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The acid f e r r i c  sulfate  leaching  of chalcopyr i te ,  

CuFeS2 + 4Fe § = Cu § + 5Fe § + 2S ~ 

was s tudied us ing  monos ize  pa r t i c l e s  in a well  s t i r r e d  r e a c t o r  at ambien t  p r e s s u r e  and 
di lute sol id phase concen t ra t ion  in o rde r  to obtain fundamenta l  de ta i l s  of the r eac t ion  
k ine t i c s .  The p r i nc ipa l  r a t e  l imi t ing  s tep for this  e l e c t r o c h e m i c a l  r eac t ion  appears  to be 
a t r a n s p o r t  p rocess  through the e l emen t a l  su l fur  r eac t ion  product .  This  conclus ion has 
been reached  in other  inves t iga t ions  and is  suppor ted  by data  f rom this  inves t iga t ion  in 
which the r eac t i on  ra te  was found to have an inve r se  second o r d e r  dependence  on the 
in i t i a l  pa r t i c l e  d i a m e t e r .  F u r t h e r m o r e ,  the r eac t ion  k ine t i cs  were  found to be independent  
of ~3 Cu+Z Fe  , Fe  +z, and H2SO4 in the range  of addit ions s tudied.  The unique aspec t  of this  
p a r t i c u l a r  r e s e a r c h  effort  is that data a na l y s i s ,  us ing  the Wagner  theory  of oxidation, sug-  
gests  that the r a t e  l imi t ing  p roce s s  may be the t r a n s p o r t  of e l e c t r ons  through the e le-  
men ta l  su l fur  l ayer .  P r e d i c t e d  r eac t ion  r a t e s  calcula ted f rom f i r s t  p r i nc ip l e s  us ing  the 
phys icochemica l  p rope r t i e s  of the s y s t e m  (conductivi ty of e l e m e n t a l  su l fur  and the f ree  
ene rgy  change for the reac t ion)  agree  sa t i s f ac to r i ly  with e x p e r i m e n t a l l y  d e t e r m i n e d  
r a t e s .  F u r t h e r  evidence  which suppor ts  this  ana lys i s  inc ludes  an e x p e r i m e n t a l  ac t iva-  
t ion energy  of 20 kcaL/mol (83.7 k J /mo l )  which is approx imate ly  the s ame  as  the ap- 
pa ren t  ac t iva t ion  energy  for  the t r a n s f e r  of e l ec t rons  through e l e m e n t a l  su l fur ,  23 k c a l /  
mol  (96.3 k J /mo l )  ca lcula ted  f rom both conduct ivi ty  and e l ec t ron  mobi l i ty  m e a s u r e m e n t s  
r epor t ed  in the l i t e r a t u r e .  

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  a r e  p laying  an 
inc reas ing ly  impor tan t  role  in the development  of new 
technology for p r o c e s s i n g  copper sulf ide concen t ra t e s .  
Conventional ly,  these  concen t ra tes  a re  p r o c e s s e d  by 
sme l t ing  and conver t ing  methods which, while achiev-  
ing high r e c o v e r i e s  of copper and p rec ious  me ta l s ,  
a lso  produce la rge  quant i t ies  of su l fu r  dioxide (SO2) 
gas.  Vent ing  of this off-gas to the a tmosphe re  r e p r e -  
sen ts  a potent ia l  ecologica l  haza rd  and has r e su l t ed  
in p r o c e s s i n g  cons t r a in t s  on domes t i c  copper p r o -  
ducers  in the form of costly pol lut ion aba tement  equip-  
ment .  These  r e s t r i c t i o n s ,  in conjunct ion  with the r i s -  
ing costs of fuel and the nece s s i t y  to p r o c e s s  low- 
grade o res  that cannot be economica l ly  upgraded by 
convent ional  mi l l ing ,  concen t ra t ion  and smel t ing ,  have 
opened the door to the deve lopment  of h y d r o m e t a l l u r g i -  
cal  a l t e rna t i ve s  to compete with the t r ad i t iona l  methods  
of copper product ion .  Hydrome ta l l u rgy  offers  s e v e r a l  
poss ib le  a l t e rna t i ve  p r o c e s s e s  for producing  copper 
f rom sulfide concen t ra tes  without p roducing  SO2 and 
f requent ly  offers  the poss ib i l i ty  of d i r ec t  r e c o v e r y  of 
most  of the su l fu r  in the sol id s ta te .  Roman and Ben-  
n e r  1 have s u m m a r i z e d  the leaching c h a r a c t e r i s t i c s  of 
many di f ferent  copper sulfide s y s t e m s .  Dashe r  2 d i s -  
cussed  the economics  of va r ious  hydrome taUurg ica l  
p r o c e s s e s  and indicated  that the re  a re  s e v e r a l  rou tes  
to produce copper f rom sulf ide concen t ra t e s  that a re  
potent ia l ly  compet i t ive  with s m e l t e r s .  In the s e a r c h  
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for h y d r o m e t a l l u r g i c a l  a l t e rna t i ve s  to copper s m e l t -  
ing, su l fu r i c  acid,  in conjunct ion with va r i ous  oxidiz-  
ing agents ,  has r ece ived  more  a t ten t ion  than any other  
reagen t  combina t ion .  Low cost,  m i n i m a l  c o r r o s i o n  
p rob lems ,  and the abi l i ty  to r e g e n e r a t e  su l fu r i c  acid 
dur ing  e l ec t rowinn ing  of copper a re  the main  r e a s o n s  
for the i n t e r e s t  in su l fu r i c  acid s y s t e m s .  

In su l fu r i c  ac id  so lu t ions  of f e r r i c  sulfate ,  chalco-  
pyr i te  d i s so l ve s  accord ing  to the fol lowing reac t ion ,  

CuFeS2 + 4Fe §  Cu § + 5Fe +§ + 2S ~ [1] 

This  r eac t i on  s to i ch iome t ry  has been  obse rved  by a 
n u m b e r  of i nves t i ga to r s  s-~ and has been  conf i rmed  in  
this  s tudy.  Except ions  to this  consensus  a re  the ea r l y  
work of Sul l ivan 7 and the more  r ecen t  r e s u l t s  r e -  
por ted  by Jones  and Peters .S  Sul l ivan found 22 pct 
su l fu r  oxidat ion to sulfate  in 42 days and Jones  and 
P e t e r s  r epor t ed  18 pct a f te r  approx imate ly  17 days 
with even g r e a t e r  amount  for s h o r t e r  pe r iods  of t ime .  
Evident ly  the source  of chalcopyr i te ,  i ts  p r e t r e a t -  
ment  and the ra te  and extent  of r eac t ion  may a l l  in-  
f luence the degree  of sulfa te  fo rma t ion .  

The fo rma t ion  of an e l e m e n t a l  su l fu r  l ayer  on the 
chalcopyr i te  su r face  may s ign i f ican t ly  inf luence the 
r eac t ion  k ine t i cs  by e s t ab l i sh ing  a diffusion b a r r i e r .  
The de ta i l s  of r a t e  cont ro l  for  this p a r t i c u l a r  r eac t ion  
have not been  wel l  es tab l i shed .  Some invest igatorsS,  8 
a t t r ibu te  r a t e  cont ro l  to a surface reaction. Under  
ce r t a in  c i r c u m s t a n c e s ,  for  example  high anodic po- 
t en t i a l s ,  it appea r s  that the e l e me n t a l  su l fu r  does not 
f o r m  a p ro tec t ive  b a r r i e r  and the r e a c t i o n  may be 
cont ro l led  by a su r face  reac t ion .  9 Other  inves t iga -  
to r s  4"~'I~ r e p o r t  that the r eac t ion  ra te  is l imi ted  by 
transport  in the chalcopyrite lattice or  through the 
elemental  sul fur  reaction product layer.  When the e le -  
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Table I. Summary of Reaction Kinetics for Ferric Sulfate Leaching of Chalcopyrite 

Activation Energy, Suggested Rate Limiting 
Investigators System and Observations kcal/mol Process 

Dutrizac, et al Rotating disc technique. Natural (Temagami) and synthetic 17.3 Transport control. Diffusion of ferrous ions 
(1969) CuFeS2. Rate independent of ferric concentration. (50 to 99~ through elemental sulfur. 

