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ABSTRACT

The o b je c t iv e  of the p ro je c t  was to in v e s t ig a te  the su rface  o x id a t io n  of 
p y r i t e  (FeS2), p y r r h o t i t e  (FeS), c h a lco p y r i te  (CuFeS2) and p e n t la n d i te  
( (F e ,N i)9S8), with a tech n o lo g ica l  aim of ach iev ing  ox id a tio n  s e l e c t i v i t y  
between one or more of the su lph ides  in  the absence of c o l l e c to r s ,  so 
p o ss ib ly  enab ling  s e le c t iv e  f l o t a t i o n  s e p a ra t io n s  to be made w ithout 
s u r f a c ta n t  a d d i t io n .

Cyclic  and pulse  voltammetry, chronocoulometry and A.C. impedance 
measurements were used with the a id  of Eh/pH diagrams, to c h a r a c te r i s e  the 
o x id a tio n  and reduc tion  processes a t  the four su lph ide  m in e ra l / s o lu t io n  
in t e r f a c e s ,  as a func tion  of e le c tro d e  p o te n t i a l  and pH. A r o t a t i n g  s p l i t  
c y l in d e r  b i - e le c t ro d e  (RSCBE), p rev ious ly  c a l ib r a te d  fo r  c o l l e c t io n  
e f f ic ie n c y ,  was used to d e te c t  so lu b le  e l e c t r o - a c t i v e  sp ec ie s  (H2S, Fe3+, 
e t c . )  formed during m ineral ox id a tio n .  The e f f e c t  of S2-, S20 |“ , Fe2+,
Fe3+, Cu2+, and Ni2+ s o lu t io n  a d d it io n s  on the c y c l ic  voltammograms of 
r o t a t i n g  m ineral e le c tro d e s  was a lso  in v e s t ig a te d .  X-ray p h o to e lec tro n  
spectroscopy was used to help id e n t i fy  su rface  phases formed during  
e lec tro ch em ica l  ox id a tio n .

To study  the n a tu ra l  f l o a t a b i l i t y  of pure su lph ide  m ineral samples, a 
Hallimond tube f l o t a t i o n  c e l l  was adapted to allow the e le c t ro d e  p o t e n t i a l  
of m inera l p a r t i c l e s  to be c o n tro l le d .  The in f lu en ce  of such f a c to r s  as 
feeder e le c t ro d e  p o te n t i a l ,  cond ition ing  time and p a r t i c l e  s i z e  on 
f l o t a t i o n  recovery were examined. The f l o t a t i o n  r e s u l t s  were then 
c o r r e la te d  with the m ineral e le c tro d e  su rface  c h a r a c te r i s a t io n  s tu d ie s .

The r e s u l t s  of the mineral e le c tro d e  s tu d ie s  broadly followed thermodynamic 
p re d ic t io n s .  At pH < 1, su lph ide  ox ida tion  produced S° and s o lu b le  metal 
ions . At h igher pH, su lpha te  production was favoured and the o x id e /su lp h u r  
r a t i o  in c reased , so th a t  Fe(0H)3 became the dominant su rface  phase, tending  
to cause p a s s iv a t io n .



( i i i )

The r e s u l t s  in d ica ted  th a t  by redox p o te n t i a l  and pH c o n t ro l ,  i t  would not 
be p o ss ib le  to form an ox id a tio n  product, such as hydrophobic su lphur or 
h y d ro p h il ic  metal oxide, on only one of a mixture of the  four m inera l 
su lp h id e s .  However, the amount of product formed and the metal 
o x id e /su lp h u r r a t i o  on each m ineral were found to be d i f f e r e n t .  This was 
confirmed by n a tu ra l  f l o a t a b i l i t y  t e s t s  in  a lk a l in e  media, where 
c h a lc o p y r i te  was rendered n a tu r a l ly  f lo a ta b le  a t  o x id is in g  p o te n t i a l s  and 
n o n - f lo a ta b le  a t  reducing p o te n t i a l s ,  whereas the converse was found fo r  
p y r i t e .  A change in  the su rface  s to ich iom etry  to in c re ase  the 
su lp h id e /m eta l  and Cu+/F e 3+ r a t i o s  in  the l a t t i c e ,  p lus the p o ss ib le  
form ation of elem ental su lphur were considered to be f a c to r s  making 
c h a lc o p y r i te  f lo a ta b le .  The i n a b i l i t y  of p y r i t e  to f l o a t  a t  o x id is in g  
p o te n t i a l s  was a t t r i b u t e d  to the presence of a h y d ro p h il ic  ox ide/hydrox ide  
f i lm , which was removed a t  reducing p o te n t ia l s  rendering  p y r i te  hydrophobic %
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(A) commence po l i sh ing ;  (B) f i n i s h  p o l i sh in g .  140

