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A fundamental in s c r ip t io n  o f  th e  mechanism o f  bo th  th e  o x id a tiv e  and
non-oxidattive  d is s o lu t io n  re a c tio n s  based  on the  t r a n s fe r  o f  charge
a c ro ss  th e  phase boundary i s  given,

The r a t e  o f  o x id a tiv e  d is s o lu t io n  o f  iro n -c o n ta in in g  s p h a le r i te s  in  a 
f e r r i c  c h lo rid e  so lu t io n  i s  shown to  be l in e a r  fu n c tio n  o f  the
e o n c e n ttra tic i o f  th e  iro n  in  the  l a t t i c e ,  T h is i s  a t t r i b u t e d  to  the
fo rm ation  o a  narrow im purity  band w ith in  th e  fo rb idden  band gap of 
th e  s p h a le r i te .  The im purity  band i s  o f  I ro n  d - o r b i ta l  o r ig in .  The 
tr a n s fe r  o f  e le c tro n s  between th is  d - o rb i ta l  band and th e  ox idan t i s  
e n e r g e t ic a l ly  more favourab le  than  th a t  betw een th e  va lence  band and 
th e  o x id a n t. A fundam ental model combining th e  e le c tr o n ic  s tr u c tu re  
o f  th e  s p h a le r i te  and G er isc h e r 'a  quantum th e o ry  o f  sem iconductor 
e le c tro ch e m is try  i s  p rese n te d . An equation  i s  d e rived  th a t  i s  
c o n s is te n t  w ith  th e  observed d is s o lu t io n  k in e t ic s  o f  iro n -co n ta in in g  
s p h a le r i te s ,  i . e . , f i r s t  o rder in  th e  c o n c e n tra tio n  o f  i r o n  in  the  
s p h a le r i te  and o n e -h a lf  o rd e r  In  th e  c o n ce n tra tio n  o f  ox idan t in  the  
s o lu t io n .

I t  was observed  th a t  th e  d is so lu t io n  o f  the  Gamsberg s p h a le r i te  in  a 
f e r r i c  su lp h a te  so lu t io n  continued  beyond 90 p e r c en t conversion  in  
two hours a t  SO'C. The r a te  o f  re a c t io n  i s  p ro p o rt io n a l to  th e  sum of 
th e  c o n ce n tra tio n s  o f  th e  Te^+(aq) and th e  TeHSo|+ complexes w ith 
a  r e a c t io n  order o f  o n e -h a lf . The a d d itio n  o f  F e ( I I )  to  the  so lu t io n  
had an in d i r e c t  e f f e c t  on the  r e a c tio n  r a t e ,  by de c rea s in g  th e  concen­
tr a t io n s  o f  the  e le c tro a c t iv e  io n s . A dditions o f  ZnSO^ d id  n o t a f f e c t  
th e  r e a c t io n  r a t e .  The k in e t ic s  o f  d is s o lu t io n  i s  su c c e s s fu lly  
d e sc r ib e d  by an e lec trochem ical mechanism in  which the  charge t r a n s fe r  
from th e  s o l id  to  the  ox id an t i s  r a te - l im it in g .

The d is s o lu t io n  o f  th e  concen tra te*  from Rosh Pinah and Black Mountain 
d e p o s its  f a i l e d  to  exceed a conversion  o f  50 p e r  cen t a f t e r  5 hours a t  
80*C w ith  0 ,5  H r e t , I l f )  in  an a c id ic  f e r r i c  su lp h a te  so lu t io n . X-ray 
d i f f r a c t i o n  a n a ly s is  suggested  the  fo rm ation  o f  on in so lu b le  BbSO^ or 
le a d  J a r o s i te  c o a tin g . E le c tro n  microprobo a n a ly s is  was unable to
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doCecC a  con tinuous la y e r  o f  m a te r ia l chac covetad  th e  leeehav  
p a r t i c le s ,

The k in e t ic s  o f  the  non -ox id stivo  d is s o lu t io n  o f  s p h a le r i te  a re  f i r s t  
o rd e r  in  [K*], and th e  rev e rse  r e a c tio n  I s  p ro p o rt io n a l to  the  square 
r o o t  o£ tii6  c o n ce n tra tio n  of z inc  in  so lu t io n  and to  the  square ro o t 
o f  the  hydsogen su lph ide  p a r t i a l  p ressu re . The a c t iv a t io n  energ ies  
f o r  th e  removal and d e p o s itio n  reactilvns a re  n o t s e n s i t iv e  to  th e  iro n  
Im purity  c o n ten t in  th e  s o l id .  The r a t e  o f  b o th  th e  removal and the 
d e p o s itio n  re a c tio n s  i s  de scrib e d  by a  c h o rg e -t ta n s fo r  mechanism in  
which th e  movement o f  ions acro ss  the  Helmholtz d o u b le -lay e r  i s  the 
r a te - c o n t r o l l i n g  s te p .

The a! ec troeheisls t r y  o f  o th e r  m etal su lp h id es I s  review ed w ith 
emphasis on tVie in f lu e n ce  o f  th e  s o l id -s to  
d is s o lu t io n , I t  i s  s t r e s s e d  th a t  th e  e lec t 
and o f  th e  so lu tion , m ust b e  token  in to  i 
d e s c r ip tio n  o f  the  anodic behaviour o f  s
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Intteroac  In  d ie  liydrom oenH urgicol pceeoaelng  o f  baao-m ceal su lph ides 
has boon na lnea lnod  o t  a  h ig h  lo v o l du ru ig  tiho l a s t  f if to o w  ye»$a, Tha 
.'ttringontt onvlcenmoneal ro o trlo ttte n o  Imposed on cho su lph ldo  sao leo ra  
have la d  be eho dovolopmonC o f  hyd ro m o ta llv tg lea l rou toa  f o r  Cho ex­
t r a c t io n  o£ motola from oulphidon ch at avo id  Cho p roduction  of 
su lphu r d iox ide . Those p ro ce sses invo lve  th e  aqueous o x id a tio n  o f  
su lp h id e  to  olom&ntnl su lphu r o r  to  su lp h a te  by an ox id an t such os 
f e r r i c  io n  o r  d isso lv ed  oxygon.

Those a l te r n a t iv e  p rocesses  f o r  Cho Creotaontt o f  mocol su lp h id es have 
o th e r  advantages over tha  oonvoneionnl ro ase -lea o h  p ro c e s s . Doylo of: 
n l  (1978) coaparod these  p rocesses  ond e stim a te d  th a t  a t  th a t  timo 
th e  c a p i ta l  requ irem ents wore up to  301 lo s s  f o r  th e  le ac h in g  p rocess . 
I t t  a d d it io n , h y tiro a o ea llu rg ica l p rocesses  a rc  in  p r in c ip le  oblo to 
t r e a t  low ot-grndo o res . However, a  m ajor disadvantago  i s  th e  need to  
h e a t la rg o  volumes o f  d i lu t e  s o lu t io n s , awl thtiXoEota th e  energy r e ­
quirem ents may bo p ro h ib itiv e .

In  p a r t i c u la r ,  con sid era b le  atBoncion h as boon focussed  on the  
development o f  p rocesses  f o r  cho le ac h in g  o f  Bine su lph ide  
e onoen tra to s  in  c h lo rid e  and su lp h a te  s o lu t io n s  u s in g  d isso lv ed  
i r o n ( I I I )  as th e  .vsidant.

S ho tv ice  Gordon Mines, L ed ., have adap ted  th e i r  technology developed 
f o r  th e  o x id a tio n  o f  n ic k e l su lph ide  to  Cho le ac h in g  o f  sin o  su lph ide  
fVoltmati o t a ! ,  1978). The eoneontro taa  a re  loaohed d i r e c t ly  in  
( .e ll-h o u se  rotu:*n no id  w ith  a i r  o r  oxygon under p re ssu re , The loaoh 
Y oaetlons aeoi



ZnS + Fa2(804) 3 -  ZnS06 + 2FeS06 + S 1.1

2FeS04  + H2S04 + k02 Fe2(S04) 3 + H20 1.2

ZnS + H2S04 + W02 ZnS04 + S + H20 1.3

The au to cla v e  tem pera ture  i s  m ain ta ined  above 160*0 and su r fa c e -a c tiv e  
agen ts  a re  added to  ensure  complete conversion , T his p ro ce ss , which is  
e s p e c ia l ly  amenable to  high  iro n  and copper c o n c e n tra te s , has been 
in s t a l l e d  a t  Ccainco L td . ( T r a i l , B .C ., Canada) end a t  Kidd Creek 
Mines, L td . , (Timmins, O nt., Canada).

The S h e rritt-G o rd o u  au toclave  a t  Kidd Creek i s  a  h o r iz o n ta l ,  fou r com­
partm ent u n i t ,  which i s  designed  to  t r e a t  100 tons o f  co n cen tra te  per 
day. The z inc  co n cen tra te  i s  fed  to  th e  au toclave  as a s lu r r y  w ith  a 
so l id s  c o n ten t o f  70 p e r  c e n t and a sp e c if ic  d e n s ity  o f  2 .1 . The temp­
e ra tu re s  in  th e  compartments range from 135'C in  th e  f i r s t  com part­
ment to  between 140 and 144*0 in  th e  o th e r  th re e . The to t a l  p ressu re  
i s  m a in ta ined  a t  1000 kPa. O xygen-enriched a i r  (85 to  90 p e r  cen t 
oxygen), drawn from th e  copper sm e lte r, i s  f e d  so th e  au toclave  a t  a 
r a t e  about 50 p e r  cen t in  excess o f  the  s to ic h io m e tr ic  requirem ent 
f o r  s p h a le r i te  ox id a tio n . The s lu r r y  i s  d ischarged  from the
au to cla v e  through a  s t a in le s s  s t e e l  o r i f i c e ,  and re g u la r  b lockage of 
th e  o r i f ic e  by s t ic k y  e lem enta l su lphu r r e s u l t s  in  an au toclave  down­
tim e o f  abou t 30 p e r cen t (Dry, 1987).

The p re s su re • leaohing  p la n t  a t  T r a i l  has been in  o p e ra tio n  s ince  1981. 
The fo u r  compartment au toclave  has a working volume o f  100 m^, and 
th e  re s id en c e  tim e a t  th e  design  feed  r a te  o f  190 tons p e r day is  
about 100 m inutes. The tem perature i s  m ain ta ined  a t  150*0, and the  
t o t a l  p ressu re  i s  m ain ta ined  a t  1250 kPa. About 88 pe r c e n t u t i l i z a ­
t io n  o f  th e  oxygen, which i s  98 pe r c e n t pure, i s  ach ieved , Downtime 
in  th e  p ressu re  le ac h in g  p la n t  la  about 10 hou rs p e r month, s i g n i f i ­
c a n tly  l e s s  than  th a t  a t  Kidd Creek (Dry, 1987),



Visile-M oncagne (Ualen, Belgium) have commissioned a  p i lo c  p la n t  in  
which Che a u to c la v es , such as those  used a t  Kidd Creek and T r a i l ,  a re  
rep la ce d  w ith  a  p ipe  r e a c to r .  The re a c to r  runs ae a  tem pera ture  o f  
betw een 150°C and 160°C and a t  p ressu re s  o f  4000 kPs. This h ig h -p re s s ­
u re  le ac h in g  process i s  p re se n tly  being  p a te n te d . The oxygen fe e d -ra te  
to  th e  le ac h  re a c to r  i s  c o n tro l le d  so th a t  th e  f i n a l  so lu t io n  con ta in s  
about 30 g 1** o f  su lp h u ric  a c id  and a l l  th e  so lu b le  iro n  i s  in  the 
fe r ro u s  form. The form ation  o f  ja r o s i t e  in  th e  r e a c to r  i s  avoided. The 
re s id en c e  tim e in  th e  p ipe  re a c to r  i s  about 10 m inutes, a  te n th  o f  the 
resid en c e  tim e in  th e  S h e rritt-G o rd o n  a u to c la v es . E x tra c tio n s  of 
between 95 and 98 pe r cen '. a re  ob ta ined , and most o f  th e  su lp h id ic  
su lp h u r i s  converted  to  e lem enta l su lphu r, A s u r fa c e -a c tiv e  agen t, 
o -phenylene diam ine, i s  added to  th e  so lu t io n  to  p rev en t th e  agglom­
e r a t io n  o f  th e  e le e e n ta l  su lphu r th a t  i s  p roduced, and i t  h as  been 
claim ed  th a t  th ia  speeds up th e  r a te  o f  r e a c t io n . An im portan t 
advantage o f  th i s  p rocess i s  the  high  recovery  o f  the  a sso c ia te d  
s i l v e r  and go ld  from th e  s p h a le r i te  o ra , N inety f iv e  pe r c e n t o f  the  
s i l v e r  i s  recovered  from the  le ac h  re s id u e  (V egter, 1987).

MINTEK p a ten te d  a p rocess in  which th e  z inc  su lph ide  m a te r ia l i s  d i s ­
so lved  in  a  so lu t io n  con ta in in g  between 5 and 50 g 1 '1  iro n  and 
about 20 g 1 '^  su lp h u r ic  a c id  (Verbaan, 1981). The tem pera ture  is  
m a in ta ined  below th e  m e lting  p o in t o f  su lp h u r, 119eC. The advantage 
o f  th is  p rocess i s  th a t  a m ilder tem pera ture  i s  used, and th e re  is  
th e re fo re  a  major sav ing  on th e  energy req u ire d  to  h e a t th e  so lu t io n .

The d is s o lu t io n  o f  s p h a le r i te  in  an a c id  so lu t io n  in  th e  absence o f  an 
ox idan t - -educes hydrogen su lph ide , which cou ld  ba ox id ized  to  pure 
e lem en ta l sulphur- in  a  subsequent s te p . A tte n tio n  has n o t bean 
focussed  on the  uon -ox idative  d is so lu t io n  o f  su lp h id es , presumably 
because th e  production  o f  hydrogen su lph ide  would have i t s  own 
environm enta l and production  problems.

In  th e  hyd rom etalluvg ica l p rocessing  o f  s p h a le r i te  to  o b ta in  z inc



m etal, th e  c e n tr a l  o p e ra tio n  i s  the  leach ing  u n i t ,  which re p la c e s  the  
r o a s t  u n i t  in  the  conventional p la n t .  In  the  le ac h in g  p ro ce ss , the  
d is s o lu t io n  o f  the  m ineral i s  encouraged, and e f f o r t s  a re  made to  p ro ­
mote th e  d is s o lu t io n  r a t e .  A fundamental unde rstand ing  o f  the 
k in e t ic s  and mechanism o f  th e  d is so lu t io n  o f  s p h a le r i te  would a id  in  
the  cho ice  o f  f low sheet fo r  the  p la n t ,  and in  th e  design  and the  
o p e ra tio n  o f  th e  p la n t.

The k in e t ic s  o f  the  ox id a tiv e  and non -ox idarive  d is s o lu t io n  re a c tio n s  
a re  r e p o r te d  in  th i s  t h e s is .  The aim o f  th a  th e s is  i s  to  p re se n t a 
fundam ental d e sc r ip tio n  o f  the  mechanism c l  b o th  th e  o x id a tiv e  and 
n o n -ox idative  r e a c tio n s  based on th e  t r a n s fe r  o f  charge  a t  the  phase 
boundary, The e lec trochem ical mechanisms proposed take  in to  account 
th e  c".. nges in  th e  e lec trochem ical p o te n t ia l  o f  adsorbed io n s , the  
t r a n s fe r  o f  e le c tro n s  and ions a cro ss  th e  H elmholtz la y e r ,  th e  e f f e c t  
o f  th e  d is t r ib u t io n  o f  charge w ith in  th e  s o l id  and th e  e f f e c t  o f  im­
p u r i t i e s  w ith in  th e  s o l id .

T his re se a rc h  i s  in tended  to  p rese n t an o r ig in a l  c o n trib u tio n  to  the  
k in e t ic s  o f  the  d is s o lu tio n  o f  z inc  su lph ide  c o n ce n tra te s  b; d e fin ing  
more e a r ly  th e  m echan istic  d e ta i l s  and th e  e le c tro ch e m is try  o f  the  
system .

In  th e  rem aining se c tio n  o f  t h i s  c h ap te r  th e  l i t e r a t u r e  on th e  le ac h ­
in g  o f  s p h a le r i te  i s  review ed, and th e  aims and scope o f  t h i s  rese a rch  
a re  d isc u sse d  in  d e ta i l .  I n  Chapter 2 th e  s tr u c tu re  and s o l id - s t a te  
p ro p e r t ie s  o f  (Zn,Pe)S a re  review ed, and th e  sem iconductor n a tu re  of 
s p h a le r i te  i s  emphasized, In  Chapter 3 the  e s ta b l ish e d  theo ry  of 
charge t r a n s fe r  a t  th e  sem iconducto r-so lu tion  phase boundary is  
d isc u sse d  in  d e t a i l ,  w ith  p a r t i c u la r  re fe ren c e  to  d is so lu tio n  
r e a c t io n s . I t  i s  s t r e s s e d  ch at th e  e le c tro n ic  p ro p e r tie s  o f  th e  so lid  
and th e  so lu t io n  must be taken  in to  account in  any fundam ental i n t e r ­
p r e ta t io n  o f  th e  re a c t io n  k in e tic s  and th e  anodic behaviour o f  sem i­
conducting  m in e ra ls , such aa s p h a le r i te .  The experim ental p rocedure 
and r e s u l t s  a re  p resen ted  in  Chapter A, and th e se  r e s u l t s  a re
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d isc u sse d  and analyzed  In  Chapfiar 5 in  term s o f  th e  e lec trochem ical 
th e o ry  p rese n te d  in  Chapter 3. I t  i s  shown th a t  th e  mechanism proposed 
based  on th i s  theo ry  i s  c o n s is te n t w ith  the  d is s o lu t io n  k in e t ic s ,  The 
conclu sions o f  t h i s  work a re  p rese n te d  in  Chapter 6.

The d is s o lu t io n  o f  su lph ides has  rec e iv e d  con sid era b le  a t te n t io n  from 
b o th  h y d ro m eta llu rg is ts  and p h o to e lec tro ch e m ists . Photoanodic c o rro ­
s io n  a t  th e  su rfa ce  o f  th e  su lph ide  anode i s  an u b iq u ito u s  problem in  
s o la r  energy conversion , lead in g  u ltim a te ly  to  the  d e s tru c tio n  o f  the 
p h o to e le c tr ic  c e l l ,  Research work has been focussed  on th e  se arch  fo r 
redox couples th a t  w i l l  suppress th e  c o rro sio n  by competing f o r  s u r ­
fac e  h o le s , o r  fo r  m a te r ia ls , such as MoS2 , th a t  a re  r e s i s t a n t  to  
c o rro s io n . The e lec tro ch e m is try  o f  cadmium su lph ide  has rec e iv e d  p a r­
t i c u l a r  a t te n t io n ,  and th e  k in e t ic s  o f  c o rro sio n  and pho toco rro sion  
have been in te r p re te d  in  term s o f  th e  theo ry  o f  sem iconductor e le c tr o ­
c hem is try . H ydrom etallurgis t s  have in v e s tig a te d  th e  k in e t ic s  o f  
s o lu t io n  o f  th e  b a se -o e ta l su lp h id es w ith  th e  view to  aeximiz 
r a t e  o f  d is s o lu t io n . The k in e t ic s  o f  d is s o lu t io n  have been 
p re te d  in  term s o f  ad so rp tio n  iso therm s, and more re c e n tly  in  te . ,  
th e  e lec tro ch e m ic a l m ix ed -p o ten tia l model developed to  d e sc rib e  the 
mechanism o f  th e  co rro s io n  o f  m etals.

The e lec tro ch e m is try  o f  m etal su lph ides has been review ed by Koch 
(1975) and H iskey and Wadsworth (1961), w hile  Wadsworth (1972) and 
D u trizao  and MacDonald (1974) review ed th e  le ac h in g  s tu d ie s  o f  metal 
su lp h id e s , Burkin (1969) has rep o r te d  on s o l i d - s t a te  tran sfo rm ations 
du rin g  le a c h in g , emphasizing th e  fo rm ation  of s u rfa c e  film s th a t  
i n h ib i t  f u r th e r  d is so lu tio n , and P e te rs  (1977) has d iscussed  the 
e xperim ental techniques used in  su lph ide  e le c tro c h e m is try ,



D isso lu t io n  re a c tio n s  can be c la s s i f i e d  on Che b a s is  o f  th e  o v e ra ll 
re a c t io n  in to  non -ox idative  d is s o lu t io n , in  which no change in  the  
fo rm al o x id a tio n  s t a t e  of th e  c o n s t i tu e n t  atoms o f  th e  s o l id  o c cu rs , 
and o x id a tiv e  d is s o lu t io n , in  which such a change does occur (D iggle, 
1973).

Forward and Warren (1960) review ed th e  a v a ila b le  l i t e r a t u r e  fo r  th e  
e x tra c t io n  o f  m e tals from base  m etal su lph ides by h y d ro m eta llu rg ic a l 
m ethods, and rep o rte d  on th e  chem is try  o f  th e  d is s o lu t io n  p ro ce ss . 
They concluded th a t  the  p roducts o f  r e a c tio n  a re  1» ,a ly  determ ined by 
th e  c o n c e n tra tio n  o f  hydrogen io n s , th e  presence  o r  absence o f  an 
o x id iz in g  a g en t, and the  tem pera ture  in  so f a r  as i t  a f f e c ts  th e  f o r ­
m ation o f  s u lp h a te s . In  th e  absence o f  an o x id iz in g  agen t th e  non- 
o x id a tiv e  r e a c t io n  i s :

ZnS + H2S06 •» ZnSOft + 1.4

w h ile  i n  th e  presence  o f  oxygen (o r any o th e r  o x id a n t) , th e  o x ida tive  
re a c t io n  i s :

ZnS + MgSO* + HO2 *  ZnSO^ + HgO + S 1,5

O x ida tion  by oxygen can occur d i r e c t ly  in  s o lu t io n s  o f  h ig h e r  pH v a l ­
ue s , a s  fo llo w s:

ZnS + 202 -*■ ZnS04 1 .6

The dominant mechanism o f  d is s o lu tio n  would depend on th e  r e la t iv e  
c o n ce n tra tio n s  o f  o x idan t and a c id , I n  e so lu t io n  w ith  a h ig h  concen­
t r a t io n  o f  o x id a n t, o x id a tiv e  d is so lu tio n  would bo expected  to  occur, 
w h ile  i n  a  so lu t io n  w ith a h igh  c o n ce n tra tio n  o f  a c id , th e  non-oxi- 
d a tiv e  procosa  w i l l  dom inate.



Forward and Warrun (1960) so^H rated th e  f a c to r s  th a t  may c o n tro l the  
race  o f  d is s o lu t io n  o f  su lph ide  m ine rals in to  th ree  c e te g o rie s i ( i )  
mass t r a n s fe r  o f  r e a c ta n ts  and p roducts in  so lu t io n , ( i i )  c o a tin g  o f  
in so lu b le  p roducts on the  su rfa ce  o f  th e  m ine ra l, o r  ( i i i )  chem ical 
re a c t io n  on th e  su rfa ce  o f  th e  m ine ra l. They rep o r te d  th a t  when 
o x id a tio n  occurs bolot. 119*0, th e  f ilm  o f  e lem enta l su lphu r th a t  Is  
formed i s  po rous, and does n o t in h ib i t  o x id a tio n . Between 119"C and 
160'C , m olten su lphu r forms an im penetrab le  c o a tin g  on the  m ineral 
autCeee. and p rev e n ts  f u r th e r  o x id a tio n , w hile  above 160°C th e  su lphur 
i s  o x id iz ed  to  su lp h a te , and, th e re fo re , i t  does n o t form a co atin g  
th a t  in h ib i t s  th e  d is s o lu t io n  re a c tio n ,

D utrizoo and MacDonald (1974j review ed th e  l i t e r a t u r e  on th e  leach ing  
o f  b ase-m eta l su lph ides by f e r r i c  io n  and rep o r te d  th a t  the  leuching  
of. s p h a le r i te  i s  c o n tro l le d  by the  d if fu s io n  e£ Sftsrlc  lows In  
s o lu t io n  (pH a  2 ) ,  w ith  an a c t iv a t io n  energy o f  about 24 kJ mol*1, 
which i s  c o n s is te n t  w ith  d if fu s io n  c o n tro l . I t  was a ls o  re p o r te d  th a t  
th e  r a t e  i s  d i r e c t l y  p ro p o rt io n a l to  th e  f o r r io  io n  c o n c e n tra tio n , and 
i s  n o t impeded by th e  form ation  o f  elem enta l su lphu r,

Jan  c t  o l  (1976) concluded th a t  th e  r a te -d e te rm in in g  s te p  was the 
r e a c t io n  a t  th e  m ine ral su rfa ce , and n o t th e  d if f u s io n  o f  f e r r i c  ions 
to  the  s u r fa c e , -oven though they  observed an apparen t a c t iv a t io n  
energy o f  24 k J  raol*^, and a dependence o f  th e  r a te  on a g i ta t io n . 
They a t t r ib u te d  th e  l in e a r  k in e t ic s  th a t  they  ob ta ined  to  the 
d is k - l ik e  shape th a t  th e  s p h a le r i te  p a r t i c le s  appeared to  have when 
nxamined under an e le c tro n  m icroscope, ihoy  proposed th a t  the  u n c t io n  
ceuuES by a  mocVvanlam in  which tVio i n i t i a l  s to p  I s  th e  non-oxidativo



d is s o lu t io n  re a c tio n , follow ed by the  o x id a tio n  o f  the  hydrogen 
su lp h id e  by f e r r i c  io n s . By le ac h in g  s p h a le r i te  i n  the  presence  of 
su lp h u r ic  a c id  and io d id e , they  dem onstrated th a t  th e  r e a c tio n

ZnS + S2S06 •+ ZnS04 + H2S 1.7

i s  itia tnn tanoous, and th a t  the  o x id a tio n  o f  hydrogen su lph ide  by 
oxygon

H2S + b02 ■* K20 t  S 1.8

i s  slow  and ra te -d e te rm in in g . In  the  p resence  o f  f e r r i c  ion , they 
proposed th a t  the  r o le  o f  th e  oxygen i s  to  re o x id iz e  th e  fe r ro u s  ion  
produced in  th e  o x id a tio n  o f  th e  hydrogen su lp h id e . T his scheme can bo
re p re se n te d  a s  fo llow s

ZnS + H2S06 «“* ZnS04 + H2S 1 .9a

2FoS04 + H2S04 + JiOj  ■* Fo2 (S04)3 + H20 1.9b

Pe2<so4>3 + h2s ^  2FoS04 + H2S04 + S 1.9c

and tho  o v e ra l l  r e a c tio n  would then  bo

ZnS + H2S04 + 'l02 -  ZnS04 + HjO + 8 l ,9 d

in  which re a c t io n  1 .9b  i s  tho r a te - c o n tr o l l in g  s to p .

Vorbaan (1977) leached  a  number o f  s p h a le r i te s  o f  d if f e r e n t  o r ig in  in  
th e  prosonco and absence o f  f e r r i c  io n s i n  a c id  su lp h a te  s o lu t io n s .  Ho 
shewed th a t  tho  amount o f  H2S formed du rin g  r e a c tio n  was d ram atica lly  
decreased  by tho  a d d itio n  o f  f e r r i c  io n . Ho o b ta ined  c o n f l ic t in g  e v id ­
ence as to  whether o r  n o t th e  e lem enta l su lp h u r r e s u l te d  in  
p ro d u c t- la y e r  d if fu s io n  c o n tro l , Ho a ttem pted  to  e x p la in  the
k in e t ic s  o f  th e  i n i t i a l  r a te  o f  r e a c tio n  by a  mechanism in  which tho



cdaorpeion  o f  f o r r lo  Ions end hydrogen ions onto th a  su rfa ce  is  
dose rlbod  by th e  Langmulr iso therm , f h ta  mQchMitsm was r o la t lv o ly  
su c c e ss fu l i n  the  obsenco o f  f e r r i c  Iona, i . e . ,  i t  d e scrib e d  the 
i n i t i a l  r a t e  o f  th e  non -cx idatlvo  re a c tio n . Van Sandwijk and Koopmans 
(1986) a p p lie d  an adso rp tion  model to  th e  o x id a tiv e  d is s o lu t io n  of 
s p h a le r i te  and evalua ted  the  r a t e  o f  d is s o lu t io n  in  to m s  o f  eho 
Langmuir iso therm . T heir  model i s  ve ry  s im ila r  to  th a t  proposed by 
V erbaan (1977),

I t  was common p r a c t ic e  In  hy d re rae ta llu rg ica l s tu d ie s  to  in te r p re t  eho 
k in e t ic s  o f  d is s o lu t io n  in  te rn s  o f  a d so rp tio n  Iso therm s. Those iso -  
thocma make no p ro v is io n  ,1ov th e  e f f e c ts  of th e  e le c t r i c a l  
d o u b le -lay e r  and f u r  the  changes in  th e  e leo trooho ie ieal p o te n t ia ls  of 
th e  adsorbed io n s - e f f e c ts  th a t  a re  in c o rp o ra ted  in  eho
c h a rg e - tr a n s fe r  th e o ry .

S c o tt and Dyson (1966) no ted  th e  c a ta ly t ic  a c t i v i t y  o f  se v e ra l d i ­
v a le n t  motials on th e  p ressu re  leach ing  o f  a chem ically -p repared  zinc  
su lph ide  by oxygen. This a c t iv i ty  in c re ased  in  the  o rd e r  Fa < Ho < Ru 
< lil  < Cu, The o f f s e t  o f  eho c a ta ly s ts  was a t t r ib u te d  to  th e  pcno- 
: r . c l o n  o f  tti« metal ion  in to  the  l a t t i c e  ( s u b s t i tu t io n )  which a f f e c ts  
-ha e l e c t r i c a l  uorniuotivlKy of th e  s o l id ,  and th e re fo re  onhnncea cha 
e lec tro ch e m ic al d is s o lu tio n  o f  th e  s o l id .  The main param eters 
in f lu e n c in g  th e  r a t e  were rep o rte d  to  bo th e  c a ta ly s t  conce n tra tio n , 
th e  tem pera tu re , th e  oxy&en p re s su re , and th a  u c id  w » « n ts j i t to n .  
The su lp h a te  th a t  formed was a t t r ib u te d  to  th e  o x id a tio n  o f  hydrogen 
su lph ide  th a t  formed 66 an in te rm ed ia te  p roduct.

S c o tt and H ico l (1978) rep o rte d  in c o n s is te n c ie s  between th e  experimen­
t a l  o b se rv a tio n s f o r  va rio u s d if f e r e n t  sp h a le r i te s  and th e  p re d ic tio n s  
based on th e  assum ption th a t  the  d is s o lu t io n  occurs by moans o f  a i n i ­
t i a l  non-oxidatilvo re a c t io n . They suggested th a t  the  moohaniain o f  d i s ­
so lu t io n  in  a c id ic  so lu t io n s  o f  f e r r i c  su lp h a te  may bo d i r e c t  ox i­
d a tio n , and concluded th a t  the  mechanism o f  d is s o lu t io n  i s  dependent 
in  th e  o tis ivv  o f  th a  aphaU isito . U sing a  sp h a le r i te -g ra p h ite



a lo c tro d o , they  ind leaced  th a t  th e  procuao d ira o c ly  iroaponsiblo fo r 
Cho racv c£ d lso o lu c ie n  eeours on th e  su rfa eo  o f  th e  o lo c tro d o , and 
th a t  I f  d i r e c t  o x H a tie n  doos occur, one would oxpoce tho poC ontln l o f 
th e  z in c  su lph ide  su rfa ce  to  l l o  In  the  reg io n  anodic  to  0 ,4  V w ith 
e eapoot to  th »  s a tu r a te *  e a lo a o l eleotieoAe (8CE). TWoy oxporloncod 
d i f f i c u l t i e s  w ith  th lo  typo o f  o loo trodo  duo to  th e  h igh  r o a la tlv l tty  
o f  the  aptxalorlee.

Pawlok (1969) doscrlbod  tho  k in e t ic s  o f  d is s o lu t io n  o f  s p h a le r i te  in  
tortus o f  a  model which Inco rpo ra ted  an e lec trochem ical s to p . This des­
c r ip t io n  Involves anodio and c a thod lc  re a c tio n s  oc cu rrin g  on the  
su rfa ce  o f  cho m ine ra l, w ith  a  c u rre n t flow ing boftween th e  se p a ra te  
lo c a l i t i e s  whore each re a c tio n  tokos p la c e . The anodic  r e a c tio n  r e ­
le a se s  e le c tro n s

ZnS -» Zn2 + + S + 2o* 1,10

w hile  th o  c a thod lc  re a c t io n  consumes th e  e lo a ts cw i by

2o" + 2X+ + li02 '  H20 1.11

A lthough s in e  oulphldo i s  a oemiconduotor w ith  a h ig h  r o a l s t i v i t y ,  the 
o lo o tro n  exchange oocuts ovet a  l im ite d  l o c a l i ty ,  and th o  h ig h  r e s i s t -  
iv ltty  o f  cho m ineral does n o t l im i t  the  e lec trochom icn l 'a u c t io n . 
Sowlofc d id  n o t d e sc rib e  tho o v e ra l l  k in e t ic s  i n  Lorma o f  an e le c tro -  
chem ical mechanism, b u t usod a theo ry  o f  boundary chom isorpeion, in d i ­
c a tin g  th a t  tho  r a te - c o n tr o l l in g  p rocess i s  n o t tho  e loetroehom ical 
lo a c t i e n .  Ho eound. th a t  I n i t i a l  d iaoo lv ition  r e s u l te d  In  th o  form ation 
o f  hydrogen su lp h id e , which re ta rd o  tho  r a te  o f  d is s o lu t io n . Pawlok 
showed e x perim en ta lly  th a t  tho oontlnous removal o f  hydrogen sulph ide  
can in c re ase  th e  r a te  o f  d is s o lu t io n  by « fa c to r  o f  apprcxtmacoly

Vorbaan (1980) consludod in  a l a t e r  exam ination th a t  th e  r i t to -c o n tro l-  
l in g  s to p  in  th e  leach ing  o f  s p h a le r i te  i s  an e loetroehom ical ro -
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flguee 1.1 Hit ttitt e{ reietlen «leh teopeet ce eeeel tecrie ton 

eenegntrit* («te« Jin •« <1, 1985),

a ec len . Ho toparcod th a t  tho race  i s  pvoporetonal Co tho  f e r r i c  Ion 
oonconcracion to  the  power 0 .6  and invosso ly  propotC ionnl Co the 
foL'roua ion  eoneontraeion do tho povor 0 ,25 , and uood chia in  an 
o m p irieal c o rre la tio n  fo r  h is  r e s u l t s  in  a c id ic  f e r r i c  su lphate  s o l ­
u tio n s . No flteonpt was nmdo to  apply a lootroohom ieal theory in  tho 
C om tulation o f  th is  c o rre la tio n ,

J in  and Harron (1985) proposed on adaorpcion-olooeroohom ienl model fo r 
tho d is s o lu t io n  o f  sp h a le r ite  in  f e r r i o  c h lo rid e  s o lu t io n s . They oh- 
served  th a t  the  r a te  o f  rea c tio n  i s  p ro p o rt io n a l to  (F a (I I I)  and 
th a t  a t  h ig h e r ooncontrationo o f  f e r r i c  c h lo rid e , tho ra te  becomes 
independent o f  tho f e r r i c  ion  conce n tra tio n . Tho change in  Fo(XII) 
dependence occurred  a t  0 .6  M » e ( I I I )  f o r  p a r t i c le s  of th roe  a iee  
ta tiges . Thoao ro au ltn  ero U lvintraeod in  F igu re  3..1, They a ttr ib u te d
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t h i s  change to  th e  onse t o f  complete coverage o f  th e  su rfa ce  by f e r r i c  
io n s , The f e r r i c  ions aro  assumed to  be adsorbed a t  th e  inne r 
H elmholtz p lane  (IMP) a t  an ien io  l a t t i c e  s i t e s .  They described  those 
r e s u l t s  i n  term s o f  an adso rp tio n  iso therm  i n  com bination w ith  the  
m ix e d -p o ten tia l model. The r a te  o f  re a c t io n  was a ls o  dependent on the 
c h lo rid e  io n  c o n ce n tra tio n , the  r e a c tio n  o rd e r  a lso  be ing  o n e -h a lf . 
C om petitive a d so rp tio n  o f  H* onto th e  some s i t e s  os Fo^+ was n o t 
m entioned. I n  a d d itio n , i t  n o t c le a r  how they  wouli- account f o r  the  
e f f e c t  o f  th e  a d d itio n  o f  F e ( I I )  to  th e  le ac h in g  s o lu t io n  i n  cho ir

Crundwell (1965) and Vorboan and Crundwell (1986) de riv ed  a  model in  
which th e  mixed p o te n t ia l  (o r c o rro sio n  p o te n t ia l)  eon bo appro­
xim ated by th e  rodnx p o te n t ia l ,  V, f o r  the  F o ^ /F o 3* couple. The 
r a te  o f  r e a c t io n , r ,  i s  g iven  by

r  -  ks exp(0 .5  FV/RT) 1,12

where ks i s  a  r a ta  co n s tan t , F i s  the  Faraday c o n s ta n t , R i s  th e  gas 
c o n s ta n t , T i s  th e  tem pera ture , 0 .5  i s  th e  va lue  o f  th e  c hargo -trans- 
f a r  c o e f f i c ie n t ,  and the  redox p o te n t ia l  i s  g iven  by

V -  V  + RT/F In  (tF e3+lA F a 2+U l . U

where V* i s  the  s tandard  redox p o te n t ia l .  (Although i t  i s  n o t standard  
p ra c t ic e  to  u se  th e  symbol V f o r  the  redox p o te n t ia l  on the  hydrogen 
s c a le ,  i t  w i l l  b e  used  h e re  because  th e  symbol Z  w i l l  denote  energy on 
th e  vacuum s c a le .  I t  w i l l  be  shown th a t  th e  va lu es  V” and Sgodex 
a re  th e  same excep t th a t  d if f -  r e n t  energy s c a le s  a re  u se d .)

E quation 1.19. g iv e s  th e  same o ne -ha lf  o rd e r  dependence on II'o3+) a t  
c o n s tan t (F e (I l) ]  th a t  was found by J i n  and Warren (1985). The 
com bination o f  th i s  model w ith  the  sh r in k in g -p a r t ic le  geometry and the  
c a lc u la t io n  o f  th e  redox p o te n t ia l ,  gave an e x c e l le n t  rep roduction  of 
th e  r e s u l t s  o f  b a tc h  leach ing  in  which th e  fe r ro u s  io n  con ce n tra tio n
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and 61ee. Tcltngloet 0.036 H Fe(ll), vatleue Pe(lll); Squatoai 0.11 
K Fa(Itl), vatliu Fe(II).

was assistant:. C areful examination o f  th is  model In d ica te s  th a t  the 
r a te  should  bo Inverse ly  p rop o rtio n al to  [Fo24]*1, However, th is  is  
no t c o n s is te n t w ith  the  r e s u l t  ob ta ined  by Vorbann (1980) th a t the 
th e  r a t e  i s  in v e rse ly  p ro p o rtio n a l to  [Fo24) ^ .

The f a i l u r e  o f  th is  model i s  shown in  Figure 1 .2 . At c o n s tan t |F o(II> ) 
and va ry ing  [ F o ( I I I ) ] , equation  1.12 i s  s a t i s f i e d ,  s in c e  th e  measured 
s lo p e , 15,6 V 2 , i s  close  to  the  expected slope  o f  17.2 V*1 (from 
eq u a tio n  1.12) b u t a t  co n stan t (F o ( II I ) i  and va ry ing  ( F e (I I ) ), 
equation  1.12 io  n o t s a t i s f ie d ,  s ince  the  measured s lo p e , 9 ,1  V 1 , 
i s  f a r  from the  expected slope  o f  17.4 V 1 , The non-N ernstion 
response  o f  the  r a te  o f  d is so lu tio n  w.-.eh in c re as in g  [F o (II ) )  a t  
c o n s tan t [F e (I I I ) ]  monr.s th a t  the model rep resen ted  by equations 1,12 
and 1 .13  i s  in e o rro o t,



In  sunnary, r e c e n t s tu d ie s  o f  th e  o x id a tiv e  d is s o lu t io n  o f  sp h a le r i te  
in  bo th  f e r r i c  c h lo rid e  and f e r r i c  su lp h a te  s o lu t io n s  have emphasised 
an e lec tro ch e m ic al re a c t io n  w ith  e re a c t io n  o rd e r  o f  0 .5  w ith  re sp e c t 
to  th e  f e r r i c  io n  c o n ce n tra tio n . The m ix e d -p o ten tia l model, developed 
to  d e sc rib e  th e  mechanism o f  m e ta l l ic  c o rro s io n , has gained  acceptance 
in  re se a rc h  on leach ing  and f lo ta t io n  and has been a p p lied  w ith  modi­
f ic a t io n s .  such as ad so rp tio n  iso therm s, to  the  le ac h in g  o f  s p h a le r i te  
w ith  v a ry in g  success . This model assumes th a t  e le c tro n  tr a n s fe r  i s  the 
r a te - c o n t r o l l i n g  s te p ,  and th a t  th e  mechanism o f  d is s o lu t io n  i s  ana­
logous to  th e  co rro s io n  o f  m e tals.