Parabolic kinetics. 

Continuous flow of solution through packed bed of 17.8 
particles (4 X 14 mesh). Rate independent of Fe2(SO4)3 (32 to 52~ 
HaSOa concentrations. 

Baur, et al Suspended particles (5 to 40 p) in stirred reactor. Transvaal 20.3 
(1974) CuFeS2. Parabolic kinetics. (27 to 91.5~ 

Jones and Peters Stirred reactor, 90~ massive (2 1.0 cm cubes) and partic- 
(1976) ulate (12 to 400 mesh) CuFeS2 from Craigmont Mine 

B.C. Some S O oxidized to SO4. No particle size depen- 
dence below 48 mesh. Linear kinetics to 40 pet reacted. 

Beckstead, et al Stirred reactor, monosize CuFe2 S particles and attritor 20.0 
(1976) ground particles prepared from Pima concentrate (60 to 90~ 

(1 to 40 p). Rate independent of Fe: (SO4)3, FeSO4, 
CuSO4 and H2 SO4 concentrations. Well defined rate 
dependence on particle size. Parabolic kinetics. 

Lowe 
(1970) 

Surface reaction controlled. Surface saturation 
followed by chemical reaction. 

Transport control. Diffusion of ferric ions 
through elemental sulfur. 

Electrochemical surface reaction. 

Transport control. Diffusion of ferric ions 
through elemental sulfur. 

menta l  su l fu r  r e a c t i o n  p roduc t  does  a p p e a r  to fo rm a 
d i f fus ion b a r r i e r  and the r a t e  b e c o m e s  l imi t ed  by 
t r a n s p o r t  th rough  th i s  l a y e r ,  r a t h e r  l a r g e  ac t iva t ion  
e n e r g i e s  have been  o b s e r v e d .  Bau r  et  al, using  r a d i o -  
c h e m i c a l  t echn iques ,  found d i f fus iona l  r a t e  con t ro l  
f o r  T r a n s v a a l  c h a l c o p y r i t e  a f t e r  a p p r o x i m a t e l y  5.3 
• 10 -6 g c m  -2 c h a l c o p y r i t e  had r e a c t e d  at  85~ Th i s  
c o r r e s p o n d s  to a t h i c k n e s s  of consumed  cha l copy r i t e  
of a p p r o x i m a t e l y  1.25 • 10-6 cm which is n e c e s s a r y  
to f o r m  the coheren t  d i f f u s i o n a l - r e s i s t a n t  l a y e r  of 
su l fu r .  Some ques t ion  of th is  i n t e r p r e t a t i o n  of r a t e  
con t ro l  a r i s e s  b e c a u s e  of the l a rge  ac t i va t i on  e n e r -  
g ies  o b s e r v e d  which n o r m a l l y  a r e  not o b s e r v e d  for  
r a t e  con t ro l  by po re  t r a n s p o r t  p r o c e s s e s  in o the r  
h y d r o m e t a l l u r g i c a l  s y s t e m s .  In a p r e v i o u s  pub l i ca -  
t ion 6 t hese  high ac t i va t i on  e n e r g i e s  had been  exp la ined  
to be due to  a s u r f a c e  d i f fus ion p r o c e s s  a n d / o r  the 
idea  that  the p o r o s i t y  and t o r t u o s i t y  in the su l fu r  l a y e r  
a r e  h ighly  t e m p e r a t u r e  dependent  and change in such a 
way to give an a p p a r e n t  ac t i va t i on  e n e r g y  of 20 k c a l /  
mol .  Another  conce rn  of the m a s s  t r a n s p o r t  mode l  i s  
that  the r e a c t i o n  k ine t i c s  a r e  l a r g e l y  independent  of 
both  r e a c t a n t  (Fe § and p roduc t  (Fe  §247 Cu §247 c o n c e n t r a -  
t ions;  r e s u l t s  which a r e  not cons i s t en t  with the model .  
Th i s  anomolous  s i tua t ion  has been  exp la ined  as  e i t h e r  
be ing  due to complexa t ion  r e a c t i o n s  which main ta in  a 
cons tan t  r e a c t a n t  a c t i v i t y  o r  due to a d s o r p t i o n  and 
s u r f a c e  s a t u r a t i o n  of r e a c t a n t .  

The  eva lua t ion  of the ev idence  suppo r t i ng  these  p o s i -  
t ions  has  led to d i v e r g e n t  v iews r e g a r d i n g  the na tu re  of 
the r a t e  l imi t ing  s t ep  in the r e a c t i o n  sequence .  The  ob- 
j e c t  of th i s  i nves t iga t ion  is  to r e e x a m i n e  the r a t e  da t a  
and ana lyze  the r e s u l t s  with a r a t h e r  unique mode l  
m o r e  cons i s t en t  with the e x p e r i m e n t a l  da ta .  A s u m -  
m a r y  of the r e s u l t s  of i nves t i ga t i ons  on the f e r r i c  su l -  
fa te  l each ing  of c h a l c o p y r i t e  a r e  p r e s e n t e d  in T a b l e  I .  

EXPERIMENTAL 

Experiments were designed to study the effects of 
various parameters on the reaction rate of monosize 
particles at low percent solids. The reaction kinetics 

were  fol lowed by coppe r  a n a l y s i s  of so lu t ion  s a m p l e s  
taken at  t imed  i n t e r v a l s .  

M a t e r i a l s  

The c h a l c o p y r i t e  m i n e r a l  used  in th is  s tudy was ob- 
t a ined  f r o m  a P i m a  c o n c e n t r a t e .  Tab le  II shows  the 
c h e m i c a l  and m i n e r a l o g i c a l  a n a l y s i s  of the concen t ra te  
in the condi t ion  i t  was r e c e i v e d .  

Monos ize  m a t e r i a l  was p r e p a r e d  f r o m  the concen-  
t r a t e  by wet s c r e e n i n g  and s i z ing  with a W a r m a n  Cy- 
c l o s i z e r .  Dur ing  the s a m p l e  p r e p a r a t i o n  p r o c e s s ,  the 
p a r t i c l e s  we re  d i s p e r s e d  with an u l t r a s o n i c  p robe  for  
15 rain to b r e a k - u p  a g g l o m e r a t e s  p r i o r  to the  f inal  
s c r e e n i n g .  P r e v i o u s l y ,  B e c k s t e a d  and M i l l e r  12 r e -  
po r t ed  the i m p o r t a n c e  of the s a m p l e  p r e p a r a t i o n  p r o -  
c e du re .  Two n a r r o w  s i ze  f r a c t i o n s ,  63 • 47 # and 16 
• 12 # we re  s e l e c t e d  and c h a r a c t e r i z e d  by t h e i r  s m a l l -  
e s t  s i ze ,  47 and 12 ~t, r e s p e c t i v e l y .  T h e s e  f r ac t ions  
were  p a s s e d  through a Ca rpco  L a b o r a t o r y  Magne t ic  
S e p a r a t o r ,  ha o r d e r  to r e m o v e  quar tz  and p y r i t e  im-  
p u r i t i e s ,  upgrad ing  the monos i ze  s a m p l e  to a p p r o x i -  
m a t e l y  87 pe t  c h a l e o p y r i t e .  A l s o  a 5 • 2 /l monos ize  
s a m p l e  was p r e p a r e d  f r o m  the concen t ra t e  by  the 
Donaldson  Company with an Accueu t  Model  B a i r  c l a s -  
s i f i e r .  M i c r o s c o p i c  a n a l y s i s  of this  m a t e r i a l  ind ica ted  
an a v e r a g e  p a r t i c l e  d i a m e t e r  of 4 g,  a value  which was 
a l so  con f i rmed  by  a i r  p e r m e a m e t r y  m e a s u r e m e n t s  