The change of r e s t  p o t e n t i a l  with time ( a f t e r  i n - s i t u  
po l i sh ing )  of a p y r i t e  e lec t ro d e  a t  pH 9.2 (0 .05 M Na2 B4 07).
(A) commence po l i sh ing ;  (B) f i n i s h  p o l i sh in g .  140

Cyclic  voltammograms of s t a t i o n a r y  p y r i t e  e l e c t r o d e s  in 
s t i r r e d  so lu t io n s  a t  pH 9.2 (0.05 M Na2 B4 07) ,  recorded 
immediately a f t e r  d i f f e r e n t  su r face  p re t re a tm en t s ,  s t a r t i n g  
from the r e s t  p o t e n t i a l ,  f i r s t  cycled c a th o d i c a l ly  then 
an o d ica l ly  a t  100 mV s " 1. (A) un t rea ted  sample; (B) f r e sh
p y r i t e  su r face  produced by in  s i t u  a b ra s io n ;  (C) e l e c t r o d e  
p o t e n t i o s t a t t e d  a t  - 0 . 2  V fo r  5 minutes p r i o r  to sweeping the 

p o t e n t i a l ;  (D) p o t e n t i a l  of p y r i t e  e l e c t ro d e  cycled s ix  times 
between -0 .2  V and - 0 .9  V before  extending the anodic 
p o t e n t i a l  l i m i t  to 0 .8  V. 142
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6.7 Cycl ic  voltammograms of s t a t i o n a r y  p y r i t e  e lec t ro d e s
in s t i r r e d  s o lu t io n s  a t  pH 0 (1 M HC104),  recorded 
immediately a f t e r  d i f f e r e n t  su r face  p re t rea tm en t s ,  s t a r t i n g  
from the r e s t  p o t e n t i a l ,  f i r s t  cycled c a th o d ic a l ly  then 
anod ica l ly  a t  100 mV s"1. (A) u n t rea ted  sample; (B)
e le c t ro d e  p o t e n t i o s t a t t e d  a t  0.2 V fo r  5 minutes p r i o r  to 
sweeping the p o t e n t i a l ;  (C) f r esh  p y r i t e  su r face  produced by
in  s i t u  abras ion .  145

6 . 8  The e f f e c t  of extending the anodic p o t e n t i a l  scanning l i m i t  
( EXa) on cy c l i c  voltammograms of p y r i t e  a t  pH 1 (0.1  M HC104) 
in  s t i r r e d  so lu t io n  and a sweep r a t e  of 100 mV s -1 . The
i n s e r t  shows an expanded view of the ca thod ic  peaks a t  
p o t e n t i a l s  < -0 .6  V. 146

6.9 Cycl ic  voltammograms of a p y r i t e  e l e c t ro d e  a t  pH 1
(0 .1  M HC104) as a func t ion  of p o t e n t i a l  sweep r a t e .  147

6.10 Currents  for the cathodic  peaks x and y p lo t t e d  as a
func t ion  of p o t e n t i a l  sweep r a t e .  148

6.11 Tafe l  p lo t  fo r  a p y r i t e  e lec t ro d e  a t  pH 1 (0.1 M HC104) .  150

6.12 Cycl ic  voltammogram of a p y r i t e  e l e c t ro d e  a t  pH 1
(0 .1  M HC104) and a sweep r a t e  of 50 mV s " 1. 151

6.13 Quant ity  of sulphur,  su lpha te ,  and f e r r i c  spec ies  formed
on a 100 mV s - 1  p o t e n t i a l  sweep as a func t ion  of the upper 
p o t e n t i a l  l im i t  of the sweep (0.1 to 0.9  V) fo r  a p y r i t e  
e le c t ro d e  a t  pH 1 (0.1 M HC104). 155

6.14 Quantity  of sulphur,  su lpha te ,  and f e r r i c  spec ies  formed 
on a 100 mV s _ 1  p o t e n t i a l  sweep as a func t ion  of the upper 
p o t e n t i a l  l im i t  of the sweep (0.1 to 1.4 V) fo r  a p y r i t e  
e l e c t ro d e  a t  pH 1 (0.1 M HC104). 155



( X V )

Page No.

6.15 Number of monolayers of:  p y r i t e  oxid ised  to form sulphur ( s ) ; 
p y r i t e  oxid ised to form su lpha te  (A); t o t a l  p y r i t e  oxid ised  
( • ) ;  sulphur formed (o ) ,  during a 100 mV s - 1  p o t e n t i a l  sweep 
as a func t ion  of the upper p o t e n t i a l  l i m i t  of the sweep ( 0 . 1

to 0.9  V) fo r  a p y r i t e  e l ec t ro d e  a t  pH 1 (0 .1  M HC104).  156

6.16 Number of monolayers of:  p y r i t e  oxid ised  to form sulphur  ( a ) ;
p y r i t e  oxid ised to form su lpha te  (A); su lphur  formed (o ) ,  
during a 100 mV s - 1  p o t e n t i a l  sweep as a func t ion  of the  upper 
p o t e n t i a l  l im i t  of the sweep (0.1 to 1.4 V) fo r  a p y r i t e  
e l e c t ro d e  a t  pH 1 (0.1 M HC104).  156

