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The k ine t ics  of d i s so lu t ion  of cha lcopyr i te  (CuFeS2) in f e r r i c  c h l o r i de - hyd r oc h l o r i c  ac id  
and in f e r r i c  s u l f a t e - s u l f u r i c  acid solut ions  have been  inves t iga ted  us ing  the ro ta t ing  
d i sk  technique.  Over  the t e m p e r a t u r e  range  50 to 100~ l inea r  k ine t ics  were  obse rved  
in the chlor ide media  while non l i nea r  k ine t ics  were  noted in the sulfate  s y s t e m .  The ap- 
pa ren t  ac t iva t ion  ene rgy  in  the chlor ide  sys t em was about 11 k c a l / m o l e .  The ra te  in-  
c r ea sed  with i n c r e a s i n g  f e r r i c  chlor ide  concen t ra t ions  but was in sens i t i ve  to the concen-  
t r a t ions  of hydrochlor ic  acid,  the f e r ro us  chlor ide r eac t ion  product  and " i n e r t "  mag-  
n e s i u m  or l i th ium ch lor ides .  Cupr ic  chlor ide  subs tan t i a l ly  a c c e l e r a t e d  the ra te .  Smal l  
amounts  of sulfate  in an o therwise  a l l  chlor ide  s y s t e m  grea t ly  reduce  the cha lcopyr i te  
leaching rate;  s t i l l  l a r g e r  amounts  of sulfate  make the sys t em behave e s sen t i a l l y  like 
the s l o w e r - r e a c t i n g  f e r r i c  sulfa te  medium.  

INTRODUCT ION 

CHALCOPYRITE (CuFeS2) is probably the most im- 
portant copper ore mineral in the world today. Tradi- 
tionally, chalcopyrite concentrates have been treated 
using sme l t i ng  technology. Both the c o s t - e n e r g y  ef- 
f i c ienc ies  and the SO2 pollut ion p rob l ems  assoc ia ted  
with sme l t i ng  a re  well  known, but it should be noted 
that r e c e n t  technological  advances  a re  tending to min i -  
mize the pol lut ion di f f icul t ies .  1,~ Dur ing  the past  few 
yea r s  va r ious  copper h y d r o m e t a l l u r g i c a l  p r o c e s s e s  
have been  advanced,  genera l ly  as a means  of over -  
coming pol lut ion p rob lems  involved in sme l t i ng  
although other  potent ia l  advantages  such as lower 
capi tal  costs ,  r e cove ry  of a useful  i ron  product ,  bet-  
t e r  cont ro l  and automat ion  as well  as economica l  
sma l l  sca le  opera t ion  have a lso  been  ci ted.  

Chalcopyr i te  is quite r e f r a c t o r y  to h y d r o m e t a n u r g i -  
cal  p r o c e s s i n g  and only fa i r ly  potent so lu t ions  wil l  
d isso lve  it. Much of the r e s e a r c h  and development  
act ivi ty  in  this a r e a  has concen t ra ted  on some fo rm of 
f e r r i c  ion leaching,  e spec ia l ly  f e r r i c  ch lor ide  leach-  
ing. F e r r i c  chloride leaching p r o c e s s e s  des igned to 
t r ea t  chalcopyr i te  concen t ra tes  have been  advanced 
f rom the ea r ly  par t  of this century;  the f indings  of 
these older  s tudies  have been  r ecen t ly  d i s cus s e d  in a 
review a r t i c l e  3 and will  not be repea ted  at this t ime .  
It is worth noting that these  e a r l i e r  effor ts  were  more  
or less  doomed to economic  fa i lure  s ince  they s imply  
could not compete with exis t ing  sme l t ing  p r o c e s s e s  
capable of d i scharg ing  un l imi ted  amounts  of SOs into 
the a tmosphe re  and because  the h y d r o m e t a l l u r g i c a l  
expe r t i s e  to handle complex and co r ro s ive  chlor ide 
solut ions  had not been  developed at that  t ime .  With 
the growing conce rn  for  p ro tec t ing  the env i ronmen t ,  
a new s e r i e s  of hyd rome ta l l u rg i ca l  p r o c e s s e s  for 
t r ea t ing  copper concen t ra t e s  was advanced and f e r r i c  
ion leaching p r o c e s s e s  were  p rominen t  among these .  
The United States Bureau  of Mines  developed a f e r r i c  
chloride leaching p rocess  4 which was able to ex t rac t  
over  99 pct of the copper in a cha lcopyr i te  concent ra te  
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dur ing  2 h of leaching at 106~ For  the FeC1JCuFeS2 
ra t io s  employed in that work the copper r epor t ed  as 
cuprous  ch lor ide :  

CuFeS2 + 3FeC13 ~ CuC1 + 4FeC12 + 2S ~ [1] 

About 70 pct of the sulfur  was r e c o v e r e d  in e l emen ta l  
f o rm with the r e m a i n d e r  p r e s u m a b l y  be ing  oxidized 
to sulfa te .  The  ra te  was found to be s t rong ly  t e m p e r a -  
tu re  dependent  and it i nc reased ,  also,  as the ra t io  of 
FeC1JCuFeS2 increased ;  i .e. ,  as  the f e r r i c  ion concen-  
t r a t i on  i n c r e a s e d .  Copper was eventua l ly  r e c o v e r e d  
by cemen ta t ion  on i ron  and the f e r r i c  chlor ide  medium 
was r e g e n e r a t e d  by chlor ine  gas.  I m p r o v e m e n t s  have 
been  effected s on this p r oc e s s  espec ia l ly  in the a r e a s  
of e l e m e n t a l  su l fur  r e c o v e r y  by d i s so lu t ion  in am-  
mon ium polysulf ide  and of i ron  r e g e n e r a t i o n  by d i r ec t  
a i r  oxidat ion in a t u r b o a e r a t o r .  The economics  of the 
B u r e a u ' s  P r o c e s s  have been  compared  6 to convent ional  
s m e l t i n g  with SO2 col lec t ion  by the C i t r a t e  P r o c e s s ,  
and the h y d r o m e t a l l u r g i c a l  route  was found to be com- 
pet i t ive for both opera t ing  and capi ta l  cha rges .  As 
o r ig ina l ly  conceived,  the Cymet  P r o c e s s  v combined  
f e r r i c  chlor ide  leaching together  with anodic  d i s so lu -  
t ion of cha lcopyr i te  concen t r a t e s .  Recent  i m p r o v e m e n t s  
on this  p r o c e s s  s have seen  the l each-anod ic  d i sso lu t ion  
s tep r ep l aced  by a more  convent ional  two stage leach-  
ing opera t ion  employing  f e r r i c  c h l o r i d e - c u p r i c  ch lor -  
ide. P u r e  cuprous  chlor ide is c r y s t a l l i z e d  f rom solu-  
tion and copper  is  r e c ove r e d  by hydrogen reduc t ion  
in a fluid bed.  The FeC1s leaching medium is r e g e n e r -  
ated by oxidat ion us ing  the HC1 produced dur ing  H2 
reduc t ion .  Most  of the su l fur  r e p o r t s  in the e l emen ta l  
fo rm.  The Duval  Corpora t ion  has developed 9,1~ a p roc-  
e s s  whereby cha lcopyr i te  concen t ra t e s  a r e  d i sso lved  
in cupr ic  c h l o r i d e - f e r r i c  chlor ide  so lu t ion  at the bo i l -  
ing point (107~ s i l v e r  a l so  leaches  under  these  con- 
d i t ions .  The soluble  cupr ic  ions a re  reduced  to the 
cuprous  s ta te  in a two step p rocess ;  concen t r a t e  is 
employed to effect the bulk of the r educ t ion  and im-  
pure  copper is  used to complete  the r eac t ion .  Sulfur  
r e po r t s  in the e l e me n t a l  f o rm (mostly) and pyr i te  is 
only supe r f i c i a l l y  at tacked.  An e l ec t ro ly t i c  s tep is 
used to r e c o v e r  copper and to oxidize some of the 
cuprous  ion to Cue*; a la rge  c i r cu l a t i ng  load of solu-  
ble  copper is  used and the p r o c e s s  is ,  the re fore ,  l a rge ly  
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a cupr ic  chlor ide  leach. I ron  is  f inal ly  r egene ra t ed  by 
a i r  or  oxygen in a su i tab le  t u rboae ra to r .  Cominco L i m i -  
ted 1~ has also advanced a p r o c e s s  based  on the f e r r i c  
chlor ide leaching of cha lcopyr i te  concen t ra tes .  The d i s -  
solved copper is  reduced to the cuprous  s ta te  by addit ion 
of me ta l l i c  copper and a cuprous  chlor ide product  is 
c rys t a l l i zed  f rom solution.  Copper is  produced by hy- 
drogen reduc t ion  and the HC1 so produced is  u t i l ized for 
the oxygen r egene ra t i on  of the f e r r i c  chlor ide l ixiviant .  
E l k e m - S p i g e r v e r k e t  x2 has pi loted a f e r r i c  chlor ide 
leaching p r o c e s s  which is based  on the d i sso lu t ion  of 
cha lcopyr i te  in 3 M FeC13 at about l l 0 ~  The d is -  
solved copper is e lec t rowon d i r ec t ly  f rom a pur i f ied  
solut ion in a d iaphragm cel l .  Ex t r a  i ron  d isso lved  
dur ing  leaching is p rec ip i t a ted  as an oxide product  by 
oxy-hydro lys i s  at about 90~ 