Table II, Analysis of Pima Concentrate 

Chemical Analysis Mineralogical Analysis 

Element Percent Mineral Percent 

Cu 27.2 CuFeS2 80 
Fe 29.2 FeS2 5 
S 30.8 SiO2 5 
Sb 0.60 Al20 a 0.93 
Zn 0.50 CaO 0.52 
Mo 0.14 Talc and chlorites 8 
Pb 0.07 
As 0.02 

150-VOLUME 10B, JUNE 1979 METALLURGICAL TRANSACTIONS B 



r 

r 

- -  i 
I 

I 
I 

\ f - - ~  

r  4. Chesapeake Connector /~ 
- 5.Freidrichs Condenser 

L Heake Constant- 6.Sampler ~ 
Temperature Circulator 7. Mineral Oil Bath 

2. Glass Reaction Vessel 8.Glass Teflon Impeller A 
3. Cover Clamp ) t  
I I I I I I I I I l l l l l / l l l / l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l ] l ~  

Fig. 1 -Schematic diagram or" leaching apparatus (about one-third 
scale). 

with a P e r m a r a n  appara tus .  A l l  monos ize  pa r t i c l e s  
were examined  with a mic roscope ,  with a Coul te r -  
Counter ,  and with a M i c r o m e r i t i c s  Sedigraph in o r de r  
to measu re  par t i c le  s ize .  These  m e a s u r e m e n t s  have 
given independent  conf i rmat ion  of the s ize  a s s e s s -  
m e n t  .13 

Appara tus  and P r o c e d u r e  

A schema t i c  d i ag ram of the e x p e r i m e n t a l  appara tus  
is given in F ig .  1. Al l  leaching expe r imen t s  were  run  
in a one l i ter ,  baffled g lass  r e a c t i o n  kett le with c lamp-  
held lids conta in ing four fit ted openings .  A t h e r m o m e -  
t e r ,  so lu t ion s amp le r ,  F r i e d r i c h ' s  condenser ,  and 
g lass  i m p e l l e r  were placed into the r eac to r  through 
these openings .  The t u r b i n e - t y p e  i m p e l l e r  was in-  
s e r t ed  through the center  port  by means  of a Chesa-  
peake s t i r r e r  connect ion,  p e r p e n d i c u l a r  tu rb ine  b lades  
were se lec ted  to impose m a x i m u m  shea r  on the chal-  
copyri te  pa r t i c l e s  and enhance m a s s  t r a n s f e r  in the 
aqueous phase.  The impe l l e r  was d r iven  with a F i s h e r  
Dyna-Mix  con t ro l l e r .  The r e a c t o r  was  submerge d  in a 
c i r cu la t ing  oil  bath which was heated with a Haake 
t e m p e r a t u r e  con t ro l l e r .  T e m p e r a t u r e  was a lways held 
within • K. 

Dis t i l l ed  water  and reagen t  grade chemica l s  were 
used to p r e p a r e  the des i r ed  leaching  so lu t ions .  Sam-  
ples of about 5 ml  were taken through a f r i t t e d - g l a s s  
s ampl ing  device at se lec ted  t imes  and ana lyzed  for 

copper concen t ra t ion  with a P e r k i n - E l m e r  Model 305,4, 
a tomic  abso rp t ion  spec t ropho tome te r .  F e r r o u s  ion 
was analyzed by t i t r a t ion  with a s t anda rd  ce r i c  sulfate  
solut ion us ing f e r r i o n  as an ind ica to r .  14 

RESULTS AND DISCUSSION 

The following s t o i c h i ome t r y  was found for ac id  f e r -  
r i c  sulfa te  leaching of chalcopyri te ;  

CuFeS2 + 4Fe +a ~ Cu §247 + 5Fe +* + 2S ~ [1] 

a r e s u l t  which a g r e e s  with that p r e se n t e d  by Dut r i zac .  5 
The topochemica l  na tu re  of the leaching r eac t i on  is 
c l e a r l y  i l l u s t r a t ed  in F ig .  2 which shows the c ros s  
sec t ion  of a pa r t i a l l y  r eac ted  chalcopyr i te  pa r t i c l e  
s u r r o u n d e d  by a dense ,  tenac ious  su l fu r  l ayer .  The 
r eac t ion  k ine t i cs  have been  s tudied as  a funct ion of a 
n u m b e r  of v a r i a b l e s  including;  pa r t i c l e  s ize ,  t e m p e r a -  
tu re  and concen t ra t ion .  

P a r t i c l e  Size Effect  

The leaching r e s p o n s e  of 4, 12 and 47 # monos ize  
cha lcopyr i te  pa r t i c l e s  is p r e se n t e d  in Fig .  3, as f r a c -  
t ion of copper r eac ted  vs  t ime  plots for  1 M HeSO4, 
0.25 M Fe2(SO4)a, 93~ 0.5 pct so l ids  and 1200 rpm.  
The rap id  d e c r e a s e  in r a t e  with t ime  s e e m s  to be due 
to the fo rma t ion  of the su l fur  l ayer  on the sur face  of 
the chalcopyr i te  thus provid ing  a diffusion b a r r i e r .  
The d i s t inc t  r eac t ion  boundary  be tween the outer  su l -  
fur  product  l ayer  and the un reac ted  cha lcopyr i te  core,  

Fig. 2-A photomicrograph taken with a scanning electron microscope 
of the cross section of a partially leached chalcopyrite particle (10 
#In) showing the sulfur layer and topochemical nature of the leaching 
response. (Magnification 3700 times). 
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as  shown in F i g .  2, and the s t r o n g  dependence  of the 
r a t e  of r e a c t i o n  on p a r t i c l e  s i ze ,  a s  shown in F ig .  3, 
s u g g e s t s  that  a sh r ink ing  c o r e - t y p e  m o d e l  with r a t e  
con t ro l  by t r a n s p o r t  th rough  the r e a c t i o n  p roduc t  
l a y e r  might  be a p p r o p r i a t e  to d e s c r i b e  the ac id  f e r r i c  
su l fa te  l each ing  of cha l copy r i t e .  T h e s e  r e s u l t s  con- 
t r a s t  wi th  the r e s u l t s  of J o n e s  and P e t e r s  a who r e p o r t  
no p a r t i c l e  s i ze  dependence  of r e a c t i o n  k ine t i c s  below 
about  300 g fo r  C ra igmon t  c h a l c o p y r i t e .  

F o r  s p h e r i c a l  p a r t i c l e s ,  in which the r e a c t i o n  r a t e  
is  con t ro l l ed  by  t r a n s p o r t  through a r e a c t i o n  p roduc t  
l a y e r ,  the fol lowing q u a s i s t e a d y  s t a t e  r e l a t i o n s h i p  be -  
tween f r a c t i o n  r e a c t e d  (a)  and the t i m e  (t) is  we l l  e s -  
t a b l i s h e d  fo r  a ba tch  s y s t e m .  

= 1 - ( 9 / 3 ) a -  (1 - = % t [2 ]  

where  kp is  the p a r a b o l i c  r a t e  cons tan t  which involves  
many f a c t o r s  a s  wi l l  be d i s c u s s e d  l a t e r  and is  in-  
v e r s e l y  p r o p o r t i o n a l  to the s q u a r e  of the in i t i a l  p a r -  
t i c l e  s i z e .  

A c c o r d i n g  to Eq.  [2] a plot  of F ( a )  vs t ime  should be 
l i n e a r  with kp as  the s lope .  Th i s  plot  is  shown in F ig .  
4 where ,  in fac t ,  a l i n e a r  r e l a t i o n s h i p  is  o b s e r v e d .  In 
addi t ion ,  the p a r a b o l i c  r a t e  cons tan t s  (kp) thus ob- 
t a ined  should  be i n v e r s e l y  p r o p o r t i o n a l  to the squa re  
of the i n i t i a l  p a r t i c l e  s i z e .  That  i s ,  a p lot  of kp vs 
(1/d~ 2) should  a l s o  be l i n e a r .  F i g u r e  5 r e p r e s e n t s  such  
a plot  and the l i n e a r  r e l a t i o n s h i p  f u r t h e r  suppor t s  the 
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Fig. 4 - A  plot of  the function,  1 - (2/3)a - ('1 - a) 2za, for monosize 
chalcopyrite particles as a funct ion of  time for the data shown in Fig. 3. 

concept  that  the  r e a c t i o n  r a t e  i s  l im i t ed  by a t r a n s p o r t  
p r o c e s s  th rough  the r e a c t i o n  p roduc t  l a y e r .  