6.17 Cycl ic voltammograms of a p y r i t e  RSCBE in 1 M HC104  (pH 0) .
(— ) s t a t i o n a r y  e lec t ro d e ;  ( ---- ) r o ta t e d  e l e c t ro d e .  158

6.18 Cycl ic  voltammograms of a p y r i t e  RSCBE in  1 M HC104  + 0 .1  M
FeCl3. (— ) s t a t i o n a r y  e lec t ro d e ;  ( -----) ro t a t e d  e l e c t ro d e ;

no f e r r i c  ions and e l ec t ro d e  s t a t i o n a r y .  159

6.19 Cycl ic  voltammograms of a p y r i t e  RSCBE in 1 M HC104  + 0 .1  M
FeS04. (— ) e lec t ro d e  s t a t i o n a r y ;  ( ---- ) e l e c t ro d e  r o t a t e d ;

no fe r rous  ions and e l ec t ro d e  s t a t i o n a r y .  159

6.20 Cycl ic  voltammograms of a p y r i t e  RSCBE in 1 M HC104  + 0.1 M
Na2 S. ( — ) e lec t ro d e  s t a t i o n a r y ;  ( ---- ) e l e c t ro d e  ro ta t e d ;

no sulphide  ions and e lec t ro d e  s t a t i o n a r y .  160

6.21 Cycl ic  voltammogram of a RSCBE in 1 M HC104  (pH 0) with
the p y r i t e  working e lec t ro d e  (W.E.) swept an o d ica l ly  from 
0.0  to 1.4 V, then ca th o d ica l ly  to -0 .35  V, with the pla tinum 
c o l l e c t o r  e lec t ro d e  held a t  various  p o t e n t i a l s  (Ec).  162

6.22 Cycl ic  voltammograms of a RSCBE platinum e le c t ro d e  in 1 M 
HC104  + 0.1 M FeS04  + 0.1 M CuS04. (— ) e le c t ro d e  s t a t i o n a r y ;
(---- ) e l e c t ro d e  ro ta t e d .  163
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The e f f e c t  of extending the anodic p o t e n t i a l  scanning l i m i t  
(E\a) on c y c l i c  voltammograms of p y r i t e  a t  pH 4.6 (0 .5  M 
CH3 COOH + 0.5 M CH3 C00Na) in s t i r r e d  s o lu t io n  and a sweep 
r a t e  of 100 mV s - 1 . 165

The e f f e c t  of extending the cathodic  p o t e n t i a l  scanning 
l i m i t  (E^c) on c y c l i c  voltammograms of p y r i t e  a t  pH 4.6  
(0 .5  M CH3 COOH + 0.5  M CH3 C00Na) in  qu iescen t  s o lu t io n  and a 
sweep r a t e  of 100 mV s "1. 167

E f fec t  of p recond i t ion ing  a t  -0 .1  V fo r  var ious  times on
c y c l i c  voltammograms of p y r i t e  in s t i r r e d  so lu t io n  a t  pH 4.6
(0 .5  M CH3 COOH + 0.5  M CH3 C00Na), and a sweep r a t e  of
100 mV s "1. 169

Cycl ic  voltammograms of a p y r i t e  RSCBE in  0.5 M CH3 C00H +
0.5  M CH3 C00Na (pH 4 .6 ) .  ( — ) s t a t i o n a r y  e l ec t ro d e ;  ( -----)
ro t a t e d  e l ec t ro d e .  174

Cycl ic  voltammograms of a p y r i t e  RSCBE in  0.5  M CH3 C00H 
+ 0.5 M CH3 C00Na + 0.1 M FeS04. (— ) e le c t ro d e  s t a t i o n a r y ;
( ---- ) e lec t ro d e  r o t a t e d .  175

Cycl ic  voltammograms of a RSCBE in 0.5 M CH3 C00H + 0.5  M 
CH3 C00Na + 0.1 M Na2 S. (A) platinum e le c t ro d e ;  (B) p y r i t e
e lec t ro d e ;  ( ^ —) e le c t ro d e  s t a t i o n a r y ;  ( ---- ) e l ec t ro d e
r o t a t e d ;  ( - . - . -  ) s t a t i o n a r y  p y r i t e  e l e c t ro d e  with no su lph ide  
ions .  176

Cycl ic  voltammograms of a RSCBE in 0.5 M CH3 C00H + 0.5 M 
CH3 C00Na + 0.1 H Na2 S2 0 3  (A) platinum e lec t ro d e ;  (B) p y r i t e
e lec t ro d e ;  (— ) e le c t ro d e  s t a t i o n a r y ;  ( ---- ) e l ec t ro d e
r o t a t e d ;  ( - . - . -  ) s t a t i o n a r y  p y r i t e  e l e c t ro d e  with no 
th io su lp h a te  ions .  177
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The e f f e c t  of extending the anodic p o t e n t i a l  scanning l i m i t  
on c y c l i c  voltammograms of p y r i t e  a t  pH 7 (0.025 M 

