e x t r a c 
t i o n  o f  Fe t o  21 p e t .  F i l t r a t i o n  and 
w a sh in g  a r e  a t  85° C. The r e s i d u e  i s  
l e a c h e d  a t  100° C w i th  a NaC103 and NaCl 
s o l u t i o n  from  w hich  th e  AgCl c a t a l y s t  i s  
r e c o v e r e d  by p r e c i p i t a t i o n  on c o o l in g .  
The Cu-As p r e g n a n t  s o l u t i o n  i s  c o o le d  to  
5° C t o  r e c o v e r  up t o  81 p e t  o f  th e  Cu as 
CuS04*5H20. A r s e n ic  i s  e x t r a c t e d  from  
t h e  m other  l i q u o r  w i th  TBP and s t r i p p e d  
w i t h  t h e  s o l u t i o n  from  w ash ing  th e  l e a c h

r e s i d u e .  U l t im a t e ly ,  As i s  r e c o v e r e d  as  
As203 by SO2 r e d u c t i o n  o f  t h e  s t r i p  
s o l u t i o n  a t  50° C and c r y s t a l l i z a t i o n  a t  
24° C. A s i m i l a r  SO2 r e d u c t i o n  t e c h n iq u e  
can  be used  t o  remove th e  Sb from  th e  Cu 
m other  l i q u o r  o r  th e  r a f f i n a t e  from  s o l 
v e n t  e x t r a c t i o n .  A f t e r  b l e e d s t r e a m  
t r e a tm e n t  t o  d e c r e a s e  th e  Fe c o n c e n t r a 
t i o n ,  t h e  As s o l v e n t  e x t r a c t i o n  r a f f i n a t e  
i s  combined w i th  t h e  As m other l i q u o r  and 
r e c y c l e d  to  th e  l e a c h in g  s e c t i o n .

SUMMARY AND CONCLUSIONS

S i l v e r - c a t a l y z e d  H2SO4-O2 l e a c h in g  to  
t r e a t  a CU3ASS4 c o n c e n t r a t e  was demon
s t r a t e d .  A l th o u g h  th e  mechanism f o r  th e  
c a t a l y t i c  e f f e c t  o f  Ag on l e a c h in g  was 
n o t  d e te rm in e d ,  t h e  Ag c a t a l y s t  overcame 
t h e  r e f r a c t o r y  n a t u r e  o f  t h e  a r s e n i c a l  
s u l f i d e  m in e r a l  by a c c e l e r a t i n g  th e  d i s 
s o l u t i o n  o f  Cu and As. The p ro c e d u re  e x 
t r a c t e d  95 p e t  of th e  Cu and As and m in i 
m ized th e  d i s s o l u t i o n  o f  Fe t o  21 p e t .

As much as  81 p e t  o f  th e  Cu was r e c o v e r e d  
as  CuS04*5H20 from  th e  p re g n a n t  s o l u t i o n  
by c r y s t a l l i z a t i o n  a t  4° t o  5° C. 
E ig h ty - o n e  p e r c e n t  o f  t h e  As a s  As2 03 
was o b t a i n e d  by s o l v e n t  e x t r a c t i o n  w i th  
TBP, S02 r e d u c t i o n  of As5+ t o  As34", and 
c r y s t a l l i z a t i o n  o f  As 3 +. Com plete r e 
c o v e ry  o f  th e  AgCj. ' c a t a l y s t  was a c h ie v e d  
by o x i d a t i v e  b r i n e  l e a c h in g  o f  t h e  l e a c h  
r e s i d u e .
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