T e m p e r a t u r e  Effec t  

S e v e r a l  t e s t s  were  p e r f o r m e d  in o r d e r  to d e t e r m i n e  
the ef fec t  of t e m p e r a t u r e  on the r e a c t i o n  k i n e t i c s .  As  
the t e m p e r a t u r e  was i n c r e a s e d  the r e a c t i o n  r a t e  a l so  
i n c r e a s e d  a s  shown in F ig .  6 where  the e f fec t  of t e m -  
p e r a t u r e  on the l each ing  r e s p o n s e  of 12 ~ p a r t i c l e s  
fo r  1 M H2SO4, 0.25 M Fe2(SO4)s, 0.5 pct  s o l i d s  and 
1200 r p m  is  p r e s e n t e d .  The t e m p e r a t u r e  e f fec t  on the 
r e a c t i o n  k ine t i c s  of 4 /~ p a r t i c l e  s ize  was a l s o  s tudied.  
In th is  case ,  low ionic s t r e n g t h  condi t ions  we re  used 
(0.01 M H~SO4, 0.03 M Fe2(SO4)s, 0.3 pc t  s o l i d s  and 
1200 rpm) .  F i g u r e  7 shows the leach ing  r e s p o n s e  of 
4 /~ p a r t i c l e s  for  v a r i o u s  t e m p e r a t u r e s .  

The  l each ing  r e s p o n s e s  of the 4 and 12 /1 p a r t i c l e s  
we re  l i n e a r i z e d  a c c o r d i n g  to Eq.  [2 ] f r om which the 
p a r a b o l i c  r a t e  cons tan t s  were  ob ta ined .  T h e s e  p a r a -  
bo l ic  r a t e  cons tan t s  were  n o r m a l i z e d  with r e s p e c t  
to p a r t i c l e  s i z e  and plot ted  on an A r r h e n i u s  plot .  The 
A r r h e n i n s  equat ion for  the t e m p e r a t u r e  dependence  of 
the n o r m a l i z e d  p a r a b o l i c  r a t e  cons tant  can be w r i t t e n  
a s ,  

0 . 6  ~ ' ~ ' ~ d  9~0oc ' ' 

12/J C u F e S  ~ o "~ 0.5 ~ z . / /  

hi 
0 4  0 ~ 0  - ' '~0  ' ' ' "  

== / o o ~ 1 7 6  

u. 0.1 60~ 

I I I l I t I I 
0 2 0  40  60  80  I00 i20 i40  160 

T i m e  (hours )  

Fig. 6--A plot o f  fraction o f  copper extracted from 12/a monosize 
chalcopyrite particles as a function temperature for 1.0 __M H2SO4, 
0.25 M Fe2(SO4)3, 0.5 pct solids and 120Orpm. 
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kp" do 2 = A exp ( -Ecd /RT)  /3] 

where 

kp = pa rabo l i c  ra te  constant ,  (time-~), 
A = f requency  factor ,  
R = u n i v e r s a l  gas constant ,  ( ca lo r ies /K) ,  
T = absolute  t e m p e r a t u r e ,  (K), 

E a = ene rgy  of act ivat ion,  (ca lor ies) ,  and 
do = in i t i a l  par t icIe  d i ame te r ,  (cm). 

Taking  the logar i thm of Eq. [3] the following exp res -  
s ion is obtained:  

log (bp . do 2) = logA - (E a / 2 .3 0 3  R ) (1 / T ) .  [4] 

A plot of Eq. [4] is shown in Fig .  8 where  a l inear  r e -  
la t ionship is  observed .  Th i s  r e l a t ionsh ip  holds for 
both 4 and 12 /x pa r t i c l e s  and, su rp r i s ing ly ,  data for 
both s i ze s  give a p p r o x i m a t e l y  the same n o r m a l i z e d  
parabol ic  ra te  constant ,  even though, the r eac tan t  
concen t ra t ion  is d i f ferent .  This  r e su l t  is d i scussed  
below, under  concen t ra t ion  effects .  An ac t iva t ion  
energy,  Ea,  of 20 k c a l / m o l  (83.7 k J /mo l )  was ca lcu-  
lated by r e g r e s s i o n  ana ly s i s .  The magni tude of E a is 
high for a pore diffusion p roce s s  and the s igni f icance  
of this r e s u l t  will  be examined  in the theory  sec t ion .  
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Fig. 8-Arrhenius plot for the ferric sulfate leaching of monosize chal- 
copyrite particles. The normalized parabolic rate constants kpdo 2, 
were determined from the data presented in Figs. 6 and 7. 

t ionship  for d i f ferent  f e r r i c  ion concen t ra t ions  indi-  
cates that the r eac t ion  k ine t ics  a re  independent  of the 
r eac t an t  concen t ra t ion .  The apparen t  zero  o rde r  f e r r i c  
ion dependence,  a lso  obse rved  by other  inves t iga -  
to r s ,  3'5'6'~~ wil l  be d i s cus sed  l a te r .  

Concen t ra t ion  Effect 

P r e v i o u s  r e su l t s  6 had shown that the r eac t ion  k ine-  
t ics  were  independent  of Fe  ++ and Cu +§ c o n cen t ra t i ons .  
S i m i l a r l y  the r eac t ion  k ine t ics  were shown to be inde-  
pendent of H2SO4 concent ra t ion .  The funct ion of H2SO4 
is s imply  to p reven t  hydro lys i s  of Fe § F ina l ly ,  it 
had been  obse rved  that the r eac t ion  k ine t ics  were  for 
the most  par t  independent  of the Fe  +a concen t ra t ion .  6 
Only for  low Fe  *a concen t ra t ions  has a d i s t inc t  de-  
pendence been  observed .  13 

In genera l ,  as the concen t ra t ion  of Fe  +~ is i nc reased ,  
an i n c r e a s e  in the r eac t ion  ra te  would be expected 
espec ia l ly  if r eac tan t  t r a n s p o r t  were the r a t e  l imi t ing  
step.  This  effect was not observed  in the acid f e r r i c  
sulfate leaching of chalcopyr i te .  The f e r r i c  ion inde-  
pendence is  r evea led  in the A r r h e n i u s  P lo t  (Fig. 8) in 
which the s ize  n o r m a l i z e d  parabol ic  r a t e  constants  at 
0.5 M Fe  +~ for the 12 /z p a r t i c l e s  and at 0.06 M Fe +~ 
for the 4 ~ pa r t i c l e s  a re  coincident .  The l inea r  r e l a -  
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4 / 1  C u F e S  2 
0.4 I J  I 
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Fig. 7 -A  plot of fraction of copper extracted from 4/~ monosize 
chalcopyrite particles as a function of temperature for 0.01 M H2SO4, 
0.03 M Fe2(SO4)a, 0.5 pet solids and 1200 rpm. 

In i t i a l  Reac t ion  Kine t ics  

F r o m  the r e s u l t s  of this study it is seen  that the 
ove ra l l  r eac t ion  ra te  is l imi ted  p redominan t ly  by a 
t r a n s p o r t  p r oc e s s  through the e l e m e n t a l  su l fur  prod-  
uct .  However this  p r oc e s s  cannot be the ra te  l imi t ing  
s tep dur ing  the in i t i a l  s tage of r eac t ion  s ince  the su l -  
fur  l ayer  is not p r e se n t  in i t i a l ly .  Even though it ap- 
p e a r s  that the in i t i a l  s tage of r eac t ion  offers  l i t t le  r e -  
s i s t ance  with r e spec t  to the ove ra l l  ra te  of reac t ion  
for  the condit ions of this  study, it may be useful  to 
s u m m a r i z e  some of our  r e s u l t s  on in i t ia l  r eac t ion  
kinet ics  .13 These  r e s u l t s  may be p a r t i c u l a r l y  impor t -  
ant  under  c i r c u m s t a n c e s  where the su l fu r  f i lm is non-  
p ro tec t ive .  