KH2 P04  + 0.025 M Na2 HP04) in  quiescent s o lu t io n  and a sweep 
r a t e  of 100 mV s"1. 179

Cyclic  voltammograms of a p y r i t e  RSCBE in  0.025 M KH2 P04  +
0.025 M Na2 HP04  (pH 7).  (-----) s t a t i o n a r y  e l ec t r o d e  ( ---- )
e l e c t ro d e  ro ta t e d .  181

The e f f e c t  of extending the anodic p o t e n t i a l  scanning l i m i t  
(E)^) on cy c l ic  voltammograms of p y r i t e  a t  pH 9.2 (0.05 M 
Na2 B4 07) in s t i r r e d  s o lu t io n  and a sweep r a t e  of 100 mV s -1 . 191

Cyclic  voltammograms of a p y r i t e  RSCBE in a l k a l i n e  s o l u t i o n s .
(A) pH 9.2 (0.05 M Na2 B4 07);  (B) pH 13 (0 .1  M NaOH); ( ---- )
e lec t ro d e  s t a t i o n a r y ;  ( ---- ) e lec t ro d e  ro t a t e d .  191

The e f f e c t  of extending the anodic p o t e n t i a l  scanning l i m i t  
( E ^ )  on cy c l i c  voltammograms of p y r i t e  a t  pH 13 (0 .1  M NaOH) 
in s t i r r e d  so lu t io n  and a sweep r a t e  of 100 mV s " 1. 192

Cyclic voltammogram of a s t a t i o n a r y  p y r i t e  e l e c t ro d e  in 
s t i r r e d  s o lu t io n  a t  pH 11 (0.025 M NaHC03  + 0.023 M NaOH), 
a scan r a t e  of 50 mV s - 1 , the anodic p o t e n t i a l  l i m i t  extended 
to 0.8  V. 192

Cycl ic voltammogram of a RSCBE in 0.05 M Na2 B4 0 7  (pH 9.2) 
with the p y r i t e  working e le c t ro d e  (W.E.) swept anod ica l ly  
from -0 .2  to 1.0 V, then c a th o d ica l ly  to -0 .6  V, with the 
platinum c o l l e c t o r  held a t  var ious  p o t e n t i a l s  (Ec).  194

Current- t ime t r a n s i e n t s  fo r  a s t a t i o n a r y  p y r i t e  e l ec t ro d e  
pulsed anod ica l ly  from an "ac t ive"  r e s t  p o t e n t i a l  (-0 .055 V) 
in s t i r r e d  0.5 M CH3 C00H + 0.5  H CH3 C00Na (pH 4 .6)  buffe r  
so lu t io n .  Er , r e s t  p o t e n t i a l ;  Epa, anodic pulse  p o t e n t i a l .  196
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C urren t - t im e  t r a n s i e n t s  fo r  a s t a t i o n a r y  p y r i t e  e l e c t r o d e  
pulsed  a n o d ica l ly  from an ’’ac t iv e"  r e s t  p o t e n t i a l  ( -0 .135  V) 
in  s t i r r e d  0.05 M Na2 B4 0 7  (pH 9 .2 )  b u f f e r  s o l u t i o n .  Er , r e s t  
p o t e n t i a l ;  Epa, anodic pulse p o t e n t i a l .

" C r i t i c a l  p o t e n t i a l "  fo r  p y r i t e  e l e c t r o d e s  pulsed  from 
"ac t iv e "  r e s t  p o t e n t i a l s  as a func t ion  of pH.

P lo t  of i  vs t " 1 / 2  fo r  the f a l l i n g  p a r t  o f  the  t r a n s i e n t  
from t  = 0 to 0.7 s fo r  a p y r i t e  e l e c t r o d e  a t  pH 4 .6  (0 .5  M 
CH3 COOH + 0 .5  M CH3 C00Na), pulsed from an " a c t iv e "  r e s t  
p o t e n t i a l  of -0 .055 V to:  (1) 0 .0  V; (2) 0 .1  V; and 
(3) 0 .2  V.

i -  i D vs t p lo t  shoving the l i n e a r i t y  in  the  r i s i n g  p a r t  
of the c u r r e n t - t im e  t r a n s i e n t  from t = 0 .7  to 1.0 s fo r  a 
p y r i t e  e l ec t r o d e  a t  pH 4.6 (0 .5  M CH3 C00H + 0 .5  M CH3 C00Na). 
i  i s  the c u r r e n t ;  i c i s  the cu r ren t  a t t r i b u t e d  to the  f a l l i n g  
t r a n s i e n t  (obta ined  by e x t r a p o la t i o n  from Figure  6 .3 8 ) .
E lec t rode  pulsed from an "ac t ive"  r e s t  p o t e n t i a l  of -0 .055  V 
to :  (1) 0 .0  V; (2) 0 .1  V; and (3) 0 .2  V. 200

i vs t “ 1 / 2  p lo t  fo r  the f a l l i n g  t r a n s i e n t  a f t e r  the  c u r r e n t  
maxima a t  -  1 s fo r  a p y r i t e  e l e c t r o d e  a t  pH 4 .6  (0 .5  M 
CH3 C00H + 0 .5  M CH3 C00Na), pulsed from an " a c t iv e "  r e s t  
p o t e n t i a l  of -0 .055 V to:  (1) 0 .0  V; (2) 0 .1  V; and (3) 0 .2  V. 201