Although none of the above p r o c e s s e s  is opera t ing  
on a c o m m e r c i a l  sca le ,  s e v e r a l  a re  be ing  evaluated at 
: h e  pilot p lant  or d e m o n s t r a t i o n  unit  level .  It appears  
that f e r r i c  chlor ide leaching may soon find p r a c t i c a l  
appl ica t ion  for the t r e a t m e n t  of cha lcopyr i te  concen-  
t r a t e s .  The p r o c e s s e s  desc r ibed  above differ  in the i r  
methods of handl ing the p regnan t  so lu t ions  and, e s -  
pecia l ly ,  in the i r  me ta l  r e c o v e r y  opera t ions ,  but al l  
a r e  based  on the r eac t ion  of cha lcopyr i te  with f e r r i c  
chlor ide media .  For  such p r o c e s s e s  it is impor tan t  
to have a sound under s t and ing  of the m e c h a n i s m s  of 
the r eac t i ons  o c c u r r i n g  dur ing  the d i sso lu t ion  step.  
Although the d i s so lu t ion  of cha lcopyr i te  in f e r r i c  
chlor ide so lu t ions  has been looked at by s e v e r a l  in-  
ves t i ga to r s ,  there  is l i t t le  a g r e e m e n t  among the v a r i -  
ous worke r s  conce rn ing  the fo rm of the leaching 
curves ,  the impor tan t  leaching v a r i a b l e s  or the ra te  
con t ro l l ing  p r o c e s s e s .  

Brown and Sul l ivan ~s were  the f i r s t  to study in any 
de ta i l  the f e r r i c  chloride leaching of cha lcopyr i te .  
They observed  that the m i n e r a l  was gene ra l ly  r e f r a c -  
to ry  to leaching (an obse rva t ion  which has been  con- 
f i rmed  Dy a l l  workers  in the field) and that hot f e r r i c  
chlor ide solut ions  were more  eff icacious  than the 
co r r e spond ing  sulfate media .  The ra te  was s ta ted to 
i n c r e a s e  rap id ly  with i n c r e a s i n g  t e m p e r a t u r e  although 
no ac t iva t ion  energy  was quoted. E rmi lov ,  Tkachenko 
and Tsef t  14 inves t iga ted  the k ine t ics  of d i s so lu t ion  
of cha lcopyr i te  in f e r r i c  ch lor ide  solut ions  over  the 
t e m p e r a t u r e  i n t e rva l  60 to 106~ The ra te  i n c r e a se d  
modera te ly  rapid ly  with i n c r e a s i n g  t e m p e r a t u r e ;  the 
apparen t  ac t iva t ion  energy  was about 12 kcal/ /mole.  
The ra te  i nc r ea sed  d i rec t ly  with the f e r r i c  ion con- 
cen t r a t ion  for in i t i a l  f e r r i c  ch lor ide  concen t ra t ions  
between 50 and 100 g/1. The su l fur  formed dur ing  
d isso lu t ion  did not i n t e r f e r e  with the d i s so lu t ion  kine-  
t i cs .  This  finding is in apparen t  con t rad ic t ion  of an 
e a r l i e r  publ ica t ion of E r m i l o v  1S where it was shown 
that  s imu l t aneous  d i s so lu t ion  of the cha tcopyr i te  and 
the su l fur  r eac t ion  product  subs tan t i a l ly  acce l e ra t ed  
the ra te  of chalcopyr i te  at tack.  P r e s u m a b l y  this  in- 
dicated that the su l fur  layer  impeded the d i sso lu t ion  
although it may have been that the xylene used to ex- 
t r a c t  su l fur  ca ta lyzed the c h a l c o p y r i t e - f e r r i c  chloride 
r e a c t i o n  in some m a n n e r .  