The a p p lic a tio n  o f  the  m ixed -po ten tia l model to  th e  le ac h in g  k in e t ic s  
assumes th a t  the  p o te n t ia l  a cro ss  th e  s o l id  s id e  of the  phase 
boundary ( th e  space-chargo reg ion ) remains c o n s ta n t , so th a t  the  
a p p lied  p o te n t ia l  appears a cro ss  the  Helmholtz la y e r .  This is  
m e ta l - l ik e  behaviour, and the  d is so lu t io n  re a c t io n  i s  p red ic te d  to 
have a o h a rg e -tra n s fe r  c o e f f i c ie n t  o f  0 .5  f o r  the  id e a l  s in g le  e lec - 
t r o n - t r a n s f e r  re a c tio n . However, many su lph ide  m ine rals a re  semi­
conducto rs. The semioonductor model assumes th a t  most o f  the  app lied  
p o te n t ia l  drop occurs ac ro ss  th e  apace-charge  reg io n  w ith  a 
c h a rg e - tr a n s fe r  c o e f f ic ie n t  o f  1 f o r  the  id e a l case .

S o l id - s ta t e  p ro p e r tie s  have o f te n  been considered  to  in flu e n ce  the  
k in e t ic s  o f  d is s o lu tio n  and th e  f lo ta t io n  behaviour o f  semiconducting 
o re  m in e ra ls , Simkovich and Wagner (1960) found th a t  th e  d is so lu tio n  
o f  syn th e tic a lly -g ro w n  s to ic h io m e tr ic , non -stto ieh iom etrie , and 
h eav ily .doped  Ag-. o r  hi-doped  le a d  su lph ide  v a r ie d  w ith  ttha con­
c e n tra t io n  o f  p o in t d e fe c ts  in  the  s o lid ,, and Badington and P rosse r 
(1969) r e p o r te d  a dependence o f  th e  o x id a tio n  r a te  on the  degree of 
non-sto ich iom etry  o f  th e  le a d  su lph ide  and, hence, on i t s  e le c tro n ic  
c onduction  type .



Richardson and O 'D ell (1984) used a com bination o f  e lec tro ch e m ic al, 
IntacfaaLa.!- capacicar.ce , and B uttace  -photovolttage measurements In  a 
s tudy  o f  oxygen red u c tio n  a t ,  and x a n th a te  a d so rp tio n  on to , lead  
su lp h id e . They concluded th a t  oxygen re d u c tio n  i s  n o t dependent cn the  
su rfa ce  c o n ce n tra tio n  o f  e le c tro n s , w hile  x a n th a te  a d so rp tio n  Is 
dependent on th e  Fermi le v e l o f  the  le a d  su lp h id e  e t  th e  su rfa ce .

Exner se  o l  (1969) and Favlek (1969) p roposed th a t  th e  ca tiiod ie  
red u c tio n  o f  oxygen would va ry  w ith  the  number o f  charge  c a r r i e r s  in  
th e  s p h a le r i te ,  in  suppo rt o f  which they  found th a t  th e  i r r a d ia t io n  of 
s p h a le r i te  w ith  UV l ig h t  caused an ap p re c ia b le  in c re ase  in  th e  r a te  
o f  d is s o lu t io n , This i s  i l l u s t r a t e d  in  F igu re  1 ,3 , P h o to -e ffe c ts  
such as th is  a re  ty p ic a l  o f  n -type  sem iconductors in  which th e  r a te  o f  
charge t r a n s fe r  i s  l im ite d  by th e  supply  o f  m in o rity  c a r r i e r s  
( h o le s ) ,

s a te  a t  w hitii iro n -co n ta in in g  s p h a le r i te s ,  (Zn,Fe)S, a re  o x i­
d a t iv e ly  d isso lv ed  i s  known to  be h ig h e r than  th a t  o f  pure ZnS (Exner 
e t  s i ,  1969), aw i P iao and toaawa (1985) rep o r te d  th a t  the  r a te  o f  
r e a c t io n  i s  a  l in e a r  function  o f  th e  c o n ce n tra tio n  o f  iro n  i n  th e  zinc  
su lph ide  l a t t i c e .  Some d a ta  o f  P lea  and Tozawa (1935) a re  reproduced 
in  Figure  1 .4 . They stu d ied  the  d is s o lu t io n  re a c tio n  a t  150*0 and 
used oxygen as the  ox idan t, i . e . ,  conditttona a p p lic a b le  to  th e  
S h e rritt-G o rd o n  p rocess.

The r e s u l t s  rep o rte d  by Exner e t  a l  (1969), Pawlek (1969) and Piao 
and Tozawa (1965) In d ica te  th a t  Che e le c tro n ic  s tr u c tu re  i s  im portant 
in  th e  d is s o lu t io n  o f  sp h a le r i te ,  because o f  th e  in f lu e n ce  o f  the 
iro n  c o n ten t o f  the  (Zn,Fe)S s o l id  so lu t io n , and the  in flu e n ce  o f  UV 
ir r a d ia t io n .  N either o f  these  two in f lu e n ce s  has been exp lained  in  
any s a t i s f a c to r y  d e ta i l .
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Rooankiw and DeBruyn (1365) and Looker and DeBruyn (1969) described  
che non -ox idative  d is s o lu t io n  o f  ZnS, I n  th e  c o n o en tra t to n  range 0,25 
M to  10 M HgSO  ̂ and th e  tem perature range 0 ,6  to  65°C by the

- 1i ‘F  -  A J h W l l  ■ K 1 U«SO4 )0 ' 5p(H2S ) » 'S)

where A0 i s  th e  t o t a l  i n i t i a l  a re a , k% and k .^  a re  r a te  c o n s tan ts , 
and th e  b rac k e ts  In d ic a te  c o n ce n tra tio n . Locker and DeBruyn (1969) 
found th a t  th e  k in e t ic s  o f  the  non- o x id a tiv e  d is s o lu t io n  o f  o th e r  
group II-V I  sem iconductor compounds, such as 2nSe, Cd5 and 
^ . a s ^ O . l S 8 - a ra  described  by th e  same k in e t ic  exp ression  as 
th a t  f o r  ZnS (equa tion  1 .1 4 ) . The a c t iv a t io n  en e rg ies  o f  the  pure ZnS 
were 4 1 .4  and 28 .0  kJ mo%"  ̂ fo r  the  forw ard and rev e rse  ree o tio n s  
r e sp e c t iv e ly , Looker and DeBruyn (1969) rep o r te d  th a t  the  iro n  
c o n ten t d id  n o t a f f e c t  th e  a c t iv a t io n  energy; however, the  r a te  of 
d is s o lu t io n  o f  th e  m a te r ia l con ta in ing  0 .1  pe r c e n t Fe was 7 tim es 
h ig h e r  than  th e  h igh  p u r i ty  /J-Znfl.

Locker and DeBruyn (1969) excluded d if fu s io n  c o n tro l ,  and proposed 
th a t  th e  i n i t i a l  r a t e  was c o n tro l le d  by th e  a d so rp tio n  o f  p ro tons a t  
su lphu r s i t e s .  The io n ic  t r a n s fe r  o r  a d so rp tio n  mechanism th a t  was 
proposed i s  as fo llow s, The i n i t i a l  r a te  o f  d is s o lu t io n , r 0 , is  
c o n tro l le d  by th e  adso rp tio n  o f  p ro tons on to  th e  su rfa ce ,

-  kr A0 (tr|-)a-exp(-Ea/R r)

where kr  and Ea a rc  the  r a te  co n stan t and th e  a c t iv a t io n  energy fo r 
th e  forw ard  r e a c tio n  r e sp e c t iv e ly , and (H+]a i s  th e  su rfa ce  con­
c e n tra t io n  o f  adsorbed p ro to n s , which i s  r e la te d  to  th e  con ce n tra tio n  
o f  th e  b u lk  s o lu t io n , ky
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111%  -  IH+]bex p (-^ /R T ) 1.16

where i s  Cho p o to n c ia l o f  th e  ion  a t  th e  d is tan c e  o f  c lo s a s t  
Approach b e fo re  ad so rp tio n  onto th e  su rfa ce . This adsorpu lon  aada l 
invo lves on ly  th e  t r a n s p o r t o f  th e  adsorbed sp e c ie s  a ero ss  the  
e l e c t r ic a l - p o te n t ia l  b a r r ie r  a t  th e  so l id -s o lu t io n  phase boundary, and 
n o t a c ro ss  th e  o le o tro o h em ica l-p c te n tia l b a r r i e r .  They commented th a t  
when h y d ro ch lo r ic  a c id  was used a s  the  e le c t r o ly te ,  th e re  was the 
p o s s ib i l i ty  th a t  s p e c if ic  ad so rp tio n  of c h lo rid e  io n  would occur, 
which would change th e  su rfa ce  charge and th e  d is t r ib u t io n  o f  a c tiv e  
s i t e s ,  However, they  d id  no t ex tend  th e i r  model to  in c lu d e  th e  e f f e c t  
o f  the  c h lo rid e  ion .

V crbaan (1977) in v e s tig a te d  th e  non -ox idative  d is s o lu t io n  o f  fou r gine 
su lph ide  sam ples. He rep o r te d  th a t  th e  i n i t i a l  r a te  was p ro p o rtio n a l 
to  th e  a c id  c o n ce n tra tio n , and in te r p re te d  M s  r e s u l t s  in  terms o f  the 
a d so rp t io n  o f  H* and Zn^+ onto a c tiv e  s i t e s  a t  th e  su rfa ce . He did 
n o t analy se  th e  f i n a l  e qu ilib rium  o r  th e  rev e rse  r e a c t io n , a s  was dont> 
by Romankiw and DeBruyn (1965),

Kajima t i t  a j  (1981) observed th a t  n o t only was th e  r a te  o f  re a c tio n  
f i r s t  o rd e r  i n  p ro ton  c o n ce n tra tio n , b u t thfl a d d itio n  o f  H a d  to  
a c id ic  c h lo r id e  s o lu t io n s  a lso  enhar-ad  th e  ga te  o f  d is so lu tio n , They 
proposed an a d so rp tio n  model s im ila r  to  th a t  o f  Locker and DeBruyn 
(1969) to  account fo r  th e i r  r e s u l t s , b u t f a i l e d  to  e x p la in  th e  a f f e c t  
o f  th e  c h lo rid e  Ion.

A lthough an em p irica l R epression fo r  the  r a ta  o f  d is s o lu tio n  of 
s p h a le r i te  has been e s ta b l ish e d , th e  mechanism o f  d is s o lu t io n  has no t 
h a w  exa»lt\otl i n  •any d e t a i l . The adso rp tio n  o f  p ro tons a t  su lphnr 
s i t e s  i s  th e  on ly  mechanism th a t  has been proposed , ar.i the  k in e t ic s  
have boon in te r p re te d  in  terms o f  a d so rp tio n  is i th a t ra a , These 
iso therm s make no p ro v is io n  fo r  the  e f f e c ts  o f  th e  e l e c t r ic a l  
doub lo -layo r th a t  e x is ts  a t  the  su rfa ce  o f  a d isso lv in g  sem iconductor. 
The tr a n s fe r  o f  a  charged sp e cie s  a t  the  phase boundary must be



exp ressed  I n  tocma o f  th e  e lec trochem ical p o te n t ia ls  o f  th e  adsorbed 
and s o lu t io n  flpocios; th e  elae teoehem lcftl ’p o te n t ia l  d i f f e r s  from Shf 
chem ical p o te n t ia l  by a  f a c to r  con ta in in g  th e  e l e c t r i c a l  p o te n t ia l .

From th e  d isc u ss io n  o f  the  l i t e r a t u r e  I t  i s  apparen t th a t ,  In  s p i t e  o f 
the  number o f  s tu d ie s ,  th e  k in e t ic s  o f  o x id a tiv e  leach ing  a re  s t i l l  
p a r t l y  shrouded I n  u n c e r ta in ty , t o  a scap tab lo  ex p lan a tio n  f o r  the  
e f f e c t  o f  th e  a d d itio n  o f  fe r ro u s  lens to  th e  f e r r i c  su lp h a te  le ac h ­
ing  s o lu t io n  (th e  r e s u l t s  o f  Verbiian, 1980) has n o t been g iv en , and 
more im p o rta n tly , no a ttem p t has boon oade to  e x p la in  the  e f f e c t  o f 
the  i r o n  im purity  In  the  (Zn,Fo)S s o l id  so lu t io n  on the  ro te  o f  o x i­
d a tiv e  d is so lu tio n .

I n  a d d it io n , th e  m echanise o f  th e  non -o x id atlv e  d is s o lu t io n  of 
s p h a le r i te  has n o t been examined in  d e t a i l .  Only th e  I n i t i a l  r a ta  o f  
d is s o lu t io n  has boon d iscu ssed , and an a d so rp t io n  model h as  htev. 
p roposed to  account f o r  the  f i r s t - o r d e r  dependence o f  th e  r a te  on the 
hydrogen io n  conce n tra tio n . Those a d so rp tio n  mechanisms do n o t take 
in to  account th e  e f f e c ts  o f  th e  e l e c t r i c a l  do u b le -lay e r th a t  e x is t  a t  
th e  su rfa ce  o f  a d isso lv in g  sem iconductor, such a s  sp h a le r i te ,

The d is s o lu t io n  p rocess i s  c la s s i f i e d  or. th e  b a s is  o f  th e  r a te - d e te r ­
mining s to p , fo r  example, mass t r a n s fe r ,  chem ical r e a c t io n , o r  charge 
t r a n s fe r .  C hargo -transfe r r e a c tio n s  a re  those  re a c tio n s  i n  which 
charge c a r r i e r s  (ions o r  e le c tro n s )  a re  t r a n s fe rr e d  acro ss  the 
e l e c t r i c a l  p o te n t ia l  b a r r ie r  a t  a  phaao boundary (V o tto r, 1967). The 
aim o f  th is  th e s is  i s  to  argue th a t  th e  r a te - c o n tr o l l in g  s te p  in  bo th  
the  o x id a tiv e  -and ncn -ox ida tivo  d is s o lu t io n  re a c tio n s  i s  a 
c h a rg o -tra n s fe r  re a c tio n . Any such fundamental mechanism must bo ab le  
to  account f o r  th e  o f  fo o ts  o f  the  e le c tro n ic  s tr u c tu re  o f  hiich the 
s o l id  (w hether i t  la  a sem iconductor, o r  th e  e f f e c ts  o f  Im p u ritie s)  
and the  so lu t io n  (whether somo complexes a re  e le o tr o ln n c t iv o ) , and the 
e f f e c ts  o f  the  e l e c t r i c a l  doub lo -layo r a t  th e  s o l ld -s o lu t lo n  phase



boundary on thu  tr a n s fe r  o f  charge du ring  d is s o lu t io n . The th e o ry  o2 
eoroloonduetor o leo tro ch c ra la tty , p rese n te d  by  O orlscher (1960) and
o th e rs ,  w i l l  be  used e x ten s iv e ly  in  th i s  a n a ly s is .

An e lec tro ch e m ic al mechanism, such as the  m ix e d -p o ten tia l mechanism, 
would u su a lly  be v e r i f ie d  by fundam ental e lec tro ch e m ic al techniques 
u sing  a  s p h a le r i te  e le c tro d e . Since s p h a le r i te  i s  u n su ita b le  f o r  use 
a s  an e le c tro d e  in  conventional e lec tro ch em ical experim ents because of 
i t s  h ig h  r e s i s t i v i t y ,  m ixtures o f  s p h a le r i te  and g rap h ite  have boon 
used as e le c tro d e s  (S c o tt and K ico l, 1976; G erlaeh and K uteci, 1964; 
and G uerro tto  and G h ali, 1985), The g ra p h ite  servoe  to  lower th e  r e ­
s i s t i v i t y  o f  th e  e le c tro d e , so th a t  th e  a p p lied  p o te n t ia l  appears 
ac ro ss  th e  H elmholtz la y e r .  However, S c o tt and N ieo l (1978) repo rted  
th a t  th e  p resence  o f  g rap h ite  in  c o n ta c t w ith  th e  s p h a le r i te  a l te r e d  
th e  mechanism o f  d is so lu tio n , a fo u rfo ld  to  f iv e f o ld  in c re ase  being  
o b ta ined  f o r  a sp h a lo r ito -g ra p h ite  e le c tro d e  over th a t  o f  a 
sphalnrito-PT FE  e le c tro d e , G uerro tto  end G hali (1985) repo rted  
s im ila r  r e s u l t s ,  v ie ,  the  anodic behaviour o f  compacted
sp h a le r ite -g ra p h ! to  m ixtures i s  d i f f e r e n t  from th a t  o f  uncorapactod
sam ples. For th o se  reasons, th e  b a tch  le ac h in g  t o s t  i s  th e  on ly  method 
a v a i la b le  to  p rov ide  r e s u l t s  f o r  th e  fo rm u la tion  and con firm a tion  of 
on e lec tro ch e m ic al model.

The in te n t io n  o f  th is  work i s  to  r e s t r i c t  th e  in v e s t ig a t io n  o f  the 
r e a c t io n  h tn e c lc o  to  f e r r i c  su lp h a te  o r  c h lo rid e  s o lu t io n s  below the  
m o lting  p o in t  o f  su lphu r, 119°G. These con d itio n s comply w ith  the 
c o n d itio n s  o f  th e  MINTBK process d isc u sse d  in  s e c t io n  1 .1 , so th a t  the 
r e s u l t s  would bo d i r e c t ly  a p p lica b le  to  th a t  p rocess .



CHAPTER -2j -

Ziixc su lph ide  e x is t s  as two poly  types: th e  hexagonal type  (vm ctzite) 
and th e  cub ic  typo ( s p h a l e r i te ) ,  which i s  th e  more abundant m ine ral. 
S p h a le ri te  i s  w ife ly  d is t r ib u te d , and i s  norm ally a s so c ia te d  w ith 
galena  in  z in c - le a d  ores o r  w ith  c h a lc o p y ri te  in  z in o -c o p p er-iro n  
o re s . 16 i s  p to se n t i n  hydtotViBiraz.l dep tisita  o l a l l  k itids,

The cub ic  s tr u c tu re  o f  s p h a le r i te  i s  a  fundamental c r y s t a l  s t ru c tu re -  
type . The s tr u c tu re  i s  a  u n i t  cube w ith  z inc  atoms a t  th e  cornarti and 
a t  th e  face  c e n tre s , The fou r sulphur atoms w ith in  each u n i t  c e l l  a re  
c oo rd ina ted  so  th a t  each su lphu r atom l i e s  a t  the  c e n tre  o f  a  r eg u la r  
te trah e d ro n  o f  z in c  atoms, and each z inc  atom a t  th e  c e n tre  o f  a  re g ­
u la r  su lphu r te trah e d ro n . T his s tru c tu re  i s  shown i s  Figure  2 ,1 ,

Iro n  i s  th e  most common im purity  in  n a tu ra l  s p h a le r i te ,  and iro n  atoms 
s u b s t i tu te  fo r  z inc  atoms in  th e  cubic  l a t t i c e ,  i . e . ,  FeS i s  in  s o l id  
s o lu t io n  w ith  ZnS as (Zn,Fo)S. The s iz e  o f  th e  u n i t  c e l l ,  measured in  
Angstroms, in c re ases  wish on in c re ase  in  th e  iro n  c o n ten t according to  
th e  e q u a tio n  (Vaughan and C ra ig , 1976):

a  -  5.4093 + 0.0005637 (mole % FeS) 0.000004107 (mole i  FeS)2

Both po ly types a re  semiconductors o f  in te rm ed ia te  to n ic i ty ,  w ith  a 
band gap - de term ined by o p tic a l  measurement and quantum c a lc u la t io n  • 
in  the  range 3 .6  to  3 ,9  oV (Vaughan and C ra ig , 1978). Chemical bonding 
in d ic a te s  th a t  th e  bottom o f  tho conduction band i s  d e rived  from the 
z inc  A s-o rb itta l, w hile  the  top  o f  the  va lence  bond i s  d e rived  p r im a ri­
ly  £eos tlto  aulpViuv 3p«»$bleal (Bhuoy, 1975), The s to p l iZ lo il m slo tu lae  
o r b i ta l  diagram in  shown in  Figure  2 .2 , T his choraicnl■bonding model is



Z n - S  m o le c u la r  
o rb i ta ls

'' [ C o n d u c tio n

V a len c e

rtjtirt 3.2 Stentlelie eoUetilut otbleel end timd model dlegnai for 
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i n  qua liea ttivo  ngroomone w ith  the  ion lo  model, which aaaociacos the 
volonoo band w ith  tho  union, su lphu r, nnd tho  conduction  boed w ith  che 
c a tio n , sin o  (Mott and Ournoy, 1948).

Zinc su lp h id e  i s  such a  poor e lo c t r ic o l  conductor th a t  i t  i s  ofcon 
c l a s s i f i e d  as an in s u la to r ,  and r e s i s t i v i t i e s  in  tho range 10* - 10® 
IVcm have been rep o r te d , Tho movhttnism e£ in t r i n s i c  conduction  in  the 
z inc  su lp h id e  may bo n- o r  p -ty p e , depending on th e  sto ich io m etry , 
Tolkoo (1950) ob ta ined  h ig h , p o s i t iv e  thermopovero, in d ic a t in g  p-type  
conduction  fo r  fou r samples o f  sp h a le r i te .  T h is , however, i s  p robably 
due to  th e  presorted o f  iro n  as an im purity , g iv ing  s i s e  to  conduction 
in  a d - c r b i ta l  band by p o s i t iv e  h o le s .

The s u b s t i tu t io n  o f  t r a n s i t io n  m etal im p u rit ie s  f o r  ssinc in  s in e  s u l ­
phide  has a pronounced o f fo c t on th e  e le c tro n ic  p ro p e r t ie s ,  Meas­
urem ents o f  tho  e l e c t r i c a l  c o n d u c tiv ity  o f  «  n a tu ra l  s p h a le r i te  w ith 
an i ro n  c o n ten t o f  12.4 atom p e r  c en t showed th a t  th i s  s p h a le r i te  ex­
h ib i t e d  ty p ic a l  semiconductor behaviour, w ith  an a c t iv a t io n  energy fo r 
conduction  o f  0 .49  oV, although  i t s  e le c t r i c a l  r e s i s t i v i t y  was h igh  a t  
8 x  10? fl'em (Keys ofc o l ,  1968). Tho absence o f  a  m easurable H all 
e f f e c t  and a p o s i t iv e  th e ts o e le c tr ic  power (Tolkos, 1950) suggest th a t  
tho  hopping o f  h o le s  in  a lo c a liz e d  d - o rb l ta l  bond i s  tho conduction 
mechanism (Vaughan and C raig , 1978; Keys ec a l ,  1968), T h is model 
r e q u ire s  tho  h o le s  to  bo generated  as Fo3+ io n s , i . e . , tho  obsonco 
o f  one d - o rb l ta l  i s  necessary , although  on ly  one i n  800 Iro n  atoms 
needs to  be in  tho Fc^+ form in  o rd e r  to  account fo r  tho
c o n d u c tiv i ty  (Keys oC a l ,  1968).

The quantum c a lc u la t io n  o f  the  e le c tro n ic  s tr u c tu re  o f  tho  FeS^Zn^ 
c lu s te r  in d ic a te s -  th a t  tho 2o and 4t% o r b i t a l  le v e ls  due to  tho
d « o rb ita ls  o f  tho  ifo n  Im purity  in  ZnS a re  about 0 ,56 eV and 1,44 oV
above th e  valcnoa band re sp e c t iv e ly  (Majewski, 1961). These c a l ­
c u la tio n s  give  evidence fo r  bond form ation  invo lv ing  th e  iro n  im purity  
afid ehca h o s t  U ganda . Tho 26 and te j .  o r b i ta l s  can b e  re p rese n te d  aa i< 
lo c a liz e d  band w ith in  tho z in c  su lph ide  bond gap, and the  row v a l o f



oloecrona  from o ic h o r e f  tho«.o o r b i ta l s  w i l l  c ro a te  tho  h o lo s  ro - 
qu irod  f o r  tho  d -o rb lc a l co rdue tivn  moehaniam, Tho o f fo e t o i  tho  Iron  
Im purity  i s  to  o ron ta  an im purity  band w ith in  th e  band gap o f  tho  zinc  
s u lp h id e . Tho two o th e r  elements th a t  fre q u e n tly  s u b s t i tu te  f o r  zinc  
a re  cadmium and manganese, bo th  o f  which have no e f f e c t  on the  
e l e c t r i c a l  c o n d u c tiv i ty  (Shuoy, 1975)



Garcocc and B raCtain (1955) pcosonCod tho f i r s t  Invo stlg a ttlo n  o f  tho 
sera ioondue to r-se lu tlon  phase boundary, which e s ta b l ish e d  the  
p r in c ip le s  o f  semiconductor e lec tro ch e m is try . Three models have been 
proposed fo r  the  sem iconducto r-so lu tion  phase boundary: tho  id e a liz e d  
model (G arischo r, 1970), tho roeombinattlvo model (Frank and Bard, 
1975; P e te r  a t  a l ,  1984) and tho F o ra l- lo v o l p inn ing  model (Bard e t  
a l ,  1980). G arischor (1960a) and Green (1959) review ed th e  semi­
conductor l i t e r a t u r e ,  and M orrison (1980) and Hemming (1980) presen ted  
th e  approach o f  semiconductor e lec tro ch e m is try  in  depth.

A d e sc r ip tio n  o f  the  band s tr u c tu re  o f  sem iconductors, 't h e  
sem iconducto r-so lu tion  phase boundary and o h a rg o - tran sfo r  re a c tio n s  a t  
t h i s  phase boundary i s  given  in  th i s  ohap to r. Only th e  i.ore im portant 
a sp ec ts  o f  tho  id e a liz e d  model and th e  F e rm i-leve l p inn ing  model w il l  
bo ouramarlzod. The d isc u ss io n  o f  charge  t r a n s fe r  a t  a  sem iconductor i s  
d iv id e d  fo rm ally  in to  charge t r a n s fe r  in  th e  p resence  o f  a redox 
couple i n  s o lu t io n , i . e . . e le c tro n  t r a n s fe r ,  and charge t r a n s fe r  in  
the  absence o f  a redox couple in  s o lu t io n , i . e . ,  io n ic  t r a n s fe r .  This 
d iv is io n  i s  a lso  o f  a s s is ta n c e  i n  the  a n a ly s is  o f  tho d is so lu tio n  
r e a c tio n s ,  s ince  e le c tro n  tr a n s fe r  occurs in  o x id a tiv e  d is so lu tio n , 
w hile  io n ic  t r a n s fe r  occurs in  non -cx ida tive  d is so lu tio n .



Two zero s o f  energy a re  used in  sem iconductor e lec tro ch e m is try . Tb 
z ero  o f  energy on th e  p h y s ic a l s c a le ,  o f te n  re f e r r e d  to  es the  vacuum 
s c a l e , i s  the  energy o f  an e le c tro n  a t  in f in i t y ,  w hile  the  zero  o f  
energy in  e lec tro ch e m is try  i s  th e  s tandard  hydrogen e lec tro d e  (SHE), 
i . e . , the  energy o f  or. e lec trochem ical system i s  r e f e r r e d  to  th e  Fermi 
le v e l  o f  th e  hydrogen re fe ren c e  e le c tro d e  a t  s ta n d a rd  c o n d itio n s , (The 
p o te n t ia l  d if fe re n c e  between two e lec tro d es  o f  a  c e l l  i s  th e  d i f f e r ­
ence in  th e i r  Fermi le v e ls , and i s  measured in  v o l t s , )  The conversion 
betw een th e se  two sc a le s  i s  aa fo llow s.

where q i s  th e  e le c tro n ic  charge , and the  c o n s tan t i s  4 .44  ± 0,02 eV 
( T ra s a t t i ,  1986). The conver n between these  two energy sc a le s  is  
shown in  Figure  3.1,

I n  a s o l id  th e  coalescence o f  e le c tro n ic  energy le v e ls  a sso c ia te d  w ith 
in d iv id u a l atoms r e s u l t s  in  a  M oadening o f  th e  le v e ls  in to  energy 
bands, which may o r  may n o t ove rlap . I n  m e ta ls , these  bands do 
ov e rla p , r e s u l t in g  in  a  d e lo c a liz a tio n  o f  th e  va lence  e le c tro n s . In  a 
sem iconductor, these  bands a re  se p a ra ted  by a fo rb idden  band o f  width 
Eg0p , th e  band gap. The band s tr u c tu re  o f  a sem iconductor is  
c h a ra c te r iz e d  by th e  forb idden  band gap between th e  f i l l e d  valence 
and empty conduction bonds.

( measured on the  | 
vacuum s c a le ,  eVJ [measured on th e  e le c t r o ­

chem ical s c a le ,  Vc o n s t + <?V

There a re  two types o f  charge c a r r i e r s  in  a sem iconductor: e lec tro n s



I
' a leo c ro n s,

tn  Che valanoa band. The sateiconducCor i s  re fe rred  Co 
mechanism of oonduceion i s  by e lec tro n s  in  Che con- 
. p-cype i f  i t  i s  by ho les  in  th e  valance band, The 
ny quantum s ta te  o f  the  bands being occupied i s  
Fenei-D irac d is t r ib u t io n  law, The Fermi le v el is  
s Che energy le v e l fo r  which the p ro b ab il ity  of 
f i s  one -ha lf, o r as the  e lec trochem ical p o te n tia l o f

The band model fo r  a  semiconductor su rfa ce  d if f e r s  from th a t fo r a 
m e ta l p rim a rily  because o f  the  excess charge d e n s ity  in  the  surface  of 
th e  s o l id ,  c a l le d  the space-charge la y e r . A spaoe-chasge region in  a

governed by

w ' -



s o l id  ex iscs  only i f  the e lec tro n  de n sity  i s  sm a ll, as in  the  case of 
semiconductors and in su la to rs , In  m e tals, the  e le c tro n  density  is  
la rg e , so th a t  only the  p o te n tia l drop a cro ss  the  Helmholtz lay er 
e x is ts  a t  the  m e ta l-so lu tion  phase boundary. In  th e  cose o f  a semi­
conductor, a  p o te n tia l drop a lso  occurs acro ss  th e  spacc-charge region 
due to  the  low e le c tro n  den sity . The excess charge de n sity  a t  the su r­
face  i s  a  r e s u l t  o f  the  term ination  of the  l a t t i c e  s tru c tu re , forming 
Tanun o r  Shockley s ta te s  ( in t r in s ic  s ta te s )  a t  the  su rfa ce . The excess 
d e n s ity  in  the  spaee-eharge reg ion  r e s u l ts  in  a 'bending o f  the  bands' 
a t  the  in te r fa c e . The bands in  the  bu lk  a re  lower than  the  bands a t 
the  su rfa ce  i f  the  applied  p o te n tia l d if fe ren c e  i s  p o s it iv e  and vice 
ve rsa  i f  th e  ap p lied  p o te n tia l d if fe ren c e  i s  negative , The 
'o n e -e le c tro n ' band model fo r  an n-ttype semiconductor (Dewald, 1860) 
i s  shown in  Figure 3 .2 .



The c o n ce n tra tio n  o f  charge c a r r i e r s  a t  the  su rfa ce  i s  an exponentia l 
fu n c tio n  o f  th e  p o te n t ia l  d if fe re n c e  between th e  su rfa ce  and th e  bulk 
sem iconductor. The con ce n tra tio n  o f  su rfa ce  h o le s , ps , i s  given  by

Pa “  Pb0* P t< # b "^ s^ /kT) -  Pb6Xp(adsc q/kT) 3.1

wi ir e  pk i s  the  b u lk  con ce n tra tio n  o f  h o le s , A^ac i s  the  p o te n t ia l  
drop a cro ss  th e  space-chorge reg io n , q i s  th e  e le c tro n ic  charge, k  i s  
th e  Boltzmann c o n s tan t and da and" dy a re  th e  su rfa ce  and bulk 
p o te n t ia l s ,  r e sp e c t iv e ly . The fa c to r  q/kT i s  th e  same as th e  f a c to r  
F/RT found in  Che e lec trochem ical l i t e r a t u r e .  The va lue  o f  the  app lied  
p o te n t ia l  d if f e re n c e  when th e  bands a re  f l a t  i s  c a l le d  th e  f .a tb a n d  
p o te n t ia l .

The lo c a t io n  o f  th e  bands o f  compound sem iconductors a t  th e  flattband 
p o te n t ia l  can be c a lc u la te d  u sing  the  method o f  B u tle r  and Qinley 
<1976). The Sanderson e le c tro n e g a tiv ity ,  x ,  o f  a  compound, de fined  as 
th e  geom etric mean o f  the  e le c tr o n e g a tiv i t ie s  o f  th e  co n sltu e n t 
atoms, was assumed to  be th e  mid-gap energy, + Egg).
T here fo re , the  e le c tro n  a f f in i t y  o f  a s o l id  such as ZnS w i l l  be given
by

BA -  * ,< %  + Egg) - hBgap 3.2

-  x(ZnS) • tlBggp 3.3

-  Ix C Z n ^ S )]11 - kEgap 3.4

where E£a and E^s a re  th e  en erg ies  o f  th e  conduction- and 
va lence-band  edges a t  the  su rfa ce  a t  th e  f la tb a n d  p o te n t ia l ,  
r e sp e c t iv e ly , and Eg0p i s  the energy o f  the  band gap between the 
va lence  and conduction bands, B u tle r  and Q inley (1978) vised the 
M ullikan d e f in i t io n  o f  the  e le c tro n e g a tiv ity  o f  an element,

X(M) -  h<A£ + I i )



where Aj i s  Cho e le c tro n  a f f in i ty  and Ij_ i s  th e  f i r ’ -  io n iz a t io n  
p o te n t ia l .  For ZnS these  values are

X(Zn) -  h(0 + 9.394) -  6.697 eV 3.6

X (S) -  >4(200.4/96.486 + 10.36) -  6.218 eV 3.7

X(ZnS) -  5 .404 oX 3.8

EA -  3.574 eV -  ■ 3.9

The e le c tro n  a f f in i t y  o f  th e  s o l id  i s  the  conduction  band edge, as
shown in  Figure 3 .3 . This c a lc u la te d  va lue  ag rees  reasonably  w ell w ith
th e  measurement o f  th e  e le c tro n  a f f in i t y  o f  z inc  su lph ide  in  a vacuum 
made by Swank (1567) o f  3 .9  eV. The c a lc u la te d  band edges fo r  a  number 
o f  su lp h id es a re  shown in  Figure 3 .4  as a means o f  comparison.

A dsorp tion  o f  io n s , p a r t i c u la r ly  H+ and OH', a t  th e  in n e r  Helmholtz 
plane  (IHF), i . e . , c o n tac t a d so rp tio n , w i l l  a l t e r  th e  d is t r ib u t io n  of 
charge a t  the  in te r fa c e  (Boddy and B ra tta in , 1963). T herefore, the
conduction  band edge i s  a  fu n c tio n  o f  pH,

Ecs -  Ecs + 6*H 3.10

where Ally i s  th e  p o te n t ia l  drop acro ss  th e  Helmholtz la y e r  due to 
th e  s p e c if ic  ad so rp tio n  o f  H+ and OH" io n s . The band edges s h i f t  to  
lower energy le v e ls  by O.OS9 V p a r pH u n it  f o r  a decreasing  so lu t io n  
pH, The p o in t o f  zero  z o ta  p o te n t ia l  o f  ZnS occurs At a  pH o f  about 4. 
The experim ents in  th i s  work ore  done a t  a  pH o f  2 , so th i s  w i l l  mean
o sm all c o rre c tio n  o f  about 0.12 eV to  the  band edges c a lc u la te d  a t 
the  f la tb a n d  p o te n t ia l .

Heat su lp h id es occur as no n .sto ich io m etric  compounds, and th is  a f fe c ts  
th e  e le c tro n ic  p ro p e r tie s  o f  the  s o l id .  A m eta l-excess  compound, suoh
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os oholcopyricti, w il l  d isp lay  n-type  sw nl,conduction, w hllo on 
o n io n -r ich  compound w i l l  d isp lay  p -cy p t somlcondueelon.

A d if fe re n c e  in  e l e c t r i c a l  p o te n t ia l  u su a lly  forms a t  a  boundary 
between two phases possessing  s u f f i c ie n t ly  h igh  e le c t r ic a l  
c o n d u c tiv i tie s ,  such as th e  boundary between a m otel and so lu t io n  o r  a 
sem iconductor and a so lu t io n . The form ation  o f  t h i s  p o te n t ia l  d i f f e r -  
anco c r i s e s  because o f  the  t r a n s fe r  o f  io n s o.v e le c tro n s  on break ing  
th e i r  bonds w ith  th e  substance  in  one phase and re a c t in g  to  form now 
bonds w ith  th e  substance  in  the  o th e r  phase.

Uic sem iconducto r-so lu tion  phase boundary c o n s is ts  o f  a  doub le -laye r 
s tr u c tu re  i n  which the  charge in  th e  s o l id  b a lances th e  charge in  the  
so lu t io n , Three double la y e rs  a re  in d ic a te d  i n  f ig u re  3 ,2 . They 
in c lu d e  a  spaco-oharge la y e r ,  d iscussed  in  s e c tio n  3 .1 , o Helmholtz 
do u b le -lay e r between the  so lid  and the  o u te r  Helmholtz p lane  which i s  
a t  th e  d is tan c e  o f  c lo s e s t  approach o f  non-adsorbed io n s , about 0 .3  
not, and th e  Gouy la y e r  in  the  so lu t io n  n e a r  th e  s o l id ,  in  which an 
excess o f  io n s o f  one s ig n  e x is t s ,  Those charge c o n trib u tio n s  can be 
t r e a te d  ( to  a  good approxim ation) as c a p a c ito rs  in  s e r i e s .

A sem iconductor and a  so lu t io n  a rc  i n  e q u ilib riu m  when the  e le c ­
trochem ical p o te n t ia l  o f  the  e le c tro n  in  th e  s o l id  i s  equal to  the  
e loetrocham iea l p o te n t ia l  o f  tho e le c tro n  in  th e  so lu t io n , I . e . ,  Bp -  
Erodox- Thus, th e  immersion o f  a s o l id  in  a redox  so lu t io n  r e d is ­
t r ib u te s  any p re -e x is t in g  charge in  tho  in to rp h o s io l reg io n  so th a t  an 
exnoss o f  charge • de n sity  in  tho  s o lu t io n  i s  ba lanced  by an equal 
d e n s ity  o f  charge in  tho s o l id  (th o  spaco-oharge la y e r)  a t  equ ilib rium  
(G orischor 1960a, 1970i Kohl and Halo, 1966). This r e d is tr i b u t io n  of 
tho  charge r e s u l t s  in  a corresponding change in  th e  f la tb a n d  p o te n tia l 
compared w ith  i t s  va lue  l a  vacuo.



Semiconductor p rocesses  th a t  occur i th e  absence o f  a  redox  couple, 
such a s  anodic o x id a tio n , 0% evo lu tio n , and oxido form ation , involve 
a  s tro n g  in te r a c t io n  between th e  semiconductor and th e  so lu t io n . In  
p ro ce sses th a t  involve  pure  e le c tro n  tr a n s fe r  between a redox couple 
and th e  sem iconductor e le c tro d e , th e re  i s  only ft weak in te r a c t io n  
betw een th e  semiconductor and th e  so lu t io n  ( s tr e tc h in g  o f  th e  bonds in  
th e  s o lv a tio n  s h e l l  o f  the  ox idan t o r r e d u c ta n t ) , The theo ry  o f  charge 
tr a n s fe r  a t  semiconductors i s  d iv ided  along  those  l in e s :  those  p ro ­
cesse s  th a t  occu r in  the  presence  and those  th a t  occur in  th e  absence 
o f  a  redox  couple in  so lu t io n , T his d is t in c t io n  i s  im portan t fo r 
le ac h in g , s in c e  ox id a tiv e  d is s o lu tio n  re q u ire s  an o x id a n t, w hile 
n o n -ox idative  d is s o lu tio n  occurs in  th e  absence o f  an o x idan t, This 
d is t in c t io n  i s  the  reason  f o r  th e  use  o f  d if f e r e n t  a sp ec ts  o f  the 
a h a rg a - tr a n s fe r  theo ry  in  th e  a n a ly s is  o f  the  r e s u l t s  o f  o x ida tive  
and nen -ox ida tivo  d is so lu t io n  o f  s p h a le r ite  p rese n te d  in  Chapter S ,

The concepts o f  charge t r a n s fe r  wore developed to  d e sc rib e  th e  move­
ment o f  an io n  from a p o s it '.o n  in  th e  m etal su rfa ce  to  th e  so lu t io n  
a cro ss  th e  Helmholtz dou b le -lay e r. The m etal io n  be in g  t r a n s fe rre d  i s  
in c o rp o ra ted  in  the  m etal in  on io n ic  s ta t e ,  s incn  th e  bonding in  
m e ta l l a t t i c e s  can bo in te rp re te d  as be ing  mainly duo to  th e  e le c tr o ­
s t a t i c  in te r a c t io n  between th e  m etal io n s and th e  f re e  e lec tro n s 
(conduction  e le c tr o n s ) . When the  m etal io n  moves from th e  surface  
in to  th e  s o lu t io n , the  m e ta l lic  bonding i s  reduced and tho  in te ra c tio n  
w ith  th e  p o la r  so lv e n t o r  w ith  a oomploxing sp e cie s  in  tho  so lven t 
becomes s tro n g e r  w ith  in c re as in g  d is tan c e  from th e  su rfa c e . This 
r e s u l t s  in  an a c t iv a t io n  b a r r ie r  w ith a sadd le  p o in t w ith in  the 
Helmholtz la y e r ,  Tho h e ig h t o f  th i s  b a r r ie r  i s  in flu en ced  by the 
e l e c t r i c a l  f i e l d  in  the  Helmholtz la y e r ,  and th is  r e s u l t s  in  an 
e xponen tia l r e la t io n  between tho  r a te  o f  charge t r a n s fe r  and the



e p p lied  p o te n t ia l  d if fe ren c e .