C urren t - t im e  t r a n s i e n t  fo r  a p y r i t e  e l e c t r o d e  a t  pH 4 .6  (0 .5  M 
CH3 C00H + 0.5  M CH3 C00Na) pulsed from an " a c t iv e "  r e s t

p o t e n t i a l  of -0 .055 V to 0.7 V. ( ---- ) i  vs t " 1;
R = c o r r e l a t i o n  c o e f f i c i e n t .  203

Curren t - t im e  t r a n s i e n t  fo r  a p y r i t e  e l e c t r o d e  a t  pH 13 (0 .1  M
NaOH) pulsed from an "ac t ive"  r e s t  p o t e n t i a l  of - 0 . 4  V
to 0 .6  V. ( ---- ) i vs .  t “0-5; R = c o r r e l a t i o n  e f f i c i e n t .  204
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Current- t ime t r a n s ie n t  fo r  a p y r i t e  e lec t ro d e  a t  pH 9.2 
(0.05 M Na2 B4 07) pulsed from an "ac t ive"  r e s t  p o t e n t i a l  of
-0 .2  V to 1.2 V. ( ---- ) i vs. t -0 -5; R = c o r r e l a t i o n
e f f i c i e n t .

Current- t ime t r a n s ie n t  fo r  a p y r i t e  e l ec t ro d e  a t  pH 0
(1 M HC104) pulsed from an "ac t ive"  r e s t  p o t e n t i a l  of 0 .3  V
to 1.0 V. ( ---- ) i vs. t _1; ( -----• - )  i vs. t ;  R1  = c o r r e l a t i o n
c o e f f i c i e n t  fo r  the decaying i vs. t - 1  r e l a t i o n s h i p ;  R2  = 
c o r r e l a t i o n  c o e f f i c i e n t  fo r  the r i s i n g  i vs.  t r e l a t i o n s h i p .

Current- t ime t r a n s i e n t s  for p y r i t e  e lec t ro d e s  a t  pH 0
(1 M HC10.) pulsed from an "ac t ive"  r e s t  p o t e n t i a l  of 0 .3  V
to various  anodic p o t e n t i a l s .

Current- t ime t r a n s i e n t  fo r  a p y r i t e  e l ec t ro d e  a t  pH 4.6 
(0 .5  M CH3 C00H + 0.5 M CH3 C00Na) pulsed from an "ac t ive"
r e s t  p o t e n t i a l  of 0.0 V to 0.8 V. ( ---- ) i vs.  t _1; ( - • - • - )
i vs.  t ;  R, = c o r r e l a t i o n  c o e f f i c i e n t  for the decaying i vs.  
t - 1  r e l a t i o n s h ip ;  R2  = c o r r e l a t i o n  c o e f f i c i e n t  fo r  the r i s i n g  
i  vs.  t r e l a t i o n s h ip .

Current-t ime t r a n s i e n t s  fo r  p y r i t e  e l ec t ro d e s  a t  pH 4.6 
(0.5 M CH3 C00H + 0.5 M CH3 C00Na) pulsed from an "ac t ive"  r e s t  
p o t e n t i a l  of 0 .0  V to var ious  anodic p o t e n t i a l s .

Anodic charge passed a f t e r  1500 s for a p y r i t e  e l ec t ro d e  as a 
func t ion  of p o t e n t i a l  and pH.

Impedance spec t ra  (0.1 Hz -  10 kHz) for a p y r i t e  e lec t ro d e  
in 1 M HC104  (pH 0).  A) ( A )  0.5 V, (o) 0.9 V; (□) covers the 
whole spectrum for 1.1 V. B) (O) 1.1 V, (&) 1.2 V.