Jones  and P e t e r s  ~6 studied the d i s so lu t ion  of chalco-  
pyr i te  in both f e r r i c  chlor ide  and f e r r i c  sulfate  media;  
f e r r i c  chlor ide so lu t ions  were  found to be the more  
effect ive l ix iviant  at 90~ and this  is in a g r e e m e n t  
with the e a r l i e r  study of Brown and Sul l ivan.  x3 For  
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f e r r i c  chloride solut ions ,  l inea r  k ine t ics  were ob- 
s e r v e d  to about 90 pct d isso lu t ion  and this suggests  
that the e l e m e n t a l  su t fur  r eac t ion  product  is  not im-  
peding the r eac t ion  in the chloride sys t em.  As would 
be expected,  the r a t e  i nc rea sed  as the par t ic le  s ize  
dec reased .  I n c r e a s i n g  f e r r i c  chlor ide concen t ra t ions  
(0.1 and 1.0 M) i nc r e a se d  the leaching ra te ,  but the 
p r e sence  of the FeC12 reac t ion  product  was found to 
have l i t t le effect.  The influence of the leaching t em-  
p e r a t u r e  was not given. Most r ecen t ly  Ammou-Cho-  
kroum,  Cambazoglu  and Ste inmetz  ~7,18 have inves t i -  
gated the leaching of chalcopyri te  in f e r r i c  chloride 
solut ions  whose concen t ra t ions  ranged  f rom 0.01 to 
0.5 M. These  worke r s  repor ted  that the d i sso lu t ion  
o c c u r r e d  in two stages;  vie, an in i t ia l ly  rapid  pa r t  
followed by a s lower  reac t ion ,  supposedly caused  by 
" p a s s i v a t i o n "  of the chalcopyr i te .  The in i t ia l  ra te  
was found to i n c r e a s e  as  the 0.3 power of the f e r r i c  
ion concent ra t ion;  the co r re spond ing  ac t iva t ion  energy  
for this stage va r i ed  f rom 7 to 10 kcal/ /mole depending 
on the f e r r i c  ion concen t ra t ion  employed.  The ra te  
was found to be independent  of the tota l  chloride 
concen t ra t ion  (as NaC1) and of the HC1 concen t ra t ion  
over  the pH range  f rom 0 to 1.5. A complex p a r a l i n e a r  
model  was advanced to explain the r e s u l t s  which were 
c l a imed  to be suppor ted  by other  work 21'24 in the f e r r i c  
chloride-HC1 s y s t e m  and in the f e r r i c  su l f a t e - su l -  
fu r ic  acid medium.  For  the tes t s  in Refs .  17 and 18, 
u n s i n t e r e d  d isks  of chalcopyri te  were  used, and it is 
the c u r r e n t  a u t h o r ' s  opinion that the complex k ine t ics  
were  caused by this  expe r imen ta l  l imi ta t ion .  The un- 
s i n t e r ed  disks  contain both ve ry  fine and ve ry  coarse  
p a r t i c l e s .  The leaching of such m a t e r i a l  is cha rac -  
t e r i zed  by a rap id  in i t i a l  s tage where  the ve ry  fine 
m a t e r i a l  is leached; as the f ines a r e  consumed,  the 
r eac t ion  slows apprec iab ly  and " p s e u d o p a r a b o l i c "  or 
" p a r a l i n e a r "  k ine t ics  a re  apparen t ly  observed  a l -  
though the t rue  k ine t ics  a re  quite d i f ferent .  Also, the 
p r e s e n t  study as well  as other  work ~3,~6 has demon-  
s t r a t ed  subs t an t i a l  d i f fe rences  in the leaching behavior  
of chalcopyr i te  in f e r r i c  sulfate and in f e r r i c  chloride 
media .  Hence,  it  appears  that d i f fe rent  m e c h a n i s m s  
a r e  opera t ive  for the two sy s t e ms  and, consequent ly ,  
that data f rom one medium should not be used to sup- 
port  a mechan i s t i c  i n t e rp re t a t ion  in the other .  

T h e r e  appears  to be some consensus  that the d i s -  
solut ion k ine t ics  a re  l inear ;  in those ins tances  where 
non l inea r  k ine t ics  have been repor ted ,  changes in a r e a  
that might have occu r r ed  dur ing  leaching were not 
taken into account .  The act ivat ion ene rgy  s e e m s  to be 
modera te ly  high with values  between 9 to 12 kcal//mole 
having been noted; given the p rob l ems  inheren t  in the 
deduct ion of the ac t iva t ion  energy,  such ag reemen t  
s e e m s  ve ry  good. The ra te  i n c r e a s e s  with i n c r e a s i n g  
f e r r i c  ion concen t ra t ion ,  is independent  of acid 
s t r eng th  and, in genera l ,  of the p r e s e n c e  of other  
ch lor ides .  The purpose  of the p r e s e n t  study was then 
to t ry  to c la r i fy  the c u r r e n t  s ta tus  of the work on the 
FeCls leaching of chalcopyr i te  and to extend our 
knowledge of other  va r i a b l e s  opera t ive  in this com- 
m e r c i a l l y  impor t an t  leaching sy s t e m.  It was felt  
n e c e s s a r y  to compare  the r eac t ions  in the f e r r i c  
ch lor ide  s y s t e m  with the c o r r e spond i ng  r eac t ions  in 
f e r r i c  sulfate  and in the mixed su l f a t e -ch lo r ide  media  
which wil l  inevi tably  be produced dur ing  the leaching 
of r e a l  concen t ra t e s  on a c o m m e r c i a l  sca le .  
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EXPERIMENTAL 

For  the leaching s tudies ,  both d isks  of synthet ic  
cha lcopyr i te  and carefu l ly  s ized  and cleaned n a t u r a l  
chalcopyr i te  f rom the T e m a g a m i  Lake Mine, T e m a -  
gami,  Ontar io  were used.  The na tu r a l  m a t e r i a l  was 
s ized  by wet s c r e e n i n g  and the washing was cont inued 
unt i l  a l l  s l i m e s  and fines were  r emoved .  The s c r e e n e d  
m a t e r i a l  was then t rea ted  in an u l t r a son i c  bath to r e -  
move the las t  t r a c e s  of fine dust .  Mic roscop ic  exami -  
na t ion  showed the s ized and c leaned  chalcopyr i te  to 
cons i s t  of: 

95 pct chalcopyr i te  
3 pct pyr i te  

1.5 pct born i te  
0.5 pct spha le r i t e  

The synthet ic  CuFeS2 was p r e p a r e d  f rom equ imola r  
amounts  of CuS and Fel.oooS whose syn thes i s  p roced-  
u r e s  have been  desc r ibed .  19 The s imple  sulf ides  were  
d r y - g r o u n d  to - 1 5 0  mesh,  mixed,  p r e s s e d  at 80,000 
ps i  and then s i n t e r - r e a c t e d  for 2 days at 550~ to 
fo rm CuFeS2. The in i t i a l  cha lcopyr i te  was d r y - g r o u n d  
to - 1 5 0  mesh  and r e p r e s s e d  at 80,000 ps i .  The disks  
were  then s i n t e r ed  at 625~ for 24 h and subsequent ly  
slowly cooled. The final  d isks  were  pol ished through 
4 /0  pol ishing paper ,  u l t r a son i ca l l y  c leaned in acetone,  
vacuum dr ied  and then s tored .  The f inal  d isks  were  
25 mm in d iam and were  about 2 mm thick; the ap- 
pa ren t  pol ished sur face  a r e a  was 5.15 cm 2 al though 
the t rue  sur face  a r e a  p re sen t ed  to the leaching medium 
was poss ib ly  ten t imes  g r ea t e r  than this.3~ The ap- 
p a r e n t  dens i ty  was 85 to 90 pct of theore t i ca l .  

The s i n t e r ed  d isks  and the s ized  na tu r a l  chalcopyr i te  
were  shown by X - r a y  d i f f rac t ion  ana ly s i s  to cons i s t  
of " c h a l c o p y r i t e " .  The m a t e r i a l  was examined  us ing 
a Gu in ie r -de -Wol f f  p r ec i s i on  focuss ing  c a m e r a  to 
e s t ab l i sh  that chalcopyr i te ,  and not one of the r ecen t l y  
found s i m i l a r  phases ,  2~ was be ing  leached.  Mic ro -  
scopic examina t ion  conf i rmed  that the disks  were  es -  
sen t ia l ly  chalcopyr i te ,  although s m a l l  amounts  of 
f inely  d i s s e m i n a t e d  pyr i te  and born i t e  were  a l so  r e -  
v e a l e d .  Point  counting methods indicated  that the im-  
pu r i t i e s  const i tu ted less  than 0.5 pct of the d isk  a rea .  
E l e c t r o n  mic rop robe  ana lyses  of a n u m b e r  of synthe-  
t ic  d isks  indicated the product  to be:  

Cul.oo ~ o.o2Fe~.o0 ~ o.o,-$2.oo. 