In i t i a l  r eac t ion  k ine t ics  were s tudied by r emov ing  
acid soluble  copper before  r eac t ion  in i t i a t ion .  Rate 
data  f rom the in i t i a l  s tage of r eac t ion  was found to 
exhibit  an i n v e r s e  f i r s t  o r d e r  dependence on in i t i a l  
pa r t i c l e  d i a me t e r ,  a bal i  o rde r  dependence on f e r r i c  
concen t ra t ion  and an ac t iva t ion  ene rgy  of 8 ken t /mo le  
(33.5 kJ /mol ) .  The expe r imen ta l l y  d e t e r m i n e d  r e a c -  
t ion veloci ty  constant  is approx ima te ly  an o r de r  of 
magni tude  l e s s  than that which would be expected if 
the ra te  were cont ro l led  by diffusion in the aqueous 
phase a c r o s s  a mass  t r a n s f e r  boundary  l ayer .  On this 
bas i s  it was concluded that the in i t i a l  s tage of r eac t ion  
is cont ro l led  by an e l e c t r o c h e m i c a l  reac t ion ,  the r e -  
s i s t ance  of which does not cont r ibute  s ign i f ican t ly  to 
the r e s i s t a n c e  of the ove ra l l  r eac t ion  k ine t ics .  

Baur  et  al 1~ noted an in i t i a l  su r face  r eac t ion  ra te  
cont ro l  for the d i sso lu t ion  of T r a n s v a a l  chalcopyr i te  
in the p r e s e n c e  of oxygen. Jones  and P e t e r s  s c l ea r ly  
e s t ab l i shed  the e l e c t r o c h e m i c a l  c ha r a c t e r  of the in i t i a l  
d i s so lu t ion  p roces s  for C r a i g m o n t  cha lcopyr i te .  The 
l a t t e r  i nves t iga to r s  m e a s u r e d  the mixed potent ia l  du r -  
ing leaching which was found to va ry  l i nea r ly  with 
log [Fe3+]. In t roduc t ion  of the mixed potent ia l  into a 
B u t l e r - V o l m e r  e x p r e s s i o n  for the d i s so lu t ion  p roce s s  
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Table III. Initial Rate of Reaction for Ferric 
Sulfate Leaching of Chalcopyrite 

Initial Rate 
Chalcopyrite Ferric g (CuFeS2) 

hwestigator Source Concentration Temperature cm 2 h 

Dutrizac etal s Synthetic 0.11 M 94~ 1.15 X 10 -4 
Baur et al le Transvaal 0.4 M-- 85~ 1.97 X 10 -4 
Jones and Peters 8 Craigmont 1.0 M 90~ 5.73 X 10 ~ 
Present Investigation Pima 1.0 M 90~ 2.05 X 10 -4 

r e s u l t s  in an apparen t  ha l f -power  dependence on the 
f e r r i c  concen t ra t ion  as was observed  in this  study. 
Review of in i t i a l  r eac t ion  ra te  data  r epo r t ed  in the 
l i t e r a tu re  is  compared  together  with that of the p r e s -  
ent  inves t iga t ion  in Table  III. Note that the in i t i a l  
r a t e s  a r e  n e a r l y  the s ame  for  the T r a n s v a a l  and P i m a  
samples  in which the reac t ion  quickly becomes  t r a n s -  
por t  cont ro l led  whereas  the in i t i a l  ra te  is  a l m o s t  
three  t imes  f a s t e r  for the Cra igmont  sample  in which 
the r eac t i on  does not appear  to be l imi ted  by a t r a n s -  
por t  p r o c e s s .  Under  these c i r c u m s t a n c e s  in which the 
e l e c t r o c h e m i c a l  r eac t ion  l imi t s  the r eac t ion  k ine t ics ,  
it s e ems  that an in t e rmed ia t e  defect  s t r u c t u r e  fo rms  
at the su r face  accompanied  by e i the r  incomple te  sul -  
fu r  coverage  or  a su l fu r  l ayer  with high poros i ty .  

THEORETICAL 

F r o m  the ana ly s i s  of r eac t ion  k ine t ics  cont ro l led  by 
diffusion through a product  l ayer ,  the following quas i -  
s teady s ta te  sh r ink ing  core ra te  e x p r e s s i o n  can be ob- 
tained,  a s s u m i n g  sphe r i ca l  p a r t i c l e s :  

dn(CuFeSf) _ (b /a )4~DACrro  t lI5al' 
dt ro - r 

or in t e r m s  of f rac t ion  r eac ted  (~) 

da  _ 3(b /a )DC( I  - ~z) z/s [5b] 
dt pBro2[1 - ( 1 -  ctp/3 ] 

where,  

a = f r ac t ion  CuFeS2 reac ted  at t ime  t, 
b /a  = s to i ch iome t ry  factor ,  • moles  CuFeS2 re -  

ac ted  per  mole of t r a n s p o r t e d  spec ies ,  
D = effect ive diffusion coefficient  (Dis for 

t r a n s p o r t  through product  l ayer ,  where  e is 
the poros i ty  and r is the to r tuos i ty ,  

s = d i f fe rence  in concen t ra t ion  or ac t iv i ty  (a i) of 
t r a n s p o r t e d  spec ies  be tween the aqueous 
phase and the un reac ted  core,  

t = t ime ,  
r = r ad ius  of un reac ted  core at t ime  t, 

to, do = in i t i a l  pa r t i c l e  s ize ,  r ad ius  and d i a m e t e r  
r e spec t ive ly ,  and 

PB = mola r  dens i ty  cha lcopyr i te .  

F o r  constant  concen t ra t ion  of r eac t an t  and a s s u m i n g  
the concen t ra t ion  of the t r a n s p o r t e d  r eac t an t  at the 
su r face  of the un reac t ed  core  is  zero ,  Eq. [5b] can be 
in t eg ra t ed  to y ie ld  the following r e l a t ionsh ip  between 
f rac t ion  r eac t ed  and t ime for a ba tch  leaching sy s t e m.  

1 - (2/3)o, - (1 - a)='~ = k~,t [2] 

where  

8• +Dic, 1 (time_l)" 
kp = 7 ~---T-lai --~ 

It is apparen t  that  a plot of kp vs  (1/do ~) should be 
l i nea r  with (8•  i as the s lope.  Such a plot 
is shown in F ig .  5, f rom which a slope of 2.24 • 10 -z3 
(cme/s)  was ca lcula ted  by r e g r e s s i o n  a na l y s i s .  On 
f i r s t  examinat ion ,  this  ana lys i s  of the expe r imen ta l  
data with r e spe c t  to in i t ia l  pa r t i c le  d i a m e t e r  s eems  to 
explain the obse rved  ra te  behav io r .  A s s u m i n g  control  
by the t r a n s p o r t  of f e r r i c  ion, the va lue  of an effective 
diffusion coefficient  (DFe ~/ r )  for the f e r r i c  ion can be 
e s t ima ted  to be N10 -~z cmZ/s.  Even if ex t reme  values  
for the poros i ty  and to r tuos i ty  a re  se lec ted ,  it is dif- 
f icul t  to just i fy such a s m a l l  value for the effective dif- 
fus ion coefficient in t e r m s  of a pore diffusion model.  
F u r t h e r m o r e ,  as is  s een  f rom the in tegra ted  diffusion 
equation,  Eq. [2], the propor t iona l i ty  constant ,  kp, 
should have a f i r s t  o rde r  dependence on the concen t ra -  
t ion or ac t iv i ty  of the f e r r i c  ion. Such appea r s  not to 
be the case as shown by data p r e sen t ed  in Fig .  8 and 
data  repor ted  in the l i t e r a tu re .  3'5'6'1~ Although due to 
complexat ion r eac t ions  the ra te  dependence on f e r r i c  
addi t ion should be d imin ished ,  it is  difficult  to just i fy 
complete  independence on this  ba s i s  as p rev ious ly  sug-  
gested.  6 F o r  example ,  for a th i r ty - fo ld  i n c r e a s e  in 
Fez(SO4)3, the f e r r i c  ac t iv i ty  i n c r e a s e s  by a factor  of 
6. Under  these  c i r c u m s t a n c e s  the r a t e  would not be 
expected to be d i r ec t l y  p ropor t iona l  to the Fe2(SO4)s 
addit ion,  but at l eas t  the rate  should have i nc rea sed  by 
a factor  of 6 which it did not. F ina l ly ,  the observed  
ac t iva t ion  energy  of 20 k c a l / m o l  (83.7 k J / too l )  is 
much l a rge r  than n o r m a l l y  would be expected for a 
pore  diffusion p r o c e s s .  In view of this  ana lys i s ,  
fu r the r  cons idera t ion  of the rate  p roces s  mus t  be 
given to explain the anomalous  behav ior .  Species 
o ther  than f e r r i c  ion which a re  t r a n s p o r t e d  through 
the su l fur  l ayer  and which might l imi t  the reac t ion  
ra te  include,  f e r r o u s  ions,  cupr ic  ions,  and, in par -  
t i cu l a r ,  e l e c t r o n s .  