In a  sem iconductor the  e l e c t r i c a l  f i e l d  s tr e n g th  In  th e  su rfa ce  Is 
norm ally much sm alle r  than , and cannot he v a rie d  (by a change in  the 
a p p lied  p o te n t ia l)  a s  much a s ,  th a t  a t  th e  m o ta l-so lu tlo n  in te r fa c e  . 
In  a d d itio n , i t  cannot bo assumed th a t  a l l  th e  atoms in  th e  su rface  
a re  l i k e  m e ta l lic  ions in  aa e le c tro n  gas, because o f  th e  d ir e c te d  
covalen t ''ends in  a  sem iconductor.

The s im p le s t c h a rg e - tro n sfe r  r e a c tio n  fo r  an e lem enta l sem iconductor, 
A, can bo tr e a te d  as a  tw o-step p ro cess;

A]_oC «*■* A^q6 + o* 3.11a

Aio t  + h + r*  A’fog 3.11b

At a t  *  so lv e n t A+ (solvont>  3.12

whore re a c tio n s  3.11 a and b re p re se n t th e  p ro b a b il ity  th a t  th e  semi­
conductor surfttco-atem  w il l  bo found in  the  io n ic  s ta t e ,  h+ i s  a  hole 
In  th e  va lence  band a t  th e  su rfa ce , e* i s  on e le c tro n  in  th e  con­
d u c tio n  band a t  the  su rfa ce  and Aiae  i s  an atom o f  th e  l a t t i c e  a t  
th e  su r fa c e . R eaction  3.12 i s  the  chargo -e ronsfo r re a c t io n  in  which 
th e  io n  i s  t r a n s fe rre d  acro ss  th e  p o to n tia l-a cp e n d o n t a c tiv a tio n  
b a r r i e r  w ith in  th e  Helmholtz la y e r ,  and i s  described  by the 
Sutlor-V olm er equation  (G orischer, 1960a). I f  charge t r a n s fe r  i s  the 
r a te - c o n tr o l l i n g  s to p , than  tho n e t anodic c u rre n t due to  d is so lu tio n  
i s  g iven  by

J "  ka (A^aC)exp(08FA#H/RT) - k°[A+lo x p ( - ( l- a )z P ^ H/R r) 3.13

where |A ja t ! and (A+] r e f e r  to  th e  su rfa ce  and so lu t io n  con-



c on ttta ttons o f  A, 6^% Is  tho p o e o n tia l drop a e te as  ttho Helmholtz 
p iano , a  In  the  t r a n s fe r  c o e f f i c ie n t  and k °  and k® a re  tho  race  
c o n s tan ts  f o r  tho  anodlo (removal) and oa thodle  (d ep o sitio n ) rea c tio n s  
o f  eq u a tio n  3 .12 , roupee tlvo ly ,

The p o te n t ia l  drop between a  samioonduotor and chc s o lu t io n  i s  th e  sun 
o f  th e  p o te n t ia l  drops a cro ss  th e  space-charge  reg io n  and Che 
H elmholtz d oub le -laye r ( s e c tio n  3 ,2 ) ,  I . e . ,

A# -  + A#s<

where 6# i s  th e  whole p o te n t ia l  drop and A#B0 i s  th e  p o te n t ia l  drop 
a c ro ss  chc fipaeo chflrgo reg io n . I f  th e  Fermi le v e l  i s  p inned, then  6# 
i s  equal to  A#H. I n  a d d itio n , i t  can be seen  th a t  (A^QC] i s  e q u i­
v a le n t  eo th e  su rfa ce  concon trssion  o f  h o le s , pg , as long  os th e re  
i s  no su rfa ce  degeneracy.

T here fo re , e quation  3.13 can h e  w ri t te n  as

J -  kapBexp(ezF<l<lH/ 8I )  - k6 [A4,)oxp( -( 1  - o)ZFA^/RTJ 3,15

S u b s t i tu t in c  equation  3 .1  in to  e quation  3,15 gives 

j  -  kOpb0Xp(6*se F/R.T)0Kp(az6*HF/RT) - kC(A+ ]ex p { .(l-o )zW HF/RT)

The changes in  tho p o te n t ia l  occur p r im a rily  acro ss  cho spaeo-shargo 
reg io n  fo r  the  id e a l sem iconducto r-so lu tion  in to rp h a se , Thia means 
th a t  6*^ la  co n s tan t , and A#so i s  th e  independent v a r ia b le ,  and 
th a t  equation  3.16 can bo re w r itte n  as

J -  k 'aoxp<A*soF/RT) - k ,c



which im p lies  a  charge-eronafe r e o o ff le ia n e  o£  1 and n T afe l s lope  of 
0.059 7 dofiadcs- ^, For a p-ttype aeoleonduettor, bha anodic ptooesa 
w il l  noe V'O lim ite d  by the  supply o f  h o le s ; howovos, £or an n-type  
eeaiconducsor, Che anodic pcocoss w i l l  be lim icod  by the  supply o f  
h o le s , s ineo  th o  valuo  o f  py in  oquacion 3.16 i s  low, and eh» c u rren t 
w i l l  soaoh a s a tu r a t io n  l im i t ,  analogous to  th e  d if fu s io n - lim ite d  
supp ly  o f  io n s to  th e  e lec tro d e  in  which tho  c o n ce n tra tio n  o f  tho 
o le c tro a c tiv o  io n  i s  low.

Turner (1956), during  th e  anodic d is so lu tio n  o f  Go, o b ta ined  s a tu r a ­
t io n  e ffa c e s  l o r  n-Ce, butt none fo r  p-Ge. Boddy (1964) o b ta ined  T afe l 
s lo p e s  on n-Qo and p-Ga th a t  wore ve ry  s i a i l e r ,  excep t th a t  above 400 

cm- ^ , he observed a s l i g h t  tendency towards s a tu r a t io n  fo r  n-Go, 
The observed t a f e l  s lope  ranged between 0.07 and 0.082 V daeado"^, 
which i s  s ig n i f ic a n t ly  h ig h e r Chan eho expceted  0.059 V. This was a t ­
t r ib u te d  Co an ap p reciab le  change in  p o te n t ia l  o f  th e  Helmholtz double 
la y e r .  Boddy (1964) confirmed th is  d ir e c t ly  u s in g  measurements o f  the  
I n te r f a c la l  capacitance  and the  photovoltago  response . T herefore, 
even f o r  pure  elem enta l sem iconductors, a  d e v ia tio n  from id e a l  beh av i­
our i s  found.

Tho bonding between neighbouring atoms in  a c r y s t a l  ia  duo tho I n te r ­
a c tio n s  in  bonding o rb i ta l#  o f  th e  neighbouring  atom ic n u c le i.  The 
bonding o lo c tro n -sto te fl be long to  th e  va lence  band o f  eho s o l id ,  and 
th e  p resence  o f  a ho le  in  th is  band moena sh a t one o f  tho  bonding 
c inec rons has boon removed, and th e  bond weakened. Holoa can bo sup­
p l ie d  to  th e  su rfa ce  from the  e lec tro d e  in te r io r  as a  r e s u l t  o f  tho 
a p p lic e tio n  o f  a p o te n tia l o r, as in  the  case  o f  leach ing , they  can bo 
In je c te d  in to  the  valence  bond a t  th e  su rfa ce  by an ox id iz in g  agen t,

The o x id a tiv e  d is so lu tio n  o f  fi compound sem iconductor, Hl’+S^' ,  can 
occur In  the  follow ing  stops (Gorioaher and K ind t, 1968)1



+ X "  (MX>* + -Sg + e '

( 1 ^ V - ) S + X + h + «  (N%)+ + -Ss  

.Ss + Y -  <SY)+ + e"

•Ss + Y + h+ •* (SY)+

■S8 + .Sa -  (S.S>8 

s n + , s 8 ** sn+i

where X end Y re p re se n t ia n lo  apoclas In  s o lu t io n , I t  can  be  prodiecad  
th a t  tho o le o c rep o s itiv o  eomponcne, H6+, i . e . ,  th e  olomone oaaoelftC- 
ed w ith  Cho conduction band, w i l l  go in to  so lu t io n  w h ile , in  many 
eoaoB, d ie  more o leobronogativo component w i l l  undorgo a  recom bination 
re a c t io n , vtiich w il l  r e s u l t  in  th e  a ta b le  e lem enta l aca to  fo r  th is  
cerapor ic, '

In  oomtsondueeors w ith  a hand gap g re a te r  than  1 oV, anodic die* 
so lu t io n  occurs oIdiose e n t i r e ly  as n re a u lc  o£ tho  h o le  in je c t io n  in to  
Cho vtilsnco band (G orischer and Mindt, 1.968), T able 3 ,1  summarises the 
c o n trib u tio n  o f  ho les  to  the  anodic decom position re a c tio n . Since d ia- 
oolueion  Involves tho  c o n trib u tio n  o f  h o le s , M e would expeon th a t  
p -typo  eomiconduotora would loaoh a t  a  groatev  eaco than  n-type. 
BadingCon and Jroaaov  (1969) showed th a t  p-typo  galena  leached  a t  a 
g re a te r  r a t e  than  n-typo  ga lena ,

For ox id a tiv e  d is so lu tio n  to  occur, o loctrona  must trana feeved  from 
tho  bonding o r b i ta l s  o f  th e  semiconductor ( th e  va lence  band, 
rep rese n tin g  the  occupied le v e ls )  to  tho  ox idan t in  so lu t io n  (cho 
unoccupied lo v o la ) a cro ss  tho  e le c t r i c a l  p o te n t ia l  b o v tto r  a t  cho 
phase boundary. Tho r a te  o f e le c tro n  tr a n s fe r  depends on tho  number o f



t a b le  1.1  C on trib u tio n  o f  h o le s  to  the  anodic d is s o lu tio n  of 
sem iconductors (A fte r G erischat and K ind t, 1966)

O xidative  decom position C on tribu tion  of
produces h o le s  (%)

GaAs 1 G a-", As'"
CdTe Cd2+, l e 6*
t.-CSa Cd2+, Se

i ,,f " a s e la  a v a ila b le  on s id e  o f  th e  in te r fa c e , and on the
occv.yancy o f  th e se  le v e l s , S ince e lec tro n s  e re  quantum p a r t i c l e s ,
tiiMeo occvpm;r.iea a re  expressed  Ivt p io b a b iH tio s ,  The p ro b a b il ity  of
an .inergy le v e l in  th e  semiconductor be ing  occupied i s  given  by the
Fstio.'. d is t r ib u t io n ,  d iscussed  ic  euo tion  3 .1 .  th e  p r o b a b il i ty  o f  an 
enevgy le v e l  in  th e  so lu t io n  baing  oacupied i s  described  by the  
f lu c tu a t in g  energy-1 w o l mode),

The re p re se n ta tio n  o f  iom. in  so lu tion , a s  e le e e ro n ic  aneirgy le v e ls  is  
more com plica te ! than  th e  re p re se n ta tio n  v . energy le v e ls  found 5-i or 
on s o l i d s , Ko d is t in c t io n  can be  made between th e  energy le v e ls  o f  an 
occupied and an unoccupied s t a t e  in  a  a o l/d ,  b u t in  the  case o f  on ion 
in  a. po la riv .ab le  and p o la r  e .u v en t, th e re  i s  a  Franok-Condon s h i f t  in  
th e  le v e ls  c-f th e  occupied an» unoccupied o f a te s  because o f  the  strong  
in te r a c t io n  e n e rg ies  between th e  io n  anii ti.e  so lv e n t. This s h i f t  in



le v e ls  i s  rep resen ted  by the  reo rg an iza tio n  anergy, X, i l l u s t r a t e d  in  
Figure  3 ,4 ,

I n  a d d it io n , th e  energy le v e ls  o£ an io n  in  so lu t io n  a re  d is t r ib u te d  
a s a r e s u l t  o f  the  therm al f lu c tu a tio n s  o f  th e  d ip o le s  in  the  s o l ­
v a tio n  sheath  surrounding che ion , T heories o f  e le c t r o s t a t i c  p o la r ­
iz a t io n  (Marcus, 1964; Levich, 1970/ in d ic a te  th a t  the  d is t r ib u t io n  of 
eoeegy le v e ls  i s  a  Gaussian d is t r ib u t io n .  Figure  3 .4  i l l u s t r a t e s  
th is  model f o r  th e  E ertioyen ide  and ferroeyan ida  ions.

The p ro b a b il ity  o f  e le c tro n  t r a n s fe r  between an e lec tro d e  and an io n  
in  so lu t io n  depends on the  energy la v e l o f  the  io n  a t  th e  in s t a n t  of 
t r a n s f e r ,  so th e se  f lu c tu a tio n s  o ra  im portan t (Marcus, 1964). The 
energy needed f o r  an ion  to  reach  ' t o  a c t iv a te d  s t a t e  i s  th e  d i f f e r ­
ence in  energy between the  ox id iz ing  agen t, Eox, and E*, and the  
p ro b a b il i ty ,  Wox, th a t  the  energy le v e l o f  a  apeciea  w il l  be a t  E* 
i s  g iv e a  by

tW E * )  -  (4*AkT) ' h exp [.(E 0X - E*)2/4AkTl 3,19

vheYe X i s  the  reo rg an iza tio n  energy, which in c lu d es the  energy con­
tr ib u t io n s  Cram th s  s tr e tc h in g  of bonds i n  th e  inne r co -o rd in a tio n  
sphere  end th e  ro ta t io n  o f  s o lv e n t m olecules i n  th e  o u te r  sphere 
(G erischa r, 1960; see  a lso  Bockris and Khan, 1983), k  ia  th e  Boltzmann 
co n s tan t , and T i s  the  tem pera ture . These f lu c tu a tio n s  in  energy are  
c o t  sm a ll, and th e  standard  de v ia tio n , (A kT )\ can be s e v e ra l ten th s  
o f  an e le c tro n  v o l t  (Hortisow, 1978), E rase  (1981) has determ ined X 
fo r  a num'.or o f  ox idan ts and reducCants.

The lo c a tio n  o f  th e  energy le v e ls  o f  ions in  so lu t io n  can be ob ta ined  
from th e  s ta n d a rd  red u c tio n  p o te n t ia l  o f  the  redox couple. This can 
be  shown a s  fa llo w s , An 'e f f e c t i v e  redo* energy -leve l"  in  so lu t io n  is  
de fined  as



whase Bre d  and Eox a re  the  energy le v e ls  o f  th e  occupied and un­
occupied s t a te s ,  r e sp e c t iv e ly . JSrodax can be In te rp re te d  as the  
chem ical p o te n t ia l  o f  th e  e le c tro n  In  the  so lu t io n  redox system.

Since th e  F e ra l le v e l  o f  Che e lec tro d e  and E£adox re p re se n t the  
chem ical p o te n t ia l  of the  e le c tro n  in  th e  s o l id  and th e  so lu t io n  r e ­
s p e c tiv e ly , and the  chemical p o te n t ia ls  a re  equal a t  e q u ilib r iu m , the  
Fermi le v e l in  an e lec tro d e  a t  e qu ilib rium  a t  s ta n d a rd  co n d itio n s i s  
equal to  E£edtat.

EF ~  Bredox 3-21

The Fermi le v e l o f  th e  s o l id  i s  a lso  r e la te d  to  the  s tandard  redox 
p o te n t ia ls  ta b u la te d  in  handbooks s in c e  th e  measured v o lta g e  i s  the  
d if fe ren c e  in  the  Fermi le v e ls  o f  an e lec tro d e  in  e qu ilib rium  w ith  the 
redox couple and th e  re fe ren c e  e lec tro d e  in  e q u ilib riu m  w ith  the  
hydrogen couple a s  a reference  e le c tro d e , T here fo re ,

Ep -  c o n s t - qVe 3,22

whore V* I s  th e  ta b u la ted  redox couple, and th e  co n stan t i s  a  f a c to r  
to  change between th e  ph y sica l energy s c a le  (vacuum sc a le )  and th e  
elec trochem ical s c a le  (normal hydrogen e le c tro d e )  d isc u sse d  e a r l i e r  in  
th is  c h a p te r. E quations 3.21 and 3,22 can bo equated,

SJedox "  - qV* 3.23

T herefore, the  energy le v e ls  o f  sim ple ions, where so lv e n t reo rg an i­
z a tio n  i s  th e  on ly  tran sfo rm ation , can b e  r e la te d  d i r e c t ly  to  reduc­
t io n  p o te n t ia ls  on the  e lec trochem ical energy sc a le ,

The value  o f  th e  'e f fe c t i v e  redox  e n e rg y -lev e l' i s  n o t th e  ' r e a l '
e le c tro n ic  e n erg y -lev e l, and i t  should be remembered th a t  th i s  i s  the 
everaga  energy le v e l  o f  th e  occupied and unoccupied s t a t e s ,  Eced and



Eox, repoottlvo ly . E ^dox  t s  a  o f  thecmod>^eala ar.avgy-VbvqI ,
s in c e  e q u ilib riu m  thermodynamics i s  used in  i t s  e v a lu a tio n .

The le v e ls  o f  th e  ions on th e  vacuum energy s c a le  and th e  hydrogen 
s c a le  a re  shown in  Figure 3 .6 .

E le c tro n  tr a n s fe r  can on ly  occur between s t a te s  o f  th e  same energy 
le v e l (Gurney, 1931), i . e . ,  w ithou t energy tr a n s fe r  w ith  th e  surround­
in g s and w ithou t r a d ia t io n  t r a n s fe r .  This means th a t ,  in  term s o f  the  
f lu c tu a t in g  e n ergy -leve l model, e le c tro n  t r a n s fe r  can on ly  occur w ith  
an io n  whose energy le v e l  h as a  s ig n i f ic a n t  p r o b a b il i ty  o f  f lu c t u a t ­
in g  to  th e  energy le v e l o f  th e  semiconductor band w ith  which e le c tro n  
tr a n s fe r  occurs.

The r a t e  o f  e le c tro n  tr a n s fe r  from the  sem iconductor to  th e  so lu t io n  
i s  p ro p o rt io n a l to  th e  number o f  occupied s ta te s  in  the semiconductor, 
DS0 (E )f(E -E g<1) , and th e  number o f  unoccupied s ta te s  i n  th e  redox 
s o lu t io n , D0X(E)i a t  the  game energy E. DSC(B) i s  the  d e n s ity  of 
s ta te s  in  th e  seoioonduotor, f(E-Es c ) i s  th e  Fermi function  th a t  
d e sc rib e s  how many o f  these  s ta te s  a re  occupied (th e  F em t-D irac  d i s ­
t r ib u t io n ) ,  end Dex (B) i s  the  d e n s ity  o f  s t a t e s  in  the  ox id iz ing  
agon's i n  th e  s o lu t io n , th e  t o t a l  c u rren t from the  sem iconductor to  the 
so lu t io n  i s  the  in te g r a l  o f  th is  p ro b a b il ity  over a l l  p " :a ‘b le  energy 
Levels (G oriachev, 1960 a , 1970).

'"J"'(E)D90(E)f(E*Bao)Dox(E) <

where t-(E) i s  th e  tran sm ission  c o e f f ic ie n t ,  and D0X(E) -  
where Cox i s  the  con ce n tra tio n  o f  ox idan t i n  th e  so lu t io n .

For e le c tro n  tr a n s fe r  to  occur, the  o f  th e  e le c t r o ly te  m a t



be e u ff ic io ttd ly  c lo se  to  th e  conduction- o r  volonca-band edges, and a 
comparison o£ the  energy le v e ls ,  i . e . ,  a  comparison o f  Ev s  (cho 
valanee-band  edge), E08 ( th e  condueelon-bend edge) end BJedox w il l  
give  a qua liC utlvo  p ic tu re  o f  whether e le c tro n  tr a n s fe r  la  p o ss ib le  
o r  n o t <fcto«teoti, 1978, 1960).

A redox couple may be ab le  to  exchange charge c a r r i e r s  w ith  on ly  one 
o f  th e  bands s ince  th e  redox couple may have a  s ig n i f ic a n t  p ro b a b il i ty  
o f  f lu c tu a t in g  to  the  energy o f  on ly  one o f  the  bands o f  th e  sem i­
conductor. This has been determ ined fo r  germanium by the  t r a n s is to r  
techn ique , Redox p o te n t ia ls  w ith  an E£odox > 0 ,5  V (NHE) are 
valence-band  p ro cesses , w hile those  w ith an EJadox < 0 V (NHE) are  
conduct!on-band p rocesses (G orischer, 1960 b ) .

equation  a . 44 has been in te g ra te d  to  give  th e  c u rre n t -p o te n t ia l  
behaviour o f  th e  Id ea l sem iconductor-so lu tion  in te r fa c e  In  the 
p resence  o f  a  redox couple (G erischor, 1970; M orrison, I960 ). This 
c u rre n t -p o te n t ia l  behaviour i s  th e  same os th a t  i n  th e  absence o£ a 
redox couple  (equa tion  3,17) s in c e  the  ap p lied  p o te n t ia l  appears p re ­
dom inantly acro ss  th e  spaoo-charge reg io n , and i t  has o f te n  boon 
d escrib ed  as a Schottky b a r r ie r  (M orrison, 1980). The c h a r a c te r is t ic  
f e a tu re  o f  a SehotU.y b a r r ie r  i s  th a t .  In  th e  conduction  band, only 
th e  ca th o d ic  process I s  in fluenced  by th e  ap p lied  p o te n t ia l  and in  Che 
va lence  band, only the  anodic p rocess depends on the  app lied  
p o te n t i a l . The anodic process in  n -type  sem iconductors w il l  thus be 
lim ite d  by th e  d if fu s io n  o f  m ino rity  c a r r i e r s  (h o les ) to  the  surface , 
and w i l l  d isp lay  a  s a tu ra tio n  c u rre n t (H arrison , 1980). T herefore, 
anodic d is s o lu tio n  o f  n -type  a ln e ra la  w i l l  be s la y e r  than  th a t  o£ 
p-type  m in e ra ls .

o
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Tho Id e a l model o f  charge t r a n s fe r  a t  the  sem iconducto r-so lu tion  phase 
boundary g ives r i s e  to  the  e u rren t-v o ltag e  behaviour o f  equation  3.17 , 
o f te n  compared w ith  the  Schottky b a r r ie r  formed a t  th e  semi- 
eonductor-m eta l in te rp h ase . The p o te n t ia l  b a r r ie r  i s  taken  to  be th a t  
due to  th e  bending o f  th e  bands a t  th e  in te r f a c e , and the  p o te n t ia l  
drop w ith in  the  semiconductor (th e  space-oharge reg ion ) v a r ie s  w ith 
the  e x te rn a l ly -a p p lie d  p o te n t ia l ,  and the  p o te n t ia l  drop w ith in  the  
s o lu t io n  (Helmholtz la y e r)  i s  independent o f  th e  a p p lie d  p o te n t ia l ,

Green (1959) questioned  th e  a p p lic a b i l i ty  o f  ideal-m odel concepts to  
th e  sem iconducto r-so lu tion  phase boundary. Green p o in te d  ou t th a t  the  
behaviour o f  tho In te rfa c e  as a Schottky b a r r ie r  was dependent on the 
absence o f  a  lim it in g  number o f  su rfa ce  s t a t e s .  I f  th e  su rfa ce  s ta te s  
exceeded about 3 p e r cen t o f  th e  t o t a l  su rfa ce  occupancy ( i . e . , about 
1 0 ^  cm" % since  th e re  a re  3 .5  x  10^* s i t e s  a v a ila b le  f o r  a 
m olecu lar s iz e  o f  0 .3  nm in  1 cm^ o f  th e  s u r fa c e ) , the  changes in  
p o te n t ia l  would be predom inantly in  th e  Helmholtz reg io n , and no t in  
t i n  spaoe-charge reg io n , and the  pure  S c h o ttk y -b a ttie r  modal w i l l  
f a i l .  In  t h i s  c ase , the  T afe l slope  w i l l  be c lo se  to  a  s lope  o f  0,118 
V decade"1 w ith  a  c h a rg e - tra n s fe r  c o e f f ic ie n t  o f  0 ,5  fo r  th e  s in g le  
e le c tr o n - tr a n s fe r  re a c tio n , i . e . , a  T afe l s lope  s im ila r  to  th a t  
expected  fo r  a m etal e lo c-red e .

Bockris and Khan (1985) argued th a t  id e a l  behaviour i s  excep tional, 
because  o f  th e  sp e c if ic  ad so rp tion  o f  the  anions and the  so lv e n t on 
th e  su rfa ce  o f  the  sem iconductor. A la rg o  degree o f  sp e c if ic  
a d so rp tio n  on the-sem iconductor su rfa ce  would in d ic a te  a h igh  de n sity  
o f  su rfa ce  s t a te s ,  and th e  breakdown o f  th e  Schottky -b a r r ie r  
approxim ation. A degree o f  'm e ta l l i s a t i o n ' would o c cu r,

The concept o f  F e rm i-level pinn ing  was i n i t i a l l y  form ulated to  account 
f o r  the  s i t u a t io n  whv. e tho  band bonding in  a semiconductor con tac ting



a m ota l i s  Indopondene o£ ehc motol, ovoii fee  o la rg e  v a r ia t io n  in  the 
work fu n c tio n  o f  the  m ota l. I t  has bean no ted  th a t  a s im ila r  s i t u a t io n  
sometimes r e s u l t s  l o r  a semiconductor c o n tac tin g  a so lu t io n  con­
ta in in g  redox p o te n t ia ls  o f  d i f f e r e n t  e lec tro ch em ical p o te n t ia l  (Bard 
a t  a l ,  1960). Perm i-lovel pinn ing  i s  brought about by semiconductor 
e u rf tto o -s ta to s , r e s u l t in g  in  the  s i t u a t io n  whore th e  p o te n t ia l  drop 
acro ss  th e  sem iconductor i s  f ix e d , and the  change in  the  p o te n t ia l  
appears ac ro ss  th e  Holmholtss la y e r  in  so lu t io n . T herefore, i f  th e re  is  
a  h igh  d e n s ity  o f  mano-onotgocic su rfa ce  s ta te s ,  th e  Fermi le v e l  w il l  
be 'p in n e d ' a t  th e  energy o f  the  su rfa ce  s t a t e s ,  and the  e lec tro d e  
behaviour o f  th e  semiconductor w il l  be m e ta l-l ik e ,

Iro n -co n ta in in g  sp h a le r i te s  h a s j a  r e la t iv e ly  h ig h  d e n s ity  of
m ona-onergotic s t a te s  duo to  the  o n tr ib u tio n  o f  th e  iro n  d - o rb i ta l
loud  ' 1 *‘v in  the  band gap o f  tho ZnS (.see Chapter 2 ) .  The d.-band of

'  oforo  'p l u s ' tho Fermi le v e l  a t  the  energy le v e l o f  the

The som iuvaduetor w i l l  a lso  d isp lay  m e ta l-l ik e  behaviour i f  th o  Fermi 
le v e l  in  th e  semiconductor i s  in  one o f  tho energy bands. When th is  
happens, tho  sem iconductor i s  degenera te. The e n t i r e  sem iconductor may 
be degenera te , in  which case  the  e lec tro d e  sim ply a c ts  l ik e  a m otal, 
o r  degeneracy may be induced by th e  a p p lied  v o lta g e , in  which case  the  
bond b o n d in g ’fo rc e s  she Fermi le v e l in to  one o f  th e  bands, and tho 
su rfa ce  i s  d e genera te . This a p p lie s  e sp e c ia l ly  to  sem iconductors w ith 
narrow band gaps. In  semiconductors in  which su rfa ce  degeneracy 
o ccu rs , a  s ig n i f ic a n t  (o r in c re as in g ) p ru n o rtlo n  o f  th e  ap p lied  poten­
t i a l  appears a cro ss  ehc Helmholtz lay^-r, and th e  t r a n s fe r  c o e f f ic ie n t 
o f  1 f o r  a non-degenerate semiconductor w i l l  move towards th e  0,5 
v a lu e , which i s  c h a r a c te r is t ic  o f  o m otal (M orrison, 1980),



The c o n ce n tra tio n  o f  m inority  c a r r i e r s  can bo changed by o rd ers  06 
MigtttCude £c»s th e  e q u ilib riu m  va lu e  by th e  Illum inati, cm o£ tiio oloo- 
tsedo  by l i g h t  e f  th e  em.rgy o f  the  band gap. The a b so rp tio n  o f  l ig h t  
by d ie  soraieonduetor noons th-i" o lo o tre n s e re  oxcicod from tho valonoo 
bond 60 tho  conduction band (fundam ental a b so rp t io n ) , nnd tho  s t a ­
t i s t i c a l  d is t r ib u t io n  o f  e le c tro n s , doaeribad  by th o  Fonni-D irae 
e q u atio n , i s  d is tu rb e d . A h o le  i s  c re a te d  in  th e  va lence  band and on 
e le c tro n  in  tho  conduction band. Those chargo c a r r i e r s  have an 
a p p re c ia b le  l i f e - t im o  since  tho  recom bination o f  e le c tro n s  and holoa 
which would r e s to re  tho equ ilib riu m  s i t u a t io n  i s  a lo v  (G erisclier, 
1966).

Tho anodic  c u rren t o f  an n-typo  semiconductor i s  l im ite d  by tho supply 
o f  m in o rity  c a r r i e r s  ( h o le s ) . This lim it in g  c u rra n t can bo inc reased  
by th e  illu m in a tio n  o f  the  e le c tro d e . I llu m in a tio n  c re a te s  m inority  
c a r r i e r s ,  which would re a c t  w ith  tho so lu t io n  (o r w ith  the  e lec tro d e  
a t  th e  s u r fa c e ) ,  and m a jo rity  c a r r i e r s ,  which complete tho ex te rn a l 
c u rrc n t . Tho lim it in g  c u rre n t i s  p ro p o rtio n a l to  th e  l i g h t  in te n s i ty  
(W illiam s, 1960).

W illiams (1960) in te rp re te d  the  e f f e c t  o f  l i g h t  an tho  anodic d is ­
s o lu t io n  o f  n-typo  CdS as fo llow s. Since  tho c ry s t a l  becomes nega­
t iv e ly  charged  du ring  illu m in a tio n , ions (a s so c ia te d  w ith  the
conduction band), in  e q u ilib rium  w ith  the  so lu t io n , leave  an excess 
o f  S2'  ions (a s so c ia te d  s i t h  th e  va lcncc  band) a t  th e  aw£tvo%. (This 
i s  c o n s is te n t w ith  the  a c l id - s ta to  c o n s id e ra tio n s  o f  sulphide 
m in e ra ls , in  which the  m ob ility  o f  tho m atal ions i s  much g re a te r  than 
th a t  o f  tho  la rg e r  su lphur ion , i . e . ,  su lphu r forms an immobile 
l a t t i c e . )  The abso rp tio n  o f  l i g h t  e x c ite s  th e  excess charge a sso cia te d  
w ith  th e  S '"  ions a t  the  au rfnee  to  tho  conduction band, tho S*" 
forms o lom antal su lphu r, S, and th e  su rfa ce  re tu rn s  to  i t s  o r ig in a l 
unchatfc.od p o s it io n .



In  cho onso o f  Forml-lovol pinn ing  by a doop aurfaoo -scato  v le h ln  eha 
band gap, rosponso co l ig h t  w il l  s t i l l  ba ob ta ined , b u t tho output 
photovoltage w i l l  bo Independent o f tho so lu t io n  p o te n t ia l ,  I f  the 
semiconductor, o r  tho semiconductor su rfa ce , i s  degenera te , no 
response to Illum ination  w i l l  be ob tained.

Bard and Wrighton (1977) and Gortschor (1977) have proposed a thermo­
dynamic model fo r cho anodic d isso lu tio n  o f  sem iconductors. They de­
f in e d  u redox p o te n tia l fo r anodic d is so lu tio n , pE^0C, fo r  the  d i s ­
so lu t io n  rea c tio n  and th is  i s  compared w ith  the  le v e l  o f  th e  redox 
couple in  so lu t io n , or w ith  tho Fermi le v e l  o f  the  s o l id ,  The p a r t i a l  
rea c tio n s  fo r  o decomposition mechanism in  which ho les  a re  the  major 
p a r t ic ip a t in g  charge c a r r i e r s  are

MS + nh+ + so lven t •* Hn+(so lven t)  + S 3.25

nH+(so lven t)  r-> n /2  H2 + nh* 3.26

Tho fre e  energy d ifferen c e , AO, fo r tho combination o f  those rea c tio n s

MS * nH*(solvent) -» Mn+(so lvont) + n /2  H2 + S 3.27

gives the  corresponding redox p o te n tia l fo r  decomposition

pBdtie -  AC/nF 3.28

whore F i s  the  Faraday c o n stan t. For example

CdS + 2H01 -  Cd012 + S + H2 3.29

pBaoo - AG/2F - 0.4 V (SHE)



ZnS + H2S0/k -  ZnSO& + 8 + H2 3.31

AO -  68.7 W mol*1 S .32

pBdec -  0,356 V 3.33

O ther c a lc u la te d  va lues o f  pBfloe a rc  shown in  Figure  3 .4 . Tho 
ccnrtiClons See s t a b i l i t y  ore

p*4m, > E?odox «  eF e t8b lc

pEdoe < ESodcx «  h unstable

pEdec can  bo regarded  as o  thermodynamic en e rg y -lev e l fo r  d i s ­
so lu t io n , The r e la t iv e  p o s it io n  o f  pEjQl3 to  Bos and Eyg fo r 
v r r io u s  eulphlda semlacnduetora la  shown In  F igu re  3 .4 . A m ineral 
aomiconductor w i l l  d isso lv e  i f  tiio redox p o te n t ia l  i s  g r e a te r  than  
pEdeC. 0 .5 - ,  ZnS w i l l  o x id a tiv e ly  d isso lv e  i f  th o  redox p o te n tia l 
o f  th e  redox couple in  so lu t io n  I s  jjraatO i Shan 0.356 V,

Tho g e n era l requirem ent f o r  s toady -stoeo  co rro s io n  i s  th a t  cho anodic 
and cttChodlo c u rre n ts  ore  equal: j a  -  j ° .  Tho e l e c t r i c a l  f i e l d  a t  
tho  su rfaoo  o f  a  m etal has an opposite  in fluence  on those  two 
p ro ce sses , and i t  a d ju s ts  to  f u l f i l  the  c u rre n t e q u a lity  cond ition . 
C o rrosion  can bo described  by toe  su p e rp o s i tio n  o f  tito anodic and 
eathod lo  p a r t i a l  c u rre n ts . I n  sem iconductors, the  e q u a lity  o f  these  
c u rre n ts  means th a t

42 - u s  -  i t  'I- j $  3-3*

where th e  su b sc rip ts  'o '  and 'v ‘ r e f e r  to  tho conduction band and 
volonco band, r e sp e c t iv e ly . The n e t  c u rra n ts  in  each band w il l  have 
opposite  s igns



In  tlio e e rre o io n  o f  itoCols, the  p o te n t ia l  drop ne tho  aurfoeo 
acro ss  th e  Helmholtz p la n e . Tfio su p e rp o s i tio n  p r in c ip le  i s  
ob ta in  an exp ression  f o r  th is  p e te n c in l d rop, which 
s u b s t i tu te d  in to  th e  e quation  fo r  th e  anodic d is s o lu t io n  cu rre  
i s  tho  m ix e d -p o ten tia l model o f  co rro sion ,

In  o rd e r  to  underotond th e  d is so lu tio n  p ro ce ss , i e  La nsso 
consider th e  c ry s t a l  s t r u c tu re , tho  somicenduccion type 
c h a r a s to r is t ie a  o f  tho  sem iconductor-so lu tion  phase boundary.



m z m - i

Many o f  th e  ro a u lto  soportori on in  Chopcor 1 ve to  obeainod wish 
u n sized  eoneonfcratoa oov-n ln lng  su b a tan e ia l amounea o f  im pueicloa. 
D ucrlzae and MacDonald (1978) s ta te d  th a t  the  deduction  o f  good 
k in e t ic  d a ta  from such r e s u l t s  i s  made d i f f i c u l t  by the  follow ing  
f a c to r s .

(1) ih e  use o f  erushed , u nsized  m a te r ia l makes i t  d i f f i c u l t  to 
deduce th e  shape o f  th e  r e a c tio n  curve .

( i i )  The t e s t  cond itions a re  f re q u en tly  n o t h o ld  co n s tan t , and 
th e  a c id  and f e r r i c  io n  con ce n tra tio n s may vary  
considerab ly  du ring  th e  course  o f  a  ba tch  leach ing
experim ent.

( i l l )  O ften impure (p o o rly -lib e ra te d )  u ia to r ia l i s  used, and the 
im p u rit ie s  consume rea g en ts , making i t  d i f f i c u l t  to  
se p a ra ta  th e  e f f e c ts  due to  th e  r e a c tio n  th a t  i s  under 
s tu d y  and o th e r  re a c tio n s .

I n  s tu d ie s  o f  th e  d is so lu tio n  o f  any concen tra ted  m ine ral th e re  is  
always th e  p o s s ib i l i ty  th a t  ga lvan ic  in te ra c t io n s  between d i f f e r e n t  
m ine rals in  c o n tac t w ith  one a no ther in  the  aamo p a r t i c le  may inc rease  
o r  decrease  th e  r a te  o f  re a c tio n . T here fo re , w e l l- l ib e r a te d  m a teria l 
must bo ohosen.

The experim ents in  th i s  research  wore designed to  avoid cho problems 
c i te d  above. S ized, w e l l- l ib e ra te d  m a te r ia l was chosen, This m a te r ia l 
was c h a ra c te r .z e d  by m inoealogiool and chemical techniques.

The con ce n tra tio n s o f  a c id  and f e r r i c  io n  in  so lu t io n  in  the  batch 
leach ing  experim ents wore m onitored u sing  a g la s s  and a  p latinum  
e le c tro d e , r e sp e c t iv e ly , and c o n tro l le d  by th e  a d d itio n  o f  ac id  and



hydrogen peroxide , In  th is  way only the k in e tic s  o f

Sacples o f  f iv e  sp h a le r ite s

remove f lo ta t io n  reagents ( J in

impure f lo ta t io n  concentra tes of South A frican

analyses verft c a r rie d  ou t, th e  m ine ra log ica l compositions o f  the 
samples a re  shovn in  Table 4 .2 , The degree o f  lib e ra t io n  was d e te r ­
mined m ic ro scop ically  by a p o in t count o f  500 p a r t ic le s  o f  each

The iro n  conten t o f  each sp h a le r ite  was determ ined by e lec tron -m icro - 
probe a n a ly s is  o f  about 100 p a r t i c le s .  The a rith m etic  average iro n  
con ten t fo r  each sample is  given in  Table 4 .4 , The d is t r ib u t io n  of

l i t r e  c y lin d r ic a l gle
f l a t  perspex im peller d riven  by

in s ta l le d . The apparatus i s  i l l u s t r a te d  in  Figure

^soluti!oi\ b r id g e  connected a calomel reference  elctvode



Table 4 ,1  Chemical com positions o f  the  s p h a le r i te  c o n ce n tra te s . 
(A ll va lues in  p a r cen t)

O rig in  o f  the  s p h a le r i te

w .
“ “ “ Mountain Finah

Gamsberg

5 6 .J 56.7 51.0

Mn o.oos 0.05 0.29

Table 4 .2 ,  H ln e ta lo g lea l oompoalclons o f  th e  s p h a le r i te  concen tra te s  
(A ll v a lu es In  S)

O rig in  o f  th e  s p h a le r ite

W ard's Z inaor Black Itosh Gamsberg 
Mountain Pinnb

S p h a le ri te
C helcopyrite

100 30.6

+ C o v e lli te
Galena

P y rrh o tite
S i l ic a te

c o m

Gangue m ine rals nd

o i  - , o t  de tec ted

Table 4 .3  Degree o f  l ib e r a t i o n  o f  th e  s p h a le r i te  co n ce n tra te s .