The pol ished CuFeSz pe l le ts  were  cemented  to lucite 
s t i r r i n g  rods in such a m a n n e r  that only the pol ished 
face was p re sen t ed  to the leaching med ium.  The d isks  
were  then leached by an e s t ab l i shed  technique 2~ which 
cons i s t s  of ro ta t ing  the d isk  at a given speed in an 
acidif ied f e r r i c  chloride or f e r r i c  sulfate  solut ion 
and pe r iod ica l ly  sampl ing  and ana lyz ing  the d i sso lved  
copper  c o l o r i m e t r i c a l l y  with a Techn icon  AutoAnaly-  
ze r .  I ron concen t ra t ions  were  obtained by s t andard  
d ichromate  t i t r a t ion  of pipette s amp le s  and e l e m e n t a l  
su l fu r  was e s t ima ted  by CS2 ex t r ac t ion  of a i r - d r i e d  
pe l le t s .  The ground n a t u r a l  cha lcopyr i t e s  were  s imply  
suspended  in the leaching med ium us ing  a su i tab le  
s t i r r e r .  P ro t ec t ive  a tmosphe re s  were  used to p reven t  
a i r  oxidation of the su l fur  or i ron  spec ies .  Solut ion 
r emoved  f rom the leach v e s s e l  e i the r  by sampl ing  or 
by evapora t ion  was rep laced  by a r e t u r n  feed of b a r -  
r e n  solut ion or water ,  r e spec t i ve ly .  

RESULTS AND DISCUSSION 

T e m p e r a t u r e  Effect in the Chlor ide  Sys tem 

F i g u r e  1 i l l u s t r a t e s  the type of d i s so lu t ion  curve  ob- 
ta ined  when the d isks  of synthet ic  cha lcopyr i te  were  
leached at va r ious  t e m p e r a t u r e s  in 0.1 M FeC13-0.3 M 
HC1 so lu t ions .  These  data a re  plotted on the bas i s  of 
the amount  of copper d i sso lved  per  unit  apparen t  d i sk  
a r e a  and not for the t rue  a r e a  of the sulf ide that is 
l a rge ly  unknown. The d i sso lu t ion  cu rves  in these  
chlor ide  solut ions  a re  e s sen t i a l l y  l i nea r  although 
some of them do exhibit  a ve ry  s l ight  c u r va tu r e  and 
this  could be caused by sl ight  changes in the poros i ty  
of the d isks  dur ing  leaching or  it might  indicate  a ve ry  
s l ight  and l imi ted  blockage of the su r face  by the r eac -  
t ion products .  Genera l ly ,  though, the r e a c t i o n  prod-  
ucts  do not seem to be impeding the d i s so lu t ion  r e a c -  
t ion in the chlor ide medium.  

To obtain a value of the apparen t  ac t iva t ion  energy  
for the d i s so lu t ion  of the synthet ic  cha lcopyr i te ,  in i t i a l  
leaching  r a t e s  were evaluated by f i t t ing the va r i ous  
data  to an equat ion of the form:  

wt Cu (rag/era 2) = bt  + c t  2 [2] 

and then ca lcu la t ing  the slope at t = 0. As a check on 
this  method, r a t e  cons tan ts  were  a lso  evaluated  f rom 
the middle  " l i n e a r "  sec t ions  of the cu rves  as well  
as f rom the computed slope at the end of the exper i -  
ment .  F igu re  2 shows the A r r h e n i u s  pl0t r e a l i z ed  us-  
Lug the in i t i a l  slope ca lcu la t ions .  An e s se n t i a l l y  iden-  
t i ca l  graph with nea r ly  the s ame  slope was obtained 
when e i the r  the " l i n e a r "  r a t e s  or the " t e r m i n a l "  

r a t e s  (as defined above) were  employed.  The l inea r  
A r r h e n i u s  plot over  the t e m p e r a t u r e  range  50 to 100~ 
sugges t s  that jus t  one leaching m e c h a n i s m  is opera t ive .  
The l eas t  squa r e s  fit  to the data  shown in Fig .  2 
yielded the equat ion:  

log /e (mg Cu//cm 2 'h)  = 7.425 - 246_99 [3] 
T 

This  equat ion produced an apparen t  ac t iva t ion  ene rgy  
of 11.3 • 0.6 (la) k c a l / m o l e ,  and this  value did not 
change by more  than 2 k c a l / m o l e  when the other  
methods were  used to compute k. 

To show that the synthet ic  cha lcopyr i t e  leached in 
the s ame  m a n n e r  as the n a t u r a l  m i n e r a l ,  a s e r i e s  of 
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Fig. 1--The amount of copper dissolved from disks of synthe- 
tic chalcopyrite as a function of time at various temperatures 
in chloride solutions. 
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d i s k s  of  s y n t h e t i c  c h a l c o p y r i t e  b e t w e e n  50 and  100~ in 
chloride solutions. 

1-O 

�9 I G NATURAL CHALCOPYRITE 
0.8 -150, + 200  MESH 

o.6 ~ O-IM FeCI3, O-~M HCI 

0.4 

0.2 
A 

(.9 -0"4 

-G'6 

-0"8 

-I'0 

-1"2 I I I I I ! I, 
2'6 2"7 2'8 2"9 3'0 5 I 5 2 3 3 3"4 

I O 0 0 / T  (K-n) 
F ig .  3 - - A r r h e n i u s  p lo t  f o r  the  d i s s o l u t i o n  of c o p p e r  f r o m  
s i z e d  and  c l e a n e d  n a t u r a l  e h a l c o p y r i t e  f r o m  T e m a g a m i ,  O n -  
t a r i o .  

d i s so lu t ion  tes ts  at d i f ferent  t e m p e r a t u r e s  was run.  
F o r  these  expe r imen t s ,  1 g o f -  150, +200 mesh  cleaned 
cha lcopyr i te  f rom T e m a g a m i ,  Onta r io  was s l u r r i e d  
with 2.7 1 of 0.1 M FeC13 - 0.3 M HCI solut ion.  Leach-  
ing cu rves  were obtained at each t e m p e r a t u r e  and 
in i t i a l  r a t e  cons tants  were  then deduced f rom these  
us ing  Eq.  [2]. F igu re  3 shows the A r r h e n i n s  plot ob- 
ta ined  f rom these  data.  Over  the i n t e r v a l  25 to 100~ 
the data suggest  a s ingle  ra te  con t ro l l ing  step, in 
a g r e e m e n t  with the r e s u l t s  on synthet ic  cha lcopyr i te .  
The apparen t  ac t iva t ion  ene rgy  of about 10 kcal~mole 
found for the na tu r a l  m a t e r i a l  is in f a i r ly  good ag ree -  
ment  with the 11 k c a l / m o l e  value computed for synthe-  
tic CuFeSz. 

T e m p e r a t u r e  Effect in the Sulfate Sys tem 

F igu re  4 shows the type of d i sso lu t ion  curve  rea l i zed  
when the d isks  of synthet ic  chalcopyr i te  were  d is -  
solved at va r ious  t e m p e r a t u r e s  in solut ions  contain-  
ing 0.1 M Fe  3+ (as sulfate)  and 0.3 M H2SO4. Under the 
tes t  condi t ions  used, f e r r i c  sulfate solut ions  at tack 
cha lcopyr i te  more  slowly than f e r r i c  chlor ide  media;  
this  obse rva t ion  is cons is ten t  with the f indings  of 
Brown and Sull ivan is and Jone s  and P e t e r s .  26 For  ex- 
ample ,  in the c u r r e n t  t e s t s  at 85~ f e r r i c  sulfate 
solut ions  ex t rac ted  about 28 mg C u / c m  2 af ter  50 h of 
leaching while a s i m i l a r  chlor ide  so lu t ion  leached 
over  120 mg C u / c m  2 in the s ame  per iod.  The  d i s so lu -  
t ion curves  in the sulfate s y s t e m  are  not l i nea r .  It is 
the au tho r ' s  content ion that the nonl inear  k ine t ics  
observed  in the sulfate s y s t e m  are  caused  by the 
blockage or  pa r t i a l  blockage of the chalcopyr i te  s u r -  
face by the e l emen ta l  sul fur  reac t ion  product  and /o r  
p rec ip i t a ted  i ron  compounds which can form even in 
fa i r ly  acidic  solut ions  .22 The shape of the d i sso lu t ion  
cu rves  in sulfate  media  is one a r e a  of c u r r e n t  con- 
t r o v e r s y  with some groups such as Becks tead  et  al 2s 
and L inge 24 also repor t ing  " p a r a b o l i c "  k ine t ics  while 
other  w or ke r s  such as Lowe 2s and Jones  and P e t e r s  16 
observe  l inea r  r eac t ions .  Although this p r ob l em is 
beyond the scope of the p r e s e n t  study, it is  one a rea  
which def in i te ly  r e q u i r e s  addi t ional  study. 