Impedance spec t ra  fo r  a p y r i t e  e lec t rode  in 1 M HC104  (pH 0) 
shoving the high frequency branch. A) 1.1 V; B) 0.5 V.
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The e lec t ro d e  capac i tance  of a p y r i t e  e l e c t ro d e  in 
1 M HC104  (pH 0) fo r  the high frequency (Cx) and low frequency 
(C2) sem ic i r c le s  as a func t ion  of p o t e n t i a l .  211

Equivalent c i r c u i t  (A), and complex plane impedance p lo t  
(B) fo r  p y r i t e  ox ida t ion  in 1 M HC104  (pH 0 ) .  Ru, s o l u t i o n  
r e s i s t a n c e ;  R , e le c t ro d e  r e s i s t a n c e ;  Rct , Rc* , charge 
t r a n s f e r  r e s i s t a n c e s ;  Ra , adsorp t ion  r e s i s t a n c e ;  Csc , space 
charge capac i tance ;  Cd l , double l a y e r  capac i tance ;  Ca , 
pseudocapaci tance.  2 1 2

Impedance spectrum (0 .1  Hz -  10 kHz) fo r  a p y r i t e  e l e c t r o d e  
in  0.05 M Na2 B4 0 7  (pH 9 .2 ) a t  0.8  V, showing two s e m ic i r c l e s  
generated  by two RC networks in s e r i e s  (see  Figure  6 .5 6 ) .  214

Real a x i s ,  high frequency i n t e r c e p t  r e s i s t a n c e  (R), fo r
p y r i t e  a t  pH 0, 4.6 and 9 .2 ,  p lo t t e d  as a func t ion  of
p o t e n t i a l .  Ru, s o lu t io n  r e s i s t a n c e ;  Rs , e l ec t ro d e
r e s i s t a n c e ;  Rf , e lec t ro d e  su r face  fi lm  r e s i s t a n c e .  215

Impedance s p ec t r a  (0 .1  Hz -  10 kHz) fo r  a p y r i t e  e l e c t r o d e
in  0.05 M Na2 B4 0 7  (pH 9 .2 ) .  A) -0 .2  to 0 .6  V; B) 0.6  to
0.8 V. 216

Equivalent c i r c u i t  (A) and complex impedance p lo t  (B) fo r
p y r i t e  ox ida t ion  in 0.05 M Na2 B4 0 7  (pH 9 .2 ) .  Ru, s o l u t i o n
r e s i s t a n c e ;  Rs , e lec t ro d e  r e s i s t a n c e ;  Rct^ , charge t r a n s f e r
r e s i s t a n c e  a t  p y r i t e  oxide i n t e r f a c e ;  Rf , f i lm r e s i s t a n c e ;
Rct f charge transfer resistance at oxide/solution interface;
Cg, geometric capac i tance  of p y r i t e /o x id e  i n t e r f a c e ;  Cd
d i f f e r e n t i a l  capac i tance  of p y r i t e /o x id e  i n t e r f a c e ;  Cd ,z
d i f f e r e n t i a l  capac i tance  of oxide s o lu t io n  i n t e r f a c e .  217

Schematic r e p re se n ta t io n  of the s o l i d / s o l u t i o n  i n t e r f a c e  for 
a binary su lph ide  mineral  MS (eg ZnS or PbS), showing the 
o r i e n t a t i o n  of water molecules in  the f i r s t  s o lu t io n  l a y e r  
ad jacen t  to the mineral  (IHP = Inner  Helmhottz P lane) .  218
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Bonding in ZnS. a) schematic molecular o r b i t a l  diagram fo r  
pure ZnS; b) corresponding ZnS band model (34). 219

Molecular o r b i t a l  energy l e v e l  diagram for p y r i t e  (42). The
e f f e c t  of II bonding ( i f  i t  o ccu r s 134] ) on the energy
sepa ra t ion  between non-bonding t 2g and ant ibonding  e g*
o r b i t a l s  i s  a l so  shown. 219

Schematic band energy model for p y r i t e .  Er , Fermi l e v e l ;  
hatched bands (valence bands) are  f i l l e d  with e l e c t r o n s  
(modified a f t e r  B i the r  e t  a l <42))* 220

P o s i t io n  of energy bands and redox energy l e v e l s  a t  the 
p y r i t e / e l e c t r o l y t e  i n t e r f a c e  a t  pH 0. a) Equi librium 
condi t ion ,  no e le c t ro n  p h o toexc i ta t ion ;  EF, Fermi l e v e l ;  
hatched valence band i s  f i l l e d  with e l e c t r o n s ,  
b) Photogenerat ion of e lec t ro n - h o le  p a i r s  r e s u l t s  in pass ive  
fi lm formation; Es s , interbandgap su r face  s t a t e s .  222

Fe 2p xps spectrum for p y r i t e  oxid ised in ae ra ted  t r i p l y
d i s t i l l e d  water fo r  1  hour, a) ( ------) exper imental  spectrum;
( ---- ) f i t t e d  curve ( l e a s t  squares ) ,  b) (— ) f i t t e d  curve;
( ---- ) components of f i t t e d  curve. 226

Energy le v e l  diagram fo r  p y r i t e  o x ida t ion .  Band bending i s  
assumed to be approximately constant ( independent of the 
appl ied  p o t e n t i a l ) .  EF, Fermi l e v e l ;  Eappl, e x t e r n a l l y  
appl ied  anodic p o t e n t i a l ,  a) Small anodic b ia s ;  pho tocurrent  
=: dark cu r re n t ,  b) Large anodic b ia s ;  photocurrent < dark 
c u r r e n t .  228