L ibe ra ted

<%>

Looked to  Looked to  
su lp h id es gangue

W  U>

W ard's => 100 nd nd
Z incor 91.8 7 .2  1.0
Black Mountain 90.2 9,6 0.2
Rash Finah 98.1 1,7 0,2
Gamsberg 99,4 0 ,6  nd



Black Mountain 
Rosh Plnah

SlecirgdM  
Luggin probe 
Reference elceirode



s c lu tlo r ,, ord th e  redox p o te n t ia l  was measured by use o f  a p latinum  
e looerode. A ll p o te n t ia ls  rep o rte d  he re  r e f e r  to  th e  s a tu ra te d  calomel 
e le c tro d e  <SCS) un less  o therw ise  s ta te d . The redox p o te n t ia l  o f the  
so lu t io n  was m ain ta ined  to  w ith in  2mV o f  the  s e t- p o in t  by th e  a d d itio n  
o f  3 p o t c en t hydrogen pe roxide , th e  amount o f  th e  a d d itio n  being  
c o n tro l le d  by a Radiometer PHH84/TTT80 t i t r a c e r  system . The pH o f  the 
so lu t io n , which was measure.! w ith  a glass-Ag/AgCl e le c tro d e , was 
m a in ta ined  to  w ith  0 .1  u n i ts  in  the  pH range 1 to  1 .3  by th e  a d d itio n  
o f  500 g I ' 1 oii e i th e r  su lp h u r ic  a c id  fo r  f e r r i c  su lp h a te  leach ing , 
or hy d ro ch lo ric  a c id  fo r  f e r r i c  c h lo rid e  le ac h in g . The pH was 
c o n tro l le d  by a s im ila r  system to  th a t  used fo r  c o n tro l o f  th e  redox 
p o te n t ia l .  A P h i l l ip s  125 V UV lamp was used to  i r r a d i a t e  th e  leach ing  
v e s se l .

The s ta n d ard  cond itions used in  th e  In v e s t ig a tio n  o f  the  e f f e c t  o f  Cha 
Iro n  im purity  on th e  r a te  o f  leach ing  were as fo llow s. The leach ing  
so lu t io n  c o n s is te d  o f  an aqueous so lu t io n  o f  0 ,2  M PeOlg, 0 ,3  M HGl, 
0,005 M FoC12, 2 M Kafll. The s tandard  tem pera ture  was 65*0. A high  
c o n ce n tra tio n  o f  c h lo rid e  was chosen to  p reven t th e  form ation  o f  a 
f ilm  o f  in so lu b le  load  su lp h a te  on th e  surfaoti o f  th e  concentra tes 
w ith  a h igh  galena  con ten t (Crundwoll, 1985). The s tandard  c onditions 
in  th e  In v e s t ig a tio n  o f  the  a f f e c t  o f  th e  c o n ce n tra tio n s  o f  f e r r i c  and 
fe r ro u s  su lpha te  on the  r a t e  o f  d is so lu tio n  were as fo llow s. The
leach ing  so lu t io n  c o n s is te d  o f  an aqueous so lu t io n  o f  0 .1  H HgSO^,
and 0 ,5  M FogtSO^)^, The s tandard  tem perature was 78*0. D eionized 
w ater and a n a ly t ic a l  grade reag en ts  were used in  bo th  su lpha te  and 
c h lo rid e  so lu t io n s .

Oneo tlio i n i t i a l  cond itions had s ta b i l i z e d ,  1 .5  g o f  c o ncen tra te  was 
ra p id ly  added to  0 .75 dm  ̂ o f  so lu t io n  in  the  experim ents in  which 
ch lo rid e  s o lu t io n s  wore used, and 3 g o f  co n cen tra te  was added to  1 . ,
dm3 o f  le ac h in g  so lu t io n  in  th e  experim ents in  which su’ phato



s o lu t io n s  ware used, A low s o l id - to - l i q u id  r a t i o  was chosen so th a t  
th e  a d d itio n  o f  hydrogen peroxide and a c id  du ring  th e  r e a c tio n  would 
no t change th e  t o t a l  volume o f  the  so lu t io n  to  a s ig n i f ic a n t  e x ten t,

Samples were taken  during  the  r e a c tio n  w ith  a 15 ml sy rin g e , and f i l ­
te re d  im m ediately under p ressu re . The c o n ce n tra tio n  o f  z in c  in  s o l ­
u tio n  was determ ined by a tom ic -absorp tion  spectrophotom etry , and the  
a d d itio n  o f  hydrogen peroxide was m onitored as a. check on th e  z inc  
c o n ce n tra tio n  in  s o lu t io n . D irec t o x id a tio n  o f  th e  s p h a le r i te  by 
hydrogen perox ide  was assumed to  b e  minimal due to  the  low 
s o l id - l i q u id  r a t i o ,  and th e  ra p id  ox id a tio n  re a c t io n  w ith  th e  F e (II )  
In  s o lu t io n .

s p h a le r i te  anirrolan

Fresh and leached  samples o f  s p h a le r ite  ware in v e s tig a te d  u sing  scan­
n ing o lee tron -o iero soope  (SBH) and e lec tron-m icroprobo  techniques. 
Photographs 1 to  18 a re  photographs taken  o f  the  samples u sing  the  
scanning olootron-m ioroscope and Photographs 19 to  21 a re  photographs 
taken  o f  po lish ed  se c tio n s  o f  th a  ss a p le s  u sing  a b a c k -sc a tte r  
e le c tro n  Image technique.

Photographs 1 to  4  a re  SEM photographs o f  th e  W ard's sample. The f re sh  
sample (Photograph 1) i s  c lea n  and a n g u la r, Photograph 2 shows the 
Hard' s  sample a f t e r  i t  has been leached  in  the  f e r r i c  c h lo ride  
s o lu t io n . The angular and c ry s t a l l i n e  d e p o s it on th e  su rfa ce  i s  the 
su lphur th a t  i s  produced, and which has been p h y s ic a l ly  removed in  
Photograph 3 by u ltr a so n ic  v ib ra t io n . Photograph A i s  an onlargonwnc 
o f  th e  uncleaned m a te r ia l o f  Photograph 2, in d ic a t in g  th e  angular 
su lphu r d e p o s it. The form ation o f  h i l lo c k s  on the  su rfa ce  o£ the 
s p h a le r i te  p a r t i c le  can bo seen  in  Photographs 2 to  4 ; however, some 
o f  th e  faces do n o t d isp lay  th is  h i l l o c k  form ation , suggesting  th a t  
p r e f e r e n t ia l  d is so lu t io n  cakes plnoo on soao o f  the  c ry s ta llo g ra p h lc







Photographs 5 Co 6 asa  SBH phocographo o f  tho soap 'd  o f  Oamsberg 
a p h a la r i to .  Photograph 5 i s  a  photograph o f  tho  f ro sh  sample showing 
th a t  th e se  a re  numerous s s a i lo r  p o r t ie le o , which a rc  about 2 (j»  end 
leoa  in  a l s o ,  th a t  adhere to  tho  su rfa ce  o f  tho  la rg e r  p a r t i c le s ,  
which a re  about 40 to  50 pm in  s iz e .  The la y e r  o f  su lphu r on a 
w ell-loaohod  p a rtia l®  i s  shown l a  Photograph 6. T h is  la y e r  o f  sulphur 
i s  porous and tho lonching so lu t io n  has aoeoss to  th o  su rfa ce  through 
numerous ovovieos in  tho la y e r .  Photograph 7 shows tho  loachod and 
oloonod Gamsborg sp h a lo r ito .  The form ation  o f  h i l l o c k s  i s  a lso  p rese n t 
on tho  p a r t i a l l y  loachod sp h a lo r ito  p a r t i c l e s .  Photograph 8 in d ic a te s  
th a t  tho  porous la y e r  o f  su lphu r th a t  forms in  f e r r i c  c h lo rid e  le ac h ­
in g  i s  s im ila r  to  th a t  which forma in  f e r r i c  su lp h a te  leach ing  (Photo­
graph 6 ).

Photographs 9 and 10 a re  SEH photographs o f  tho  samples o f  Zlncor 
s p h a le r i te . Again, tho photograph o f  the  loachod sim ple in d ic a te s  
evidence f o r  tho  form ation  o f  su lphu r p roduct, i . th e  fo rm ation of 
h il lo c k s  on one fooo, and o f  p r e f e r e n t ia l  d i s s o lu t io n , i n  th a t  one 
fac e  has n o t boon a ttacked .

Photographs 11 to  15 a te  SEH photographs o f  tho  samples o f  tho  Black 
Mountain s p h a le r i te .  The f ro sh  sample i s  coveted  w ith  sm all p a r t i c le s  
which adhere to  tho su rface  o f  th e  la rg e r  p a r t i c l e s ,  Photographs 12 
ond 13 compare tho products o f  f e r r i c  su lpha te  and f e r r i c  ch lo ride  
leach ing  - tho sample th a t  was loachod in  a f e r r i c  su lpha te  so lu t io n  
has n o t loachod w e l l,  ainoo tho  su rfa ce  i s  n o t covered by the 
c h a r a c te r is t ic  la y e r  o f  su lphur, w hile  the  sample th a t  was leeched  in  
a f e r r i c  c h lo rid e  so lu t io n  I s  com pletely covered by a la y e r  of 
su lp h u r. Photograph 14 la  a  photograph o f  a  sample th a t  has leashed  in  
o f o r r lo  c h lo rid e  so lu t io n  and tho  product la y e r  has boon been removed 
by u l tr a s o n ic  v ib ra t io n , Thin photograph shows the  fa m ilia r  form ation 
o f  h i l l o c k s , and an ad jacen t su rfa ce  th a t  has n o t boon a ttacked . 
Photograph 15 i s  a  oloao-up o f  a cleaned  (by u l tr a s o n ic  v ib ra t io n )
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sample o f  the  Black Mountain s p h a le r ite  Chat has been leached  In a 
f e r r i c  su lp h a te  s o lu t io n . The tr ia n g u la r  h i l lo c k s  are  c le a r ly  v is ib le ,

Photographs IS to  19 a re  SEM photographs o f  th e  Rosh Pinah sample, The 
f re sh , unleached sample i s  covered w ith  sm a lle r  p a r t i c le s  which adhere 
to  the  su rfa ce  o f  the  la rg e r  p a r t i c le s .  Photographs 17 and 18 compare 
th e  p roducts o f  leach ing  in  f e r r i c  su lpha te  and f e r r :c c h lo ride  
s o lu t io n s , and as w ith  the  sample from Black Mountain, th e  s p h a le r ite  
th a t  has been sub jec ted  to  a f e r r i c  su lpha te  so lu t io n  i s  e s s e n t ia l ly  
u n a ttacked , w hile  th a t  th a t  has been sub jec ted  to  a  f e r r i c  c h lo ride  
s o lu t io n  h as re a c te d  K e l l,  s ince  i t  i s  covered by a la y e r  o£ sulphur,

A number o f  photographs c le a r ly  show the  form ation  o f  h illo c k s  on one 
o f  th e  fa c e s , in d ic a t iv e  o f  d isso lu tio n  on th a t  fac e , and no h illo c k s  
on ano ther face  o f  the  same p a r t i c le ,  Tha d is so lu tio n  o f  group III-V  
sem iconductors has been s tu d ied , and the  d if fe re n c e s  in  th e  r e a c t iv ­
i t i e s  o f  th e  d i f f e r e n t  c ry s ta llo g ra p h ic  p lanes has been repo rted . 
Gatoe (1960) rep o rte d  th a t  the  (100) and (110) p lanes o f a semi­
conductor w ith  th e  z inc  blende (sp h a le r ite )  s t r u c tu re  a re  more 
re a c t iv e  than  the  (111) face .

In  th e  (111) d ire c tio n , th e  planes a re  a l te r n a te ly  occupied by atoms 
o f  group I I I  o r  group V elements ( fo r  the  III -V  sem iconductors). Ihe 
atoms o f  one o f  th e  la y e rs  in  the  (111) d ire c tio n  are  t r i p ly  bonded to  
th e  l a t t i c e ,  w hile  the  atoms imm ediately below th is  a re  s in g ly  bonded 
to  th e  l a t t i c e ,  The (111) su rface  must n e c e s sa r ily  te rm inate  w ith the 
atoms th a t  a re  t r i p ly  bonded to  the  su rfa ce . Ihe  outerm ost la y e r  o f 
the  (100) su rfa ce s  are  doubly bonded to  th e  su rfa ce , and a re  th e re fo re  
more e a s i l y  d isso lved  than  than  th e  (111) su rfa ce s . The (110) surfaces 
c o n s is t  o f  atoms o f  bo th  types, and a re  doubly bonded to  the  in te r io r ,  
s in g ly  bonded to  ano ther su rface  atom, and th e re  i s  one dangling bond. 
For Ge, in  which th e re  is  no d if fe ren c e  between th e  c o n s titu e n t atoms, 
the  r e a c t iv i ty  inc reases in  the  o rder (111) < (110) < (100) (Gatos,





I t  i s  q u ite  p o ss ib le  th a t  the  (111) plane  o f  s p h a le r i te  i s  ouch le s s  
r e a c t iv e  than  th e  o the r su rfaces and th a t  sm all h illo c k s  form on the 
su rfa ce s  o f  the  o th e r  pianos. I t  i s  more d i f f i c u l t  to  ex p la in  the 
shape o f  the  h i l lo c k s , shown c le a r ly  in  Photograph 15, In  th is  photo­
graph, one o f  th e  su rfaces I s  covered w ith  t r ia n g u la r  h i l l o c k s , which 
a re  probably tho r e s u l ts  o f th e  mergence o f  p i t s ,  w hile  th e  o the r 
su rfa ce  i s  c le a r ly  being  a ttack ed  in  s te p s  from th e  same d ir e c t io n  os 
the  su rfa ce  covered in  h i l lo c k s . This i s  c le a r  evidence th a t  one of 
th e  su rfa ce s  i s  le s s  r e a c tiv e  than  th a t  o f  th e  o th e rs ,  and th is  i s  
most l ik e ly  to  be the  (111) su rfa ce .

Previous study  o f  the  diuso lu ttion  o f  the  sp h a le r i te  c o ncen tra te  from 
tho  Black Mountain showed th a t  p a s s iv a tio n  occurred  in  f e r r i c  su lphate  
so lu t io n s , and th a t  th e  c o ncen tra te  would n o t d isso lv e  beyond a  con­
v e rs io n  o f  about SO p o t can t (Crundwoll, 1985), In v e s t ig a tio n  o f  the 
le ec h in g  c h a r a c te r is t ic s  o f  the  sp h a le r i te  c o ncen tra te s  from a lack  
Mountain and Roeh Pinch in  f e r r i c  su lpha te  so lu t io n s  showed th a t  bo th  
th e se  m a te r ia ls  d isp layed  re f ra c to ry  behaviour, w hile  they  d isso lved  
com pletely in  f e r r i c  c h lo ride  so lu t io n s . The r e s u l t s  o f  the  Inves­
t ig a t io n  c a r r ie d  ou t to  determ ine tho cause o f  tho  p a ss iv a tio n  of 
these  samples a re  repo rted  in  s e c tio n  6 .5 .3  below, For th i s  reason  the  
a f f e c t  o f  the  iro n  con ten t o f  the  s p h a le r i te  on the  r a te  of 
d is so lu t io n  was in v e s tig a te d  in  a s tro n g  c h lo rid e  so lu t io n .

Figures 4 .2 , 4 ,3 ,  and 4 .4  i l l u s t r a t e  tho e f f e c t  o f  the  iro n  con ten t o f 
the  s p h a le r i te  on tho r a te  o f  d is s o lu tio n  fo r  th roe  d if f e r e n t  
tem pera tures, As expected, the  Black Mountain and tho Rosh Plnah 
sp h a le r i te s  d isso lv e  w ell in  tho f e r r i c  c h lo rid e  so lu t io n s . Expert-
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mones wore conducted Co doeormi.no eho o££ooes o f  UV ra d ia tio n , and 
Choao ro a u lts  are  dieeuosod in  Chapter 5 . The raw da ta  am  given in  
Appendix 8.

Tho r e s u l ts  roporeod In  Tablo 4 .3  In d ica te  thnc the eenoonttrato from 
Goaeborg i s  vary w all lib e ra te d , and Is  alm ost oa n in o ra lo g ien lly  pure 
as eho rauoouffl grade a phalo rite  from Ward's S c ie n t if ic  Sstabllobisont. 
I t  In a lso  a vailab le  in  au ffic io n c  quan tie loa , wharons eho Ward's
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aemplo voa sonrco . Tho h igh  iro n  con ten t o f  the  Oomsborg aaitplo raaano 
th a t  i t  r e a c ts  a l e t  qu icker than  tho  W ard's sample, which 
con sid era b ly  ro iucos  tho d u ra tio n  e f  th e  experim ent, Thus, i t  was 
decided  to  use  the  Onmsborg sample in  tho in v e s tig a tio n  o£ tho e f f e c t  
o f  tho conce n tra tio n s o f  ox idan t a rd  roduetan t on leach ing  of 
sp h a le r i te .

F igu res 4 .5  to  4 .8  i l l u s t r a t e  tho  e f f e c t  o f  on in c re ases  in  the 
fe r ro u s  io n  concen tra tion , in  the  f e r r i c  io n  conce n tra tio n . In  the  
e in c  ion  c oncen tra tion  end in  the  tem perature on th e  U tiching of 
Qoasborg s p h a le r ite  in  f o r r ie  su lpha te  so lu t io n s . Those r e s u l t s  
in d ic a te  th a t  a d d itio n  o f  fe rro u s  ions to  -ha leach ing  so lu t io n  
docroaaos th e  r a te  o f  d is so lu tio n , whereas a d d itio n  o f  f e r r i c  ions to  
th e  le ac h in g  so lu t io n  in c reases  the  r a te  o f  d is s o lu t io n . The a d d itio n  
o f  s in e  has l i t t l e  e f f e c t  on the  r a te  o f  r e a c tio n , and the  dependence 
o f  ehc rneo i s  th a t  expected fo r  a  change in  tho  so lu t io n  tem perature. 
These r e s u l t s  a re  analysed in  Chapter 5 .3 . Tho raw d a ta  a re  given in  
Appendix B.

L  5 .3_Zho re frnaeorv  brUnvlour e f  thn lonchlne  o f  Black

Figure 6 ,9  i l l u s t r a t e s  the  e x ten t o f  roccsion  f a r  a ty p ic a l run on 
So ah Finah  and Black Mountain s p h a le r ite s  in  a  f e r r i c  su lpha te  loach* 
ing  so lu t io n . In  c o n tra s t to  th e  leach ing  c h a r a c te r is t ic s  o f  tho 
m a te r ia l from Qamaborg shown in  Figures 4 .5  to  4 ,8 , bo th  those 
sp h a le r i te s  d isp lay  p a ss iv a tio n  in  th a t  n e i th e r  w il l  d isso lve  
eomplocoly. P revious in v e s tig a tio n  (C runduell, 1983) has shown th a t  
an unscreened f lo ta t io n  concentra te  from Black Mountain w i l l  no t 
d isso lv e  beyond 50 p e r cen t conversion, and th a t  the  f in a l  e x te n t of 
d is s o lu t io n  i s  p ro p o rtio n a l to  tho  su rfa ce  oron, in d ic a t in g  th a t  a 
su rfa ce  phenomenon i s  responsib le  fo r  tho p a s s iv a tio n  behaviour. 
In c rea s in g  tho  tem perature o f  re a c tio n  from 50‘ C to  90*0 inc reased  tho 
i n i t i a l  r a t a  o f  r e a c tio n , b u t the  f i n a l  e x te n t o f  r e a c tio n  only



)(m

H Pl(Hl), O.t K UjSOt, «ad 7a6e, 

in e teaaed  from 24 p a t cane Co 28 p e r t 
rtmgo -74 +53 jitn (Crundwell, 1985).

: f o r  p o rc ic le s  in  cha s iz e

The main d ifferance  between the  m a te r ia l from Oaneberg, which 
d laso lvod  beyend a eonveraion of 90 p e r c a n t, and the  m a teria l from 
Black Mountain i s  the increaaed lead  con ten t o f  tho l a t t e r .  The Corns- 
be rg  eoncanerato has 0.47 p e r cen t lead , w hile  tho Black Mountain con­
c e n tra te  has 5.4F per contt lead . The mechanism fo r p a ss iv a tio n  could 
be due to  th e  form ation o f  an in so lub le  s e a tin g  o f  ongloaieo (PbS0^> 
o r  load  j a ro a i te  |PbQ_5 (Fo,Zn)a(SO^)2 (OH)g) on the  surface  of 
tho p a r t i c le ,  The subsequent removal o f  tho sulphur produce-layer and 
ro loaching  d id  no t r e s u l t  in  fu th e r  d isso lu tio n  (Crundwell, 1985), 
im plying th a t  the  passiva ting  coating  i s  no t tho sulphur formed during 
Cha leach ,

Tho eonoontrate from Roah Pinah, which does no t have as h igh a  load 
contone as ch at from Black Mountain, a lso  d isp lay s pa ssiva tion ,



Washing o£ Che laachod p n r t ic lro  In  CSj Co taaovu eho su lphu r la y e r  
bo fo ra  they  wo*o re tu rned  t*  th e  leach ing  so lu t io n  d id  n o t r e s u l t  in  
fu r th e r  d is s o lu tio n  fo r  the  So ah Pinah o p h .ilo rite .

The m itiera lo elca l on a ly ais  o f  the  th e se  oamplos o f  s p h a le r i te  a tud ied  
in  f o r r i e  sulphoco so lu t io n s  i s  p resen ted  in  Tables 4 .5  and 4 .6 , I t  
can bo soon from these  r e s u l ts  th a t  the  c oncen tra te  from Gamaberg, 
w hich dioso lvod  w  beyond a conversion  o f  90 pe r c e n t, i s  more 
lib e r a te d  than  th a t  from e i th e r  Black Mountain o r Roah Pinah.

Kuzminkh and Yakautova (1950) leachod two n a tu ra l s p h n lo r ite s  w ith 
d i f f e r e n t  m in e ra le g lc a l compoaitiona and rep o rte d  ch at Che s p h a le r ite s  
leached  a t  s im ila r  i n i t i a l  r a te s  under eq u iv ale n t c o n d itio n s , However, 
fo r  s im ila r  c o n d itio n s , an excess of 80 p e r  cen t conversion was 
ach ieved  fo r  one w hile only 33 p e r  cen t was achieved fo r  th e  o th e r. 
They proposed th a t  the  d if fe ren c e  in  th e  n in o ra lo g io a l com position was 
Cha p r in c ip le  reason  fo r  the  d if fe re n c e  in  the  f i n a l  ex ten ts  of 
r e a c tio n .

Both s p h a le r i te  concen tra te s  s tu d ied  by Kuzminkh and Yakautova (1930) 
had h igh  load  con ten ts  (about 6 ,8  p e r  cone la fld ). They rep o rte d  th a t 
th e  co n cen tra te  th a t  d isso lved  w ell was w e l l- l ib e ra te d , w hile micro- 
ocopio in v e s tig a tio n  of the concen tra te  th a t  d isp layed  passiv a tio n  
rev e a le d  th a t  th e re  ves a  c lo se  in tergrow th  o f  the  s p h a le r ite  w ith 
o th e r  su lph ide  m lnoralo. This supports th e  hypothesis th a t  th e  depos­
i t i o n  o f  a  load  su lpha te  coating  Is  the  reason  f o r  the  p a ss iv a tio n ,

Th- a f f e c t  o f  a  c h lo rid e  so lu t io n  ra th e r  than  a su lpha te  so lu t io n  as 
th e  lonohing so lu t io n  la  shown In  Figure  4,10 end 4,11 a s  a  p lo t  of 
l - ( l -X ) V 3  a g a in s t t .  This should  be a  s t r a ig h t  l in e  i f  the  sh rin k ­
in g - p a r t ic le  model i s  obeyed (Lovonspiol, 1972). The d e v ia tio n  from 
l in e a r  behaviour fo r  su lpha te  s o lu t io n s  i s  a r e s u l t  o f the  p a ss iv a tio n  
i l l u s t r a t e d  in  Figure  6 .9 , F igures 4 .10 and 4,11 (and Figures 4 .2 , 
4 .3 ,  and 4 .4 )  c le a r ly  i l l u s t r a t e  th a t  n o ith n r  eho Slack Mountain or 
th e  Resh Pinah s p h a le r ite  paosivate  in  c h lo rid e  so lu t io n s ,



Table 4 .5  M ineralogical an aly sis  o f  the  Gamsberg so h a lo r ite  before 
end a f te r  leaching in  f e r r i c  su lpha te  so lu t io n s .
(A ll va lues in  per c e n t) ,

As Received A fter Leached

S p h a le ri te  - 
l ib e r a te d

14.6

Spaherite  - 
locked  to  su lphides

0.1

S p h a le ri te  - 
locked  to  gangue
Chalcopyrite
Galena

p y rrh o tite
Gangue
Sp h a le rite  and 
sulphur

«!.«

Sulphur products

T able 4 ,6  M ineralogioal compositions of the  concentra tes from Black 
Mountain and Rosh Pinah before and a f te r  leach ing  in  
f e r r i c  su lphate  so lu tions.
( a l l  values in  per c e n t) ,

Black Mountain Rosh Pinah

Received Leached Received Leeched

S p h a le ri te  - 8S.5 88.2 90.4 88,8
l ib e ra te d

S p h a le ri te  -
looked to  sulphides
S p h a le ri te  -
looked to  gangue
C halcopyrite Trace 0.2
Galena
P y r ite  and

p y r to h tlte
Gangue 0 ,1 0,1





X-ray d if f r a c t i o n  shoved minor peaks rep rese n tin g  a n g le s i te  (PbSO^) 
and ja r o s i t e  (K(Fq)3(SO/1) 2<OH) g) foe  the  leached  Black Mountain 
and Rcsh Pinah s p h a le r ite s ,  (These X-ray p a t te rn s  a re  shown in  
Appendix A). Pb, 2n and trac e  amounts o f  Ag can be  inco rpo ra ted  in  
th e  J a r o s i te  s tru c tu re  w ith  th e  form ula Pb0 i5 (F epZn)3(SO4) 2 (OH)(; 
; Cu can be inco rpo ra ted  in  a beaverito -p lu m b o jaro site  s o l id  so lu t io n . 
These peaks were n o t observed f o r  tha  leeched  m a te r ia l th a t  disp layed  
no p a s s iv a tio n . Chemlcally-pr&cipitfltted ja r o s i t e s  a re  o ften  
in a u ff ie if in d y  c ry s ta l l in e  fo r r e l i a b le  Id e n ti f ic a t io n  by X-ray 
d i f f r a c t i o n ,  and a  degree o f  u n c e r ta in ty  i s  p rese n t. However, the 
form ation  o f  a n g le s i te  and ja r o s i t e  would n o t oocur in  ch lo ride  
s o lu t io n s , and th e i r  presence  i s  c o n s is te n t w ith  th e  p a ss iv a tio n  
observed.

A nalysis o f  th e  p a r t i c le s  using  e le c tro n  m icroprobe and scanning 
e leoc ron -a icro scopo  w ith  energy -d ispersive  (SEH-EDX) techniques d id  
n o t r e v e a l a la y e r  o f  m a te r ia l th a t  covered the  leached  p a r t i c le s .  
The su rfa ce  o f  th e  Black Mountain sp h a le r i te  was covered w ith  numerous 
sm all (< 2 fun) PbSO^ p a r t i c le s ,  and sulphur p roduct. Photographs 19 
to  20 a re  e le c tro n  b a c k -sc a tte r  images o f  th e  p a r t i c le s  o f Black 
Mountain sp h a le r i te ,  and show th e  e x te n t o f  th e  fo rm ation o f  the 
PbSOi, d e p o s it. Photograph 19 shows th a t  PbSO^ p a rtiu i.es  a re  found 
around the  e n t ir e  circum ference o f  the  p a r t i c le  and n o t in  a lim ite d  
l o c a l i ty .  Photograph 20 i l l u s t r a t e s  th e  form ation o f  a PbSO^ de p o sit 
a t  th e  su rfa ce  o f  a  galena in c lu s io n , and Photograph 21 again  shows 
th e  e x te n t o f  th e  PbS04 form ation . Although these  p a r t i c le s  o f  PbSO^ 
wevo observed, a  complete coating  o f  PbSO^ o r  any o th e r  le a d  s a l t  was 
n o t d e tec ted . The la y e r  o f  in so lu b le  m a te r ia l th a t  i s  needed to  
p reven t d is so lu t io n  i s  th a t  needed to  in h ib i t  e le c tro n  tr a n s fe r ,  and 
i s  p robably o f  the  o rder o f  1 na (B iggie , 1973). A la y e r  of th is  
dimension i s  too  small to  bo d e tec ted  on the  s c a le  rep rese n te d  h e ro .

The Rush Finch m a te r ia l was va ry  s im ila r  co ch at o f  Black Mountain, 
excep t th a t  i t  u id  n o t d isp lay  as many PbS0& p a r t i c le s  on the
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su rfa c e . Removal o f  PbSO^ by washing th e  leached  m a te r ia l In  
ammonium a c o ta te  be fo re  re tu rn in g  to  the  leach ing  so lu t io n  d id  no t 
r e s u l t  in  a d d itio n a l d is so lu tio n , in d ic a t in g  th a t  ttho form ation  of 
le a d  io r o s l t e  i s  probably ro sponsib le  fo r  th e  r e f ra c to ry  behaviour. 
However, ex tensive  in v e s tig a tio n  o f  the  p a r t i c le s  using  
eleetron-m ioroprobe and SB1-EDX a n a ly s is  d id  n o t d e te c t such a 
co atin g ,



I n  t h i s  chaptoe the  oxporimontel r e s u l t s  fo r  the  o x id a tiv e  and 
non-exidoeivo te a e tio n a  aro  analyzed to  determ ine th e  k in e tic  
param eters, and a  model fo r  those  two d is so lu tio n  re a c tio n s  i s  
developed from th e  charge-ertinsfor theory  diseusaod  In  Chapter 3,

The experim ental r e s u l ts  fo r th e  ox .d a tiv e  re a c tio n  which wore 
p rese n te d  in  Chapter 4 a re  analyzed in  terms o f  th e  sh r in k in g -p a re ic le  
model, from which a r a te  c o n stan t, k , ,  i s  ob ta ined . This r a te  
c o n s tan t i s  used to  determ ine the  a c tiv a tio n  energy, the  order of 
r e a c tio n  w ith r e sp e c t to  th e  c oncen tra tion  o f  iro n  in  the  sine  
su lph ide  l a t t i c e , and th e  order o f  r e a c tio n  w ith  re sp e c t to  the 
c once n tra tio n s o f  r e a c ta n ts  and products , A modal based on tito titaory 
p rese n te d  in  s e c tio n  3 .3 ,2  i s  de rived , and i s  shown to  be c o n s is te n t 
w ith  th e  k in e t ic s  o f  ox ida tive  d is so lu tio n  o f  s p h a le r ite ,

Tho raw d a ta  o f  Verbaon (1977) I s  analyzed mere thoroughly to  d e te r ­
mine th e  k in e t ic  param eters »£ tho nen -ex idn tivo  re a c tio n . A 
o h a v g e-tran sfer model, based  on th e  theory  p rese n te d  in  se c tio n  3 .3 .1 , 
i s  d e riv e d , and i s  shown to  be c o n s is te n t w ith  th e  kino t i e s  of 
non -ox idative  d is so lu tio n  o f  s p h a le r ite  and o th e r  II-V I  aomi- 
conductors.

Tho auoeeos o f  semiconductor e lec trochem istry  theory  in  the  
fo rm u la tion  o f  a q u a n tita tiv e  model to  ex p la in  tho e f f e c t  o f  tho 
con ce n tra tio n  o f  iro n  in  the  s in e  su lph ide  l a t t i c e  on tho r a te  o f 
d is so lu tio n  o f  sp h a le r i te ,  suggests th a t  tho  l i t e r a t u r e  o f  o th e r  metal 
su lph ides bo examined in  term s o f  th is  th eo ry . This i s  done in  tho 
f i n a l  se c tio n  o f  th is  c hap te r, where i t  i s  s t r e s s e d  th a t  tho



e le c tro n ic  s tru c tu re  of m ineral su lph ides p lays an im portan t ro le  in  
th e i r  d is so lu t io n  behaviour.

5 .1  Shrinking-pflrfriole  modal f o r  th e  a n a ly s is  o f  experim ental 
r e s u l t s

The d is s o lu tio n  o f  s p h a le r ite  occurs by a  su r fa c e - re la te d  phenomenon, 
i . e . , an un reacted-oore  modal a p p lie s . The d is so lu tio n  o f  a p a r t i c le  
f o r  which th is  model a p p lie s , occurs in  the  follow ing  s tep s:

( i )  d if fu s io n  o f  r e a c ta n ts  and products through a l iq u id  film  
surrounding th e  p a r t i c le  - c a lle d  f ilm - la y e r  d if fu s io n ;

( i i )  d if fu s io n  o f  re a c ta n ts  and products through th e  p roduct 
la y e r s , such as the  su lphur la y e r  on the  p a r t i c le  su rfa ce  - 
c a l le d  p ro d u ct-la y er d if fu s io n ;

( i l l )  re a c tio n  a t  tho su rface ,

There i s  general agreement in  the l i t e r a t u r e  th a t  the  r e a c tio n  a t  tho 
s u rfa ce  c o n tro ls  the  r a te  o f  d is so lu tio n  in  th e  i n i t i a l  s ta g es  of 
le ac h in g . In  th is  cose, the  r a te  o f  d is so lu tio n  of sp h a le r ite  
p a r t i c le s  o f  th e  same s iz e  f r a c t io n  i s  given  by

where mgnS *a t '10 amount o f  leachoblo m a te r ia l rem aining in  the  
unraacttod co re , tes la  the  r a te  c o n stan t, A i s  th e  su rface  a re a , and 
f(C 0X) i s  a  function  o f  the  r a a e ta n t conce n tra tio n , Cox. 
Assuming th a t  tho shape o f  the  p a r t i c le s  can be approxim ated by 
sp h e r ic a l geometry, than

— ”  “  J’ZnS —  -  - kg 6irr2 f(C 0X)



where #>2rig I s  th e  molar de n sity  o f  the  s p h a le r i te .  In te g ra tio n  gives

C -  — ------  ( r .  - r )  3,3
fcs f{C0X)

whore r a la  th e  i n i t i a l  p a r t i c le  s iz e . Since the  conversion , X, 
l a  g iv e n  by

W' "
the  a h r ln k ln g -p a rt ic lo  model i s  given by

t V  -  1 - (1 - X )V3 5,5

k j  -  les f (0 olt>/flZnSr o 5.6

The so lu t io n  o f  th e  sh rtn k in g -p o r tic lo  model fo r  cubic  or.' 
sh o rt-o y U n d e r geom etries givos th e  same e quation  as equation  5 ,5 . The 
p a r t i c le s  leached  In  t h i s  study a re  a  random d is t r ib u t io n  o f  shapes 
whose s iz e  can bo c h a rac te r ise d  by the  geom etric mean of th e  upper and 
lower sc re en  s iz e s .  I t  is  reasonable  to  assume th a t  the  leach ing  
r e a c tio n  i s  described  by the  s h r in k ln g -p a r tlc le  model i f  chemical 
r e a c tio n  i s  th e  r a te -c o n tro llin g  s top .

The sh rin k in g  • p a r t ic le  model has boon shown to  apply to  the  
d is s o lu t io n  o f  s p h a le r ite  by se v e ra l au tho rs  (Vorbaan and Ctundwoll, 
19861 J in  and Warren, 1985; D utrizao and MacDonald, 1978), who 
damans tra c e d  th a t  the  p lo t  o f  1-(1-X )V 3 a g a in s t t  was l in e a r  fo r 
cho ir  d a ta . Figure 1 .1  shows the  va lues o f  kt  from those  p lo ts  fo r 
d i f f e r e n t  ox idan t concen tra tions and d i f f e r e n t  p a r t i c le  s iz e s .  I f  
the  va lues o f  kyT@ had boon p lo t te d  ra th e r  than  kg, th e  th ree



Typical rouulCn c a lla c ta d  in  Chls s tu d y  and p rese n te d  in  F igu res 5 ,1 ,
5 .2 ,  and 5 .3  os p lo ts  o f  1»(1-X)V3 a g a in s t tt, i l l u s t r a t e  th e  e ffe c t  
o f  the  i ro n  co n ten t o f  the  d i f f e r e n t  sp h a le r i te  c o ncen tra te s  on the 
r a te  o f  d is so lu tio n . The diagrams show th a t  the  r e a c tio n  follow s 
l in e a r  k in e t ic s  in  the i n i t i a l  s ta g e  o f  re a c tio n , w hile d if fu s io n  
through th e  product la y e r  in  im portant in  th e  l a t t e r  a tago . The value  
o f  kg I s  o b ta ined  from the  slope  o f  the  l in e a r  se c tio n  o f  these  
d iagram s. In  o rder to  e lim ina te  the  e f f e c t  o f  the  d if fe re n c e  in  the  
s iz e  o f  th e  p a r t i c le s ,  va lues o f  ker 0 a re  compared. Those values 
a re  given  in  T able 5 .1 .

The e f f e c t  o f  tem perature on th e  r a te  o f  d is s o lu tio n  o f  th e  fiv e  
s p h a le r i te  concen tra te s  i s  ihown in  Figure 5 .6  as an A rrhenius p lo t .  
The a c t iv a t io n  energ ies  evalua ted  from th is  diagram a re  given in  Table
5 .2 . No dependence o f  the  a c tiv a tio n  energy on the  iro n  con ten t is  
apparen t.

Figure  5 .5  i l l u s t r a t e s  the  e f f e c t  o f  th e  iro n  con ten t o f  the  
s p h a le r i te  concen tra te s  on the  r a te  o f  d is so lu tio n  a t  th ree  d if fe re n t  
tem pera tu res . Those r e s u l t s  confirm  the  l in e a r  inc rease  o f  th e  r a te  
o f  d is s o lu tio n  w ith  the  inc rease  in  the  iro n  co n ten t repo rted  by Fiao 
and Toaawa (1985), even though they  used oxygon as the  ox idan t a t  
ISQ'C, The usa o f  a d if f e r e n t  ox idan t does n o t a f f e c t  the  dependence 
o f  the  r a te  on th e  iro n  con ten t o f  the  s p h a le r ite .



Pium 1,1 A pl«e eanitcelne ch« ihtlnktng piccloU model f«t the 
dliioluelon ef iphnletlce aeneencr«M« In fetrle ohlntlSe lolueteni 
vieh 0.2 K FeClj, 0,) H IIC1, 0,00!H FeOtg, 1 K Ha«, 6SeC,

Mpite S.l A (ilec Qontirolns the olitlnklns palliate Bedel fee the 
ilUeetatten et ephalettco aeneeaiMMi In letrle ehladde lelueloni 
vZtii 8,1 H M l,, 4,3 * Ml, 6,MJK M !,. $ H *61, M0C,



Hfure 1,1 A flee Kiniflreing tho alietnking pateiele aedel tec the 
ditielutloB eC ipheleclte eeneentMtee In latrU ghlatUe eetuelon* 
ulth 0.1 H fiClj, 0,3 H IICl, O.MSH flClg, 2 H RiCl, :0*5.

Pl6«e S.4 AcrhMUe plee tot the dtaeeluelen et the apluUriti 
oenaantraeea vlth 0.8 K FaOt3, 0,1 m IICl, 0,001 K Fealg, 1 H SaCl



Table 5 .1  Values o f  eho constan ts k ,  from th e  sh rin k in g -p a rtio lo  
analyaiL. *£ cho leach ing  r e s u l ts .

Sample T S,-i

Hards 48.8 45 4.06 x 10"& 1.98 x IQ '8
1,28 K 10-3 6.25 x IQ-8
3.09 x 10"3 1.9 x lO " 7
1.06 x 10'3 7.29 x 10-8
3.38 x 10-3
7.4 x 10 ' 5,08 x 10-7
S .31 x 1 0 '3 2,38 x 10-7

M ow tain 8.95 x 10*3 4,01 x 10-7
1,80  x 10-2 8.06 x 10-7

Rosh Pinal 3.23 x 10*4 8,68 x lO-8
4.90 x 1 0 '3 2.20 x 10-'
1.03 x 1 0 '2 4,60 x 10-7

Gamsberg 7.88 x 10-3
7.88 x ID"7

4.10 x  10*2 1.84 x 1U"6

ta b le  5 .2  A ctivation  energies fo r tho loaeh ing  of sp h a le r ite s
in  f e r r i c  ch lo ride  so lu t io n s .

Ea
kJ mel"1

W am'a 59.S
Zinoox1 5116
Blaak Mountain 31,7
Rosh Pinah 44.1
Oamahorg A3.3
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The d isso lu e lo n  o f  th e  s p h a le r ite  from Black Kcuntaln i s  c o n s is te n tly  
lower than  tha?  expected from th e  s t r a ig h t  l in e  v a r ia t io n  in  iro n  con­
te n t ,  and th is ,  to g e th er w ith  i t s  s ig n i f ic a n t ly  lower a c tiv a tio n  
energy, suggests th a t  o the r su lph ides p re se n t as in c lu s io n s  in  the 
sp h a le r i te  ga lv an io o lly  p ro te c t  th a  sp h a le r i te ,  o r  th a t  a  p ro tec tiv e  
co atin g  develops on the  p a r t i c le  su rface , This i s  most n o tic ea b le  a t 
h ig h e r tem pera tures.