In o rder  to compare  the r a t e  data in the sulfate 
media  with those f rom the chlor ide sys tem,  in i t ia l  
ra te  cons tan ts  were deduced f rom the cu rves  in Fig.  
4 us ing  Eq.  [2]. These  cons tan ts  were then s u m m a r i z e d  
on an A r r h e n i u s  plot as shown in Fig .  5. The points 
and the lower l ine co r r e spond  to the d i s so lu t ion  in the 
sulfate so lu t ions .  Although the re  is a fa i r  amount  of 
sca t t e r ,  it appears  that the data  can be desc r ibed  by 
a s ingle  l ine whose equation is :  

1937 
log k (mg C u / c m  2 .h) = 5.261 - ~ [4] 

This  y ie lds  an apparent  ac t iva t ion  ene rgy  of 8.9 + 0.7 
(l(r) kcaL/mole.  Because  the leaching cu rves  in the 
sulfate  s y s t e m  a re  not l inear ,  quite d i f fe rent  values  
of AH* a r e  obtained depending on the method used to 
compute k ( i .e . ,  l inear ,  parabol ic)  and on the par t  of 
the curve  used for the computa t ions .  F o r  example,  a 
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in s u l f a t e  s o l u t i o n s .  
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value of 15 kcal//mole was r ea l i zed  when the t e r m i n a l  
por t ions  of the curves  in Fig .  4 were used to de te r -  
mine k. In i t ia l  ra te  cons tan ts  were used in this  p ro-  
gram,  however,  to provide  a cons i s ten t  b a s i s  of com- 
pa r i son  with the chlor ide so lu t i ons  which were of 
p r inc ipa l  conce rn  for this  study. The upper  l ine on 
Fig.  5 is the smoothed curve  (Fig. 2) obtained for the 
co r re spond ing  chlor ide solu t ions .  Since s i m i l a r  ma-  
t e r i a l  was used for both tes t s  and because  comparab le  
i ron  and acid concen t ra t ions  were ut i l ized,  a d i rec t  
c o m p a r i s o n  of the data s e e m s  poss ib le .  The f igure  
shows that the chlor ide media  a re  be t t e r  for d i s so lv -  
ing chalcopyr i te  at high t e m p e r a t u r e s  (t > 50~ a l -  
though the ra t e  d i f fe ren t i a l  s eems  to l e s s e n  at lower 
t e m p e r a t u r e s .  

The Disso lu t ion  Reac t ion  

F igu re  1 indicates  that e s s en t i a l l y  l i nea r  k inet ics  
a re  obse rved  for the leaching of synthet ic  chalcopy- 
r i t e  in FeCls-HC1 so lu t ions .  To demons t r a t e  that the 
na tu ra l  m a t e r i a l  a lso d i s so lves  accord ing  to a l inear  
law, a tes t  was run  in which 1 g of - 325, +400 mesh  
na tu ra l  chalcopyr i te  f rom Temagami ,  Ontar io  was 
leached in an excess  of l ix iv iant .  The upper  l ine and 
the sol id points  shown in Fig.  6 i l l u s t r a t e  the kind of 
d i sso lu t ion  curve found in this  sys tem;  these  pa r t i cu -  
lar  r e s u l t s  a re  plotted as f rac t ion copper d i s so lved  
(or) v s  t ime.  This  p a r t i c u l a r  expe r imen t  was run  to 
about 70 pct total  copper  ex t rac t ion .  The lower l ine 
and the open points  a re  a plot of 1-(1-or) 1/3 v s  t ime  and 
this  re la t ionsh ip ,  of course ,  c o r r e c t s  for the sh r ink -  
age of the monosize  pa r t i c l e s  dur ing  leaching.  The 
r e s u l t s  follow the 1 - ( l - a )  1/3 v s  t ime  r e l a t i onsh ip  quite 
c lose ly  and this  would s e e m  to conf i rm that the ra te  
of copper d i sso lu t ion  per  unit  a r e a  of cha lcopyr i te  
is a l i nea r  funct ion of t ime  in the chlor ide  s y s t e m .  
This  f inding is in a g r e e m e n t  with the r ecen t  work of 
Jones  and P e t e r s  16 who observed  l inea r  k ine t ics  to 
about 90 pct copper d i s so lu t ion  when n a t u r a l  chalcopy- 
r i t e  was leached in f e r r i c  chlor ide so lu t ions .  
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Table I. Analytical Data Obtained for Sulfur Species Produced During Leaching 

Temperature, Leaching 
~ Time, h S O , mg SO,,, mg S~ 2+ 

50 72 35 <2 1.98 
80 17 218 n.d. 1.88 
80 24 387 <2 1.91 
80 48 444 <2 1.94 
80 72 343 <2 1.93 

Dur ing  the c u r r e n t  t es t s  in chlor ide media ,  the 
chalcopyr i te  was found to r eac t  e s s e n t i a l l y  accord ing  
to the r eac t ion :  

CuFeS2 + 4Fe 3§ ~ Cu 2§ + 5Fe 2§ + 2S ~ [5] 

Di rec t  d e t e r m i n a t i o n  of d i s so lved  sulfate indicated 
that l ess  than 1 pct of the oxidized sulfide ion r e -  
por ted in that form.  Equat ion [5] p red ic t s  a S ~  2. 
mo la r  r a t io  of 2. Table  I which p r e s e n t s  the r e s u l t s  
of 5 independent  leaching t e s t s  indica tes  this  r a t io  to 
be in the range  of 1.88 to 1.98, with an " a v e r a g e "  
value of about 1.93. This  ind ica tes  about 96 pct of the 
oxidized sulf ide r e p o r t s  as S ~ . The d i f ference  between 
the 96 pct S ~ product ion  obta ined by d i r ec t  su l fur  de- 
t e r m i n a t i o n  and the 99 pct S ~ genera t ion  deduced f rom 
SO4 d e t e r m i n a t i o n s  could be due to one or more  of the 
following: 

1) P h y s i c a l  loss  of suspended  S ~ dur ing  ana lys i s ,  
2) F a i l u r e  of a l l  S ~ to d i s so lve  in CSa, 
3) P r e c i p i t a t i o n  of bas ic  i ron  sul fa tes ,  
4) P roduc t ion  of th iosa l t s  r a t h e r  than SO4. 

Equat ion [5] a lso  p red ic t s  a Fe2+/Cu 2§ mola r  ra t io  
of 5, and va lues  s l ight ly  above this  were commonly  
obtained dur ing  the tes t  p r o g r a m .  Thus,  it appea r s  
that Eq. [5] f a i r ly  accu ra t e ly  p red ic t s  the leaching 
behavior  in chlor ide  media;  a more  p r e c i s e  d e t e r m i n a -  
t ion of the products  and the i r  r e l a t ive  amounts  would 
ne c e s s i t a t e  a s epa ra t e  study d i rec ted  towards  this  
p rob l em.  