F lo t a t io n  recovery of p y r i t e  as a func t ion  of pH for  va r ious  
ad d i t ions  of potassium e th y l  xanthate  (from Fuerstenau e t  a l  
(318>). (&) l  x 1 0 - 5  mol dm-3 ; ( • )  2  x 1 0 “ 5  mol dm-3 ; (0 )

2  x 1 0 " 4  mol dm-3 . 230
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6.67

7.1

7.2

7.3

7.4

7.5

7.6

Eh-pH diagram fo r  the p y r i t e /xan tha te /oxygen  system showing 
the redox couples re levan t  to the f l o t a t i o n  behaviour of 
p y r i t e  a t  298 K and 10" 5  M s o lu t io n  sp ec ie s .  X", e th y l  
xan tha te  anion; X2, dixanthogen; Line (B), p y r i t e  f l o t a t i o n  
recovery  with 10“ 5  M potassium e th y l  xan thate  s o lu t io n  ( a f t e r  
Fuerstenau e t  a l {318))* Line (C), p o t e n t i a l  onset  of oxygen 
reduc t ion  on p y r i t e  ( a f t e r  B ieg le r  e t  a l (186)>* 232

Poten t ia l -pH  diagram fo r  the Fe-S-H20 system a t  298 K fo r  
d is so lved  su lphur  and i ron  a c t i v i t i e s  of 10"4. FeS2  excluded. 237

The change of r e s t  p o t e n t i a l  with time ( a f t e r  in  s i t u  
po l i sh in g )  of a p y r r h o t i t e  e l e c t ro d e  a t  pH 0 ( top)  and pH 9.2 
(bottom). (A) commence po l i sh ing ;  (B) f i n i s h  p o l i sh in g .  239

Cycl ic  voltammograms of a s t a t i o n a r y  p y r r h o t i t e  e l e c t ro d e  in 
s t i r r e d  s o lu t io n  a t  pH 0 (1 M HC104) ,  recorded immediately 
a f t e r  d i f f e r e n t  su r face  p re t rea tm en t s ,  s t a r t i n g  from the r e s t  
p o t e n t i a l ,  f i r s t  cycled c a th o d ic a l ly  then a n o d ica l ly  a t  
100 mVs-1 . (A) u n t rea ted  sample; (B) f r esh  p y r r h o t i t e  s u r face  
produced by in s i t u  ab ras ion .  241

The e f f e c t  of extending the anodic p o t e n t i a l  scanning l i m i t
( E ^ )  on c y c l i c  voltammograms of p y r r h o t i t e  a t  pH 1
(0 .1  M HC104) in s t i r r e d  s o lu t io n  and a sweep r a t e  of
100 mVs-1 . 242

The e f f e c t  of e lec t ro d e  r o t a t i o n  on cy c l i c  voltammograms of a
p y r r h o t i t e  RSCBE a t  pH 1 (0.1 M HC104). ( ---- ) s t a t i o n a r y
e lec t ro d e ;  ( ---- ) ro ta t e d  e l ec t ro d e .  244

Cycl ic  voltammogram of a RSCBE in 1 M HC104  (pH 0 ) ,  with the 
p y r r h o t i t e  working e l ec t ro d e  (WE) swept anod ica l ly  from 0.25 
to 1.3 V, then c a th o d ica l ly  to -0 .65 V, and the platinum 
c o l l e c t o r  e l ec t ro d e  held a t  var ious  p o t e n t i a l s  (Ec).  248
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7.11

7.12

7.13

The e f f e c t  of extending the anodic p o t e n t i a l  scanning l i m i t  
(E)^) on c y c l i c  voltammograms of p y r r h o t i t e  a t  pH 4.6  (0 .5  M 
CH3 COOH + 0.5  M CH3 C00Na) in  s t i r r e d  so lu t io n  and a sweep r a t e  
of 100 mV s " 1. 250

The e f f e c t  of e lec t ro d e  r o t a t i o n  on c y c l i c  voltammograms of a 
p y r r h o t i t e  RSCBE a t  pH 4.6 (0.5  M CH3 C00H + 0.5  M CH3 C00Na)
( ---- ) s t a t i o n a r y  e lec t ro d e ;  ( ---- ) ro ta te d  e l e c t r o d e .  252

The decay of o p e n -c i r c u i t  p o t e n t i a l  with time a t  pH 4.6
(0 .5  M CH3 C00H + 0.5 M CH3 C00Na) observed a f t e r
p o t e n t i o s t a t t i n g  a p y r r h o t i t e  e l e c t ro d e  to 0.8 V ( l e f t )  and
1.0 V ( r i g h t )  fo r  30 s then in t e r r u p t i n g  the c u r r e n t .  254