The in tro d u c tio n  o f  d if f e re n t  ox id iz ing  agen ts i s  i l l u s t r a t e d  in  
Figure  5.6 and th e  e f f e c t  o f  UV i r r a d ia t io n  i s  shown in  Figures 5,7 
end 5 .8 , The energy b a r r ie r  between th* d-band o f  the  iro n  im purity  
o r  th e  valence  band i s  sm aller fo r  e e r ie  io .i than  fo r  f e r r i c  ion  (see 
Figure .1.4), and th e  r a te  o f  re a c tio n  i s  d ram a tic a lly  inc reased  by the 
use o f  e e r ie  ion  as the  ox idant. An oxidan t w ith  a  V* lower than  the 
iro n  couple may n o t be ab le  to  produce f lu c tu a tio n s  in  energy th a t 
have s ig n i f ic a n t  overlap w ith  the  valance band o r  th e  im purity  band, 
and e lecd ron  tr a n s fe r  w il l  be slow, o r  w i l l  n o t take  p lace  a t  a l l .  
T his i s  the  ease  when stann ic  c h lo ride  i s  used as th e  ox idant, and 
v i r t u a l ly  no d is so lu tio n  occurs.

The ra d ia t io n  of a ssa p le  undergoing anodic d is so lu tio n  r e s u l ts  in  
enhanced r a te s  o f leach ing , a lthough th is  i s  n o t as pronounced as was 
rep o rte d  by Exner ac a l  (1969), shown in  Figure  1 .3 , Tbeso r e s u l ts  
confirm  th e  importance of semiconductor and o the r s o l id - s t a te  con­
s id e ra tio n s  in  the  d is so lu tio n  of iro n -co n ta in in g  sp h a le r ite s .

e»al m d e l to  the

In  semiconductors w ith  wide band gaps (Kgap > 1 eV), ox ida tion  
occurs as a r e s u l t  o f  the  in je c t io n  o f  ho les in to  the  valence band a t 
tha  su rfa ce  (M orrison, 1978); ox ida tion  by su rface  ho les w i l l  occur 
w ith 100 per cen t c o rro sion  e ff ic ie n c y , Hovovet, Figure 3.4 shows th a t 
the  in je c t io n  o f  ho les  in to  the  narrow d -o rb lea l band is



Oamsbcrg wltiioui UV light 
OmilMri with UV light 
Ward's without VV iigJu



e n e rg e tic a lly  more favourable than  In to  th e  valence  band o f  zinc 
su lp h id e . Large numbers o f  these  Holes can e x is t  a t  th e  surface , 
r e s u l t in g  in  a  narrow spaoe-oharge reg io n . I f  the spaoe-charge reg ion  
i s  s u f f i c ie n t ly  narrow (« 2 ran), quantum tu n n e llin g  can occur between 
th e  su rfa ce  d - o rb i ta l  and the  valence  band. The c ap ture  o f  two ho les 
by the  valence  band a t  the  su rface  w il l  r e s u l t  in  th e  ox ida tion  of 
S^‘ a s so c ia te d  w ith the  valence band to  S and th e  concomitant
re le a s e  o f  z inc  a sso cia te d  w ith the  conduction band in to  so lu t io n  as
Zn^+(aq) (W illiam s, 1960; Koch, 1975), The e le c tr o n ! i  processes 
occu rring  during  the  d isso lu tio n  o f  sp h a le r i te  are

ZnS + 2h+ v Zn2+ + S 5.7

ox red  + U+ 5.6

where h+ re p re se n ts  a h o le  in  the  valence band, ox an oxidan t in  e o l­
a t io n , and red  a reduced species in  so lu tio n .

The p resence  o f  an iro n  d - o rb i ta l  w ith in  the  band gap has two con­
sequences fo r  e le c tro n  t r a n s fe r  between the  s o l id  and the  e le c tro ly te  I 
i t  p re se n ts  a  narrow lo c a lize d  band w ith  which th e  t r a n s fe r  of 
e le c tro n s  i s  e n e rg e tic a lly  more favourab le  than  i t  i s  w ith  the  valence 
band, and i t  'p i n s ' the  Fermi le v e l a t  a  le v e l  w ith in  th e  d -o rb i ta l  
band (J e l l in o k , 1972; Bard e t  a l ,  1980)

The rac e  o f  e le c tro n  tr a n s fe r  from th e  semiconductor to  the  so lu t io n  
i s  given  by equation  3.2b;

-  qz J™ v(B)D10(E)£(E-EaG)D0X(E) dE 3.2b

The f i r s t  consequence o f  the  iro n  im purity  i s  th a t  e le c tro n  tr a n s fe r  
occurs between a narrow d -o rb i ta l  band w ith in  th e  semiconductor band 
gap and the  so lu t io n . This means th a t  the  d e n s ity  o f  s ta v es  f o r  the  
c a r r i e r s  in  th e  so lid , Ds e (E)f(E-Eso) , resembles a D irac-deltta



fu n c tio n  o f  d e n s ity  cen tred  on the  energy of Che band wieh a  magnitude 
o f  Hd (Kohl and H ale, 1966), The tran sm ission  c o e f f ic ie n t  i/(E) a lso  
has th e  foem o f  a D irac-dolca  function , Dox I s  the  d e n s ity  of s ta te s  
o f  th e  ax ldnnt and la  defined  as D0X(E) -  C0XW0X(E ), where 
U68(E) la  the  p ro b a b il ity  th a t  the  energy le v e l  o f  the  ox id an t In  
so lu t io n  w i l l  bo a t  E, aa given by th e  f lu c tu a tin g  e n ergy -leve l model 
(see  s e c tio n  3 ,3 .2 )  and Cox i s  the  c oncen tra tion  o f  th e  ox idan t In  
so lu t io n , T herefore, e quation  3,24 becomes

Thla I n te g ra l can b e " evalua ted  i f  d ie  approxim ation i s  made th a t 
W0X<B) i s  co n stan t over th e  energy reg ion  o f  t r a n s fe r  ( th e  assump­
t io n  o f  G erischer, 1960 a ) .  I t  i s  normally argued th a t  e le c tro n  
t r a n s fe r  w il l  only occur w ith  one o f  the  bands, and, in  most cases, 
overlapp ing  o f  th e  s ta te s  i s  lim ite d  to  a r a th e r  sm all energy range, 
l . e , , charge t r a n s fe r  w i l l  occur w ith in  1 Iff o f  the  edge o f  tha 
conduction band or va lence  band. I f  t h i s  i s  the  case , i t  is  
reasonab le  to  rep la ce  th e  in te g r a l  by su b s t i tu t in g  -  1 kT and E -  
Eog o r  Eyg fo r  a conduction-band o r  va lenw -bond mechanism, I f  
E* denotes the  energy a t  which charge t r a n s fe r  occurs a t  the  (Zn,Pe)S 
su rfa ce , i . e . ,  the  energy o f  the  d - o rb i to l  band, then

Wqx(E*) i s  given by equation  3,19, and su b s t i tu t io n  in to  equation  
5.11 gives

where B* i s  the  energy le v e l o f  the  d-bnnd.

j °  -  qz(kT/4jrX)4



An e quation  o f  s im ila r  form has boon d e rived  by Mohl and Halo <1966)
f o r  th e  in te r a c t io n  o f  an in su la to r  oloettrodo, which has a narrow
va lence  band, w ith  an o le e tre ly to . The Mohl and Hale (1966) form ula­
t io n  o f  th e  problem i s  as fo llow s. Since th e  valence  band o f  an
in s u la to r  I s  narrow , the  transm ission  c o e f f ic ie n t  and th e  d e n s itie s  o f
s t a te s  eon bo tr e a te d  as D irao -d o lta  fu n c tio n s ; th e re fo re ,

J® -  q w  N1 C»%* 5,13

Whore Hi i s  th e  c a r r i e r  d e n s ity  of the  va lence  band a t  th e  in su la to r  
su rfa ce  when th e  c u rren t de n sity  i s  j® A cra'^ , Cex* i s  the  con­
c e n tra t io n  o f  th e  acooptor molecules in  th e  t r a n s i t io n  s ta t e ,  and v is  
a c o n s tan t con ta in ing  the  transm ission  c o e f f ic ie n t  (taken  as u n i ty ) , 
the  Faraday c o n stan t, and the  frequency o f  v ib ra t io n  o f  the  a c tiv a te d  
complex. Assuming th a t  06X* i s  given by a  Boltzmann-type oxpres-

Cex* -  Cox oxp(-AG*/kT) 5.14

whore Cox i s  the  accep to r (oxidant) c o n ce n tra tio n  in  i t s  equ ilib rium  
s o lv a tio n  c o n fig u ra tio n , and 60* i s  the  energy o f  a c tiv a tio n  o f  the 
s o lv a tio n  atmosphere. The a c tiv a tio n  energy 60* i s ,  according to  
th e o rie s  o f  non-equilibrium  e le c t r o s ta t ic  p o la r i s a t io n  o f  d ie le c tr ic s  
(Marcus, 1964), a  pa rabo lic  function  o f  the e x c ita tio n  energy
(M orrison, 1980, p36 ), and i s  given by

60* -  (Box-B*)2/AX 5.15

whore Box i s  the  energy le v e l o f  the  accep to r (ox idan t) s t a t e , and 1 
i s  th e  r eo rg an isa tio n  energy. S u b s titu t in g  equations 5.14 and 5.15 
in to  5,13 gives

J® -  qsi/N jC^ QXp(-(E0X-S*)2/41kT]
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(Oewiaehor, 1970) then

R0X • E?odox -  X • UT ln(Crod/Cox)

j e -  qs<kT/4irX)*,IIdCoxo xp[-(A -m n(C tod/Cox)+W ) 2/*AkT)

The assum ptions o£ Marcus (1964) and Lavish (1970), l . e , , X »  qi?y 
and X »  UTln(Ctod/Gox) , ore a p p lied , and the  c ro ss  term s in  qr?H 
and kT ln (0r 6d/Cex) can be neg lec ted . The r e s u l t in g  equation 
d e sc rib e s the  reduc tion  of Fo2+ a t  tho s p h a le r ite  su rfa ce , i . e . ,

the  number o f  p o in t de fe c ts  (Simkevieh and Wagner, 1960), This i s  a 
r e s u l t  o f  th e  l in e a r  inornaso In  th e  u n i t  c e l l  dim ension w ith  an in ­
crease  in  the  iro n  conten t fo r  the  im purity  ranges considered  here 
(see  equation  2 .1 ) ,  Looker and DeBruyn (1969) rep o rte d  on enhanced 
r a te  o f  non-oxidative  d isso lu tio n  w ith  an in c re ase  in  the  iro n  
c o n te n t, confirm ing th a t  tho anodic c u rren t i s  a lso  dependent on the 
iro n  c o n ten t. T herefore, fo r an e le c tro n - tr a n s fe r  r e a c tio n  o f  the  form 
o f  e quation  3.16 b.

Since th o re  i s  no, no t c u rren t , equation  3,34 a p p lie s , i . e . ,  j °  -  j a , 
equations 5,21 and equations 5,22 can be equated, and an expression 
f o r  tjj  can be ob ta ined . Then so lv ing  fo r  j a  gives

j c -  kcCoxHdoxp(-ijHq/2kT>

whore k° i s  a r a te  constan t. The anodic c u rren t i s  a lso  dependent on

J a  -  kaSdoxp(i?aq/2kT)

3° -  (ka/k a) % C * *



This i s  f i r a c  o rd e r  in  Nj, eho number o f  eeeupisd  a to te s  In  the 
d-band, i . e . , Cho oonoonearattlen o£ the  iro n  in  s u b s t i tu t io n a l  l a t t i c e  
s i t e s , and h&l£ order in  eho eonconCrction o£ the  ox idant, This equa­
tio n  i s  capable o f  describ ing  e l l  th e  experim ental r e s u l ts  repo rted  
in  the  l i t e r a t u r e  (Pino and lezowa, 1985; J in  and Warren, 1965) and 
those  r e s u l t s  a re  confirmed by th e  r e s u l t s  p resen ted  in  Figure 5 ,5 . 
For a  p a r t i c u la r  sp h a le r i te ,  the  dependence o f  the  r a te  on the ox idan t 
con ce n tra tio n  from equation  5.23 i s  the  saae  as th a t  described  by Cho 
m ixed -po ten tia l model. Indeed,

From she energy -leve l model o f  semiconductor e lee trodo-proaossos 
(M orrison, 1978), i t  i s  expected than th e  d is so lu tio n  r a te  would be 
enhanced by tho in tro d u c tio n  o f  a  s tro n g e r ox id is in g  agent, i . e . ,  a 
h ighe r Eox, o r  by u l t r a v io le t  r a d ia tio n  ( ra d ia t io n  o f  band-gap 
energy), which would orea to  f re e  e lec tro n s  in  tho conduction band and 
ho les  in  tho valence  band. That th is  does o c c u r 'i s  shown in  Figures 
5 .6 , 5 ,7  and 5 .8 .

Exner tit  a l  (1969) in v e s tig a te d  tho o if e o t o f  UV ra d ia t io n  on the 
d is so lu t io n  r a te  o f  bo th  n a tu ra l and sy n th e tic  s in e  sulph ide  c ry s ta ls  
(F igure  1 .3 ) ,  and found th a t  tho r a te  o f  d is so lu tio n  f o r  sy n th e tic  
doped c ry s ta ls  was d rn ira tic a l ly  inc reased , suggesting  th a t  n-ttype 
doping predominated. A sm a lle r  e f f e c t  was repo rted  fo r  pure n a tu ra l 
c r y s t a l s .  Those r e s u l ts  confirm  the  importance o f  the  e lec tro n ic  
s tru c tu re  o f  tho so lid .

Tho r e s u l t s  o f  J i n  and Warren (1985) show th a t  th e re  i s  a change in  
tho re a c tio n  ordoif, from h a l f  o rder to  zero  o rder r.t h igh  ox idant con­
c e n tra t io n , J i n  and Warren (1,985) and Van SandwijU and Koopmano 
(1986) proposed models fo r which they assumed th a t  the  ox idan t i s  ad­
sorbed onto tho su rface  a t  an ion ic  su r fa c o -s ite s  (su lphu r s i t e s ) , and 
described  th is  in  terms o f  the  Lonynuir iso therm . TUoaa au thors 
a t t r ib u te d  tho change in  re a c tio n  order shown in  Figure 1.1 to  tho



I:.

onse t o f  oompleto oovotago o f  the  su rface  by tho adsorbed ox idan t.

The modal p resen ted  In th is  th e s is  i s  in  c o n tra s t to  the  adsorp tion  
models p rev io u s ly  proposed. Metal ions in  aqueous so lu t io n  a re  s o l ­
va ted , th e  s ig n ific an c e  o f  which i s  th a t  such ions a re  seldom adsorbed 
a t  Che inne r Helmholtz plane  (IMP). Solvated  io n s , such as P e ^ '( a q ) , 
a re  e le c t r o s ta t ic a l ly  adsorbed a t  the  o u te r  Helmholtz plane  (and on 
o u te r-sphero  e le c tro n - tr a n s fe r  re a c tio n  o c c u rs ) , This i s  no t id e n tic a l  
to  ad so rp tio n  a t  a  s p e c if ic  s i t e ,  which i s  a requirem ent fo r  the  
a p p lic a tio n  o f  the  Langmuir isotherm .

The change in  re a c tio n  order th a t  tho above au tho rs  a ttem pted to  des­
c rib e  suggests th a t  the  anodic d is so lu tio n  c u rre n t (oquafcion 5,22) 
reaches a  l im itin g  value  because o f  a m ig ra tio n -lim ited  supply of 
so lid -p h ase  charge c a r r i e r s  to  the  su rfa ce , The l im itin g  c u rren t is  
c o n s tan t fo r  any change in  the  app lied  p o te n t ia l  o r  in  tho ox idan t 
c o n ce n tra tio n . Such lim itin g  c u rren ts  a re  a fundamental aspoet o f  the 
anodic behaviour o f  n-type  sem iconductors, and th is  p roposal i s  con­
s i s t e n t  w ith  the  c h a ra e tu r is tic s  o f semiconductor e lec trochem istry  and 
th e  model rep resen ted  by the  equations 5.21 , 5.22 and 5.23,

3 .2 ,3  Summary

I t  has been shown in  th is  se c tio n  th a t  th e  s o l id - s t a te  p ro p e r tie s  o f 
tho sp h a lo r lto  d ir e c t ly  in fluence  tho ratto o f  d is so lu tio n . The ra te  
r e a c tio n  has boon shown to  be  a l in e a r  fu n c tio n  o f  th e  c oncentra tion
o f  i ro n  in  tho zinc  sulph ide  l a t t i c e ,  The r a te  o f  re a c tio n  i s  a lso
inc reased  by ir r a d ia t in g  the  leach ing  so lu t io n  w ith  UV l ig h t ,  and the  
r a te  i s  in fluenced  by tho use  o f  d i f f e r e n t  ox idan ts , The semiconductor 
model described  in  Chapter 3 has boon ap p lied  to  the  s i tu a t io n  in
which th e  e le c tro n  t r a n s fe r  occurs w ith  a narrow bond w ith in  tho  band
gap o f  the  s p h a le r ite ,  and i t  has boon shown th a t  th i s  model is  
c o n s is te n t w ith  the  d isso lu tio n  k in e tic s  p resen ted  in  th i s  se c tio n , 
and w ith  those  presen ted  in  the  l i t e r a t u r e ,



This model j u s t i f i e s  tthe use  o f  cho w ixed-po 'ianti..' model choc has 
p rev io u s ly  bean used to  ex p la in  the  k in e t ic s  o f d i.S b jlu tlon  ( J in  and 
Mart on, 1985; Vorbann and Crunduell, 1966). 7v the  nex t s e c tio n  oi. the  
c h ap te r, U ils modal i s  oxtendad to  account fo r  tthe anodic ox ida tion  i.K 
P a (II )  which oould bo in  com petition w ith  th e  anodic d iu sa lu e io n  
r e a c tio n  fo r  th e  consumption o f  h o le s .

M icroscopic examination revealed  th a t  the Camaberg m a te r ia l was su r ­
rounded by a rim  o f  f ra c tu re d  m a te r ia l. This m a te r ia l d isso lved  
ra p id ly , r e s u l t in g  in  the  i n i t i a l  conversion shown in  Figures 5 .9  and

The va lue  o f  in  equation  5.5 was determ ined by l in e a r  reg ress ion  
on th e  p o in ts  up ti> 30 m inutes. The d e v ia tio n  from re a c tio n  con tro l 
i s  apparen t a t  h ighe r conversions, os a r e ju l e  of the  su lphur th a t  
forms on the  p a r t i c le  su rfaco . As th is  la y e r  in c reases  in  th ickness, 
the  oupply o f  r e a c ta n ts  arid the  removal o f  p roducts through the  lay er 
becomes l im itin g , and shrink ing -co re  kino t i c  <i a re  ap p lica b le  in  those 
reg io n s . U nfortunate ly , a^tnmpts to  model the  e n t ir e  r e a c tio n  curve 
using  m ixod-roaction k in e t ic s  and f i t t i n g  the  r e a c tio n  and d if fu s io n  
param eters voro unsuccessfu l. The inc o rp o ra tio n  o f  c poro-bloekage 
mechanism, which ia  analogous to  c a ta ly s t  d e a c tiv a t io n  (Lovonspiol, 
1972), d id  no t improve the  modal.

F igures 5 .9  and 5,10 i l l u s t r a t e  tho  c f f o c t  o f  an inc rease  in  the 
fe rro u s  and f e r r i c  concen tra tions, re sp e c t iv e ly .

I f  tho modal rep resen ted  by equation  1,12 io  c o rre c t,  then  o i l  d is -
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so lu t io n  a t  the  same redox p o te n tia l and tem perature w il l  hav» the 
same r a t e  o£ re a c tio n . Figure 5,11 i l l u s t r a t e s  th ree  r e a c tio n s  a t  575 
mS and a t  d i f f e r e n t  conoBTitratlons of F e ( l l )  and Pb( I I I )  „ and s'hows 
c le a r ly  t h i t  th i s  model does no t adequately describe  the  oecharism of 
re a c tio n . F igures 5 .9  to  5.11 i l l u s t r a t e  th a t ,  a t  h igh  conversions,
d if fu s io n  through the product la y e rs  becomes th e  r a te -c o n tro l l in g

Figure  5,14 i l l u s t r a t e s  th a t  th e re  i s  no change in  the  i n i t i a l  r a te  o f 
d is so lu t io n  when zinc  su lpha te  i s  added to  the  1 vM .ng so lu t io n .

f ig u re  5.13 i l l u s t r a t e s  the  e f f e c t  o f  ttemperattt • r a te  o f  ..
t io n , An A rrhenius p lo t  o f  the  re a c tio n  : i. tiane, i
p rese n te d  in  Figure 5.14, An a c tiv a tio n  st ■ '  i *tf a< >r
ob ta ined , -which agrees favourably w ith  tV.«; -ibe.i "• b-, ..h it-
re se a rch e rs  ( J in  and Warren, 1985; Verbaan, 1980).

The e f f e c t  o f th e  add itio n  o f  zinc  su lpha te  t j  the I s a t . ' a - . i L l t . r .  
was in v e s tig a te d . The r a te  constan t, kr , was unaf.Vgciad by g - .-j so m - 
e n ta tio n s  o f  0 .05 and 0.01 M. This r e s u l t  i s  oonslav.er.c me}, p revious 
ly  pub lished  r e s u l ts  (Duf.rizac and MacDonald, 1974; Vlsdi'vovth, 1972),

The presence  o f  d isso lved  iro n  in  so lu t io n  c o n trib u tes  t 
by th e  redox couple

Fe3* • -  p*2+ + h*

which exchanges ho les  w ith the  iron -im purity  band w ith in  tho  band gap 
(see  s e c tio n  5 .2 .2 ) .  That a n a ly s is  was n o t concerned w ith  Che e ffe c t  
o f  th e  cap tu re  o f  ho les from the  d -o rb ie a l band, i . e . ,  Fez+ + h.+ -» 
Fe3"1", which would bo in  oenp o titio n  w ith  th e  anodic d isso lu tio n
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re a c t io n  fo r  th e  ovnsumptien of h o le s . The equations derived  in  th a t 
s e c tio n  from f i r s t  p r in c ip le s  gave a f ix ed  va lue  o f  0 ,5  fo r  the 
c h a rg e - tra n s fe r  c o e f f ic ie n t .  I n  t h i s  chapter t h i s  a n a ly s is  w i l l  he 
f u r th e r  extended to  allow  fo r a  com petitive re a c tio n , and fo r a 
t r a n s fe r  c o e f f ic ie n t  th a t  de v ia te s  from th e  expected va lue  o f  0 .5 ,

The a n a ly s is  o f  se c tio n  5 .2 .2  has c le a r ly  shown c h a t, s ince  th e  Fermi 
le v e l  i s  pinned, any changes o f  the  p o te n t ia l  a t  the  su rface  would 
occur ac ro ss  th e  Helmholtz la y e r .  Reactions th a t  a re  lim ite d  by e le c ­
tro n  tr a n s fe r  acro ss  the  Holmholtz la y e r  a re  q u a l i ta t iv e ly  described  
by equations of the  same form as the  Butler-Volmer equation , i . e . ,  
e quation  3.13 , which r e la te s  the  c u rren t d e n s ity , j ,  to  th e  p o te n tia l 
acro ss  th e  Holmholtz la y e r , . In  the anodic p o te n t ia l  reg ion , the 
anodic d is so lu tio n  c u rren t given by equation  5.22

which can be expressed in  the  more fa m ilia r  Butler-Volm er form an

whore <* la  the  oha rge -tran sfo r c o e f f ic ie n t which i s  expected to  be 
c lo se  to  the  0 ,5  value  given by aquation  5 .22 , F i s  Faraday 's
c o n s tan t , and ka i s  now the  r a te  co n stan t f o r  a n a rc lau ln r
s p h a le r i te ,  R i s  the  u n iv e rsa l gas c o n stan t, and T i s  the  tem perature,
The fa c to r  F/R i s  equal to  th e  f a c to r  q /k  in  oquation  5.22.

The n e t  anodic c u rren t de n sity  con trib u ted  by the  f e r ro u s -fe r r ic
couple i s  given by the  Butler-Volmer expression

j a -  kaN6exp<t|Hq/2kT)

j *  -  kaexp(od#HF/RT)

JFo ~ %(Fe*+]exp(opeAdHF/RT) -

kpB1Fo3+]expI - ( 1.a Po)adaF/R I1

The con ce n tra tio n  o f  ox idan t and reduc tan t in  equation  5 .26 , and



th e re fo re  in  th e  fo llow ing equations 5.28 to  5.30 can rep rese n t any, 
o r  o i l  o f  th e  io n ic  species  p rese n t in  so lu t io n , Since no no t c u rren t 
flows du ring  th e  d is so lu tio n  o f  a p a r t i c le ,  equation  3.34 app lies  
<ja -  j c ) , and the  fo llow ing  exp ression  i s  obta ined:

0 -  j a  + I *  5.27

0 -  kaaxp(<WHP/RT) + k |e I Fe2+] exp (o^A ^F /R T )

• 4 e (Fe3+}e sp !-U -o F6) V HF/RT> 5,28

The ro le  o f  the  iro n  couple can be div ided  in to  th re e  reg ions (Micol 
e t  a l ,  1975), as follow s.

Case (1) i The p a r t i a l  anodic c u rren t due to  the  ox id a tio n  of 
Fe(XI) i s  n e g lig ib le .

j a  -  <V:a )^ (h fe tF63+)>i  5.29

a  -  ( l-a p e ) /( l-O j.9+a) and S -  o / ( l - o B6+a)

(Obviously case ( i )  i s  the  same as equation  5,23 i f  
“  “  “Fa “  0 .3  s ince  in  s e c tio n  5 ,2 .2  i t  was assumed 
th a t  the  p a r t i a l  anodic c u rren t due to  th e  ox ida tion  of 
F e (II )  i s  n e g lig ib le .)

Case (11): The p a r t i a l  anodic c u rren ts  due to  the
oxida tion  o f  F e (II )  and ZnS a re  s ig n i f ic a n t .

Case ( i l l  assumes th a t  tho a  va lues ora equal

Case ( H i ) :  Tho p a r t i a l  anodic c u rren t duo to  the  ox ida tion  of



l a  n e g lig ib le  comporad tic Chat: due Cho ox ida tion  of

j B - k a ( k | a [ F o 3 + ] A g 0 [ F o 2 + 3 >°

Case ( H I )  rep rese n ts  tthe to v e ra ib la  Fe^Vie®"1- couple used in  the  
p rev ious modal, oquaelon 1,12 (Verbaan and Crundwoll, 1966). F igures
1 ,2  and 5.11 show chat t h i s  model i s  inadequate as a  d e sc r ip tio n  o£ 
the  leach ing  c h a r a c te r is t ic s  in  f e r r i c  su lpha te  so lu tio n s  s ince  the 
r a te s  a re  n o t th e  atmc vhaiv th e  ? 63'I-/F 62+ r a t i o  i s  th e  earn  (sbe 
Figure  5 .11 ), However, th e  concen tra tion  o f  tha  ox idant in  a o lae ion  is  
dependent on th e  io n ic  e q u il ib r ia ,  and Che concen tra tions o l  the 
va rio u s  species  in  so lu t io n  were c a lc u la te d  to  In v es t ig a te  whether 
e f f e c ts  o f  :ho so lu t io n  e q u il ib r ia  a re  the  cau&a o f  th is  
'non*N ernstlan ' behaviour.

The redox p o te n t ia l ,  g iven by equation  1 .13 , i s  a measure o f  the  a c t ­
i v i t y  r a t i o  o f  the  F e ^ a q )  and Fe^Caq) ions (or any o the r redox 
couple formed by f e r r i c  and fe rro u s  su lpha te  complexes) in  a mixed 
e le c tr o ly te .  Dry (1985) was ab le  to  c a lc u la te  the  F e ^ /F e ^*  redox 
p o te n t ia l  in  the  ion ic  s tre n g th  range 0 to  4 and in  th e  tem perature 
range 22 to  90eC, by accounting fo r  th e  follow ing  complexes in  s o l ­
u tio n : FeSOj, FeHSO ’̂1", F0SO4 , FeHS0%, and HSO4 .
Dry used the  Debye-Huokel e quation , In  which the  r e a l  r a th e r  than  the 
form al io n ic  s tre n g th  war v ib s t i tu te d , to  e stim a te  the  in d iv id u a l a c t ­
iv i t y  c o e f f ic ie n ts  o f Mr ions in  so lu t io n , and used P i t z a r 's  c o rre ­
l a t i o n  ( P i tz e r  oC e l ,  '.977) to  e stim a te  the  d is so c ia tio n  o f  HSO4 

"at1 the  so lu t io n  ion ii stKengti1 He se le c te d  va lues o f  th e  s t a b i l i t y  
constan ts  a t  zero  io n ic  s tre n g th  from w.'.'Vin th e  range o f  va lues r e ­
p o rted  in  the  l i t e r a t u r e  so as to  minimize the  d if fe ren c e  between the 
moasvred and c a lc u la ted  redox p o te n t ia ls .  The va lues o f  these



consCants a re  given in  Table 1 ,3 . The uaa o f  Che Debyo-Huekol aquation 
la  J u s t i f i e d  in  th is  c a lc u la t io n  fo r io n ic  s tre n g th s  up to  0 .5  K 
(P ittzo t, 1972).

Tho num erical procedure dooolbod by I  and Honcellaa (1972) uaa used in  
the  p rese n t study  in  conjunction  w ith  D ry 's s t a b i l i t y  co n stan t da ta  
f o r  tho  c a lc u la t io n  o f  tho co ncen tra tions o f  th e  iro n  su lphate  
sp e c ie s . The eoraputor program used i s  given  in  Appendix C, Figure 
A. 15 I s  p la t  o f  the  measured and c a lc u la te d  redox p o te n t ia ls  using 
th is  m m ric o l, procedure . The measured p o te n t ia ls  a re  taken  from Dry 
(1965) and have been oorrftcted by him fo r  th e  Ju n c tio n  p o te n t ia l ,  This 
f ig u re  in d ic a te s  th a t  th is  i s  an accu ra te  c a lc u la t io n  o f  the  redox 
p o te n t i a l . .

The re;*: mean square d ev ia tion  

S(VW(l/<H-l>S<CV,lo l -V0!!p>/Ve}(p>2>

o f  th e  measured and c a lc u la te d  redox p o te n t ia ls  i s  le n s  tit- 
can t fo r  th e  i n i t i a l  cond itions fo r  a l l  the experiments in  th is  ai.*. 
These va lu es  a re  shown in  Table 5 .4 , Id  i s  concluded th a t  s ince  tho 
redax p o te n t ia l  i -  a cc u ra te ly  c a lc u la ted , t h i s  p rese n ts  a r e l ia b le  
procedure fo r  tho c a lc u la t io n  u f  the  a c t iv i t ie s  and c oncen tra tions c f  
tho  complexes in  so lu tio n .

FeSOj i s  the  dominant s p a d e s  in  so lu t io n  (approxim ately 85 i)  a t  the 
leach ing  con d itio n s, follow ed by FeHSof4  (10 to  15 pe r c e n t) .  Tho 
con ce n tra tio n  c f  the  f e r r i c  oquo-ion la  va ry  low, "AC d is t r ib u t io n  of 
tho  f e r r i c  upecios in  so lu t io n  i s  shown in  Figure 3 . IS.



Table 5 ,3  Iro n  s t a b i l i t y  constan ts a t  zsco to n ic  s tre n g th .

Equation S ta b i l i ty  cunstan t Reference

FQ3+4. so£*+ H^i-FoHSO^* exp(33.334.7629.9A ) Dry (1965)

Fo3* + SC*' f-  FoSO* exp(-900+39110.9/1+136,61og(T)) DrydflM)

Fe3'1'  *  Soj[* ^  FeS04 10(3 .339-337.37/T) Dry(1985)

Fo2++ sojj'-t1 H'h6-«FeHS0* exp<30.69-7290.4/T) Dry(198S)

Zn2+ + 30^' t-i ZnSO^ 102l38p x p ( l.067-318,2/T) Haumov(1980)

H* + SO^ ^ . hso; exp(-14.0321+2835.2/T) P itz o r  (1977)

FO3* 4 Cl" ^  Feci21- 101 -0096sp (6 ,35-2020.7A ) A shurst and

Fb3* 4- 201-- w  yaCl* 10°-55exp(14.6.4366.1/1)
Handeook(1978)

Fe3"1" * 3G1"' FeClj ,0-0,67

Fb2* 4- Cl" r*  FaCl+ 100.32

Fa2+ + 2Cl"' F e d , 100.35

3 0.00296
4 0.00738
5 0,00743
6 0.00607
7 0,00461
8 0,00753
9 0,00651
10 0,00442
11 0,00251
27 0.00658
28 0.00599
35 0,00753
36 0.00703
37 0.00979
30 0,00810
39 0.01117
40 0,00655
45 0.00750

694 500

472 480

568  564





s

An oxaminaeion e£ Figure 1,2 suggests th a t the  a d d itio n  o f  ferrous 
su lpha te  does no t d ir e c tly  a ffe c t the r a te  o f  leach ing , i . e . ,  the 
i ro n  oouple la  n o t re v e rs ib le  a t  ti.e  s p h a le r ite  su rface , and case ( i )  
conditions apply. I f  th is  i s  so, then the  re a c tio n  order with 
r e sp e c t ( '  the e loetrocac tive  species should bo a / ( l 'o p 0-to ), or 
c lo se  to  0 ,5  i f  o  -  arp6 -  0 .3 , i . e . ,  a  p lo t  of log  kr  a g a in s t log  
Cox, whore Cox i s  tho concentra tion  o f  the  e lec tro ao tiv e  specie s , 
tixould have a slope th a t  i s  c lose  to  0 .5 , C o rre la tio n  of tho ra te  with 
the  Foso£ coaplex d id  not y ie ld  s a tis fa c to ry  r e s u l ts  fo r t h i s  model.

However, Figure 5,17 shews 'th e  c lo se  c o rre la tio n  o f  r a ta  o f 
d isso lu tio n  o f  sp h a le r ite  w ith the  sum o f  th e  concentra tions of 
io^"*"(aq) and FoHSO$* fo r tho data  o f  Vorbaan (1980) from Figure 
1 ,2 . Figure 5.17 i s  a  p lo t  o f  th e  ease  ( i )  model assuming th a t  the  
FoSO^ complex i s  inactive  a t  tho s p h a le r ite  su rfa ce . Tho success o f 
t h i s  assumption Ind ica tes  th a t the  Fe^+(aq) and FeHS0jj+ complexes 
are  the  o leo troactivo  species a t  tho s p h a le r ite  su rfa ce . The slope  of 
the  b e s t  f i t  through those po in ts is  0 ,45. This gives a T afo l slope  of 
0.122 V.decade**, s ig n i f ic a n t ly  c lose  to  the expected value o f  0,136 
V.decade"*.

Figure 5,18 i s  a s im ila r diagram fo r a l l  th e  totporimontal re s  I t s  ob­
ta in ed  fo r tho Gamsborg sp h a le r ite  a t  76°C. Table 5 .5  gives tho 
c a lc u la ted  concentra tions fo r tho complexes fo r  the  i n i t i a l  conditions 
o f  the  experiments. The slope of Figure 3.18 la  0 .34 , which g ives a 
T afo l slope o f  0,15 V .decade'*. This is  again  c lo se  to  the  expected 
T efa l slope  o f  0.14 V,decade-* . The c lo se  c o rre la tio n  o f  those 
r e s u l ts  w ith the ease ( 1) model demons trac es  chat tho e f f e c t  o f  the  
a d d itio n  of Fo(IX) tie tho so lu tio n  i s  in d ire c t ,  in  th a t  F o(II) 
su lphate  changes the  concentra tions c f  th e  o lo e treo c tiv e  specie s  in  
tho so lu tio n , and hence a ffe c ts  the  r a te  r f  d is so lu tio n . Tho 
Fe*+/F 6*+ oeuplo is  the re fo re  irro v o re ib la  f t  the Gamsborg 
s p h a le r ite  surface . Parker a t  a l  (1981) argued a aim ilav ease  fo r 
the behaviour o f a eholcopyrito  e lec trode  in  iro n  su lphate  so lu tio n s .
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Ihe  depeodervce o f  Cha l a t e  on th e  formatl.on of p a r t i c u la r  complexes in  
s o lu t io n  i s  exp lica b le  in  term s o f  the  fa c to r s  c o n tro l lin g  the 
s o lu t io n  complexes. FaSOj i s  described  by A sburst and Hancock (197?) 
as an inne r-sphe re  complex, whereas FeSO^, FeHSO^i and FeHS04 
a re  o u te r-sp h e re  complexes (io n  p a i r s ) . Charge t r a n s fe r  to  FaSOj 
would re q u ire  the  break ing  o f  the  Fe^+ and SO^" bond in  the  inner 
c oo rd ina tion  sphere to  form th e  FeS04  ou te r-sphere  complex. 
T herefore, charge t r a n s fe r  to  FeSOj i s  re ta rd ed  due to  the  d if f e r e n t  
bonding in  the  FeSOj and FeSO& complexes, and th e  ou te r-sphe re  
couples FeHSO^VfeHSOj and Fe3+(aq)/Fe^+(aq) are  
e le c tro a c tiv e  sp ecie s .

5->3.3- -The e f f e c t  o f on the  .leaeh lne  o f

D utrizac  and MacDonald (1978) repo rted  th a t  the  a d d itio n  o f  f e r r i c  ion 
to  th e  f e r r i c  c h lo ride  leach ing  so lu t io n  has a  d i r e c t  e f f e c t  on the  
r a te  o f  d isso lu tio n  o f  sp h a le r i te .  I f  th i s  i s  the  case , then the 
Fe2+,'FeJ+ couple can be regarded as being  re v e rs ib le  a t  the 
s p h a le r i te  su rfa ce  in  c h lo ride  so lu t io n s , and the  p t / a u t ia l  d ifference  
acro ss  the  Helmholtz la y e r  is  dominated by th is  couple. A p , , . t  o f  the 
r a t e  co n stan t a g a in s t the  FeClg concen tra tion  on a logarithm ic  sca le  
fo r  th e i r  d a ta  in d ic a te s  th a t  two d i s t in c t  reg ions e x is t ,  
corresponding  to  case ( 1)  c onditions ( r a te  independent o f  [Fi>C12)> a t  
low FeClg concen tra tions (< 0 .4  H) and case  ( i i i )  c onditions a t 
h ig h e r FeClj concen tra tions (> 0 .4  H ), This aspec t o f the
d is so lu tio n  re a c tio n  i s  n o t examined in  fu r th e r  d e ta i l  in  th is  work,

D utrlzac  and MacDonald (1978) observed th a t  the  r a te  was propo rtional 
to  [F e (II I> ]0-2®. The concen tra tions of the  f e r r i c  and ferrous 
sp e cie s  in  so lu t io n  were c a lc u la ted  from s t a b i l i t y  constan ts given by 
A shurst and Hancock (1977) and B u tle r  (1964) using  the  same numerical 
procedure as th a t  fo r  su lphate  so lu t io n s . The s t a b i l i t y  constan ts



used a re  given in  Table 5 .4 , and the num erical procedure used is  
g iven in  Appendix C. The ra te  was p ro p o rt io n a l to  |PeCl2+ ]°'*2  
and FeCl^]®’^ ,  which gives an o v e ra ll  re a c tio n  order o f  0 ,36 . J in  
and Warren (1985) repo rted  th a t  the  re a c tio n  r a te  i s  p rop o rtio n al to 
[F e (I I I) ]® ’®. The rea c tio n  order o f  the  c a lc u la te d  concentra tions 
o f  bo th  the  FeCl^-1- and FeCl£ complexes was 0 .5 , T herefore, the 
charge t r a n s fe r  in  c h lo ride  so lu tio n s  i s  n o t dominated by a  p a r t ic u la r  
io n ic  species  as i t  i s  in  su lpha te  so lu t io n s .

The e f f e c t  o f  the  c h lo ride  ion  i s  tw ofold: inc re as in g  Che concen­
t r a t io n  o f  the  c h lo ride  ion  decreases the  po ten tia l, o f  the 
Fe2+/Fe^+ redox p o te n t ia l ,  and con tac t ad so rp tio n  a t  the inns.- 
Helmholtz p lane  Is o f ten  observed fo r  c h lo ride  io n s , A depandenco f .i 
C l ' Cor non-oxidative  d isso lu tio n  o f  s p h a le r ite  has been observed, 
and t h i s  i s  exp lained  in  se c tio n  5 .4  in  terms o f  the form ation of 
complexes o f  Zn^+ and C l' . Tho removal o f  z<nc l a t t i c e  ions, 
Zn$ae acrosa  Che Helmholtz double lay er may be coupled w ith 
the  complexing o f  c h lo ride  ions, according to

Znf*t  *  nC l' -» ZnCl(-'n  5,32

fo r  which equation  5.25 may be rew ritte n  as

j a  -  ka (C l"]n exp(a&#j}F/RT) 5.33

I f  n  i s  assumed to be one, and e quation  5,33 i s  combined w ith  tive iro n  
couple r e a c tio n s , then  a one -ha lf order dependence i s  ob ta ined  for 
case ( i )  and a  f i r s t - o rd e r  dependence fo r  case ( i i i ) , Case ( i i )  is  
given  by

j a -  ka [CVl(i=cFe[Fe3+! /( k a [Cl']-t.kaFalFe2*)))<l '5

which a t  constan t and low conoentations o f  F e ( I I ) ,  r e s u l ts  in  a 
o ne -ha lf  o rd a t (01"] dejendanae. Sine* Cl" i s  s p e c if ic a l ly  adsorbed 
a t  the  IHP, the  change in  re a c tio n  order w ith  O  •V’ t  was observed



by J in  and Warren (1985) is  due Co Che onseh o f  eompleCe coverage, 
Hence Cl" nay be replaced by the term [C1"]/(1+K[C1- ] ) , where K is  
th e  equilibrium  constan t fo r Cl" con tac t adsorption.