Wagner  Theory  

In desc r ib ing  the t r a n spo r t  of ions and e lec t rons  
through the su l fur  reac t ion  product  both the diffusion 
due to chemica l  potent ial ,  ~, and that due to the e lec-  
t r i c a l  potential ,  q~, must  be taken into account .  In this  
context, the flux, in moles  of spec ies  pass ing  per  unit  
t ime  through a c r o s s  sect ion of 1 cmz for anions,  ca- 
t ions ,  e l ec t rons ,  or  in gene ra l  the i - th  spec ies ,  can be 
r e p r e s e n t e d  by z5 

t ia (d__~_ Z i  e dr 
J i -  -Zi~e 2 "clx + d-x) [6] 

where  

d ~ i / d x  = chemica l  potent ia l  gradient ,  
d ~ / d x  e l e c t r i c  field s t rength,  

e = e l ec t ron i c  charge,  
t i = t r a n s p o r t  numbe r ,  
cr = e l e c t r i c a l  conductivi ty,  and 

Z i = valence  of spec ies  i. 

Equat ion [6] is the ge ne r a l  e x p r e s s i o n  for the flux of 
spec ies  i and wil l  be applied to the f e r r i c  sulfate leach- 
ing of chalcopyr i te .  
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Fig. 9-Schematic representation of the transport process in the ferric 
sulfate leaching of chalcopyrite. Note that the hydrated ferric ion 
does not advance through the sulfur product layer, but rather is dis- 
charged at the sulfur-solution interface. 

tfu(II) dPCu(lI) 
[14] 2 dx 

An express ion  for  dl~Cu(ii)//dx can be obtained f rom 
the coupled mass  t r ans fe r  solution of Eq. [8], as  fol- 
lows; 

d/~Fe(li) d/~ Cu(II) 
tFe(II) dx + 2tFe(II) edd~x = tCu(II) dx 

+ 2tCu(iI) e~--~ x . [15] 

There fore ;  

d/~cu(II~) - --tFe(II)--dYFe(II) + 2 e l  tFe(II) 1]  dO [16] 
dx tCu(ii) dx tCu(ii) )--~" 

Leaching Model  

The f e r r i c  sulfate leaching of chalcopyri te  is con- 
s idered  in t e rms  of the Wagner  Theory  and the t r ans -  
por t  p r o c e s s e s  are  depicted in Fig.  9. The potential  
d i f ference a c r o s s  the sulfur  product  layer  develops  
due to the separa t ion  of the anodic and cathodic half 
cel ls .  I n o r d e r  to e l iminate  dO/dx f rom Eq. [6] use is 
made of the fact  that no net cur ren t  f lows through the 
sulfur  layer  during the s ta t ionary s tate .  In other  
words ,  e lec t roneu t ra l i ty  r equ i re s  that; 

2JCu(II) + 2JFe(II) + 3JFe(III) = Je" [7] 

Assuming  that t r anspor t  of the hydrated Fe *s toward 
the inner boundary is negligible and a lso  that, 

JCu(II) = JFe(II) (coupled mass  t ransfe r )  [8] 

then, Eq. [7] becomes  

23"Cu(II) + 2JFe(II) = Je = 4JFe(II) �9 [9] 

F r o m  Eq.  [6], express ions  for  JFe(II),  Jcu(II),  and Je 
can be obtained: 

t Fe(ii)(~ 
JFe(II) - 

t Cu(II) (7 
JCu(II) - 4e 2 

and 

/ dYFe(II) dO)  [10] \ ~  + 2e ~--~ 

(d ~ (  d O )  [11] g I[) + 2e ~-~ 

Je - t ~  F d~e dO]  [12] 
k d x - e d ;  " 

Substi tuting Eqs .  [10], [11], and [12] into Eq. [9] r e su l t s  
in: 

t Fe(lele) cr (d/~_~(I____~I)+ 2 e d~x x )  

) e 2 - e ~ x  �9 

t Cu(II)(r {dYcu(II) ~---~x) 
+ ~ \ -  ~ + 2e 

[13] 

Rear rang ing  the express ion;  

(tFe(ii) + tCu(ii) + t e) e ~  = t e dYedx 
t Fe(II) dYFe(II) 

2 dx 

Substituting for  dYCu(ii)/dx, and recognizing that the 
sum of the t r anspor t  number s ,  tCu(ll) + tFe(II) + t e = 1, 
then Eq. [14] becomes ;  

~ x  dy  e tFe(ii) dYFe(ii) tFe(iI) dYFe(ii) 
e =te  dx 2 dx 2 dx 

d0 [17] 
- e(tFe(II)-- tCu(II)) dx"  

Solving for the voltage gradient  and recognizing that 
1 -  tCu(ii) = tFe(ii) + t e then; 

dO (2tFe(II) + r e ) e ~ x  (1 + tFe(ii) - tCu(ii)) e~-~ = 

dy Fe(II) 
: te d ~ _  t Fe(ll) dx 

[18] 

The re fo re  

d d ~ _ I / /  te ) d ~ e  [ tFe(ID ) dYFe(l l))  
d x  e\k2tFe(ii) + t e - ~  k2tFe(ii) + t e dx " * 

[19] 

Substi tution of (dd)/dx) in Eq.  [10] resu l t s  in 

JFe(II) - 4e 2 T 2tFe(II) + te dx 

2tFe(II) ~ dYFe(II)/ [20] 
2tF~(ii) -~ t e l  - ~  ] " 

If t r anspor t  of e l ec t rons  a c r o s s  the sulfur  layer  is 
cons idered  to be the ra te  control l ing step,  then the 
t r anspor t  number  for  e l ec t rons ,  is much sma l l e r  than 
the t r anspor t  number  for  Fe § 

t e << tFe(ii). [21] 

Under  these  condit ions Eq.  [20] becomes ;  

te~ dye  [22] 
JFe(II) "- 2e 2 dx 

Since, 

1 dn (CuFeS2) [23] 
%e(II) - A dt 
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where  A is  the a r e a  of the u n r e a c t e d  core ,  then Eq.  
[22], for  s p h e r i c a l  c o o r d i n a t e s ,  b e c o m e s  

tear dt~e [24] dn (CuFeS2) = - (4rr r 2) 4e 2 dr  dt  

A s s u m i n g  q u a s i s t e a d y  s t a te ,  i n t eg ra t i on  of Eq.  [24] for  
a l l  va lues  of r be tween  r and re, r e s u l t s  in the fo l low-  
ing e x p r e s s i o n :  

dn (CuFeS2) 47r r re (te~ ~ 
d - - /  = - ~  '4e  2 '  ( b t e ~  Ixei) [25] 

where  /~e ~ and t.te i a r e  the c h e m i c a l  po ten t i a l s  fo r  
e l e c t r o n s  at  the ou te r  and inner  phase  bounda ry  r e -  
spe ct ive ly.  