Effect of F e r r i c  Ion Concen t ra t ion  

F igu re  7 shows some of the leaching cu rves  ob- 
ta ined  when the d isks  of synthe t ic  chalcopyr i te  were 
leached at 85~ in so lu t ions  conta in ing  var ious  in i t i a l  
concen t ra t ions  of FeC13 and a cons tant  background acid 
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Fig .  7 - - T h e  d i s s o l u t i o n  of d i s k s  of  s y n t h e t i c  e h a l c o p y r i t e  in 
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concen t r a t i on  of 0.3 M HC1. The r e a c t i o n  c u r v e s  at  a l l  
f e r r i c  ion c o n c e n t r a t i o n s  a r e  e s s e n t i a l l y  l i n e a r  a l -  
though some  of them do exhib i t  a s l igh t  c u r v a t u r e .  The  
r a t e  a p p e a r s  to a c c e l e r a t e  s t e a d i l y  f rom 0.001 M F e  ~ 
to the h ighes t  va lue  s tud ied .  Inc iden ta l ly ,  the e x p e r i -  
men t s  a t  the l ower  f e r r i c  ion concen t r a t i ons  we re  done 
us ing  l a r g e  v o l u m e s  (16 l) of so lu t ion  so that  f e r r i c  
ion dep le t ion  was  not a p r o b l e m  dur ing  any of the 
t e s t s ;  i . e . ,  the e x p e r i m e n t s  we re  done at  e s s e n t i a l l y  
cons tan t  FeCl s  concen t r a t i on .  The  r e s p o n s e  of cha l -  
c o p y r i t e  to i n c r e a s i n g  f e r r i c  ion c o n c e n t r a t i o n s  in 
the ch lo r ide  s y s t e m  d i f f e r s  c o n s i d e r a b l y  f r o m  that  in 
su l fa te  m e d i a  where  the r a t e  is  e s s e n t i a l l y  independent  
of c o n c e n t r a t i o n s  g r e a t e r  than about 0.01 M Fe(SO4)1.5 
(Refs .  21, 24). F r o m  a p r a c t i c a l  point  of view th is  
d i f f e r ence  is  s ign i f i can t  b e c a u s e  i t  p e r m i t s  the r a t e  
of a c h l o r i d e  b a s e d  leach ing  p r o c e s s  to be i n c r e a s e d  
s i m p l y  by i n c r e a s i n g  the FeCls  concen t r a t i on .  In the 
su l fa te  s y s t e m  th is  cannot  be done to any s ign i f i can t  
d e g r e e  and the l each ing  p r o c e e d s  at  the " m a x i m u m "  
r a t e  p o s s i b l e  which is  s u b s t a n t i a l l y  lower  than the co r -  
r e s p o n d i n g  r a t e  in the ch lo r ide  med ium.  

To c o m p a r e  d i r e c t l y  the l each ing  r a t e s  in F ig .  7, 
the  ind iv idua l  l each ing  da ta  we re  f i t ted  by Eq.  [2] and 
i n i t i a l  r a t e  cons t an t s  w e r e  deduced  for  each  t e s t .  
T h e s e  da ta  have been  s u m m a r i z e d  on the log k vs  log 
F e  s+ plot  shown in F ig .  8. The  curve  is  l i n e a r  ove r  the 
concen t r a t i on  r ange  f r o m  0.001 to 0.3 M and th i s  sug-  
ges t s  that  the s a m e  m e c h a n i s m  o p e r a t e s  at  a l l  i ron  
c o n c e n t r a t i o n s .  The  equat ion of the p r e s e n t e d  l ine i s :  

log h (mg C u / c m  2 .h) = 1.241 + 0.796 log [Fe 3§ [6] 

which y i e ld s  

k s  [FeS*] ~176 [7] 

The  0.80 power  dependence  is  somewha t  lower  than the 
1.0 dependence  r e p o r t e d  by E r m i l o v  14 but  is  c o n s i d e r -  
ab ly  h igher  than the 0.3 power  dependence  noted by 
A m m o u - C h o k r o u m  ~%18 or  the v e r y  s l ight  ef fec t  r e -  
p o r t e d  by  J o n e s  and P e t e r s  ~6 for  jus t  two i ron  concen-  
t r a t i o n s .  

Effec t  of Ac id  Concen t r a t i on  

To i nves t i ga t e  the ef fec t  of ac id  concen t r a t i on  on the 
r a t e  of c h a l c o p y r i t e  d i s so lu t ion ,  l each ing  t e s t s  we re  
c a r r i e d  out at  both 45 and 85~ Indiv idua l  l each ing  

c u r v e s  we re  obta ined  and in i t i a l  r a t e  cons tan t s  were  
deduced  f rom each  curve ;  these  r a t e  da ta  a r e  shown in 
F i g .  9. At  85~ the r a t e  i n c r e a s e s  v e r y  s l igh t ly  as  
the ac id  concen t r a t i on  i n c r e a s e s :  

k~ [HCl] ~  . [8] 

At  45~ the r a t e  is v i r t u a l l y  independent  of the HC1 
concen t r a t ion .  Al though the r a t e s  a r e  only s l igh t ly  
a f fec ted  by the so lu t ion  pH, ac id  p l a y s  an impor t an t  
r o l e  in p reven t ing  i r o n  h y d r o l y s i s  and p r ec ip i t a t i on .  
The  ac id  concen t r a t i on  at which " v i s i b l e "  ex tens ive  
h y d r o l y s i s  o c c u r r e d  is  m a r k e d  on the f igure  for  each  
t e m p e r a t u r e .  As  a g e n e r a l i z a t i o n ,  lower  ac id  concen-  
t r a t i o n s  could be t o l e r a t e d  at  lower  t e m p e r a t u r e s ;  at  
85~ 0.1 M HC1 p r e v e n t e d  v i s i b l e  i r on  h y d r o l y s i s  but 
lower  ac id  l eve l s  r e s u l t e d  in ex t ens ive  h y d r o l y s i s  
within a few hou r s .  

Al though v i s ib l e  i r on  h y d r o l y s i s  may  not occur ,  
t h e r e  is  some  ev idence  that  " i n v i s i b l e "  i ron  p r e c i p i -  
t a t ion  is o c c u r r i n g  on the su l f ide  s u r f a c e  and that  th is  
is  i n t e r f e r i n g  with the leaching  p r o c e s s .  F i g u r e  10 
shows some  d i s so lu t i on  c u r v e s  ob ta ined  at  v a r i o u s  
t e m p e r a t u r e s  in the p r e s e n c e  of 0.1 M HC1. At  50~ 
the l each ing  curve  i s  " n o r m a l "  (F ig .  1) but a s  the 
t e m p e r a t u r e  is  v a r i e d ,  the l each ing  behav io r  b e c o m e s  
m o r e  i r r e g u l a r .  At  85~ the cu rve  is a l m o s t  p a r a b o l i c  
in form;  at  90~ the in i t i a l  p a r t  is  l i nea r  but the r a t e  
s tops  f a i r l y  ab rup t ly .  At  95~ the d i s so lu t i on  behav io r  
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Fig .  8 - - T h e  e f fec t  of  f e r r i c  ion c o n c e n t r a t i o n  on the  r a t e  of  
d i s s o l u t i o n  of s y n t h e t i c  c h a l c o p y r i t e .  
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Fig. 10--Dissolution-time curves realized for synthetic chal- 
copyrite leached at a "low" acid concentration. 

is  s imply  e r r a t i c .  It is  impor tan t  to note that v i s ib l e  
hydro lys i s  products  were never  obse rved  in any of 
these  e x p e r i m e n t s .  P r e s u m a b l y  a thin layer  of some 
i ron  compound is  fo rming  on the sur face  and is g radu-  
a l ly  inhibi t ing the r eac t i on .  Th i s  f igure  points out 
f a i r l y  d r a m a t i c a l l y  the need for a fa i r ly  acidic  medium 
to keep i ron  in solut ion even though the acid does not 
play a ma jo r  ro le  in the ac tua l  leaching  r eac t ion .  