Copper in  the cuprlc form i s  u well-known a c tiv a to r  in  the  f lo ta t io n  
o f  sp h a le r ite , Copper i s  exchanged w ith zinc  l a t t i c e  ions a t  the  so lid  
su rfa ce , and the  f lo ta t io n  behaviour is  th a t  of CuS, D utrizac  and 
MacDonald (,978) repo rted  th a t the  add itio n  o f  CuClg to  th e  I 'e ( l I I )  
c h lo ride  1<aching so lu tio n  increased the  race  o f rea c tio n , and they 
accounted fo r th is  by proposing th a t e i th e r  the  CuS film  r e su l te d  in  
enhanced galvanic corrosion , o r chat Cu(IT) ions ox id ize  the 
s p h a le r ite  and the  F e ( I l I )  ions oxidize the  r e su l tin g  Cu(I) io n s . The 
o x ida tion  o f  chalc o p y tite  by CUCI2 has a lso  been proposed, whereas 
CuSOA i s  no t an oxidant fo r chalcopyrite  (P trk e r e t  a l ,  1981).

The d isso lu tio n  o f  the sp h a le r ite  concentrate used in  th is  study in  
the  presence o f  FogCSO^); and CuSO  ̂ resu l ted  in  dim inished ra te s  
of rea c tio n . This i s  i l l u s t r a te d  in  Figure 5.19, The d isso lu tio n  
k in e t ic s  are  described by the  sh r in k in g -p a r tlc le  model, and the 
re a c tio n  ra te  constan t, kg, decreased by a f a c to r  o f  3 .3  on the  add­
i t i o n  o f  0.01 M cupric ion to the 0,5 K F e (III)  leaching so lu tio n .

In  ch lo ride  so lu tions, Cu(II) can a c t  as an ox idan t, e .g . ,  in  the  ease 
o f  chalcopyrite  leaching, since  the  Cu(I) species  i s  so lub le  in  high 
c h lo ride  so lu tio n s; however, in  sulphate so lu tio n s the Cu(IX) does not 
a c t  as an oxidant because the Cu(I) species is  in so lu b le . The decrease 
in  the  r a te  o f  d isso lu tio n  on the add ition  o f  Cu(XI) su lpha te  to  the 
f e r r i c  su lphate  leach ing  so lu tion  may be due to  the form ation o f  a 
su rface  s ta te  when C u(II) i s  exchanged w ith zino  la t t i c e  ions a t  the 
su rface  in h ib i tin g  the r a te  of e lec tro n  tra n s fe r  between the  d -o rb i ta l 
band and the  oxidant in  so lu tion .
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'X: The leach ing  of chalcopytita  in  su lphate  and ch loride  so lu tions using 
d isso lved  ie o n (II I)  has been ex tensively  examined, and the  e lec tro - 
chem istry of chalcopyrite  has been w ell documented. Many resaarohers 
have proposed chat the  ox idation  products th a t  form around the core 
a re  r e s i s t iv e ,  Sulphur, p- and n-type  semiconductors, such os the 
p-type  GuS, and m etal-d e fic ie n t polysulphides have been proposed as 
h inde ring  the tran s fe r  o f ions or e lec trons a t  the in te rfa ce ,

Parker ec a l  (1981) conducted extansiv-j te s ts  to  charac tariro  the 
eloctrochem iutry  of chalcopy rite. They performed th e ir  te s t s  in  the 
teapata'vuro and p o te n tia l rar.gas app licab le  to  leaahing They Irises.



l ig a te d  th e  oEEaoe o f  using  d if fe re n t  redox coup les, and repo rted  
anodic s a tu ra t io n  c u rren ts , which are  ty p ic a l f o r  n -ty p a  eexelccn- 
due to r s ,  fo r  the  ox ida tion  o f  Fe2* in  so lu t io n . They a lso  repo rted  
th a t  th e  c h e lc o p y ri te  e lec tro d e  d isp layed  ir r e v e r s ib le  behaviour in  
f e r r i c  su lpha te  so lu t io n s .

Jones and Fetters (1976) in v e s tig a te d  the  s te a d y .s ta te  response o f  the  
ch e lc o p y rite  e lec tro d e  to  the  F e^ /F o^ *  redox couple in  both s u l ­
phate  and c h lo rid e  so lu t io n s . They rep o rte d  th a t  th e  measured mixed 
p o te n t ia l  showed a H ernstian  response to  the  inc rease  in  F e ( II I )  con­
c e n tra t io n  in  su lpha te  so lu t io n s , the slope  being  62 mV,decade"^, 
which i s  c lo se  to  the  expected 72 mV.decade"! expected from th e  
Sernstt aquation  a t  90‘C. T heir r e s u l t s  a re  shown in  Figure 5,20. 
However, they  repo rted  a noa -S arnatian  response o f  th e  e lec tro d e  to  
in c re ases  in  th e  F e (II )  concentra tion  in  su lpha te  so lu t io n s . This is  
shown in  Figure  5.21.

I f  equation  5.26 i s  solved  fo r  the  mixed p o te n t ia l ,  d#H, assuming 
case  ( 1) cond itions apply, the  follow ing  exp ression  i s  obtained]

44H -  iM /F  I n lk ^ lF c 3"*-)/#1) 5.35

5 -  1 /(1  • oF6 + a)

and a  i s  the  t r a n s fe r  c o e f fic ie n t fo r  the  anodic d isso lu tio n  of 
c h a lc o p y ri te . The slope o f  the  p lo t o f  th e  mixed p o te n t ia l  ag a in s t 
logEFo34-] f o r  case ( ! )  conditions should ho 2 .SB.T/F or 
72mV.docade*!. Figure 5.22 shows the  c lo se  c o rre la t io n  between the 
mixed p o te n t ia l  and th e  sum o f  th e  concen tra tions o f  the  Fo3*(aq) 
and FeHSÔ "1" complexes fo r the  da ta  o f  Jones and Fe to rs  (1976), The 
measured elope o f  62 mV.decade"! i s  c lose  to  the  expected slope of 
72 mV,decade"3 , and those r e s u l ts  confirm  and add emphasis to  the  
lo a th in g  r e s u l ts  fo r  Gamsborg sp h a le r ite .
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S . 3 . 6  auEMMry

I t  has been shown In  hh is soo tion  Chat one of the  Ion ia  gpooios in  
f o r r io  sulphabo so lu tio n s  ia  liuw tivo  w hile  loaahitvg s p h a l t i l to ,  7ho 
o le e tro o o tiv o  ooapioxea in  f o tr io  su lpha te  so lu t io n s  are  Fo^+(oq) 
and FoHSO^-1',  w hile ioSO| i s  inaec ive . Tho voaotlon  s a te  v<is 
shown tie ba ono -half o rder w ith  resp o e t to  cho sum o f  uho 
eenaontcn tions o f  tho o le e tro se tiv o  cemplexos. No cemploxos vevo 
found co bo inaotiivo during cho loaeh ing  o f  sp h a le r i te  in  f e r r i c  
c h lo rid e  so lu t io n s  fee  the  dcro rapo rtod  in  tho l i t e r a t u r e .  Tho saaa 
f o t r io  su lpha te  oomplox was found to  bo in a c tiv e  a t  the  chaleopyrito  
o loc trodo , a  r e s u l t  th a t  tends to  confirm  tho  r e s u l t s  ob ta ined  w ith 
o phn lo tltio . The oloceroohem icnl model de rived  in  se c tio n  5.2 has boon 
extended in  th is  se c tio n  to  give the  more fa m ilia r  m ixed-poten tial 
model, and th i s  h as  been cw b ined  v i th  tho  so lu t io n  e q u il ib r ia  to  give 
a more complete view o f  the  o x ida tive  d is so lu tio n  p rocess.

5 .4  Anolia a ttio u .o f the. ehm-Eo-ttrnnsfng thnorv o f  eho d laao luc tan  
o f  io n io  so lid s , to  the  non-oxtdntivn d ignolneton n f  jp h n lf tr tto

5 .4 .1  R a o lr le a l.e o rro la tlim  o i  tho rnea o f  non.ovldantva  
r ils so h itio n  nf_ sahn la rlt*

Tho expoeiroofitaL Y eaulte used In  th is  a n a ly s is  woro ob ta ined  by 
Vorbaan (1977), Ao was mentioned in  soo tio n  1 ,2 .3 , Vorbaan (1977) 
rep o rte d  oxtonslv> da ta  on th a  w n -o x td a tlv e  d is so lu tio n  o i sp h a lo r ito  
in  su lphu ric  aci& ta ln tio r .a . Howovor, ho only (inalysod the  i n i t i a l  
r a te  o f  r e a c tio n , •>; did  no t analyito tho  k in c tie a  o f  cho s&voiso 
re a c tio n  o r  the  o»v/aj.ishment o f  e qu ilib rium . This w il l  bo done hoee 
in  o rder to  show th a t  tho k in e tic  param eters aro  tho same as thoao 
repo rted  by Romanteiw Li.il DeBruyn (1965) and Looker and DeBruyn (1969).



The Choery prooonttod in  Choptot 3 w i l l  bo uaod co dorlvo on equation 
baaod on cho olootrochoniieul model th a t la  eonsisttonC v leh  cho 
k in o f ie s  o f  d is so lu tio n .

Iho experim ental oquipmonc and ptocoduro was doscribcd  by Vorbnon 
(1977) and suw sarU od novo reoon tly  by Crundwoll and Vorboan <1987). 
Vorbaan (1977) looohod four aoaplos o f  sp h a le r i te s :  a  n a tu ra l  pure 
sample, ob ta ined  from Ward's S c ie n t if ic  E stab lishm ent, a  sy n th e tic  
p roduct (B.D.H.) and two n a tu ra l impure s p h a le r ite  ow neontrates of 
South A frican  o r ig in , which are  designated  ZCR (Z ineer) end PR 
(Prioska) re a p o e tiv a l/ .  (Iho designations a re  those  o f  V crbaan 's; 
they  a re  used in  th is  study to  f a c i l i t a t e  reference  w ith  th a t  work.) 
S ize  red u c tio n  was e ffec te d  by b a l l  o r v ib ra to ry  m il lin g , and the 
n a tu ra l  sp h a le r i te s  wore p re tro a ted  in  a d i lu te  su lphu ric  acid  
so lu t io n  to  remove any p o ss ib le  oxide la y e rs  or f lo ta t io n  rea g en ts .

The i n i t i a l  ro te  o f  re a c tio n  a t  e  s t i r r e r  speed of 400 rov.m in- * was 
0,047 mmol a ‘2min‘i  (296 K, I K  H2S0ft) fo r  the  B.D.H, s p h a le r ite  
and th e  i n i t i a l  r a te  a t  s t i r r e r  speeds o f  700 and 1000 rov.iain** was 
0,062 nmol m '2iain*1 . The i n i t i a l  r a te s  f o r  th e  n a tu ra l samples 
had a s im ila r  dopondoneo on the  s t i r r e r  speed. On the  b a s is  o f  th is  
o bse rva tion  Vorbaan used a s t i i r r e r  speed o f  1000 rev.m in -1 in  a l l  
subsequent experiments so as to  avoid the  reg ion  in  which f ilm -la y e r 
d if fu s io n  i s  the  c o n tro l lin g  mechanism.

T ypical r e s u l t s  eollootteU by Vorbaan (1977) e ra  p resen ted  In  Figure
5 .25 , which i l l u s t r a t e s  ih a t an in c rease  in  tem perature has a la rge  
e f f e c t  on th e  r a te  o f  d is so lu tio n . A ll f ig u res  i l l u s t r a t i n g  the in ­
c rease  o f  p ressu re  w ith voe.-.tion time rep rese n t iho continuous ch art 
r eco rde r ou tp u t, and the  po in ts  on these  f ig u res  r e p re se n t tim es a t  
which so lu t io n  samples ware taken.

I f  i t  i s  assumed th a t  cho d isso lu tio n  i s  c o n tro l le d  by a surface  
r e a c tio n  in  which elu ac id  ia  the  r e a c ta n t ,  th en , follow?t\5 Rewmkiw 
and DeQruyn (1965), tfiti ro te  o f  d is so lu tio n , r ,  i s  given em p irica lly
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th e  number o f  melon o£ s o l id  dlosoVviid vaa caleulaC cd from tho 
maaourod K^S p a r t i a l  p teanuto ffom

n .  p(l!2S) V1(1/Kb + Vg/RTV^) 5,37

where Kq -  pOlgSi/IHgSlgq, Vg la  tho  gaa volume nnd i s  tho 
l iq u id  volume and T lo  tho ccraporature. to o  d e riv a tio n  o f  equation  
5.37 , p rosontod eloowhere (Romonklv nnd uqBruyn, 1965) asflumes th a t  
Che (HgSlgq lo  in  o q u llib riu a  u l th  th e  p(HgS) (Henry's law) and 
th a t  HgS bohavos l ik e  an Id e a l gao (lew p ressu re , 298-343 K ), Tho 
I n i t i a l  r a te  vac determined by

-10■dni v , rdP(H2s ) i 
- I  -  -  W V » V l l

Tho d e riv a tiv e  to ra  (dp(ll2S ) /d t ) e van dotormlned g rap h ic a l ly  from 
tho eharc-reeo rdo r tr a c e s  o f  tho HgS p ressu re  nnd by a n o n -lin e ar 
reg ress io n  teehnlquo using  numerous polncs front the  HgS presouro 
d a ta  by Vorbaon (1977). Tho n o n -lin e ar rogroosion  technique was 
s im ila r  to  th a t  uaod by Romanklw and DoSruyn (1965). The I n i t i a l  r a te  
was then  c a lc u la te d  using  equation  5,36. The d isso lu tio n  o f  Fe and 
Cu components in  tho PR and 2CR samples would lead  to  evo lu tion  of 
HjS no t a tt r ib u ta b le  to  ZnS, and th e re fo re  a minor d e v ia tio n  from 
equation  5,36,

Tho o ffo o t o f  the ao id  c oncen tra tion  vas determined from a p lo t  o f  tho 
I n i t i a l  r a te  o f  re a c tio n  os a function  o f  tho iljSO^ concen tra tion , 
This grrph f o r  th  Ward'a and B.D.H. s p h a le r ite s  lo  shown in  Figure
5 .26 , from which 16 i s  ooncludod th a t  th e  r a te  i s  f i r s t  o rder with 
re sp e c t to  the  HjSU^ nonoontrntlon, This was a lso  found to  bo true  
fo r  tho  ZCR and PR sp h a le r ite s .



H8S 0 4 (m o 1 /  1)

i, log  r 0 , ag a in s t 1/T ,

Figures 5.28 and 5,29 show the e ffe o t o f  pCHjS), 
the  r a te  o l d isso lu tio n , where AptHgS) i s  the  Inc h2s







Etoni Che slope o f  p lo ts  lik e  Figure 5.26, The c o e ffic ie n ts  
determined from the  logarithm  of equation 5.39 and th e  use

the  values fo r the  c a lc u la t io n  o f  the  a c tiv a tio n  energy fc

i  a re  c onsis ten t w ith previous r e s u l ts  (Locker and DeEtuyn,1969) 
determined foe both these c o e f fic ie n ts . The a c tiv a tio n  energies

This ta b le  a lso  gives the  ca lc u la ted  va lues of th e  f

The e f f e c t  o f  small add itions o f  Fe (III)
sp h a le r ite s  is  shown in  Figure 5.30 and 5.31

disso lv ing  semiconductor, such iign ifican tt

reg ion  w ith in  the  so lid . Locker and DcBruyn (1969) proposed chat



T able 5,7 D eterm ination o f  f) end 7  c o e ffic ie n ts

[H2S04]t, [Znz+J6 P(H2S)0

BDH 2S6K 0.9912 0.00872 12.03

0.00791

0,5 0,00685

2.0 0.0174
log  |H+] .'  • ° - 08 +0.41 log(Zn2+:| + 0.60 logp(t,z . ,

BDH 318K 0,9886 0.0114

1.0
1.0
io SlH+l - 0 ,14  4  0 .46 lo g i ln 2*') 4i- 0 .48 logp(H2S)

ZCR 318K 1,0

0.00872

1 .0
1.0
losU f"! - -0 .11  + 0.44 log[2n2+l + 0.67 logp(H2S)

1.0
1.0

1.0
0.5 0.00754

1.0
1.0
log[H 3 - 0 ,1 1 + 0 ..4 log[Zn2+] + 0.48 logp(H2S)
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ln ( r 0/y[Zn2+lpCH2S))

0.1667 •8.488S

O .M -7.8981

Table 3 .9  Aectvaelen enorgie a foe the  ronovai and depeaition
taaociona Equation 5 c 36) and Che eeofflotonCs fi and f

Soraple AeEivacion Energy (kJ n e l-1)
Removal D eposition fi 1

0.41 0.60
0.46 0,48
0.44 0.67

44.3 30.4 0.40 0.48



i f - ( in n ,

1S.Q 34,0 36.0 48.0
T l a «  U i O )  

rtp*M 1,11 TM >thtt »t in;m »o «" »-»-»' -pMUrlM In 
11,806 «= »1°6.



toCo a£ non-oxidntivQ diosoluUion of ZnS i s  co n tro l led  by ttho 
adso rp tion  o f  hydrogen ions onto the  surface  ratlio r than by charge 
c a r t  Lata In  th e  s o lid .  Tlvsit yiropeeal th n t changca in  CbB p o te n tia l 
appear across Che Helmholtz lay er is  confirmed by the  th e o re tic a l work 
o f  se c tio n  3 .2 .2 , in  which i t  i s  shown th a t  the  Fermi le v e l of ttho 
op h a le rito  i s  pinned by the iro n  impurity o f  the  sp h a le r ite .

The a c tiv a tio n  energies fo r ttho removal and deposition  rea c tio n s , 
given  in  Table 5 ,9 , a re  between 30 and 30 kJ mol"*, and a re  h lgho t 
than  th e a t expoeted fo r d iffuaion -eon tro llod  processes (12 • 24 kJ 
m ol"^), I t  i s  tiieeefoea more lik e ly  th a t  tiva ch ea iae l teae tle tv  is  
th e  r a t e ■co n tro l lin g  s tep .

Vormllyea (1966) and Engell (1956) derived  a chargo -transfo r model fo r 
th«. d isso lu tio n  o f  io n ie  c o lid s , they  gtoposed tU at th e  ts a n s fe r  o f 
io n ic  spooies aoross the  oloetroohanlcal p o te n tia l b a r r ie r  a t  tho 
so lid 'o e lu ttio n  phase boundary eon tro ls tho r a te  o f  d is so lu tio n . Tlia 
main fea tu res  o f  th a t theory are  as follow s: (1) The r a te s  o f  t ra n s fe r  
o f  anions and cations aro exponent1 a lly  dependent on th e  p o te n tia l 
d if fe ren c e  between the  m ineral surface and the ou te r Helmholtz plant., 
( 11) ttho tr a n s fe r  o f ca tions and anions can bo tre a te d  as independent 
proflon -or, (111) <•' stoflA- s ta te ,  the r a te s  o f t ra n s fe r  o f  ca tio n s  and 
nnrf anions aro equal, and (iv ) the r a te  equation  fo r  each process a t  
the  'f r e e ly -d is so lv in g ' p o te n tia l can be combined in  a way th a t la  
analogous to  tho m ixed-poten tial model fo r corrosion,

B iggie (1973) discussed the a pp lica tion  o f  th la  nodal to  cha non-oxl- 
da tivo  d isso lu tio n  o f  motel oxldeg, and S ico l (1983) app lied  i t  to  the 
leach ing  o f  metal su lphides, ch iefly  FoS. S co tt oe aZ (1977) in t e r ­
p re te d  the  r e s u l ts  o f tho k in e tic s  o f  d isso lu tio n  o f  uranium trlo x id o  
in  te rs e  o f  th is  theory.

According to V etter  (1967), Engell (1936) and Vexuilyoa (1966), tho 
tho d isso lu tio n  reaettlon nay bo governed by tho movement o f  glnc 
l u t t i c e  ions across the Holiitholtz plane.



and the  n o t caeo o f  removal la  given by the  Bueler-V olaor expression  
(V ector, 1967; E ngoll, 1956; Vormllyea, 1966). The removal o f  ca tions 
i s  given by equation  3.13 and th e  n e t  r a t e  o f  removal oar. b e  r e w ritte n

whore a#H i s  th e  p o te n tia l drop across th e  Helmholtz p lane , is  
th e  c a tio n  tr a n s fe r  c o e f f ic ie n t,  "k rep rese n ts  a r a te  c o n stan t, and the 
o th e r  symbols have th e i r  u sua l s ig n ific a n c e . The su b sc rip ts  '+ ' 
and l a t e r  r e f e r  to  the c a tio n  and the  anion. This i s  the  same 
equation  as equation  3.13 , owl th e  theory  o f  Vormllyea (1966) 
e f f e c t iv e ly  assumes th a t  the  Fermi le v e l o f  tho so lid  is  pinned, so 
chat tho ap p lied  p o te n t ia l  only appears acro ss  the  Helmholtz 
d oub le -laye r. For purposes o f  th is  a n a ly s is , i t  i s  assumed th a t  the 
t r a n s fe r  o f  ions across tho  Helmholtz la y e r  i s  th e  r a te  determ ining 
s te p  ( i . e .  equation  3 .12) and then  equation  3.13 i s  app lica b le .

The removal o f  sulphur l a t t i c e  ions may be follow ed by the  comploxin' 
o f  p ro tons, according to

r + -  k * (Z n ^ Jo x P<0+2+FadH/e.T) - k” (2n2+1 exp! - (1 ■ =+) t +?£4H/ m ) 3.61

f o r  which the B u tler  Volaor oxprosion (V e tte r , 1966) is



whoro a and t  a rc  eteichlomoccie eeoCEioionce, The Eeooly d lsso lv ln s  
otyatie l has a doubla-layoe poean tin l, , ac which eho no t cuto e£ 
lomoval e£ tho  c a tio n , t + , i s  equal to  the  no t r a te  o f  removal o£ the 
anion, e . .  too i n i t i a l  r a te  la  obtained by ignoring tho deposition  
rea c tio n s , and equating tho ra te s ,  Thin y ie ld s

whoro x  -  e+z+/(o+t + ■ 0 . 2 . ) .  to o  l in e a r  depondenco o f  tho 
i n i t i a l  r a te  on the  acid  concentra tion  i s  obtained by assuming th a t 
each sulphide l a t t i c e  ion rea c ts  with two protons to  form HgS, l . a . ,  
s  -  2, t  "  0, and x -  0 ,5 , which y ie ld s  a+ ~ a .  -  0 ,5 ,

Tho ra te  of eho reverse  rea c tio n , i . e . , tho deposition  rea c tio n , ia
propo rtional to  [Z n ^ l^ 'S  and to  p(HjS)®'^ (equation 5.36 and
Table 5 ,12). too reverse  rea ctio n  has a  c h a ra c te r is t ic  doublo-layor
p o te n t ia l , , a t  which th e  r a te  of too  deposition  of eho c a tio n  is
equal to  tho r a te  o f  deposition  of eho anion, too  e lectrochem ical 
expression fo r  th e  de position  rea ctio n  la  obtained by ignoring  the 
d isso lu tio n  torms in  equations 5,61 end 5,44, and equating tho ra te s  
f o r  the  c a tio n  and anion d eposition . This y ie ld s

where x -  (l*B+)2+/{ ( l- o +)z+- ( l - e _ ) t_ ) , which gives the c o rrec t 
h a l f  order dependence on [2n^+] and p(HgS) i f  -  a .  -  0 ,5 , and 
a -  2 and 6 -  0 , which a te  th e  same requirem ents fo r too forward 
rea c tio n .

The s itu a tio n  a t  equilibrium  i s  described as th a t when tho ra te  of 
removal ia  equal to  the r a te  o f deposition  fo r ba th  eho c a tio n  and



the  anion. By s e t t in g  r 4. and r .  equal to  zero  in  equation  3,61 and 
5 .44 , the  follow ing  expression  i s  obta ined:

The equ ilib rium  constan t, K, la  given  by

■ - S
lSH ^a HZa2+l

[H+] B

From a  comparison o f  equation 5,48 w ith  the equ ilib rium  co n stan t fo r 
th e  o v e ra ll  re a c tio n  (equation  1.4) and from tho arguments fo r the 
i n i t i a l  r a te  dependence on [H+] , i t  i s  ooncl,1dod th a t  a -  2. Tho 
va lues o f  the  parameters requ ired  to  p re d ic t the c o rre c t rea c tio n  
orders  a re  th e  some fo r  the  forward end reve rse  re a c tio n  and fo r tho 
equ ilib riu m  constan t. The ch a rg e - tran sfe r  theo ry  p resen ted  above is  
th e re fo re  a c o n s is te n t model fo r  tho non-oxidattive d isso lu tio n  of 
sp h a le r i te .

T herefore, equations 5,41 and 5.44 ore  the  component equations fo r  the 
r a te  equation  1.14 and equation  5 .36 . Equations 5.41 and 5.44 describe 
th e  i n i t i a l  r a te  and the  estab lishm ent o f  e qu ilib rium , th a t  i s ,  they 
a re  the  d e f in i t iv e  equations fo r  the  d isso lu tio n  curves ob ta ined  in  
t h i s  study .

The a d d itio n  o f  zinc  ions to  the  so lu t io n  in  la rg e  concen tra tions has 
th e  e f f e c t  o f  decreasing  tho i n i t i a l  r a te ,  because e qu ilib rium  i s  
e s ta b l ish e d  between the  ions in  so lu t io n  and those  a t  tho surface  
(F igure  5 .29 ). This is  v e r if ie d  by the  c a lc u la t io n  o f  tho equ ilib rium  
c o n s tan t , i . e . ,  Kap -  0,0001 < [Zn2+](H23 | a t  1 M UglO* as 
c a lc u la te d  from tho values given by S i llo u  (1963).



Small a d d itio n s  o f  fo r r io  ions have tito o f f s e t  o f  inc re as in g  the 
doublo-layor poconttinl in  an anodic d ire c tio n , which decreases the 
r u ta .  A s im ila r  e ffo cc , in  which add itio n s tic F o (I II )  to  the  so lu t io n  
decreased  the  ro to , was repo rted  by S c o tt nnd H ieol (1978). Kunioda 
o t a l  (1973) observed tbAt the  r a te  o f  non -vsida tive  d isso lu tio n  of 
ayn tho tic  ZnS was docreased in  the  presence o f  d isso lved  cxygen. 
H ieo l (1963) described  r e s u l ts  in  which the  d is so lu tio n  o f  Foti, NIS, 
and PbS ro ta t in g -d io c  o lee trodes d isp layed  a maximum in  the  curve of 
ratto ve rsu s a p p lle l  e lec tro d e  p o te n t ia l .  F igures 5 .30 and 5,31 
in d ic a te  th a t  the  F o (III)  a lso  OKidlzes tt.> product (a lso
observed in  the  curves o f  p(HgS) versus tim e), a llow ing the  r ea c tio n  
to  proceed beyond the  non-oxidative  equ ilib rium  le v e l ,  I t  was found 
th a t  th e  presence o f  a c tiv a te d  charcoal inc reased  the  le v e l  o f 
d is so lu tio n  fo r  a s im ila r  reason.

I t  was assumed i t t  the  d e riv a tio n  o f  oqu.ati.6ft 5.45 th a t  t i . j  supporting 
anion d id  n o t p a r t ic ip a te  in  the  rea c tio n . However, Kajima o t a l 
(19G1) have observed a f i r s t - o rd e r  dependence o f  the  r a te  on ch lo ride  
io n  a t  h ig h e r concen tra tions, and u ra te  th a t  la  independent o f  the 
c h lo rid e  opneentro tion  a t  low concen tra tions. Equation 5,61 i s  th e re ­
fo re  obeyed a t  lower concen tra tions and a t  h ighe r concontrat'.ons equa­
tio n  5,61 ooa be ro v r t t to n  in  a form analogous to  equation  5,64 to  
inc lude  the  e f f e c t  o f  the completing of the  c a tio n  by the  anion. 
Solving fo r  the  i n i t i a l  r a te  y ie ld s :

To o b ta in  f i r s t - o rd e r  dependence on Cl* and H*, one assumes th a t  twf 
c h lo rid e  iona roao t w ith  a s in e  ion  to  form the  ZnClj complex (n-m -  
2 , s - t  «  2 , and x -  0 ,5 ) .



This se c tio n  has shown th a t  the  non-oxi d a tiv e  d isso lu tio n  of 
sp h a le r i te  i s  more adequately described  by the  charg e - tran sfe r  
mechanism than by Che p rev ious ly  proposed a dsorp tion  models, This 
mechanism i s  described  by a Butler-Volmer e xpression  fo r  the  removal 
o f  c a tio n s  and anions from the  s o l id  l a t t i c e ,  and su c ce ss fu lly  
de sc rib e s the  order o f dependence o f  the  i n i t i a l  r a te  on the  proton 
concen tra tion  and the  supporting  anion, and the  order o f  dependence of 
the  f in a l  r a te  on the z inc  ion  c oncen tra tion  and the  p a r t i a l  pressure  
o f  hydrogen su lph ide. This model i s  derived  from the model o f  charge 
t r a n s fe r  a t  a  sem iconductor-so lu tion  phase boundary in  th e  absence of 
a redox couple,g iven  by equation  3.13,

Locker and DeBruyn (1969) found the  same k in e tic s  fo r ZnS, CdS, ZnSe 
and ZnQ.ggCdQ.igS those found in  th is  study , in d ic a t in g  th a t 
t h i s  model i s  app licab le  to  th e  non-oxidattive d isso lu tio n  of other 
group II-V I semiconducting compounds.

In  the  nex t se c tio n , th e  model o f  e le c tro n  t r a n s fe r  a t  the 
sem iconductor-so lu tion  phase boundary w il l  be app lied  to  the 
d is so lu tio n  behaviour and e lec trochem istry  o f  p y r ite  and chaloopy rite .



anodic. a laetrooheniU ttrv o f  gemlcondueflng gulnhiaa m inerals

A ttem pts have been made to  c o rre la te  th e  r a te s  o f  d isso lu tio n  w ith  the 
s o l i d - s t a te  p ro p er tie s  o f  m inerals, Fawlek (1969) p resen ted  a Cable 
th a t  l i s t e d  the  e le c t r ic a l  r e s i s t i v i t y ,  the  atomic s tru c tu re  and the 
r a te  o f  d isso lu tio n  o f  a s e r ie s  o f  m ine rals. He adm itted th a t  no c o r­
r e la t io n  could be found, and added th a t  l i t t l e  was known of the  atomic 
bonding s tru c tu re  o f  the  m ine ra ls , Delgor and Cerlach (1982) proposed 
th a t ,  s ince  th e  ox ida tion  o f  the  sulph ide  occurs as a r e s u l t  o f  the 
consumption of two h o le s , f a s t  d isso lu tio n  r a te s  can be expected when 
the  c oncen tra tion  o f  ho les i s  h igh , v iz ,  in  p -type  semiconducting min­
e ra l s  , Copper su lp h id es, as w ell as NiS, FeS and CuFejSj belong to 
th is  group, whereas s p h a le r ite  and sh a lco p y rite , which d isso lve  slow­
ly , a re  n -type  (Daiger and G erlach, li'82 ).

S p ringer (1970) s tu d ied  the  anodic and cathodic  p o la riz a tio n  curves of 
n - and p-type  p y r i te ,  n-type  galena , and n-type  c h alcopy rite , and 
found no evidence to  suggest a  ra te -dete rm in ing  Involvement o f 
e le c tro n ic  charge c a r r ie r s .  He concluded th a t  th e  conduction prop­
o r tio n  o f  m inerals do no t normally p lay  a s ig n i f ic a n t  ro le  in  the  d is ­
so lu t io n  rea c tio n s .

D espite  th e  lack  o f  unanimity in  Che l i t e r a t u r e ,  a  deeper under­
stand ing  o f  a n od ic-d isso lu tion  rea c tio n s  can be gained from a con­
s id e r a t io n  o f  Che s tru c tu re  o f  the  s o l id  and the  theory  o f  semi­
conductor e lec trochem istry  (GerJ.scher, 1970).

This se c tio n  o f  the  th e s is  ap p lie s  th e  energy -leve l model o f  semicon­
duc to r e lec trochem istry  summarized in  Chapter 3 to  the  d isso lu tio n  
k in e t ic s  o f  ore  m ine ra ls , A more d e ta ile d  d iscussion  o f  the 
dlsH olufton " f  fhe«F* nnd o the r su lph ides and the a p p lica tio n  o f  the 
f lu c tu a tin g  energy -leve l model i s  given in  Appendix D, The aim of



th is  se c tio n  i s  only Co demonseroto chat a model wkith accounts fo r  the 
e lec tro n ic  s tru c tu re  o£ the so lid  gives a more thorough understanding 
o f  the  mechanisia of d isso lu tio n .

Pyrico i s  generally  regarded as d isp lay ing  noble e lec trochem istry . I t  
has a high o p e n -c ircu lt p o te n tia l and i s  gelY snl'jally  p ro tec te d  irom 
co rro sion  when in  con tac t w ith o the r a inflr« le . Parker sc  a l (3.981) 
p resen ted  cu rren t-vo ltage  cutvae th a t Karo very s im ila r to  those  of 
platinum.

P e te rs  (1984) proposed th a t  the d ifferences in  behaviour between 
su lphides can be accounted fo r by changes in  th e  molar volume o f  the 
s o lid s  when the  motal d isso lves and so lid  sulphur forms, For example, 
p y rrh o r ite  d isso lves rap id ly , w hile p y r ite  has a slow r a te  o f  d i s ­
so lu t io n . Fetors proposed chat, since the molar volume o f  p y r ite  i s  
12 cm3 m o l'l  of contained sulphur and the so la r  volume of sulphur is  
16 cm3 mol’ *, the re  w ill be an increase  in  volume when the  p y r ite  is  
ox id ised , and the  sulphur layer w ill  p ro tec t the  p y r ite  from fu rth e r  
d isso lu tio n . Fetors d id  no t consider the d ifferences in  the s tru c tu re  
and bonding of the  m inerals in  the  form ulation o f  h is  proposal.

An im portant d ifference  between tr a n s itio n  metal d isu lp h id es, such as 
p y r ite  and molybdenite, end e th e r  po la r ssoioonductors, such as CdS, 
ZnO, and OaP, i s  th a t the valonce band i s  narrow and of non.bonding 
c h a rac te r. The 'o ne -e ieo tron1 energy band diagram is  shown in  Figure 
5.32. E lectron tra n s fe r  with tills  band (hole in je c tio n )  w il l  th e re ­
fo re  have no e f fe c t  on eho s tru c tu re  or bonding of the s o lid ,  and 
corrosion  w il l  no t occur. This fea tu re  was exp lo ited  by T ribu tsch  and 
co-workers (T ributsch, 1977| T ributsch and Bonnet, 1977; Jaegermann 
and T ribu tsch , 1983; Ennaoui a t  a l ,  1986) in  th e ir  search fo r  a
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Ptgwe 3.35 The bend diegren Cor pyrlee end molybdenite, The pytLee 
dtegvei above e einpliCled noleeuler ertlcel diegren indioeelng the 
origin of the non-bending veloneo Vend, the band, The

The idz2 bond oC HoSn la a non-bonding veloneo band,

su ita b le  m a teria l fo r the conversion of so la r  energy.

There seams l i t t l e  doubt th a t the non-bonding c harac ter o f  the  valence 
band i s  the reason fo r  the  slow d isso lu tio n  behaviour and the 
rev e rs ib le  cu rren t-vo ltage  behaviour o f  p y t i te  (and, fo r th a t  m atter, 
molybdenite which a lso  has non-bonding valence band).

The form ation of a hypo th e tic a l sulphur lay er chat i s  capable o f pre­
venting  fu rth e r  ox idation  i s  no t c o n s is te n t w ith  the  observed Tafel 
slope  o f  0,093 V .decade'* (B ieg ler and S w if t , ,19X9) and P e te rs ' (1984) 
proposal th a t  dense sulphur la y e rs  ora the season fo r the slow rate-; 
o f  ox ida tion  of p y r ite  must be re je c ted  in  favour o f  an explanation 
based on the band s tru c tu re  o f  p y r i te .

- - J
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5 .5 .2  A pp lica tion  o f  Che enem y-leve l.m eda l Co the  c o rro s io n .of 
chalcCBvrLta

Parker ae a l  (1981) conducted extensive  s tu d ies  o f  the  electrochem ­
i s t r y  o f  chn loopyrito  in  c h lo ride  so lu tio n s  in  the  tem perature range 
70 to  90 °C and the  p o te n tia l range 0 ,2  to  0 ,6  V (SCE), which is  
a p p rop ria te  fo r  oha lcopyrite  leach ing . They repo rted  th a t  the  r a te s  
o f  reduc tion  o f  ox idants were in  the  o rder

Br2 , CuCl2 , I 3 > Fe<CN)g" > FeClj > Fo2 (S04)3 , Cl2

The lo c a tio n  o f  the  bands a t  the  flattband p o te n tia l and the  redox po t­
e n t ia l s  o f  these  oxidants i s  shewn in  Figure 5 .33 . In  o rder fo r 
e le c tro n  cap ture  or ho le  in jn o tio n  to  occur, the  energy le v e l o f  the 
ox idant must overlap the  conduction-hand edge o r  the  volence-band 
edge, re sp e c t iv e ly . I t  i s  apparent from th e  diagram th a t  the  r a te  of 
ro ia c tio n  o f  CuCl2 and I 3 la  high  because the energy le v e ls  of these 
ions overlap  the  conduction-band edge, and the  r a te  o f  reduc tion  of 
Br2 i s  h igh  because the  bromine energy le v e l overlaps th e  valence-band 
edge. In  c o n tra s t, chn iro n  c h lo ride  and iro n  su lphate  energy lev els  
a re  w ell w ith in  the  - band gap, and the  r a te  o f  reduc tion  is  low. 
Fe(CH)|* i s  repo rted  by Parker a t  a l  (1981) as having a lower r a te  o f 
red u c tio n  than  I j ,  which has a  higher B®edox, butt th is  is  because they 
compared those  raves a t  d if f e r e n t  tem pera tures. The ra te  o f  reduction  
of Fe(CH)|* was determined a t  250C, w hile the  o the rs  were a l l  d e te r ­
mined a t  80°<], The le v e l o f  Cl2 i s  w ell below the  valence-band edge.

Parker e t  a l  (1981) a lso  repo rted  anodic s a tu ra tio n  c u rre n ts , which 
a re  ty p ic a l  fo r  n-type semiconductors where ti.e  supply o f  ho les is  
m ig ra tio n -lim ited , fo r the  o x ida tion  of Fe2* in  so lu t io n . S im ila r ly ,'
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Bockatead oe s i  <1976) presen ted  re su l ts  shoving ehac the  raco of d is-  
ao lu tlo n  Inerenaed w ith Po^+ and than reached a steady va lue , Ind ic ­
a tiv e  of s a tu ra tio n  c u rran ts , S a tu ra tion  cu rren ts  were nee found for 
I* o r  CuClJ by Barker oe a l  (1981), however, since the  energy levels 
o f  those Ions overlap Che conduction band edg». Prom these  arguments, 
i t  may be conelu.ted th a t the  in te ra c tio n  of

IS /I* .
CuCl2/CuCt2 and
Fe(CH)^‘/F o(C S)|- a re  conduction band processes, 

w hile Fo3+/ r o 2* end
Brg/Br" are  valencfi band processes.



Table 5.10 Comparison o f  the 
( a f te r  Parker ec

co rro sion  c u rren ts  o f  chalcopyrite. 
e l ,  1981)

Red In j e o rr  Source 
s  SCE) (inA cm"2)

Fe3+
Fe34-/Cu2+
Cu2+ Cu+ ::: 5500 Ward's 

11000 Ward' s 
250 Ward's

Nechenlsm o£ d lsso lucloa  e£ ohaloopyrlte

An ineareselng  obaervaclen o f  Parker sc  a l  (1961) ond o thers (Jenos 
and P a te ra , 1976) i s  th a t  the  add ition  o f  CuCl2 to  a  PaClj so lu tion  
r e s u l ts  in  enhanced c u rren t d e n s itie s  a t  n chalcopy rite  elootroda.