The f e r r i c  su l fa te  l each ing  of CuFeS2 may  be v iewed  
as  two half  ce l l  r e a c t i o n s  which occu r  on oppos i te  
s i d e s  of the su l fu r  l a y e r  a s  shown in F i g .  9. 

Inner  bounda ry :  

CuFeSz ~ Cu *+ + F e  ++ + 2S ~ + 4e [26] 

Oute r  b o u n d a r y :  

F e  § + e ~ F e  +2. [27] 

The  o v e r a l l  r e a c t i o n ,  inc luding  the hydra t ion  of the 
t r a n s p o r t e d  Cu §247 and F e  ~ ions ,  is;  

CuFeS2 + 4Fe  § ~ Cu §247 + 5Fe  §247 + 2S ~ [1] 

T h e r e f o r e  

~G = 2/.tSO + 5/.tFe(ii) + /XCu(Ii)- (4/XFe(lll) + ~CuFeS2). 

[28] 
Now, f r o m  Eqs .  [26] and [27], the fol lowing e x p r e s -  
s ions  a r e  ob ta ined :  

/XCuFeS2 = IJCu(lI) + ~Fe(II) + 2ktS ~ + 4gtei [29] 

and 

4/-tFe(iil ) + 4/-re ~ = 4/-tFe(li) . [30] 

Combining Eqs .  [29] and [30] r e s u l t s  in 

( l X e ~  tXei) = 4 g F e ( l l ) -  PCuFeS2 + btCu(II) + gFe(II) 

+ 2/ZSO - 4/ZFe(iii ) = 2/.tSO + 5P.Fe(II) 

+ /ZCu(ii) --4/ZFe(iii ) -- /-tCuFeS2 

and i t  is  r e c o g n i z e d  f rom Eq.  [28] that ,  

(kLe ~  I~ei ) = AG [31] 

which can be subs t i t u t ed  in Eq.  [25] r e s u l t i n g  in 

Table IV. Thermodynamic Properties for the Acid Ferric 
Sulfate Chalcopyrite-System 16, 17 

AGf ~ (298 K) AHf ~ (298 K) S O (298 K) 
(Kcal/mol) (Kcal/mol) (Kcal/mol deg) 

CuFeS~ -45.5 -45.5 29.87 
Fe +a -2.52 -11.4 -70.1 
Cu +2 15.53 15.39 -23.6 
Fe +2" -20.30 -21.0 -27.0 
S 0 0 7.62 

dn (CuFeS~) = - 4 ,  r re it_c_% AG. [32] 
d~ ~ "4e 2' 

Equa t ion  [32] can then be equated to Eq.  [5a] r e su l t i ng  
in 

D~xC tea  
4 - ~ - ~  A G  [ 3 3 ]  

where  

tea  = e l e c t r i c a l  conduct iv i ty  of the su l fu r  l a y e r  
(ohm -1 cm-1), 

AG = f r e e  ene rgy  of r eac t ion ,  and 
e = e l e c t r o n i c  cha rge ,  96,500 (Coulombs /equ iv . )  

o r  23,060 (cal / /equiv .vo l t ) .  

Combining Eq.  [5b] and Eq.  [33], a g e n e r a l  e x p r e s s i o n  
for  the  r a t e  in t e r m s  of f r ac t ion  r e a c t e d ,  a ,  and the 
p h y s i c o c h e m i c a l  p r o p e r t i e s  of the  s y s t e m  (conduct ivi ty 
of e l e m e n t a l  su l fur  and the f r ee  e n e r g y  of reac t ion)  
is  obtained;  

d a  (300) ~ (1 - a )  ~/3 
d~{ = pBd~e 2 [ 1 -  ( 1 -  a )  ~/3] [34] 

whe re  the va lue  300 conve r t s  vo l t s  f r o m  e l e c t r o -  
s t a t i c  uni ts  (esu) to p r a c t i c a l  vo l t s .  F o r  the r e a c t i o n  
under  cons ide ra t i on ,  

(1//4) CuFeS2 + F e  § = (1/4) Cu § + (5//4) F e  § 

+ (1/2) S O [35] 

a value  o f - 9 3 1 0  c a l o r i e s  for  the s t a n d a r d  f r ee  energy  
of r e a c t i o n  at  363 K was obta ined  f rom;  

LXGR ~ (363 K) = A//R ~ (298 K ) -  T A S R  ~ (298 K) 

= - 9310 c a l o r i e s  [36] 

a s s u m i n g  neg l ig ib le  changes  in heat  c apac i ty  over  the 
t e m p e r a t u r e  r ange  in ques t ion  and us ing  the t h e r m o -  
d y n a m i c  p r o p e r t i e s  of the s y s t e m  l i s t e d  in Table  IV. 
The  f r ee  e n e r g y  e x p r e s s i o n  is ,  

\ 5 / 4 t  x114 
(aFe(l l))  (acu(II)) 

AG = AGR ~ + R F  in [37] 
(aFe(iii) ) 

o r  in t e r m s  of the f r a c t i o n  of copper  e x t r a c t e d  (or), 
and the s t o i c h i o m e t r y  f ac to r  (• Eq.  [37] becomes ;  

AG = - 9520 + 1660 log{CB 1/2" [ot3/2//(X - or)] X -1/2 

[ 5/4 1/4 /TFe(III) ]} [38] X LYFe(ii) TCu(II ) 

w h e r e  CB is  the i n i t i a l  f e r r i c  concen t ra t ion  in m o l e s /  
l i t e r ,  and ~i i s  the a c t i v i t y  coeff ic ient  of s p e c i e s  i.  

By subs t i tu t ing  Eq.  [38] into Eq,  [34], the leaching  
r e s p o n s e  of 4 arid 12 p c h a l c o p y r i t e  p a r t i c l e s ,  for  
i n i t i a l  f e r r i c  ion concen t r a t ions  of 0.06 _M and 0.5 M, 
r e s p e c t i v e l y ,  at  90~ can be eva lua t ed  p rov id ing  the 
e l e c t r i c a l  conduct iv i ty  for  the e l e m e n t a l  su l fu r  r e -  
ac t ion  produc t ,  t ee  , is  known. Us ing  the e l e c t r i c a l  
conduct iv i ty  of su l fu r  a s  an a d ju s t a b l e  p a r a m e t e r ,  the 
r a t e  e x p r e s s i o n  (Eq. [34]), inc luding  the AG function 
(Eq. [38]), was n u m e r i c a l l y  i n t e g r a t e d  us ing  the A d a m s -  
Moul ton a l g o r i t h m  and f i t ted  to the l each ing  r e s p o n s e  
of the 4 /z c h a l c o p y r i t e  (data p r e v i o u s l y  p r e s e n t e d  in 
F i g .  7). The  f i t  of th is  m a t h e m a t i c a l  e x p r e s s i o n  is  
p r e s e n t e d  in F i g .  10 fo r  t ee  = 7.6 • 10 -~ (ohm -1 crn-1). 
Th i s  value  for  the e l e c t r i c a l  conduc t iv i ty  of the e l e -  
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Fig. 10-Leaching response of both 4 and 12 p monosize chalcopyrite 
particles at 90~ (other experimental conditions specified in Figs. 6 
and 7). Data for the 4 p response was fitted using the electrical conduc- 
tivity of elemental sulfur as the only adjustable parameter. With this 
value, the leaching response of the 12/~ material was predicted. 

menta l  su l fur  r eac t ion  product  can be compared  with 
the value of 10 -la (ohm -1 cm -1) for pure c rys t a l l i ne  
o r thorhombic  sul fur ,  at 90~ as r epor t ed  in the l i t e r a -  
ture  .13 The d i f ference  between the two va lues  un-  
doubtedly r e p r e s e n t s  the i m p u r i t i e s  and po lyc rys t a l -  
l ine na ture  of the e l emen ta l  su l fur  r eac t ion  product .  It 
is known that minor  impur i ty  levels  can cause in-  
c r ea se s  in conductivi ty of up to two o r d e r s  of magni -  
tude g r e a t e r  than that for pure c rys t a l l i ne  su l fur .  