Pos s ib i l i t y  of Mass  T r a n s p o r t  Cont ro l  

Mass  t r a n s p o r t  con t ro l  as a r a t e  l imi t ing  step can 
be discounted for the following th ree  r e a s o n s .  F i r s t l y ,  
as  i l l u s t r a t ed  in Table  II, the m e a s u r e d  r a t e s  a re  
much s lower  than those r e q u i r e d  for l iquid diffusion 
con t ro l .  Secondly,  the m e a s u r e d  ac t iva t ion  ene rgy  of 
11 kca~/mole is too high for l iquid dif fusional  con-  
t rol ;  thirdly,  the leaching ra te  is v i r tua l ly  independent  
of the ro ta t ion  speed (Fig.  11). These  th ree  fac to rs  
would s eem to conf i rm that the leaching ra te  is con- 
t ro l l ed  by a chemica l  r eac t ion .  

Inf luence of F e r r o u s  Chlor ide and Cupr ic  Chlor ide  

When chalcopyr i te  is  leached in f e r r i c  ch lor ide-  
hydroch lor ic  acid so lu t ions ,  both f e r rous  chlor ide  
and cupr ic  chlor ide  a r e  produced as r eac t i on  prod-  
uc ts .  It is impor t an t  to know the effect of these  prod-  
ucts  on the cha lcopyr i te  leaching ra te  s ince  both wil l  
be p r e s e n t  in subs t an t i a l  amounts  in any r e a l  leach-  
ing p r o c e s s .  In i t i a l  ra te  cons tan ts  were deduced 
f rom a s e r i e s  of t e s t s  done in the p r e s e n c e  of v a r i -  
ous FeClz concen t r a t ions  and these  a re  plotted v s  the 
FeC12 concen t ra t ion  in Fig. 12. The addit ion of f e r -  
rous  chlor ide  in  amounts  to 100 g/1 had l i t t le  ef-  
fect on e i ther  the fo rm of the leaching curve  or the 
r a t e  of reac t ion .  Much higher FeC12 concen t r a t ions  
s l ight ly  r e t a r d  the d i s so lu t ion  p r o c e s s  and, also,  
s e e m  to make the leaching  cu rves  somewhat  e r r a t i c ,  
although this  l a t te r  p rob lem could be a s soc ia t ed  with 
ana ly t i ca l  d i f f icul t ies  involved in d e t e r m i n i n g  copper  
in high chlor ide media .  It would appear  that the f e r -  
rous  chlor ide concen t ra t ions  encoun te red  in ac tua l  
leaching p rac t i ce ,  l ikely 100 to 150 g//1 FeC12, would 
have a negl ig ib le  effect on the leaching k ine t ics .  Th i s  
behavior  is in sharp  con t ras t  to that noted in the co r -  
r e spond ing  f e r r i c  sulfa te  s y s t e m  where the a c c u m u l a -  
t ion  of the FeSO4 r e a c t i o n  product  sharp ly  r educes  the 
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leaching r a t e .  21,~4 The r e l a t i ve  i n se ns i t i v i t y  of the 
f e r r i c  chlor ide leaching r eac t i on  to FeCI2 was noted by 
Jones  and P e t e r s .  x6 

The effect of cupr ic  chlor ide  on the leaching ra te  
of CuFeS2 was evaluated  in a m a n n e r  s i m i l a r  to that 
used to a s c e r t a i n  the inf luence  of FeC12. A s e r i e s  of 
e xpe r i me n t s  was r un  with d i f ferent  in i t i a l  concen t r a -  
t ions of cupr ic  chlor ide ,  and the course  of the r e a c -  
t ion was moni to red  as a funct ion of t i me .  Because  it 
is ve ry  difficult  to m e a s u r e  s m a l l  changes in  copper 
concen t ra t ion  aga ins t  a high copper background,  these  
p a r t i c u l a r  t e s t s  were  followed by d e t e r m i n i n g  the 
f e r r o u s  chlor ide  r eac t i on  product  and a s s u m i n g  Eq.  [5] 
to apply. F i g u r e  13 shows the inf luence of d i s so lved  
cupr ic  chlor ide  on the in i t i a l  ra te  cons tant  as defined 
by the amount  of f e r r o u s  ion genera ted .  The addi t ion 
of cupr ic  ion to the solut ion grea t ly  p romotes  the d i s -  
so lut ion of cha lcopyr i te  for al l  copper concen t ra t ions  
l ikely to be encoun te red  in prac t ice ;  this  f inding is 
cons is ten t  with the r epor t ed  r eac t iv i ty  of CuC12 to- 
wards  CuFeS2. 29 The pos i t ive  inf luence of CuC12 on the 
leaching ra te  together  with the nea r ly  ne u t r a l  influ-  
ence of FeC12 sugges ts  that the accumula t ion  of the 
r eac t ion  products  du r ing  leaching wil l  not a d v e r s e l y  

Table I I .  C o m p a r i s o n  o f  the Measured Rate Constants to  those Calculated 
F rom the Levich E q u a t i o n  26 , :8  

Temperature, ~  k Calculated k Measured 

25 7 mg Cu/cm2"h 0.1 mg Cu/cm:'h 
85 24 mg Cu/cm 2" h 3.5 mg Cu/cm 2" h 

8 
85"C ,  0"1M FeCI3, 0 "3  M HCI 
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Fig. 11--Effect of the disk rotation speed on the rate of leach- 
ing of synthetic ehalcopyrite. 
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affect the ra te .  In fact,  a sl ight net benef ic ia l  inf lu-  
ence would be expected.  

Fo r  the data shown in F igs .  12 and 13 the total  
chlor ide concen t ra t ion  va r i ed  as the amount  of f e r -  
rous  chlor ide or  cupr ic  chlor ide i n c r e a s e d .  P r e v i o u s  

36 

32 

28 

'r. t s  

12 
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0 
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Fig. 13--The effect of CuC12 on the rate of leaching of synthe- 
tic chaleopyrite. 
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Fig. 14--Effect of total chloride concentration on the rate of 
dissolution of synthetic chalcopyrite. 
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work had shown that the ra te  was independent  of the 
total  chloride concen t ra t ion  17'18 and it was cons idered  
impor tan t  to conf i rm this  dependence.  To this end, a 
s e r i e s  of expe r imen t s  was run  at 85~ us ing  solut ions 
containing 0.1 M FeC13-0.3 M HC1 but va r ious  con- 
cen t ra t ions  of the " i n e r t "  chlor ides  MgC12 or LiC1. 
In i t ia l  r a t e s  were deduced for each leaching curve 
and these  have been s u m m a r i z e d  in Fig.  14. I n c r e a s -  
ing the to ta l  chlor ide  concen t ra t ion  s e e m s  to cause a 
s l ight  in i t i a l  r a t e  a c c e l e r a t i o n  but, the reaf te r ,  the 
ra te  is f a i r ly  i n sens i t i ve  to total  chlor ide concen t ra -  
t ion.  These  data suggest  that the changes observed  
when FeC12 or CuC12 a r e  added to the solut ion are  due 
to the me ta l  ions and not jus t  to the assoc ia ted  change 
in the ionic s t reng th  of the medium.  Also,  it would ap- 
pear  that the chief r e a s o n  for adding ine r t  chlor ides  
to a leaching solut ion 3~ is to elevate the solut ion boi l -  
ing point and to i n c r e a s e  the solubi l i ty  of lead and 
s i lver ;  chlor ide  levels  have a r a the r  m i n i m a l  effect 
on the ac tua l  leaching r a t e s .  