Table 5.10 p resen ts a so lae tlon  of da ta  from Parker ae a l  (1981), 
which In d ica tes  th a t the anodic d isso lu tio n  of c halcopyrite  occurs 
w ith a con trib u tio n  o f  holes in  she valonco band and e lec trons in  the 
conduction band. This is  the caso fo r  sumy semiconductors, such as 
Go, w ith a band gap of lo s s  than  1 aV (Gorischor and Hinde, 1966). 
Sinoo tho d isso lu tio n  cu rren t Set the  c o n trib u tio n  of holes from 
oxidant Fo^* is  g ran to r than fo r  the co n trib u tio n  of o lootrons to Cu** 
in  so lu tio n , i t  i s  assumed th a t  tho i n i t i a l  stop  in  the  d isso lu tio n  of 
etialcopyrite  i s  tho consumption of a  h o le . C halcopyritio  Fe^* is  
a sso cia te d  w ith  the  oonduotion band and c h a lc o p y ritio  Cu+ with the 
valance band; tho a lo ctro p o sitiv e  F o ^  w i l l  th e re fo re  ba re leased  in to  
so lu tio n , and the  Cu+ w il l  remain a f te r  tho i n i t i a l  s top , The in i t i a l  
ho le  tr a n s fe r  i s  followed by e lec tro n  tr a n s fe r ,  according to

CuFoS2 + 3h* •> Fo3+ + 'CuS2



f o l lo w e d  b y  h o l e  t r a n s f e r

•CuS2 + 2h+ -t Cu2+ + 2S 5.51

or e lec tro n  tran s fe r

•CuS2 •» Cu2+ + 2S + 2e" 5.52

The f i r s t  s tep  i l l u s t r a te s  the breaking of the  Fe-S bond and the 
second the  breaking of the  Gu-S bond. -CuSj i s  an unstab le  ra d ic a l 
in term ediate . This mechanism im plies th a t copper remains in  the 
l a t t i c e  because i t  is  a ssociated  w ith the valence band, which is  
c o n s is te n t w ith  the  observation th a t  the Fe/Cu r a t io  in  so lu t io n  is  
g rea te r  than 1 in  the  i n i t i a l  s tages o f leaching.

The ra d ic a l in term ediate , 'CuSj, may decompose to  form a s ta b le  CuS 
Interm ediate according to

•CuS2 ■+ CuS + S 5.53

B ioglur and Sw ift (1979 b) p resented cyclic  voltammogramma fo r pure 
n a tu ra l u ia lco p y rito . A la rg e  anodic response occurs a t  p o te n tia ls  
g roato r than 1.0 V. P rio r to  th is  response, a sm aller 'prewave' 
response occurs a t  0 .8  V, which they in te rp re ted  as the form ation o f  a 
copper sulphide film ,

The mechanism presented here  accounts fo r the increased leach ing  ra te s  
ob ta ined  when CuGlg i s  added to  the  Faolj leaching so lu tio n . However, 
more thorough Investiga tion  o f  th is  proposal i required.
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5 .5 .3  Summary

In  eho oaso of pyrice , ecyscnl £ le U  s p l i t t in g  r e s u l ts  in  a valence 
band chat I s  of non-bonding c harac ter, and holes In  t il ls  bond can not 
r e s u l t  in  bond brooking. Thus, p y r ito  r e s i s t s  d isso lu tio n . This pro­
posa l i s  in  c o n tra s t to  the work of P e te rs  (1984) who proposed th a t a 
danse sulphur layer I s  the cause ti\o slow d isso lu tio n . The proposal 
must be re je c te d  in  favour o f  an exp lanation  based on the  e lec tro n ic  
s tru c tu re  o f  p y rito .

The k in e tic s  o f  the d isso lu tio n  o f  ehalcopy rite  i s  complicated by Che 
form ation of a surface fills , probably copper su lph ide. I t  is  argued 
in  th is  se c tio n  th a t the Cu^/Cu*,
Fe(CM)|'/Fe(CN/|* and I 3/ V  couples a re  conduction 
band processes, while the  Pe^+/f®^+ and Brg/Br" couples are valenco 
band processes . Since the add itio n  s£  CuClj to  0 F0CI3 loaching 
so lu t io n  enhances the  r a te  o f  d isso lu ton , i t  i s  proposed th a t rhe d is ­
so lu t io n  mechanism involves borh e lec trons and h o le s . This mechanism 
i s  s im ila r  to  th a t proposed fo r the d is so lu tio n  of Oo,
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CHAPTER 6 

CONCLUSIONS

A review  o f  eho l i t o ra tu r o  suggested th a t  th e  p rev iously  proposed 
mechanisms o f  eho oxlduclve d is so lu tio n  re a c tio n  d id  no t inc lude  the  
e f f e c ts  o f  eho se lld -sen t.o  propore ios o f  spho lo rlco , p a r t ic u la r ly  the  
o f fo c t o f  eho iro n  im purity  in  s p h a le r ite .  I n  a d d itio n , a s a t i s f a c ­
to ry  mechanism o f  eho non-oxidative  d isso lu tio n  re a c tio n  had n o t boon

In  order to  understand the  d isso lu tio n  proooss i t  i s  necessary  to  
consider th e  e le c tro n ic  s tru c tu re  o f  th e  s o l id  and the  tr a n s fe r  o f 
charge a t  the  so lld -so lu tio n  phase boundary. S p h a le ri te  i s  a  semicon­
duc to r w ith  a band gap o f  3.65 eV, The major im purity  in  s p h a le r ite  is  
iro n , which d isp laces z inc  In  tho  la t* 'c o  to  form u (Zn,Fe)S 
se l id - s o lu t io n , Tho d -o rb i ta ls  o f the  iro n  oon tribu to  to  a  narrow bund 
w ith in  th e  band gap o f  tho s p h a le r i te . A fundamental d e sc r ip tio n  of 
th e  mechanism o f  the  d isso lu tio n  o f  sp h a le r ite  based on the  t ra n s fe r  
o f  charge a t  the  sp h a le r ite - so lu tio n  phase boundary has been given. 
This eharg o -tra n sfo r theory  accounts f o r  th e  ox ida tive  and 
non-oxidotivo rea c tio n s .

Experimental r e s u l ts  ob tained fo r  th e  leach ing  o f  iron -con ta in ing  
s p h a le r ite s  in  F o (III)  c h lo ride  so lu tio n s  ore  p resen ted  th a t  confirm 
the  r e s u l ts  o f  a  p revious experim ental in v e s tig a tio n  (Pino and Toaown, 
1986). An equation has been .derived  th a t  describes th e  known fea tu res  
o f  tho d isso lu tio n  o f  s p h a le r ite ,  t . e ,  f i r s t - o rd e r  dependence on the 
c oncen tra tion  of iro n  in  tho zinc  sulphide l a t t i c e  and h a lf-o rd e r  
dependence on the  c oncen tra tion  of oxidant in  so lu t io n , This equation 
assumes th a t  the tr a n s fe r  of e lec tro n s  takes p lace  between the



Iro n - ia p u r i ty  bond in  eha band gap o f  she s p h a lo r iso  and the  oxldane 
In  a o lu tie n , and tiiac the  Fermi le v e l oL th e  s p h a le r ite  i s  pinned by 
th e  iro n  Im purity , Since s p h a le r ite  i s  a  somieonduoter, the  enhanced 
r a te s  o f  r e a c tio n  ob ta ined  by ir r a d ia t io n  o f  the  leach ing  so lu tio n  
w ith  UV l ig h t  i s  simply th e  r e s u l t  o f  photocorrosion . Such photo- 
e f f e c ts  a re  s t i l l  expected d e sp ite  the  f a c t  th a t  the  Fermi le v e l is  
p innod. The d is so lu tio n  o f  sp h a le r ite  has th e re fo re  boon described  by 
a  fundamental model th a t  combines the  c onsidera tions of the  e lec tro n ic  
s tr u c tu re  o f  (Zn,Fo)S and o f  the  t r a n s fe r  o f  charge a t  the phase 
boundary.

I t  was a lso  found th a t  some ion ic  complexes a re  in a c tiv e  during the 
leach ing  o f  Gamsberg sp h a lo r ito  in  f e r r i c  su lpha te  so lu t io n s . The 
o le a tre a c tiv o  species in  Fe(XII) su lphate  so lu tio n s  a n  F o ^ (aq )  and 
FoHS0|+, w hile FaS0|  i s  in a c tiv e . R esu lts  repo rted  fo r  the mixed 
p o te n t ia l  o f  a  corroding chaleopyriee  e lec tro d e  in d ic a te  th a t  the 
FoSOj complex i s  a lso  in a c tiv e  during charge t r a n s fe r  a t  the 
c hn lcopy rito  su rface . This was a t t r ib u te d  to  the  f a c t  th a t  FoSOj is  
an in n e r  sphere complex, w hile F0SO4  i s  an o u te r  sphere complex, and 
charge t r a n s fe r  to  FcSO£ would req u ire  the  break ing  o f  the  Fo^+ • 
80$ ‘ bond in  the  inne r coo rd ination  sphere to  form the  ou te r sphere 
complex.

T herefore, th e  outoe sphere FoHSO$,+ and the  F o ^ (aq )  aquo-ion 
sp e cie s  a re  more e a s ily  reduced than the FaS0'£ complex. The fa c t 
t h a t  th e  Fermi le v e l le v e l  i s  pinned moons th a t  the m ixed-poten tial 
model aan be  app lied  to  the  d isso lu tio n  o f  s p h a le r ite ,  The 
m ixed -po ten tia l model has boon combined in  th is  study w ith  a knowledge 
o f  the  so lu t io n  e q u il ib r ia  to  give a more complete view o f  the 
d is s o lu tio n  process in  F c (II I )  su lpha te  so lu t io n s , This 
e lec trochem ical mechanism was app lied  to the  r e s u l ts  repo rted  in  the 
l i t e r a t u r e  f o r  the  leach ing  o f  s in e  sulphide concen tra te s  in  Fo(IJT) 
c h lo rid e  so lu t io n s , and su c ce ss fu lly  y ie ld s  the  order o f  dependence of 
the  r a te  on the concentra tions o f F o (T II) , F o (II)  and Cl*. No 
complexes wore found to  be in a c tiv e  in  F o (III )  c h lo ride  so lu t io n s .



The form ation o f  an In so lub le  su rface  E lla  passtvaCoa the  loaehlng of 
tvo  h igh  load  contenc (about 2 % Pb) a phaloriee  concen tra te s in  f e r r i c  
su lpha te  so lu t io n s . Such p a ss iv a tio n  la  n o t observed in  f e r r i c  
c h lo rid e  so lu t io n s . This su rface  coating  may c o n s is t o f  PbSO^ or 
load  j a r o s i te ,  bo th  o f  which a re  in so lub le  in  su lpha te  so lu t io n s . This 
fin d in g  naans th a t  the  Hintok process (Verbaan, 1981), in  which the 
sp h a le r i te  ooncon'-.-ato i s  leached in  a  f e r r i c  su lpha te  so lu t io n , is  
no t su ita b le  fo r th e  trea tm ent o f  these  concen tra te s ,

This th e s is  has shown th a t  the  non-oxidativo d isso lu tio n  o f  s p h a le r ite  
i s  more adequately •ias-.ribed by a charge- ta n s fo r  mechanism than by 
the  p rev ious ly  proposed adso rp tion  models. This mechanism is  described 
by a Dutlor-Volmer expression  fo r  the  removal o f  ca tio n s  and anions 
from the  s o l id  l a t t i c e , and describes the  o rder o f  dependence o f  the 
p ro to n  ooncontre tion  and the  supporting onion. The rev e rse  r e a c tio n  in  
which the c a tio n  and the  anion a re  deposited  on the  su rface  i s  a lso  
described  by the  tr a n s fe r  o f  charge a t  the  phase boundary.

Looker and BeBruyn (1969) found cho same k in e tic s  fo r  ZnS, CdS, 
7'n0.95cd0 .15s cnd ZnSo °s  those  found in  t h i s  study , in d ic a tin g  
th a t  th i s  model i s  app licab le  to  the  non-oxidativo d is so lu tio n  of 
o th e r  group II-VX somiconductor compounds,

anodic e lec trochem istry  of motnl fmlohirtns

The bonding s tru c tu re  o f  the  s o l id  i s  p a r t ic u la r ly  Im portant with 
t r a n s i t io n  metal su lph ides. In  s p h a le r ite ,  the  su b s t i tu t io n a l  iron  
eotteenc provides <t su b sta n c ia l d-bsnd w ith in  the  band gap w ith which 
i t  i s  p referab le  to  tr a n s fe r  charge; in  p v r i te ,  c ry s t a l - f ie ld



- . 1 %

The k in e t ic s  o f  chsleopyritte  d isso lu tio n  i s  com plicated by the 
fo rn e tio n  o f  a su rface  f ilm , probably a  f ilm  of copper su lph ide. The

model, and a  d isso lu tio n  mechanism involv ing  both e lec tro n s  end hole

Ore su lph ides con tain  la rg e r  concentra tions o f  im p u ritie s  than  syn-

m echanistic  study o f  th e  e lec trochem istry

e le c tro n ic  s tru c tu re  o f the  so l id ,  e .g .  th e  work o f  Springer (1970),

been given in  Appendix D, bu t *1-.!; in te rp re ta t io n

leach ing  o f  s p h a le r ite  in  F e (II I )  su lphate  so lu tio n s  suggests th a t

o th e r  su lph ides, p a r t ic u la r ly  c halcopyrite
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Figures A .l to  A.5 give the  d is t r ib u t io n  o f  the  iro n  in  the  (Zn.Fe)S 
m ln tro l phase fo r each o f  the  s p h a le r ite  samples, The a rith m etic  near 
f o r  each o f  the  these  d is t r ib u t io n s  i s  given in  Table 4 .6 ,

Figure A .l in d ic a te s  th a t the  Ward's m a teria l i s  very pu re, n h ile  the  
o the r f ig u r .e  in d ic a te  the  the  m a teria l i s  much le s s  pure since  the 
d is t r ib u t io n  1j  spread over a wider range.

F igures A. 6 to  A. 10 a re  the  X-ray diagrams fo r  the  Slack  Mountain, 
Bosh Plnah and Gomsberg sp h a le r ite s  a f te r  leach ing  in  f e r r i c  su lphate  
so lu t io n s .

The peaks in  each o f  the  diagrams have been id e n tif ie d  w ith the 
produces, namely s p h a le r ite  and su lphur, and w ith  th e  im purities , 
namely anglasifte  (PbS04> and ja ro s itte  IKFe3 (S04) 2 (0H)6] . These 
measured peaks a re  given in  Tables A .l to  A.3. The peaks fo r pure 
s p h a le r i te ,  jo r o s i te ,  a n g les l te  and p lum bojarcsite  are  given in  Table

From those va lues, i t  i s  p o ss ib le  th a t  the Jo ro s i te  i s  a  plumbo- 
J n r o s i te  phase, and in  a d d itio n  to  the  a n g le s i te  p rese n t in  the  Black 
Mountain s p h a le r ite ,  the re  may a lso  be p lum bojarcsite , t’owever, those 
phases a re  more d i f f i c u l t  to  id e n tify  from these  peaks,
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Figure A. 6 XRD diogram Eor Black Mountain aph alu iito



Figure A, 1 KRR diecctm fo r  Sosli Plnah spha lc iico



Figure A.8 XRD diegrnm fo r Coasborg sphnlorlBo



Table A .l X-ray d if f ra c t io n  peaks fo r  Black Mountain sp h a le r ite  
a f t e r  leach ing  In  f e r r i c  su lphate  so lu tio n s

Table A.2 X-ray d if f ra c t io n  peaks fo r Rosh Pinah s p h a le r ite  
a f t e r  leach ing  in  f e r r i c  su lphate  so lu tions

i



S ph a le rite  Sulphur Ja ro siee

1.923 2 ,3$

Table A.4 X-ray d if f r a c t i o n  peaks fo r  apheleri.ee, a n g le s l te , jo ro s ic a  
and puobojaroelte

S p h a le rite A ngleslte J a to s ls e Slumbojaroelce
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prapargisg_on_thB._tflt» of d isso lu tio n

The leach ing  so lu t io n  fo r  a l l  these  experiments was as fo llow s.
2 K KaCl 
0 ,3  H KC1 
0.2 K PbCIz 
0 .005 M FsClj

T able B .i E ffec t o f th e  Iro n  im purity  o f  the  s;-h ale e ite  oi'  Che rate
Sample Black H , Gamsber

• f  s / l O H 0.26« O.iOJ,

Coneencraclen o£ gino in  so lu tion ,. 8/1

0.002

0.910 0M C 0.920 l . o r o



Table B.2 E fface o f  tl ie iro n  im purity  o f  th e  s p h a le r ite  o:i the r a te

Black. t£ Oamabei

™0 8 /1

Time Concentration o f  zinc  in  so lu t io n , g / l

o

l .M 0,16

Table B,3 Efface o f  tho Iro n  Impurity of Che a p tic la r lte  on the r a te

Sample Block M Camaberg

*« 1/1
Time Concentration o f  zinc in  so lu tio n , 8/1

o 0.003
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Table 3 ,4  The e ffac e  o f  W  r a d ia tio n  on the  r a te  o f  leaching

Sample Black M Rosh P Gansba:

■£ B /l 0 .S8 0.266 0.404 ° ' !3*
Concentration o f  zinc in  so lu tio n , g/1

0.002 0.002
0,190 0.205
0.280 0.270
0.380 6,405
0.480 0,440
0.620 0.550
0.780 0,655
0,920 0.765
1.000 0.930
1.050 0,995

Table B.5 The e ffe c t  o-,' d if f e re n t  ox idants on the  r a te  o f  leaching 
o f  die to r d 's  sphfllo rlee. Oxidant concen tra tion : 0 .2  K
3 g/1 Ward's sample

O xidant UuCl2 002(804)3 SnCL3

Tine C oncentration of zinc  in  so lu t io n , g/1

0 0 002 0.003 0.002
5 0.041 0.470 0,011
10 0.060 0.840 0,006
15 0.085 1.13 0.004
20 0,105 2.42 0.065
SO 0.090 2.61 0.063
45 0,095 3.37 0.065
60 0.099 <4.31 0,071



f. loeehing of ttho Gonaberg sp h a le r ite

H+ K

Concentration o f  zinc  In  so lu t io n , g/1
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Table S .7 b'ffooe o f  tho f e t r l e  end forrous aulphotto conoontra tlons on 
th e  e a ta  o£ leoehing °£ A a  Gaasbeeg spho lo rito

Tump ‘G
T a d l l )  Mre(II) M
H* M

Sa SA 2 2 2 3
tim e Coneoneraelon o f  zino in  aolueion, s/i

0.005

Tablo B.B EECocti o£ tho fe e rio  and foexeus su lphate  aonoantraeionfl or 
the  m ro  oS looohlng o f  tho Cczasbors sp h o lo rito

F a ( II I )  H
0.0048 0.0048

ji+ M

2
Ttoo C»no<fnttKattion o f  zino in  aolueion

Q



Ttiblo B.9 B££eoc oS che f e t t l e  and fotccje aulphecn oonooncraetons an 
ehe eato  e£ loeehltig o f  the Gamsbotg sp h a le r 't e

F o (III )  H
F o (II)  M 0.0048 0,0048H+M
Z n(II)  M
C u(II) H 0.00519
V mV
®o B /l 2 2 2 2

C onoonttatlan o f  zinc tn  so lu tion ,. i/i
0.013

0.S4 0.B83 o.m 0.JSS 0.94

Table B,10 E££oec o f  ccnpoxaturo on the  eoto o f  d ta so lu tio n  o£ 
Oomsborg sphalee ica  in  f o r r te  sulphnto aalucion

F o (IH ) M
F o ( ll )  K 0.0048
H+ H
V bV
mo 6/1 2 . 2
V im ConoQnerotlen of zlno in  so lu t io n , g/1

o



Table 5 .11  E ffe c t o f  tho  f e r r i c  and ferrous su lpha te  concentra tions o 
tho r a te  o f  3caching o f  tho Block Mountain s p h a le r ite

Tcisp *0
F o (III )  K
F o (I l)  K
H* M

%  8 /1
l .M

Time C oncentration of zino  in  so lu t io n , g/1

o 0.005
, 0,136

0.19

Table 6 .12 E ffe c t o f  tho f o r r ie  and fe rro u s  su lpha te  concentra tions < 
the  r a te  o f  loa th in g  of the  Rosh Pinah sp h a le r ite

Temp “C
F o ( I II )  K
Fo(lI>  M
H+ M 0,2

527
m© 8/1
B f 8 l .M 2.06

Ti»o Concentration of t in e  in  so lu t io n , g/1

q

O M

Run 31 Is tho rosldUQ o ” cun 30 which has boon ehoughly waahod in  CSj 
anti has than  boon ro turnod to  tho so lu t io n  of cun 30. Ao oan boon soon 
thoro  i s  no fa r th e r  d isso lu tio n , susgooting th a t  tho lay er o f sulphur 
i s  n o t tho reason fo r tho passiv a tio n  of tho reactio n .
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Table B.13 Ef£eett o f  washing che loaehad residue  from Dlcok Hountoin 
in  ammonium aeotaeo,

F o ( I I l )  H
F o(II)  H
11* H
V .7 * 0

Tiao COM ontration of zino in  so lu t io n , g/1

Q
0.027

0.046

Run 41 I s  eho residue  o f  tu n  24 th&c has boon #a«hod in  ammonium
aeotaCo and loaehod in  the  above so lu tion .

Table B, 14 Bffeac e£ omnonim  ocototo a d d itio n  on tho
r a te  o f  loaohlng o f  eho Blank Kouncain ophe lo ti-o ,

Temp ‘ C 76
P o (IH ) H
P o (I l)  H
K1" H 0.3
ch3ctohh3 8 ! ! ,

»o 6/ i

Timo Conoontration of zino in  j t i o n ,  g/1

Q

0.30

A fte r  30 mlno n prao ip lttteo  foemotl in  the  so lu t io n  and a l l  eho 
paroxldo won cddad to  the  ao lueten  an chc eonteo l syaeom Hriod r-e 
m ain ta in  th e  p o to n tla l.









Attempts have been made ro c o rre la te  the  r a te s  of d isso lu tio n  w ith  the 
s o l id - s t a te  p ro p e rtie s  o f  m ine rals. Pawlek (1969) p resen ted  a ta b le  
th a t  l i s t e d  the  e le c t r ic a l  r e s i s t iv i t y ,  the  atomic s tru c tu re  and the 
r a te  o f  d isso lu tio n  o f  a  s e r ie s  o f  m inerals. He adm itted th a t no co r­
r e la t io n  could be found, and added th a t  l i t t l e  was known o f  the  atomic 
bonding s tru c tu re  of the  m ine rals. Dalger and Gerlach (1962) proposed 
th a t ,  s in c e  the  ox ida tion  o f  the  sulphide occurs a s  a r e s u l t  o f  the 
consumption o f  two ho les , f a s t  d isso lu tio n  r a te s  can be expected when 
the  concen tra tion  o f  ho les i s  h igh, v iz ,  in  p-type  semiconducting min­
e ra ls ,  Copper su lph ides, as w ell as NiS, FeS and CuFegSg belong to  
th is  group, whereas sp h a le r ite  and c h alcopy rite , which d isso lve  slow­
ly , a re  n-type  (Daiger and Gerlach, 1982).

P e te rs  (1984) d if f e r s  from Pawlek (1969) and Daiger and Gerlach 
(1984), proposing in stead  th a t  the d ifferences in  behaviour between 
su lph ides can be accounted fo r  by changes in  the  molar volume o f  the 
so lid s  when the  metal d isso lves and s o l id  sulphur forms, For example, 
p y r rh o tite  d isso lv es rap id ly , while p y r ite  has a slow ra te  o f d i s ­
so lu tio n , P e te rs  proposed th a t,  s ince  the molar volume o f  p y r ite  is  
12 cm* m o l'l  o f contaitied sulphur and the  molar volume of sulphur is  
16 cm* mol"1 , the re  w ill  be an inc rease  in  volume when the  p y r ite  is  
ox id ized , and the  sulphur layer w i l l  p ro te c t the p y r ite  from fu rth e r 
d is so lu tio n . P eters d id  n o t consider the d ifferen c es in  the s tru c tu re  
and bonding o f  the" m inerals in  the form ulation of h is  proposal,

Springer (1970) stud ied  the anodic and cathodic p o la riz a tio n  curves of 
n- and p-type  p y r ite , n-type  galena , and n-type chalcopy rite , and 
found no evidence to  suggest a rate -dete rm in ing  involvement of



e le c tro n ic  charge c a r r i e r s .  He concluded th a t  the conduction prop­
e r t i e s  o f  m inerals do n o t normally play a s ig n i f ic a n t ro le  in  the  d is ­
so lu t io n  rea c tio n s .

D espite Che lack  o f  unanimity in  the  l i t e s  tu re , a  deeper under­
stand ing  o f  a n od ic-d isso lu tion  reactio n s can be gained from a con­
s id e ra tio n  of the s tru c tu re  o f  the  so lid  and the  theory  of semi­
conductor e lec trochem istry  (G erisoher, 1970), Most research  in  semi­
conductor e lec trochem istry  has been performed w ith high grade syn­
th e t ic  c ry s ta ls .  N atural o res are  o ften  p o ly c ry s ta ll in e  w ith  a high 
de n sity  o f  im purity  le v e ls . On the  o the r hand, i t  i s  w ell known th a t 
o res o f d if f e r in g  o r ig in  may e x h ib it s ig n i f ic a n t  d ifferences in  leach ­
ing  and f lo ta t io n  behaviour, as a r e s u l t  o f the  d ifferen c es in  the 
s o l id - s t a te  p ro p er tie s  o f th e  m inerals. I t  i s  th e re fo re  o f  technolog­
i c a l  importance and academic in te r e s t  to  e s ta b l ish  the e x ten t to  which 
leach ing  and f lo ta t io n  behaviour i s  governed by the  p r in c ip le s  of 
semiconductor e lec trochem istry .

M etal su lph ides d isp lay  a  wide range o f  s tru c tu ra l  a.™i e lec tro n ic  pro­
p e r t i e s ,  shown in  Table D ,l.  Shuey (1975) reviewed the  e lec tron ic  
p ro p e r tie s  o f  ore  m inerals, and Vaughan and Craig (1978) presen ted  a 
volume on the  m ineral chem istry o f  sulphides.

T his Appendix of the  th e s is  ap p lie s  the  energy-level model o f semicon­
duc to r e lec trochem istry  summarized in  Chapter 3 to  th e  d isso lu tio n  
k in e t ic s  o f  ore m ine rals. The model takes in to  account the  s tru c tu re  
and bonding of th e  so lid  as w ell as i t s  e lec tro n ic  conduction pro­
p e r t i e s .  I t  i s  used to  in te rp re t  the  anodic e lec trochem istry  of the 
sim ple su lph ides. I t  w il l  be shown th a t  d isso lu tio n  occurs mainly by 
a ho le  mechanism i f  the band gap is  g rea te r  than 1 eV, In  the case o f 
chalcopyritte , which has a band gap of 0 .6  eV, i t  i s  proposed th a t both 
h o le s  and e lec tro n s  con tribu te  to  d isso lu tio n , Furthermore, i t  is  
proposed th a t  p y r ite  r e s i s t s  d isso lu tio n  because i t s  valence band is



Table 0 ,1 , P roperties o f  se lec ted  base metal sulphides 
( a f te r  Hiskey and Wadsworth, 1961)

Mineral Formula
RoaU ttlvity

Py rite  FeS;
Cholcopyrite CuFaS2 
Chalcoeite Cu2S
Govollite CuS
Galana PbS
Spha le rite  Z11S

of non-bonding eharacter, and holes th e re fo re  do no t contribute  to  
bond breaking.

The electrochem istry  of CdS has been ex tensively  stud ied  w ith a view 
to  i t s  app lica tion  in  l iq u id  junc tion  so la r  s e l l s ,  b u t has received 
very  l i t t l e  a tte n t io n  from hydrcrae ta llu rg is ts ,

CdS i s  an n-type semiconductor with a band gap of 2 ,4  eV, The valence 
band i s  associated  w ith the sulphur anions and the  conduction band 
with the  cadmium ca tio n s . Single c ry s ta ls  o f  CdS d isp lay  c la ss ic  
r e c tify in g  propertie s  in  which the cathodic cu rren t i s  exponentially  
dependent on the cathodic p o te n tia l, while the anodic current is  
lim ite d  by the supply of m inority c a r r ie r s .  The anodic current is  
d ir e c tly  p roportional to  the  in te n s ity  o f  Illum ination  (Qerischer,

Tyagai and Kolbasov (1971) and Vanden Bergha oC a l  (1974) have 
reuortiad the e ffe c ts  o f surface s ta te s  on CdS and CdSe, An ionic 
surface  s ta te  a ssociated  w ith the zero v a len t sulphur remains on the



su rfa c e , a v a ila b le  te  be reduced. T /agei and Kolbusov observed thae 
she e le c tro n  t r a n s fe r  to  f e r r i c  o r ferricy an ld e  ions in  so lu t io n  is  
n o t l in e a r  in  Cax as expected froia equation  3,23, b u t i s  given by

j  -  k  C&* c ;2a2 exp| (1-o)iiF/RT) D .l

where l - a  -  0 .7 , th i s  was in te rp re te d  as the  r e s u l t  o f  a surface 
s ta te ,  the  charge o f  which changed w ith  app lied  p o te n tia l and the  con­
c e n tra t io n  o f  reducing agent in  so lu t io n . This rep resen ts  a 
t r a n s i t io n  between idee'' semiconductor behaviour and m e ta l-like  
behaviour. Vanden Borghe e t  a l  (1977) examined tu n n e llin g  through the 
su rfa ce  b a r r ie r ,  and concluded th a t  a  su rface  s ta te  energy le v e l was 
p rese n t 0.12 eV below the  conduction band (Morrison, 1977),

O orischer and Meyer (1971) stud ied  the  co rro sion  o f  CdS c ry s ta ls  by 
tr i io d id e  ions. The reduction  of t j  has a T afe l slope  of 0 .6  • 0 ,8  V 
decade- ^, which i s  c o n s is te n t w ith the  su rface  s ta te  r e s u l ts .  The 
c o rro sio n  of CdS occurs a t  a  alow ra te  in  n e u tra l so lu t io n s , and the 
a d d itio n  o f  I j  in c reases  the r a te  o f  d isso lu tio n , a lthough th e  Ig dees 
n o t overlap  w ith  th e  valence band. This i s  fu rth e r  evidence o f  the 
su r fa c e - s ta te  mechanism.

Galena i s  the  p r in c ip a l ore  m ineral o f  load , and i t s  d isso lu tio n  and 
e lec trochem ical behaviour have been ex tensively  s tu d ied . Brodia
(1968) s tu d ied  the  anodic behaviour n f  galena e lec tro d es , and 
Fadington and P rosse r (1969) repo rted  on the  d isso lu tio n  k in e tic s  of 
n a tu ra l and sy n th e tic  galena in  a c id ic  and a lk a lin e  so lu t io n s . The 
in fluence  o f  p o in t de fec ts  on the  r a te  o f  d isso lu tio n  has o f ten  been 
repo rted , and ex tensive  research  has shown th a t  the re  i s  a  close 
c o rre la tio n  between the c a r r i e r  concentra tion  and the  f lo ta t io n  
behaviour o f galena (Richardson ana O 'u o il, 1986; P lask ln  and Shafoov, 
1963; end H eiberg and Schneider, 1975),



Galena I s  a  good conductor, d isp lay ing  both n- and p-typo  sernicon- 
ductiion. I t  has th e  h a l i te  s tru o tu te , the  In te rn u c lea r  d ietanoe being 
sm aller than  the sum of the  ion ic  r a d i i ,  suggesting some covalency. 
The band s tru c tu re  a ssocia te s  the bottom o f  the  conduction band with 
Pb 6p c h a rac te r , and the top of the  valence band w ith  S 3p and Pb 6s 
c h a rac te r (Shuey, 1975). The band gap between the  f u l l  valence band 
and the  empty conduction band i s  about 0.37 eV (Shuey, 1975). Pure 
le a d  su lph ide  shows n- or p-type  semiconduction, depending on whether 
sulphur i s  d e fic ie n t (n-type) or i s  in  excess (p-type) compared to  the 
s to ich io m etric  PbS, Common im purities  in  galena are  Ag, Bi, Sb, and 
Cu, Ag i s  an acceptor (p -typo ), w hile Bi and Sb are  donors, Cu nan 
a c t  as a  s u b s t i tu tio n a l acceptor o r an i n t e r s t i t i a l  donor.

Anodic elec trochem ical experiments (Brodie, 1966) confirm  th a t  lead 
ions go in to  so lu tio n , w hile the  sulphide ions form predominantly 
e lem ental sulphur in  a c id ic  so lu tio n s , sulphate in  n e u tra l so lu tio n s , 
and th io su lphate  in  a lk a lin e  so lu tio n s (Eadington and P rosse r, 1969).

Bodington and Prosser (1969), who in v e s tig a te d  the  in fluence  of 
non-stoichiom etry on the  d isso lu tio n  k in e tic s  of syndhottie lead 
su lph ide, repo rted  th a t the r a te  o f d isso lu tio n  a f te r  on in i t i a l
in h ib i t io n  pe riod  i s  much h igher fo r p-type samples than fo r  n-type 
samples (Figure D .l ) , in d ic a t in g  a ra te -dete rm in ing  involvement of 
h o le s . They proposed th a t ,  during the  induction  pe riod  chamisorption 
o f  oxygen, a ssocia ted  w ith  a  change in  surface  p ro p er tie s , takes 
p ie c e , and the  induction  period  ends w ith  the nuo laa tlon  o f  the  f i r s t  
elem ental su lphur. The d isso lu tio n  mechanism proposed i s  the  anodic
oxida tion  of PbS and the  cathodic reduction  o f  oxygen in  a
m ixed-poten tial model. In  subsequent work, Eadington (1973) observed 
th a t  no in h ib ito n  period  ex iste d  fo r the  d isso lu tio n  o f  n a tu ra l and 
sy n th e tic  samples in  n i t r i c  ac id . Illum ination  had a  g rea ter
in fluence  on the  d isso lu tio n  ra te  o f  the n-typo sample than on the
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Pliuee D.l el nen'iwleMoBeery «a tho '.nduasLari petlcti and
the m»dy rice ef eiWeelen (et«er Seilngeen «ul m in t ,  1861)

p-type  srniplo, The tnfluanco e f  po in t dofoaCs was studied by
Simkovioh and Wagner (1960), end choir ta au lc s  support tho work of 
Eadlngeon And Prossnr (1969),

Brodio (1968) investigated  tho anodic oloetroehoaiattry o f  museum grade 
na tu ra l galena. Tha anodic Ta£ol slope in  ac id  pereh lorate  so lu tion  
was 0,037 V doeade"^ ■ which i s  close  to tho 0,059 V dooada*^ expeoeed 
fo r  u aomiconductor e lec trode  ■ fo r one of h ts  soieplos, and 0,076 V 
dooadc"! .  which i s  eoneiseone w ith the prasonoe o t  aurfaeo s ta te s  • 
Cot chc eehcr, S rodis opcrcod th a t a t  0 pH tho production o f  sulphur 
occurs up to  a p o te n tia l o f 0,9 V, above which the production of
sulphnto i s  de tec ted . Tho formation of a PbS04 film  passivates the
elec trode  a t  these p o te n tia ls ,

Richardson and O'OeiH (1984) stud ied  the scslcenduceing charaecor- 
ia tio a  of pure n a tu ra l galena and syn the tic  load sulphide, using



oloo tcechoaloal, invo rfoo io l-oapaoltaaea  and aurfaco-phocovolcaga 
(SPV) maaauremontB to  ehn rao to tiso  the o laesrodas. V nrio tion  In  cap- 
eolttanoo and SPV occurs ever a pe ttancial range g rea te r  than th e  band 
gap, in d ic a t in g  th a t  changes in  Che Helmholtz p o te n tia l cannot bo nog- 
lo o te d . The anodic T afa l slopes ranged from 0,06 to  0,08 V doeads'^, 
vhloh Is  ooneiecent w ith eho su rE aoa.ata te  aealeonduotor model, 
fu r th e r  ehangea in  the  e lee trode  p o te n tia l in  th e  anodic d irec tio n  
proaumably ooeur across th e  Helmholtz la y e r , and m o ta l-liko  Ta£el 
behaviour i s  expoetod.

Paul oc o l  (1978), using  cyo lic  voltanmotry, examined the ai.adio 
behaviour of n a tu ra l c ry sta ls ',an d  repo rted  th a t  the  e lec trode  pass­
iv a te s  a t  p o te n tia l g rea te r  than 0,6 V vs SOE as a r e s u l t  o f  the  form- 
attivn o f  a basic  lead  su lphate  on tha galena su rfa ce . The T afal 
slopesi which were dependent on the th e  p o te n tia l and the  concen­
t r a t io n  o f  load  in  so lu t io n , range between 0,065 and 0,12 V decade"!, 
Paul o t a l  (1978) concluded th a t  these r e s u l ts  were no t c onsis ten t 
w ith a  tw o-electron  t r a n s fe r  neohanism, and proposed th a t  d isso lu tio n  
occurs in  two singZ e-e leu tron  e re n sfa r scope in  vhich an ' S ' 1 in te r -  
mediate was formed. On th e  basin  o f th is  aechanism, C v ./ . .ad 
equations to  dofloribo th e ir  re s u l ts ,

Although th is  mechanism i s  no t incompatible w ith  th e i r  r e s u l ts  (Paul 
a t  a l l  1978), i t  i s  incom patible w ith the  the  mechanism o f  Richardson 
and O 'D ell (1984), who proposed th a t  the change in  T afe l slope a t  high 
p o te n tia ls  i s  a  r e s u l t  o f  Ferm i-level p inning, and th a t  a n a ta l- lik e  
T tfo l slope (0,12 V decade"^) i s  expected. A slope o f  0.084 V 
decade"* i s  th e  r e s u l t  o f  a  s ig n ific a n t p o te n tia l drop over eho 
Helmholtz la y e r  inc reas ing  the  T afel slope from the  expected 0,059 V 
decade*!. A dsorption o f  p o ten tia l-dete rm in ing  species on the surface 
would r e s u l t  in  a  l in e a r  dependence of dVg/dlog(?b^*) w ith  a slope  of 
-0.03 V decode*!, which i s  observed from P a u l's  da ta  a t  low curren t 
d en sity . S tud ies o f  the  s tru c tu re  o f  the  double la y e r  o f  galena as> a 
function  o f  load  concentra tion  using  the methods o f  Boddy (136A), fo r 
example, might c la r i f y  th is  aspec t, The adsorp tion  o f  ooppor inns



Khich I s  imporeont in  f lec ae io n , should bo invostigoeed vsing
semiconductor techniques.

Paul ec a l  (1976) repo rted  th a t illu m in a tio n  d id  inc rease  the  r a te  o f  
anodic d isso lu tio n  by a f a c to r  o f  3 to  7 i f  the e lec trode  was he ld  a t 
a p o te n t ia l  o f  between 0.2 and 0.35 V vs SCB, which corresponds to  a 
sm all peak be fo re  the  main anodic peak fo r the  bu lk  ox ida tion  o f  the 
e lec tro d e . Stnne no la rge  p h o to -e ffec t was observed on the  main 
anodic peak, they concluded th a t  semiconducting p ro p e r tie s  wore no t an 
im portant f a c to r  in  d isso lu tio n  k in e t ic s .  T heir r e s u l t s ,  In te rp re te d  
in  terms o f  the  semiconductor model, suggest th a t ,  a t  p o te n t ia ls  more 
anodic than  the  small peak a t  0 .3  V vs SCE, the  Fermi le v e l i s  pinned 
a t  th e  valeneo-band edge, and I f  th is  i s  the  ease th e  SPV would be 
sa tu ra te d , and no ph o to -effec t would be observed (Richardson and 
O 'D ell, 1984).

In  the  presence o f  oxygon, the anodic T afe l slopes range between 0.18 
and 0.22 V decade"* (Richardson and O 'D ell, 1984). Richardson and 
O 'D ell a t t r ib u te d  th is  to  the  form ation o f  a  PbO film  on the  surface , 
such th a t  th e  app lieu  p o te n tia l was d is t r ib u te d  between the  space-- 
charge la y o r, the  PbO f ilm , and the  Helmholtz la y e r .

Hiskey and S c h l i t t  (1981) rec en tly  reviewed the  aqueous ox ida tion  of 
p y r i te ,  Warren (1956) repo rted  the  f i r s t  d e ta ile d  k in e t ic  study, and 
observed on a c tiv a tio n  energy o f  83.7 k j  mol"1 fo r  the  oxygon pressure  
leach ing  o f  p y r ite  between 130 and 210°C. The ra te  o f  re a c tio n  was 
p rop o rtio n al to  the  square ro o t o f  the  oxygon p a r t i a l  p re ssu re , which 
la  c o n s is te n t w ith  the mixed p o te n tia l model, The a c tiv a tio n  energy 
was repo rted  to  range between 58.6 and 51.1 kJ mol' 1 fo r  p ressure 
leach ing  below 130°C.

An id le  d isso lu tio n  o f  p y r ite  a t  1,05 V i s  thought to  proceed according



to  tho follow ing etoiehiorioeiy (Majima, 1969):

Fe82 + en20 •* Fe3+ + MO% + 16H+ +15b" D.

w ith  su lpha te  os the  p r in c ip a l sulphur produett, Ducrizac 
KaoDonnld (1974) roportod th a t sulphur and su lpha te  woro pwduood c 
ourronely by separa te  butt rolatted proocasoa, H evortheless, 
ox ida tion  o f  sulphur to  su lpha te , although thermodynamically posslb 
must be extremely slow. Sulphur 1b n s ta b le  produce In the oxldat 
d isso lu tio n  mechanism (D utrlzac and HaaBonald, 1976).