The leaching r e sponse  of 12 p chalcopyr i te  (data 
p rev ious ly  p re sen t ed  in  F ig .  3) can now be p red ic ted  
by us ing the e l e c t r i c a l  conductivi ty d e t e r m i n e d  f rom 
the fit of the 4 t~ data.  The r e s u l t s  of th is  computat ion 
a re  p r e sen t ed  in F ig .  10 and as can be seen ,  the p r e -  
dicted r e sponse  compares  favorab ly  with the exper i -  
menta l  data .  It is impor tan t  to note that this  p red ic -  
t ion not only involved cons ide ra t ion  of a ckange in pa r -  
t ic le  s ize  but  a lso a change in f e r r i c  sulfa te  concen-  
t r a t ion  by a l m o s t  one o rde r  of magni tude .  As  can be 
seen  f rom Eq. [38], the f ree  energy  change wil l  not 
be ve ry  sens i t ive  to the in i t i a l  f e r r i c  concen t ra t ion  due 
to the logar i thmic  dependence and as a r e su l t ,  the r e -  
act ion ra te  will  appear  to exhibit  e s s e n t i a l l y  zero  
o rde r  dependence on the f e r r i c  ion concen t ra t ion .  
The r e su l t s  obtained by cons ide r ing  the v a r i a t i o n  of AG 
with the extent  of the r eac t i on  s e e m  to conf i rm the 
concept that  the t r a n s p o r t  of e l ec t rons  through the e l e -  
menta l  su l fur  layer  is the ra te  cont ro l l ing  s tep.  

F u r t h e r  suppor t  for this r eac t ion  m e c h a n i s m  is 
given by the t e m p e r a t u r e  dependence of the e l e c t r i c a l  
conductivi ty of su l fu r .  F r o m  the e l e c t r i c a l  conduc- 
t ivi ty  data p r e sen t ed  in Table  V, an apparen t  ac t iva t ion  

Table V. Electrical Conductivity of Elemental Sulfur is 

Temperature, Electrical Conductivity 
K (ohms -1 cm -1 ) 

293 5.24 • 10 -18 
303 2.56 X 10  -17 

342 2.54 X 10 -16 
385 1.35 X 10 -13 
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ene rgy  for e l ec t ron i c  t r a n s p o r t  can be ca l cu la t ed  and 
is found to be 23 kc a l / mo l e  by r e g r e s s i o n  a n a l y s i s .  
This  value of the ac t iva t ion  ene rgy  for e l ec t ron i c  
t r anspo r t ,  is ve ry  close to the e x p e r i m e n t a l  ac t iva t ion  
energy ,  20 k c a l / m o l  (83.7 kJ /mol ) ,  for f e r r i c  sulfa te  
leaching of chalcopyr i te  (see Fig .  8). In addit ion,  e l ec -  
t ron  hopping t r a n s p o r t  and t r app ing  phenomena  in su l -  
fur  c ry s t a l s  have been  s tudied by s e v e r a l  inves t iga -  
t o r s .  19'2~ A value of 1 ev, 23 k c a l / m o l  (96.3 k J / m o l ) ,  
for  the t r app ing  m e c h a n i s m  has been repor ted  which 
a g r e e s  ve ry  wel l  with the value calcula ted f rom the 
conduct ivi ty  data  p r e sen t ed  in  Tab le  V .  

The above in fo rma t ion  and data ana lys i s  s e e m s  to 
conf i rm that t r a n s p o r t  of e l ec t rons  through the su l fur  
l ayer  is indeed a poss ib le  explanat ion  for the r e ac -  
t ion  k ine t ics  obse rved  in the acid f e r r i c  sulfa te  leach-  
ing of cha lcopyr i te .  

CONCLUSIONS 

The electrochemical reaction of chalcopyrite with 
sulfuric acid solutions of ferric sulfate conforms to 
the following reaction stoichiometry: 

CuFeS2 + 4Fe .3~ Cu *2 + 5Fe § + 2S ~ 

The chief function of the acid appears to be to prevent 
the hydrolysis of ferric ion. The experimental rate 
data and a theoretical analysis using the Wagner 
theory  of oxidation,  s t rong ly  sugges ts  that the ra te  
l imi t ing  s tep is  the t r a n s p o r t  of e l ec t rons  through the 
e l e m e n t a l  su l fu r  l ayer .  This  conc lus ion  is suppor ted  
by the following r e s u l t s  and a n a l y s i s :  

1) The ra te  of r eac t ion  was independent  of the f e r -  
r i c  ion concen t ra t ion .  

2) The ra te  of r eac t ion  was found to be dependent  on 
the i nve r se  squa re  of the in i t i a l  pa r t i c le  d i a m e t e r .  

3) The ra te  of r eac t ion  was independent  of the in i t i a l  
f e r r ous  and cupr ic  concen t ra t ions .  In other  words,  
back reac t ion  k ine t ics  were not impor tan t  in the r e -  
ac t ion .  

4) The ra te  of r eac t ion  was s ign i f ican t ly  dependent  
on t e m p e r a t u r e .  The value of 20 k c a l / m o l  (83.7 k J /  
mol) for the ac t iva t ion  energy,  was shown to be ap-  
p rox imate ly  the s ame  as the ac t iva t ion  ene rgy  for 
t r a n s p o r t  of e l ec t rons  through e l e m e n t a l  su l fur ,  23 
k c a l / m o l  (96.3 k J /mo l ) ,  ca lcu la ted  f rom conduct ivi ty  
m e a s u r e m e n t s  r epo r t ed  in the l i t e r a t u r e  .18 

5) The fol lowing theore t i ca l  r a t e  e x p r e s s i o n  de- 
s c r i b e s  e l ec t ron i c  t r a n s p o r t  through the r eac t i on  
product  l ayer :  

dot= 300 3re  r AG ( 1 -  c~) 1/3 
d t  pbdoee 2 [ 1 -  (1 - o~)l/s] " 

F r o m  this  e x p r e s s i o n  and in conjunct ion with the AG 
funct ion (Eq. [38]), the e l e c t r i c a l  conduct ivi ty  of the 
e l e me n t a l  su l fur ,  t e a, was e s t i ma t e d  f rom the leach-  
ing r e sponse  of 4 t~ pa r t i c l e s  by n u m e r i c a l  i n t eg ra -  
t ion.  The f i t ted value for the e l e c t r i c a l  conduct ivi ty of 
the e l e m e n t a l  su l fur  r eac t ion  product ,  t e a = 7.6 x 10 -13 
(ohm -t cm-1), compare s  favorab ly  with the e l e c t r i c a l  
conduct ivi ty  of pure  c rys t a l l i ne  o r tho rhombic  su l fu r  
at  90~ t e cr = 10 -13 (ohm -1 cm-1), r epo r t ed  in the 
l i t e r a t u r e .  18 Such a g r e e m e n t  i s  quite sa t i s f ac to ry  
s ince  it is known that minor  impur i ty  levels  can cause 
i n c r e a s e s  in e l e c t r i c a l  conduct ivi ty  of up to two o r d e r s  
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of  m a g n i t u d e  g r e a t e r  t h a n  t h a t  f o r  p u r e  s u l f u r .  ~ I m p o r t -  

a n t l y ,  i t  w a s  s h o w n  t h a t  t h e  l e a c h i n g  r e s p o n s e  of  12 ~t 

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

r e a c t i o n  p r o d u c t  o b t a i n e d  f r o m  t h e  4 ~ l e a c h i n g  d a t a ,  

e v e n  t h o u g h  t h e  p a r t i c l e  s i z e  a n d  i n i t i a l  f e r r i c  c o n -  

c e n t r a t i o n  d i f f e r e d  s i g n i f i c a n t l y ,  
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