Mixed Chlor ide-Sul fa te  Sys tems  

The d i s so lu t ion  of chalcopyr i te  in f e r r i c  chloride 
solut ions  yie lds  e l e me n t a l  su l fur  as the p r inc ipa l  su l -  
fidic spec ies .  Although l e s s  than 1 pct of the oxidized 
sulf ide r e p o r t s  as sulfate  in the chloride sys tem,  
even this s m a l l  amount  wil l  lead to an eventual  sul-  
fate buildup dur ing  the r ecyc l ing  of c o m m e r c i a l  leach 
so lu t ions .  The oxidation of other sulfide m i n e r a l s  p r e -  
sent  in copper concen t r a t e s  could also contr ibute  to an 
eventual  sulfate  bui ldup.  To invest igate  the effect of 
sulfate ion in an o therwise  al l  chloride sys t em,  a 
s e r i e s  of e xpe r i me n t s  was run  in which va r ious  con- 
cen t ra t ions  of MgSO4 were  added to the 0.1 M FeCls-  
0.3 M HC1 leaching med ium.  F igure  14 sugges ts  that 
the ma gne s i um ion i t se l f  does not affect the leaching 
r a t e .  F i g u r e  15 shows the kind of leaching curve pro-  
duced when sulfate  ion was added. The addi t ion of 
SO4 causes  the d i sso lu t ion  ra te  to fall  quite rapidly 
and, f u r t h e r m o r e ,  s e e m s  to influence the shape of 
the leaching curve .  Smal l  amounts  of sulfa te  make 
the leaching  curves  e r r a t i c  while l a rge r  amounts  
(>1 M) tend to produce " p a r a b o l i c "  k ine t ics .  The 
leaching curve  obtained in the p re sence  of 2 M MgSO4 
is e s sen t i a l l y  that noted in the co r r e spond ing  f e r r i c  
sulfa te-  su l fu r ic  acid s y s t e m .  

F igu re  16 is a plot of the in i t i a l  ra te  constant  for 
copper d i s so lu t ion  v s  the amount  of sulfate  added. The 
p r e sence  of SO4 causes  the ra te  to fall  sha rp ly  and 
then level  off. Sulfate concen t ra t ions  as low as 10 g / l  
a re  suff ic ient  to reduce  the leaching ra te ,  and higher 
SO4 contents  make the s y s t e m  behave e s sen t i a l l y  like 
a f e r r i c  s u l f a t e - s u l f u r i c  acid medium.  In a c o m m e r -  
c ia l  ch lo r ide -based  leaching p rocess  some care  would 
have to be exe rc i s ed  to p reven t  the accumula t ion  of 
la rge  amounts  of sulfate  in solut ion.  Sulfate control  
could probably  be main ta ined  dur ing  the i ron  p r e c i p i -  
ta t ion s tages  or by the addit ion of ca lc ium ion. 

SUMMARY 

The k ine t i cs  of d i s so lu t ion  of both n a t u r a l  and syn-  
thet ic  cha lcopyr i te  have been  studied in the FeC13-HC1 
s y s t e m  and, to a l e s s e r  degree ,  in the Fe(SO4)l.5-H2SO4 
and mixed su l f a t e -ch lo r ide  media .  In the chloride 
solu t ions ,  l inea r  k ine t ics  with an assoc ia ted  act iva-  
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Fig.  1 6 " E f f e c t  of sul fa te  concen t ra t ion  on the r a t e  of d i s s o l u -  
t ion of synthet ic  cha lcopyr i t e  in an o t h e r w i s e  all ch lo r ide  
s y s t e m .  

t i o n  e n e r g y  of  10 to  11 k c a l / m o l e  w e r e  n o t e d ;  n o h -  
l i n e a r  r e a c t i o n  c u r v e s  w e r e  o b s e r v e d  in  t h e  s u l f a t e  

m e d i a .  C h l o r i d e  s o l u t i o n s  w e r e  m a n y  t i m e s  m o r e  p o -  

t e n t  t h a n  t h e  s i m p l e  s u l f a t e  s o l u t i o n s .  A d d i t i o n  of  s u l -  
f a t e  i o n  to  a n  o t h e r w i s e  a l l  c h l o r i d e  s o l u t i o n  c a u s e d  
t h e  r a t e  to  d e c l i n e  a n d  the  k i n e t i c s  to  b e c o m e  n o n -  

l i n e a r .  I n  t he  c h l o r i d e  s o l u t i o n s ,  t h e  r a t e  i n c r e a s e d  

a s  t h e  0 .80  p o w e r  of  t h e  f e r r i c  c h l o r i d e  c o n c e n t r a -  

t i o n  b u t  w a s  i n s e n s i t i v e  to  t h e  c o n c e n t r a t i o n s  o f  h y -  
d r o c h l o r i c  a c i d ,  t h e  f e r r o u s  c h l o r i d e  r e a c t i o n  p r o d u c t  

a n d  i n e r t  m a g n e s i u m  o r  l i t h i u m  c h l o r i d e s .  C u p r i c  

c h l o r i d e  g r e a t l y  a c c e l e r a t e d  t h e  r e a c t i o n .  
I n  t h e  c h l o r i d e  s y s t e m ,  r a t e  c o n t r o l  b y  m a s s  t r a n s -  

p o r t  l i m i t a t i o n s  i n  t h e  l i q u i d  p h a s e  w a s  r u l e d  o u t  on  

t h e  b a s i s  of  t h e  h i g h  a c t i v a t i o n  e n e r g y ,  o f  r a t e s  s l o w e r  

t h a n  t h o s e  p r e d i c t e d  b y  t h e  L e v i c h  E q u a t i o n  a n d  o f  

t h e  i n s e n s i t i v i t y  of  t h e  r e a c t i o n  to  t h e  d i s k  r o t a t i o n  
s p e e d .  T h e  l i n e a r  k i n e t i c s  p r e c l u d e  s o l i d  s t a t e  d i f -  

f u s i o n a l  c o n t r o l .  H e n c e ,  t he  r a t e  m u s t  b e  c h e m i c a l l y  

c o n t r o l l e d  a l t h o u g h  i n s u f f i c i e n t  c o n f i r m e d  d a t a  e x i s t  

a t  t h i s  t i m e  to  p e r m i t  a m o r e  p r e c i s e  c h a r a c t e r i z a t i o n  

of  t h e  r a t e  c o n t r o l l i n g  s t e p .  A d d i t i o n a l  r e s e a r c h  i s  

r e q u i r e d  b o t h  to  c o n f i r m  the  i n f l u e n c e  of  t h e  l e a c h -  

i n g  v a r i a b l e s  a n d  to  i d e n t i f y  t h e  r a t e  c o n t r o l l i n g  s t e p s  

b e f o r e  t h e  k i n e t i c s  of  t h i s  c o m m e r c i a l l y  i m p o r t a n t  

s y s t e m  w i l l  b e  f u l l y  u n d e r s t o o d .  
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