An laportan tt fin d in g  e£ Bailey and P e te rs  (1976) was th a t  tho aulph 
formed from p y r i t le  sulphur contains oxygen acquired  from wa 
insttoad of from oxygen gas. Evidence in  suppex
was ob ta ined  from 1*0 tr a c e r  experim ents, Ii 
seolchlem eeric dsfscm inatlons showed tiioe Che su lpha te  y ie ld  va ried  
between 60 and 90%, and increased w ith  inc reas ing  ox ida tion  p o te n tia l.

R ieg lor and Sw ift (1979) proposed a mechanism involv ing  the e le c tro ­
chemical t r a n s fe r  oE the  oxygon in  the  w ater molecule to  the sulphur 
atoms in  the  p y r ite  l a t t i c e ,  The mechanism they proposed la

FeS2 + H20 «  FoS2 (OK)ads + H+ + a* D.3

FeS2(0H)odg -  FoS2(0)adg + H+ + i>" D.4

where th e  second stop i s  ra te -lim ittin g . Thay used the  Tamkin 
isotherm , and derived  an Aquation that; p red ic te d  a T afe l slope  of 
0.059 V decade'^  and a dependence o f  .0 ,0 3  V pe r pH u n it  fo r  t ra n s fe r  
c o e f fic ie n ts  o f 0 .5  fo r bo th  raeo tlona , B iogler and Sw ift (1979) 
measured a T afe l slope of 0.095 V and Meyer (1979) repo rted  a 
dependence o f  -0,03 V per pH u n it.

Pyritto i s  generally  regai-Uod «s ainyU yluu  noble e lec trochem istry . I t  
has a high  open -o ircu lt p o te n tia l and i s  go lvan ica lly  p ro tec ted  from



c o rro ston  when in  con tac t w ith ochei e ra ls .  Parker e t  s i  (1980) 
presen ted  oureen t-vo ltago  curves th a t  s very  s im ila r  to  those of 
p latinum .

ScrucCuro o f  FeSg

P y rita  may have both n- and p-typa conductiv ity , and p-type  having the 
h ig h e r r e s i s t i v i t y  (= 1x10"^ 0 -m fo r  n-typa  and * 3x10'^  n-m fo r  
p -type) (Shuey, 1975). P y rite  has a cubic s tru c tu re , rep resen ted  as 
F e ^ C S j)^ ’ by the  io n ic  model. The lower p a r t  o f  the conduction band 
i s  derived  from the  anti-bonding Sg doublet o f  3d o r b i ta ls  on Fe, 
w hile  th e  upper p a r t  i s  derived from tha  4a o r b i ta l .  The valence band 
i s  derived  from etis c^g t r ip le s  o f  3d o r b i ta ls  on Fe, end, most 
im portan tly , remains non-bonding (Shuey, 1975; Vaughan and Craig, 
1978; and Coodenough, 1972). The energy se p ara tio n  between the 
non-bonding t%g and the anti-bonding o r b i ta ls  i s ,  th e re fo re , the 
band gap. E ith e r ec al (1968) measured the  o p tic a l r e f le c t iv i ty  of 
p y r i te ,  and in fe rre d  a band gap o f  0 ,9  ±0.1 eV, Since the  sulphur 
atoms a re  in  oc tahedra l co -o rd ina tion  about the  iro n , the  overlap 
between o r b i ta ls  ie  s l i g h t ,  and the  valence band i s  narrow, about 1 
o7. The band derived  frois She su lphu r 3p le v e ls  ie  about 7 eV wide, 
and if. j u s t  below the tgg  valence band. The 'o n e -e le c tro n ' energy 
band diagram fo r  p y r ito  ie  shown in  Figure 0 ,2 .

The in fluence  o£ th e  s tru c tu re  o f  p y r i te  on the  d isso lu tio n  
k in e t ic s

An im portant d ifference  bsettooit t r a n s itio n  n a ta l  d isu lph ides, such oa 
p y r ito  and molybdenite, and e th e r  p o la r  eomieonducsors, such as CdS, 
ZnO, and GaP, i s  th a t  the  valenco band i s  narrow and o f  non-bonding 
c h a rac te r, E lectron  tra n s fe r  w ith  th is  band (hole in je c t io n )  w ill  
th e re fo re  have no e ffe c t  on the s tru c tu re  or bonding o f  the  s o lid ,  and 
co rro sion  w il l  n o t occur. This f ea tu re  was exp lo ited  by T ribu tsch  and
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oo-workoea (TtlbuCach, 1977; Trlbucsch and Bonnab, 1977; Jaegeraann 
and Trlbubooh, 1983; Ennaeul ee a l , 1986) in  c h a ir  soaroh foe o su it-  
ab le  moCoclal fo r  tho  conversion o f  so la r  energy, Holes in  Che t jg  
bond o f  pyritto an.* Cho dg2 band o f  molybdenite oro capable of 
ox id iz ing  w ater, and subsequently o f  producing oxygon as a  fu e l
( s p l i t t in g  o f  w ater) , T ributseh (1977) roporcod th a t  tho production
su lphate  was cho predominant long term photo-anodic p roduct o f  MoS;, 
according to

MoS2 + 8H20 + ,18h+ 1i hv Mb(VI) -!• Zsog* + 16tl+ 0,5

where hi/ r e fe r s  to  tho energy o f  tho in c id en t photon. He also
proposed a  mechanism fo r the oxygen-liberation  rea c tio n , and a  schema 
fo r the  choice o f  su itab le  t r a n s i t io n  metal disu lph idos fo r
photo-anodic devices (T ribu tseh , 1977), There seems l i t t l e  doubt th a t 
th e  non-bonding c harac ter o f  tho valence band i s  the reason fo r the



slow dlsso lv-.lon  behaviour and the  rev e rs ib le  ourrent-voleage 
behaviour of bo th  p y r ite  and molybdenite.

The form ation o f  a hypo the tica l sulphur layer th a t  is  capable of 
p reventing  fu rth e r  ox idation  i s  no t co n s is te n t w ith  the observed T afel 
slo p e s, and P e te rs ' (1983) proposal th a t  dense sulphur la y e rs  are  the 
reason  fo r  the  slow races o f  ox idation  of p y r ite  must be r e je c te d  in  
favour o f  an exp lanation  based on the  band s tru c tu re  of p y r ite .

Recently T ribu tsch  and co-workers (Jaegerman and T ribu tsch , 1983) 
examined the  photo-elec trochem istry  o f  n a tu ra l and sy n th e tic  p y r ite s , 
Hie elec trochem ical behaviour o f  the  n a tu ra l samples was quasi-raeCol­
l i e ,  and a Schotttky b a r r ie r  was no t observed, in d ic a t in g  the  high 
le v e l o f  doping o f  the n a tu ra l c ry s ta l.  Anodic ph o to -effec ts  were 
observed fo r  a l l  samples, however Jaegem ann and T ribu tsch  (1983) con­
cluded th a t  su rface  s ta te s  w ith in  the band gap caused the app lied  po t­
e n t ia l  to  appear mainly across the  Helmholtz la y e r  (Ferm i-level p in ­
n in g ), and subsequently  concentra ted th e ir  a t te n t io n  on RuSg, which 
a lso  has a s im ila r  band s tru c tu re  to  p y r i te ,  bu t produces photo-anodic 
oxygen, in  c o n tra d is tin c tio n  to  p y r ite  corrodes to  su lphate  and

A p ossib le  mechanism fo r the ox idation  o f  FeSg i s  shown in  Figure D.3, 
Holes a re  i n i t i a l l y  in je c ted  in to  the  tgg valence band by the  ox id iz ­
ing  agen t. These ho les do n o t r e s u l t  in  co rro sion  b u t are  ab le  to
s p l i t  w ater according to  the  reaction

H20 * h+ H* + -OH D.6

where -OS i s  an in term ediate  hydroxide r a d ic a l .  The energy le v e l of 
the  •OH/OH* couple has been estim ated to  be 2.7 V vs SCE by Hemming
(1969) and i s  shewn in  Figure D.2. The 'OH r a d ic a l i s  a  strong 
ox id iz ing  agent and rea c ts  d ir e c t ly  w ith the  S valence band to  form 
su lpha te . Oxygen from the  water molecule becomes incorpora ted  d ir e c t­
ly  in  the  su lphate  ion . The OH r a d ic a l can oxidize the  S valence



Figure 1,1 A slapUttod echano far die dlenoluticn o( pytLto by on 
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Table D.2 Leaching o f  M0S2 In  various leach ing  systems ( a f te r  
Krishneswoy and Fuerstenau, 1962)

Redox couple ^redox 
(V va SCB)

D isso lu tion  ra te

Fe3* no rea c tio n
slow rea c tio n
alow rea c tio n

" 1,2 moderate rea c tio n
Ar.id ch lo ra te aoderate  rea c tio n
Hypochlorite f a s t  rea c tio n



band d ir e c t ly  Co produce sulphur, The iro n  e n te rs  the  so lu tio n  as 
Fe®* and th e re fo re  consumes an e x tra  ho le .

Trlbuesch (1977) p resen ted  a s im ila r scheme in  which OH" la  chemi- 
sorbed by th e  ox id ized  m etal aCont. The ra ta  ■determining s tep s In  th is  
model a re  the  snroe os those considered by B ieg ler and Sw ift (1979). 
The measured T afe l slope I s  0.095 V decade"^ and the  p red ic ted  slope 
i s  0.059 V decade"1 fo r a  v a r ia tio n  in  the H elaholtz p o te n tia l,  
In d ica tin g  th a t  the  applied  p o te n tia l appears acro ss  the  spaee-charge 
lay er and the  H elaholtz la y e r , A T afe l slope  of 0.095 V decade'^ Is 
ty p ic a l o f  the  t r a n s i t io n  between a ssmlconduotor Tafel slope  of 0.059 
V decade*^ and a m etfil-lltte  T afe l slope of 0.118 V decade-1 . Sim ilar 
behaviour fo r  germanium was shown by Baddy (19(3) to  be a r  is u l t  of 
the  s ig n i f ic a n t  change In  the  p o te n tia l drop across the  Halmhvltz 
la y e r  In  a d d itio n  to  the  p o te n tia l drop acro ss  the  space charge layer. 
S pec ific  ad sorp tion  a t  the  inner Helmholtz plane by ch lo ride  Ions, or 
an Increase  In  d is lo ca tio n  d e fe c ts , would inc rease  the  T afe l slope to

M eg ler and Sw ift (1979 a) suggested th a t  the  sulphur and sulphate 
pathways have ve ry  s im ila r  a c tiv a tio n  energ ies or t^ e  same r e t a - l l o l t -  
ing s te p . This i s  no t in c o n s is te n t w ith  the  abova mechanism i f  the 
r a te - l im it in g  step  i s  e i th e r  the in je c t io n  of ho les  in to  the tgg 
valence band or the  s p l i t t in g  o f  w ater, B ieg ler (1975) reported  th a t 
th e re  was no de tec tab le  c o rre la tio n  between th e  e lectrochem ical 
reduc tion  o f  oxygen a t  a  p y r lte  e lec trode  and the  semiconducting 
p ro p er tie s  o f  various p y r lte  samples. This suggests th a t  the  s p l i t ­
t in g  o f  w ater i s  a  fe a s ib le  rate-determ in ing  s tep .

Although the  o p e n 'd r c u l t  p o te n tia l o f  p y r lte  i s  0,62 V, s ig n ific a n t 
co rro sion  does n o t occur u n t i l  the redox p o te n tia l i s  about 1 ,0  V, 
A pparently, energy le v e ls  below 1.0 V (Figure D,2) do no t overlap 
s u f f i c ie n t ly  w ith the  Cj„ band to  in je c t  ho les . Thus, the  g rea te r  the 
e lec trode  p o te n tia l,  the  g rea te r  the  r a te  of e le c tro n  tr a n s fe r,  and 
the g rea te r  the  r a te  o f  d isso lu tio n .



The d isso lu tio n  ra te  o f  molybdenite i s  slow w ith  ox id iz ing  agents 
having V£6(j0X values Less than 1 .0  V (Xrishnasvay ec a l ,  1982), Table 
D.2 summarizes the  leach ing  ra te  in  va rious leach ing  systems, 
Krishnasway e t  a l  (1962) stud ied  die e lec trochem istry  o f  t h is  mineral 
and in te rp re te d  the  r e s u l ts  in  terms o f  n-ttype conductiv ity .

The d isso lu tio n  ra te  o f a rsenopyrite  i s  a lso  expected to  be slow since 
i t  too has the  p y r ite  s tru c tu re .  Indeed, a rsenopy rite  does f a l l  in to  
the  category  of m inerals th a t  a re  'd i f f i c u l t  to  d isso lv e ’ ,

The anodic d isso lu tio n  o f  ehalcopy rite  i s  thought to  occur according 
to  (B leg ler and Sw ift, 1979 b ):

CuFeSg -» Cu24 + Fe34" + 2S + 5e" D.7

OuFeSg .+ 8HjO -  Cu24 + Fe34 + 2SCl|- + 16H4 + lie "

B leg le r and Sw ift (1979 b) found th a t  861 o l th e  sulphide sulphur 
rep o r ts  as elem ental su lphu r, and 14% as su lp h a te . F e rric  ch loride  
leach ing , which follow s l in e a r  k in e tic s , i s  4 to  5 c laos more rap id  a t 
80 - 90°G than  f e r r i c  su lphate  leach ing , which fallow s parabolic  
k in e tic s .  Chloride so lu tio n s y ie ld  su lphur alm ost ex clu siv ely , where­
as su lpha te  so lu tio n s produce between 14 and 251 su lp h a te .

Dutri.zac (1981) -showed th a t ,  in  ch lo ride  so lu t io n s , d isso lu tio n  
follow ed l in e a r  k in e tic s , and th a t the  ra  = i was p ropo rtional to 
[Fe34]®,3<1. The race  in  su lphate  so lu tio n s was propo rtional to 
[Fe34]®'22, and followed pa rabo lic  k in e tic s ,  Jones and P e te rs  (1976) 
showed th a t ,  in  sulphate so lu tio n s , co rro sive  a tta c k  was h ighly 
s e le c t iv e , in  a s  much a s  i t  on ly  occurred in  f is su re s  or a t  g rain



boundaries; w hereas, In  ch lo ride  so lu tio n s , aceack secured evec the 
e n t ir e  eu rfaee. Hie add itio n  o f  fo tro u s c h lo ride  had no e f fe c t  on the 
r a te  o f  leach ing , y e t the add itio n  of eupric  ch lo ride  increased  the 
r a te .  This was a ttr ib u te d  Co Cu^* being the  primary oxidant,

Kony rese arch e rs  have proposed th a t the  o x ida tion  products a re  r e s i s t ­
iv e . Sulphur (Munoz ec a l ,  1979), p- or n -type  semiconductors such as 
p .typo  CuS, and ine ta l-de fic iene  polysulphidas (B ieg ler and Strife, 1979 
b ; Linge, 1976; Parker a t e l ,  1980) have a l l  been proposed as h incer- 
Ing the  tr a n s fe r  6f  e lec tro n s o r ions a t  the  so lu t io n  in te rfa c e .

S tru c tu re  o f  CuFeS^

CSittlcopyrite i s  a good conductor w ith  a  r e s i s t i v i t y  o f about 10' 3 tVra 
(Shuey, 1975), I t  i s  an n-type semiconductor, due to  m etal excess, 
w ith a  band gap o f  about 0 .6  oV. The io n ic  bonding mod 1 of chalco- 
p y r ite  i s  rep resen ted  as Cu+Pe3+(S2‘ ) 2 - A pparently, th e re  i s  no t 
ex tensive  covalence among the anions, bu t th e re  i s  ex tensive  covalence 
between th e  ca tio n s  and anions (Shuey, 1975). U nfortunate ly , p rec ise  
computation o f  the  energy bonds In  chalcopyriea  i s  d i f f i c u l t  because 
o f  i t s  antiferrooagnottism . However, s tu d ies  o f o t’ia r  I - I I I -V I  com­
pounds, in  p a r t ic u la r  Fo-doped CuGaSg, suggest th a t  the  I  w a r  p a rt o f  
the  conduction band of chalcopyrito  i s  Fe 3J in  c h a rac te r , while the 
upper p a r t  o f  the  valence band i s  Cu 3d and 8 3p in  charac ter (Shay 
and T e ll, 1974; Ja ffe  and Zunger, 1983), The re le v an t 'o n e -e le c tro n ' 
band diagram i s  shown in  Figure D,4.

A pp lla ss lcn  oS th e  anar^y-iaval model to  tha  corrosion  c£ CuFoS;

Parker eff a l  (1981) conduotod extensive s tu d ies  o f  the  electrochem­
is t r y  o f  chalcopyrito  in  ch lo ride  so lu tio n s in  the  temperature range 
70 to  90 °C and eho p o te n tia l range 0.2 to  0 .6  V (SCR), which is  
app ropria te  fo r chalcopyrito  leach ing . They repo rted  th a t the  ra te s



o f  reduc tion  o f  oxldanta vo to  in  Cho order

Bs2 , CuC12 , I |  > Fo(CH)|" > T0QI3 > Fo2(SOZl) 3, 0 l2

The lo c a tio n  o f  th e  bands a t  the  flacbond p o te n tia l end tho radox p o t­
e n t ia l s  o f  those  oxidants i s  shewn in  Figure D.4. In  order fo r 
e le c tro n  cap ture  or hole in je c t io n  to  occur, th e  energy leV el of the 
ox idant must overlap the  oonduetlon-band edge or tho valencc-band 
odgo, re sp e c t iv e ly . I s  i s  apparent from the  diagram th a t  the  r a te  of 
reduc tion  eC CuClj and I 3 i s  h igh because the energy le v e ls  o f those 
ions overlap the  oonduotion-band edge, and the  sa te  o f  reduscion of 
Br2 I s  high  boeause the bromine energy le v e l overlaps the  valonce-bond 
edge, In  c o n tra s t, tho iro n  ch lo ride  and Iron  su lphate  energy le v e ls  
a re  w ell w ith in  the  band gap, and tho race  o f  reduction  i s  lew, 
Pe(CH)|* i s  repo rted  by Parker a t  a i  (1981) as having u lower r a ta  of



reduc tion  than  I ^ ,  which has a h ighe r E° eciox' 'iue ehl-a i s  because they 
compared these  r a te s  a t  d if f e re n t  tem peratures. The ra te  o f reduction  
o f  Fe(GS)|* was determined a t  25°C, while the  o the rs  were a l l  d e te r ­
mined a t  80°C. The le v e l of Olg i s  w ell below th e  valence-band edge.

Parker as a l  (1961) a lso  repo rted  anodic s a tu ra tio n  c u rren ts , which 
a re  ty p ic a l fo r  n-type  semiconductors where the  supply of ho les is  
m ig ra tio n -lim ited , fo r the  ox idation  o f  F e ^  in  so lu t io n . S im ilarly , 
Beckstead a t  a l  (1976) presen ted  r e s u l ts  showing th a t th e  r a te  o f  d is ­
so lu t io n  inc reased  w ith Fe^"1" and then  reached a  steady  va lue , in d ic ­
a tiv e  o f  s a tu ra tio n  c u rran ts . S a tu ra tio n  cu rren ts  were no t found fo r 
I"  o r  CuClij by Parker e t  a l  (1981), however, s ince  the  energy lev els  
of these  ions overlap the  conduction band edge. From Chase arguments, 
i t  may be concluded th a t  the  in te ra c tio n  of 
I j/X * , CuClj/CuClJ and Fe(CH )|"/Fe(CH )|' are 
conduction band processes , while Fa^+ZFe^'1'  and Brg/Bt" are  
va lence  band processes.

Zevgolis and Oooke (1975) presen ted  r e s u l ts  suggesting an anodic 
l im itin g -c u rre n t due to  m igration of ho les (m ino ritie s)  in  the  n-type 
eh a le o p y rite . They illum inated  die r e a r  o f  the  sample and observed 
th a t  th e  c u rren t density  i s  p ropo rtional to  the l ig h t  in te n s ity . 
Subsequently, they  have been severely  criC iz iaod  fo r illum ina ting  the 
ro a r  o f  th e i r  sample, and fo r  the  f a c t th a t  th e  ph o to -affec t occurred 
only a t  high  (>3 V) enodic p o te n tia ls  (B iog ler, 1975).

f ltch a n lm  o f  d isso lu tio n  o f  ehaleopyrite

An in te re s t in g  observation o f  Parker e t a l  (1981) and o the rs  (Jones 
and P e te rs , 1976)- i s  th a t  the  a dd ition  of CuClg to  a  FeOlj so lu tio n  
r e s u l ts  in  enhanced c u rren t d e n s itie s  a t  n eh alecp y rite  e lec trode.

Tablo D.3 presen ts  a s e lec tio n  of da ta  from Parker ec a l (1981), which 
in d ic a te s  th a t  the  anodic d isso lu tio n  o f  oha lcopyrito  occurs w ith a 
con trib u tio n  of ho les in  the valence band and e lec tro n s in  the eon-
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ductlon band, This Is  the  ease fo r sany semiconductors, such as Ge, 
w ith  a band gap og  le s s  than 1 eV (G arlscher and Mindti, 1966). Since 
the  d is so lu tio n  c u rren t fo r the con tribu tion  of ho les from oxidant 
Fo3+ i s  g rea te r  than  fo r  the  c o n trib u tio n  o f  e lec tro n s  to  Cu2+ in  
so lu t io n , i t  i s  assumed th a t  the  i n i t i a l  s tep  in  the  d isso lu tio n  of 
oha lcopy rite  I s  the  consumption o f  a ho le , C ha lcopyritic  Fe3"'- is  
assooiatted w ith the conduction band and c h a lc o p y ritic  Cu* w ith the 
valence bond; the  e lec tro p o s itiv e  Fo3* w il l  the re fo re  be re leased  in to  
so lu t io n , and the  Cu+ w il l  remain a f t e r  the  I n i t i a l  s te p , The i n i t i a l  
ho le  t r a n s fe r  i s  followed by e lec tro n  tr a n s fe r ,  according to

CuFcSj + 3h+ •* Fe3* + ‘Cu 

follow ed by ho le  tran s fe r  

•Cus, + 2h* •* Cu2* + 29

or e le c tro n  tran s fe r

•c>is2 -  Cu2* + 28 + 2a* D .ll

The f i r s t  stop  I l lu s t r a te s  the  b reaking o f  the  Fo-S bond and the



second th e  breaking of the  Cu-8 bond. 'CuSg i s  on unstab le  rad ic a l 
In term ediate. This mechanism im plies th a t  copper remains in  the 
l a t t i c e  because i t  I s  a ssocia ted  w ith  the valence  band, which is  
c o n s is te n t w ith  th e  observation th a t  the Pa/Cu r a t i o  In  so lu t io n  i s  
g rea te r  than  1 in  the  i n i t i a l  s tages o f  leach ing .

The ra d ic a l  in te rm ed ia te , 'CuS^. may decompose to  form a s ta b le  CuS 
in term ediate  according to

•CuSj -  CuS + S D.12

B ieg le r and Sw ift (1979 b) presen ted  eyo lic  voltommogranims fo r pure 
n a tu ra l c h aleopy rite , A la rg e  anodic response occurs a t  p o te n tia ls  
g re a te r  than  1.0 V, P r io r  to  th is  response, a  sm aller 'prowave' 
response occurs a t  0.8  V, which they in te rp re te d  as the  form ation o f  a 
copper sulph ide  film .

Tfio form ation o f  su rface  f ilm s  on CuPeSg

The a p p lica tio n  o f  a p o s it iv e  p o te n tia l pu lso  to  tho chaleopyrite  
e lec tro d e  products an anodic c u rren t response duo to  ox ida tion  o f  the 
e le c tro d e . This cu rren t subsequently decays w ith time to  a steady 
s ta te  v a lu e , R eac tiva tion  occurs i f  the  e lec trode  i s  kep t on open 
c i r c u i t  and, when tho p o te n tia l i s  re-ap p lied , la rg e  c u rren ts  flow 
th a t  again decay w ith  tim e. Parker oc a i  (1961) in te rp re te d  th is  as 
the  fo rm ation o f  a a o ta l-d o f io ie n t polysulphide film  th a t  slows tho 
tr a n s p o rt o f  Cu+ end Fe^+ ions to  tho so lu t io n . This f ilm  i s  supposed 
to  break  down therm ally ( re a c tiv a tio n  of tho e lec trode) to  produce 
su lphu r,

Munoz a t  « I  (1979) concluded chat tho  k in e tic s  in  su lphate  so lu tions 
wore co n tro l led  by d if fu s io n  through a su lphur p roduct-layer. Thus, 
they a t t r ib u te d  the  high  a c tiv a tio n  energy to  tho rato-doeormining 
tr a n s p o rt of e lec tro n s through the  su lphur product la y e r , and used 
W agner's theory  to  describe  the  k in e tic s ,  However, the  sulphur layer



i s  porous and i s  expected to  have a high concen tra tion  of im purities. 
Parker ec a l  (1960) removed the  sulphur w ith  CS% and f o ile d  to  observe 
any e f f e c t  on the  r a te .  Therefore i t  i s  no t c le a r  th a t  the  sulphur 
forms a  p ro tec tiv e  la y e r .

McKlllan e t a l  (1982) repo rted  anouie curren ts  th a t  decayed w ith  tim e. 
A s e r i e s  o f  p o te n tia l pu lses  in  the range 0.2 -0 .6  V vs SCE revenled  a 
blue  product la y e r , suggesting a coppor-rioh sulph ide  phase, McKlllan 
ac a l  (1982) in te rp re te d  th e ir  r e s u l ts  as showing the  formceion o f  a 
p ro te c tiv e  la y e r  In  which liho d if fu s io n  of ions was r a te - lim it in g , 
McMillan ec a l  (1982) used n a tu ra l c ry s ta ls ,  and compared the  e le c tro ­
chem istry o f  n- and p-type samples. They then  observed th a t  semicon- 
duotion  type had no in fluence  on the  e lec trode  behaviour. However, 
th e i r  p-type  specimen had s ig n i f ic a n t p y r lte  Inc lu s ions, rendering 
th e i r  conclusions doubtful because o f  the  p o s s ib i l i ty  o f  galvanic 
in te ra c tio n s .

The growth of a  f ilm  should lead  to  T afe l elopes g rea te r  than  0.118 V 
decode- * (V ijh, 1973). McMillan ec a l (1982) repo rted  slopes o f  0 .2  V 
pe r decade due to  the fo raa tlo n  o f  a f ilm  o f  CuS or interm ediate  
copper su lph ide| Indeed, a  blue  surface  film  has boon frequently  
observed (Parker oe a l ,  1981i Jones and P a te ra , 1976; McKlllan a t a l, 
1982), suggesting c o v e lll to . I f  such a f ilm  formed on the  surface  of 
the e lec tro d e , the c u rren t would decreaso u n t i l  a  s ta b le  copper 
sulph ide  formed. Moreover, re a c tiv a tio n  would occur on open c i rc u i t  
as the  o r ig in a l e h a lc o e lte -co v e lli to  in term ediate  formed, since  both 
the  so l id -s o l id  and the  s c lid -so lu tlo n  boundary a re  rev e rs ib le  (Kook 
and M acIntyre, 1976).

D ieg ler and Home. (1984) analysed the  anodic 'prewavo' and presented 
evidence fo r  the  form ation o f  a CuS film  about 3 nra th ick . The ra tio  
o f  iro n  to  copper during 1«oohing, the d isso lu tio n  of copper during 
the  prewave, an<< an an aly sis  o f  the  charge passed In  reducing the  pre- 
wave product suggest th a t ohalcopyrite  i n i t i a l l y  producos a  CuS film , 
su lphu r, Cu^+ and Pe^+.



The copper sulphide film , '  whatever la y e r  i s  formed, does not 
i n h ib i t  the  r a te  o f  leaching m  c h lo ride  so lu tio n s a f te r  the  layer 
th iehness has reached a steady s ta te ,  s ince  l in e a r  k in e tic s  and a 
s trong  dependence on f e r r i c  ch lo ride  concen tra tion  a re  observed (the 
o ne -ha lf  dependence on Pe^+ suggests m e ta l-lik e  co rro sion  c o n tro l duo 
to  Ferm i-level p inn ing ). In  sulphate so lu t io n s , however, a  layer 
a pparen tly  does in h ib i t  leaching s ince  'p a ra b o lic ' k in e tic s  are 
observed. I b i s  d ifference  in  behaviour might be due to  the  a b i l i ty  of 
c h lo ride  ions to  be s p e c if ic a lly  adsorbed a t  the  su rfa ce , whereas 
su lpha te  ions are  no t, This would r e s u l t  in  sutfaoo s ta te s  w ith in  the 
f ilm  band gap th a t  would a id  the  passage of c u rren t , and hence would 
c a ta ly se  the  e lec trochem ical d isso lu tio n  o f  the  film .

The production o f  sulphate as the f in a l  c h a lc o p y ritic  sulphur product 
i s  envisaged os occurring by the some mechanism os th a t  discussed  for 
p y r i te .  Holes th a t have been in je c ted  in to  the  Cu 3d p a rt o f  the 
valence  band are  capable of ox id iz ing  w ater, and presumably the 'OH 
ra d ic a ls  d ir e c t ly  oxidize the valonco-bond sulphur to  su lpha te . The 
ox ida tion  o f  elem ental sulphur i s  very slow, and i s  no t considered to 
c o n trib u te  to  the  production o f  su lpha te .

Chalcoolta

S u llivan  (1933) stud ied  the  d isso lu tio n  o f  ohaloocite  o res containing 
5 to  10 % Fo a t  temperatures in  the  range 23 to  95°0. CujS d isso lves 
according to  th e  reactio n

Cu2S + 2Fo3+ •* Cu2 + + 2Fo3 + + CuS D.13

CuS + 2Fo3+ -  Cu2+ + 2Fe3+ + S



whora the  CuS in to tae d le tc  i s  no t the m ineral covellitte . Sullivan 
noted thei. thu ra te  i s  independent of pH,

Karcnntonio (1976) id e n tif ie d  two 5cages in  the  f e r r i c  su lphate  leach­
ing  o f  n a tu ra l ehalcoeito  in  vhioh the  product sequence CugS ■* Cu^ gS 
■* "Uj_12$ •> CuS occurred. The f i r a t  stage  included the  r ap id  form ation 
o f  Cu^gS and the  slower form ation off blue-rem aining covellitte , 
C u ^ jS , The second stage  i s  the  d isso lu tio n  o f  Cu^gS to  form Cu^+ in  
so lu t io n  and olementul su lphu r, The k in e tic s  o f  the  f i r a t  stage  was 
f i r s t  o rder in  Fe'** concentra tion  and the a c tiv a tio n  energy was low 
(11. S kJ tool"1) ; the  leeching r e s u l ts  were modelled as so lu t io n  d i f ­
fu sion  c o n tro l in  conjuction  w ith sp h erica l shrink ing  core geometry. 
The aecond-sttage reactio n  was slower than the  f i r s t  s ta g s , and the 
k in e t ic s  wore h a lf  o rder in  Fo^* w ith  a high a c tiv a tio n  energy (75,5 
kJ re o v H ; the  leach ing  r e su l ts  fo r th is  l a t t e r  stage  were modelled as 
an electrochem ical reac tio n  w ith  c y lin d r ic a l p a r t i c le  geometry,

Copper sulphide m inerals have a so lid  so lu tio n  range CugS - CuS, the 
thermodynamics o f  which are  no t c le a rly  understood (P o tte r , 1977). 
C halcocite i s  c o n s is te n tly  p -type, and has a  band gap o f  about 1,8 eV, 
An In d ire c t adsorp tion  edge a t  1 .1  dV fo r  l ig h t  perpendicu lar to  the 
c -a x is  and &t 1 ,4  eV fo r l ig h t  p a ra l le l  to  th e  c -o x is , have been 
a t t r ib u te d  to  In terband tr a n s itio n s ,  Tha conduction bond i s  derived 
from th e  Cu 4s o r b i ta l ,  and the  top o f  the  valence band from the S 3p 
l«v*1. (Tossol and Vuaghan, 1981). An em pirica l energy le v e l diagram 
c onstructed  from sulphur X-ray emission sp e ctra  o f  CugS i s  in  
agreement w ith the  quantum mechanical c a lc u la tio n s  o f  tha  tr ia n g u la r  
coord inated  Cus|* c lu s te r .  An io n ic  model fo r  chalcocite  would be 
(C u ^ jS 2* and, fo r  a  copper-de fic ien t c h alc o cite , 0u2. xS, i t  would be 
(Cu*)2 . 2Xt Cu2"1')x s^ "■ In  cho band model, a  ho le  introduced fo r each 
m issing Cu* (acceptor de fect) i s  de loca lized , w ith a  m obility  o f 2 - 
10 cm% V 'l  s"^-. Chalcocite e x h ib its  high  ion ic  m obility  in  the range 
5 - 10 s ’1-, due to  the  h igh  m obility  o f  Cu+ ions.

Koch and H aolntyrc (1976) p repared th in  f ilm  e lec trodes o f  synthetio



CugS by vacuum evaporation, and measured

o f  copper Iona). They observed

angea, The phases id e n tif ie d

f o r  the  C u i.g s -i.g iS  to  C.'O nm fo r CuS. HevelengChs le s s  than  1250



roe vara  In te rp re te d  as band Co band tra n s i t io n s .  The s h i f t  to  lower 
wavelengths r e f le c te d  the  p rog ressive ly  lower Fermi le v e l in  the 
valence bend aa the  copper content decreased. The e x tra c tio n  of 
copper ions from CujS was accompanied by the  removal o f  e lec trons from 
th e  top o f  the  valence band. As a r e s u l t ,  the a d sorp tion  band sh if te d  
to  h ighe r energ ies since  the  d ifference  in  energy between the h ighest 
f i l l e d  le v e ls  o f  the valence band and the  conduction band increased 
(M uller, 1972).

H illr ic h s  and eo-workers (H illr tc h s  and Bertram, 1983; H illr ic h s  e t 
a i,1982) inve stig a te d  the  elec trochem istry  o f  syn the tic  Cu2S using 
c y c lic  volttameetry. They repo rted  a sharp anodic peak a t  0 .4  V vs 3.5 
K calomel e lec trode  (OE) in  which the  d if fu s io n  o f  copper in  the  so lid  
was claim ed to  be ra te-determ in ing . This peak reached a maximum due 
to  the  form ation o f  GuS which apparen tly  lim ite d  fu rth e r  the d iffu sion  
o f  copper ions. R esults a t  p o te n tia ls  g rea te r than 1 V va 3.5 M CE 
a re  in te rp re te d  in  terms o f  CuO form ation and d isso lu tio n , Figure 
D.6  i l l u s t r a t e s  th e ir  in te rp re ta t io n  of the  c y c lic  voltamaogram of 
Cti2s  and CuS.

B ieg le r and Sw ift (1977) used r, itu ra l and sy n th e tic  chalcocite  and 
sy n th e tic  d ig e n ite  anodes. In  th e ir  ga lvnnosta tic  experiments the 
p o te n tia l rose s te ep ly  a f te r  a  c e r ta in  pe riod , which le d  the authors 
to  concur w ith  E ttienne and Pe te rs  (1972) th a t the  d if fu s io n  o f  copper 
was impeded by the  p re c ip ita tio n  o f  a  copper s a l t  in  the  pores o f  th e • 
so l id .  P rice  (1981) l a te r  re-analysed  the  published da ta  and proposed 
a  model th a t  combined s o l id -s ta te  d if fu s io n  end electrochem ical 
rea t "ion in  th e  f i r s t  stage  of rea c tio n  (product CuS).
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Covellite

Thomas- snd Ingraham (1967) leached roftaelttg d isc s  o f  syn the tic  CuS in  
0 .1  H HjSQj, rod  0.25 H Pej(S04) 3 . T*1® raS® o f  rea c tio n  was determined 
from th e  c oncentra tion  o£ the  copper Iona in  so lu t io n . They repo rt a 
t r a n s i t io n  from in te r fa c ia l  c o n tro l a t  25°0 to  so lu t io n  d iffu sion  
c o n tro l a t  80°0. D utrizac and MacDonald (1976 b) reposted  th a t  the 
r a te s  o f  d isso lu tio n  o f  n a tu ra l and sy n th e tic  CuS ware s lw ,  b u t 
inc reased  during the i n i t i a l  s tages o f  d isso lu tio n  owing to  p ic  fora- 
6t i» n . The rea c tio n

CuS + 2Fe3+ -» Cu2+ + 2Fa2+ f  S D.13

was observed to  bo d ire c tly  dependent on Fe 4̂ can 'ianttati.on below 
0.005 H, bu t independent o f  Fe^* conoentmttion above 0.005 M, Tha 
r a t e •co n tro l lin g  stop  was found to  bo a reac tio n  a t  the surface . The



s u l p h u r  p r o d u c t  d i d  n o t  f o rm  a  p r o t e c t i v e  l a y e r .

".he c ry s ta l  s tru c tu re  o f  c o v e lli te  i s  more complex than  th a t  o f  spha l­
e r i t e  galena, pyritte o r ehaleopyrite  (Shuey, 1975). The copper 
occurs in  bo th  tr ia n g u la r  and approximately te tr a h e d ra l co -o rd ination , 
and twt th ird s  o f the  sulphur atoms a re  s | '  anions Vaughan and 
T ossel, 1980). The proposed ion ic  model fo r  c o v e lli te  is  
C u J i jC C u J v ^ 's f -  in  which Cu2+ i s  in  a
tr ia n g u la r  s i t e ,  and Cu* i s  in  a  te tra h e d ra l s i t e .  The c a lcu la ted  
e le c tro n ic  s tru c tu re  fo r CuS in d ic a tes  th a t  the  top o f  the p a r t i a l l y - - 
f i l l e d  valence band i s  predominantly Cu 3d in  c h a rac te r , and the con­
duction  band i s  Cu 4s in  charac ter. CuS i s  a  p-type m e ta l lic  conduct­
or because the  valence band i s  p a r t i a l l y  f i l l e d .  The energy 
d ifferen c e  between the  Fermi energy and the  bottom o f  the conduction 
band i s  about 2 eV.

The p a ss iv a tio n  behaviour of c o v e lli te  was in v e s tig a te d  by H illr ic h s  
and Bertram (1983) using  c y c lic  voltaimaetry, They repo rted  a 
dependence of 0 .4  V p e r pH u n it,  and showed th a t  the  open-c icu it 
p o te n t ia ls  were compatible w ith  the  form -tion of a la y e r  of copper 
oxide o r  copper hydroxide. D isso lu tion  oe. u rred  only a t  re la t iv e ly  
h igh p o te n tia ls  (>1.3 V vs 3.5 M CE) owing to  th e  form ation and 
d isso lu tio n  o f  the  CuO film . This may a lso  have boon due to  the  f a c t 
th a t  th e  upper valence band is  mainly a c ry s ta l f i e l d  band, s im ila r to 
the  valence  band of p y r i te ,  P eters (1983, 1977) and Ghali a t  a l 
(1982) proposed -h a t the  sulphur product-layer h inde rs  the  r a te  o f 
r ea c tio n .



(■

&JL Smmx
The eleecroehem istry o f  galena, pyc ice , ehaleopyrL te, ehaleoolCe and 
c o v e lli to  has been reviewed in  th is  sec tio n . IC has been estab lished  
th a t  the  e lec tro n ic  s tru c tu re  o f  these  m inerals su lphides p lays an 
im portant ro le  in  each m in e ra l's  electrochem ical behaviour. Possib le  
mechanisms th a t  a re  co n s is te n t w ith the experim ental r e s u l ts  and the 
theory  p resen ted  In  Chapter 1 are  given.

In th e  case of p y r ito , c ry s ta l f ie ld  s p l i t t in g  r e s u l ts  in  a  valence 
band th a t  i s  o f  non-bonding c harac ter, and ho les in  th is  band can not 
r e s u l t  in  bond breaking. Thus, p y r it#  r e s i s t s  d isso lu tio n . This pro­
posal I s  in  c o n tra s t to  the work o f  P e te rs  (1386) who proposed th a t a 
dense sulphur la y e r  io  the  cause the  slow d isso lu tio n . The proposal 
must be r e je c te d  in  favour o f  an exp lanation  based on the e lec tro n ic  
s tru c tu re  o f  p y r ite ,

The k in e tic s  o f the  d isso lu tio n  o f  chalcopy rite  i s  complicated by the 
form ation of a surface  film , probably copper su lph ide. I t  i s  argued 
in  th i s  se c tio n  th a t the  Cu^/Cu"1",
Fe(CH )|'/Fo(C8 ) | '  and Ig /I "  couples a re  conduction 
band p rocesses , w hile the  Fa^+/Fo2+ and Btg/Br" couples are  valence 
band p rocesses . Since the add itio n  o f  CuC3,  to  a F0CI3 leaching 
so lu t io n  enhances the r a te  o f  d isso lu to n , i t  i s  proposed th a t the  d is ­
so lu t io n  mechanism involves both e lec trons and h o le s , This mechanism 
is  s im ila r  to  th a t proposed fo r the  d isso lu tio n  of Ge.
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