Cyclic voltammograms of a s t a t i o n a r y  p y r r h o t i t e  e l e c t r o d e  in 
s t i r r e d  s o lu t io n  a t  pH 4.6 (0.5  M CH3 C00H + 0.5  M CH3 C00Na), 
sweeping the p o t e n t i a l  c a th o d ica l ly  from the o p e n - c i r c u i t  
p o t e n t i a l  (Eoc); a t t a in e d  a f t e r  pu ls ing  the p o t e n t i a l  
anod ica l ly  to 1.2 V fo r  10 seconds and then leav ing  the
e lec t ro d e  a t  o p e n -c i r c u i t  fo r  ( ---- ) 0  s ,  ( -----) 1 2 0  s ,  and
( ------- ) 3 0 0  s .  256

Cycl ic voltammogram of a RSCBE in 0.5  M CH3 C00H + 0.5 M 
CH3 C00Na (pH 4 .6 ) ,  with the p y r r h o t i t e  working e l ec t r o d e  (WE) 
swept anod ica l ly  from 0 .0  to 1.3 V, then c a th o d ic a l ly  to 
-0 .6  V, and the platinum c o l l e c t o r  e l ec t ro d e  held a t  va r ious  
p o t e n t i a l s  (Ec).  258

The e f f e c t  of extending the anodic p o t e n t i a l  scanning l i m i t  
(E)^) on c y c l i c  voltammograms of p y r r h o t i t e  a t  pH 7 (0.025 M 
KH2 P04  + 0.025 M Na2 HP04) in s t i r r e d  s o lu t io n  and a sweep 
r a t e  of 100 mV s _1. 259

The e f f e c t  of r e p e t i t i v e  cycling  between 1.0 and - 0 . 7  V a t  
100 mV s - 1  on the voltammetric behaviour of a s t a t i o n a r y  
p y r r h o t i t e  e l ec t ro d e  in s t i r r e d  s o lu t io n  a t  pH 9.2 (0.05 M 
Na2 B4 07). 260
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7.14

7.15

7.16

7.17

7.18

7.19

7.20

7.21

The e f f e c t  of extending the anodic p o t e n t i a l  scanning l i m i t  
(E\a) on c y c l i c  voltammograms of p y r r h o t i t e  a t  pH 13 
(0.1 M NaOH) in s t i r r e d  s o lu t io n  and a sweep r a t e  of 
100 mV s -1 .

Current- t ime t r a n s i e n t s  fo r  a s t a t i o n a r y  p y r r h o t i t e  e l ec t r o d e  
held a t  var ious  anodic p o t e n t i a l s  in s t i r r e d  s o lu t io n  a t  pH 0 
(1 M HC104).

Current- t ime t r a n s i e n t  fo r  a s t a t i o n a r y  p y r r h o t i t e  e l e c t r o d e
held a t  0 .9  V in  s t i r r e d  s o lu t io n  a t  pH 0 (1 M HC104) .  ( ---- )
i vs t - 1 ; ( - • - • -  ) i vs t 1*5;

= c o r r e l a t i o n  c o e f f i c i e n t  fo r  the i vs t - 1  r e l a t i o n s h i p ;
R2  = c o r r e l a t i o n  c o e f f i c i e n t  fo r  the i vs t 1 * 5  r e l a t i o n s h i p .

Current- t ime t r a n s i e n t s  fo r  a s t a t i o n a r y  p y r r h o t i t e  e l e c t ro d e  
held a t  var ious  anodic p o t e n t i a l s  in s t i r r e d  s o lu t io n  a t  
pH 4.6 (0 .5  M CH3 C00H + 0.5 M CH3 C00Na).

Current- t ime t r a n s i e n t  fo r  a s t a t i o n a r y  p y r r h o t i t e  e l ec t r o d e  
held a t  1.1 V in  s t i r r e d  so lu t io n  a t  pH 4 .6  (0 .5  M CH3 C00H
+ 0.5  M CH3 C00Na). ( ---- ) i vs t " 0-5;
R = c o r r e l a t i o n  c o e f f i c i e n t .

Current- t ime t r a n s i e n t  fo r  a s t a t i o n a r y  p y r r h o t i t e  e l e c t ro d e  
held a t  0.150 V in s t i r r e d  s o lu t io n  a t  pH 13 (0 .1  M NaOH).
( ---- ) i vs t**1; ( - • - • -  ) i  vs t ;
R3  = c o r r e l a t i o n  c o e f f i c i e n t  fo r  the i vs t " 1  r e l a t i o n s h i p ;
R2  = c o r r e l a t i o n  c o e f f i c i e n t  fo r  the i vs t r e l a t i o n s h i p .

Current- t ime t r a n s i e n t  fo r  a s t a t i o n a r y  p y r r h o t i t e  e l e c t ro d e
held a t  0.6 V in s t i r r e d  s o lu t io n  a t  pH 13 (0.1  M NaOH) ( ---- )
i  vs t -0 ,5 ; R = c o r r e l a t i o n  c o e f f i c i e n t .

Anodic charge passed a f t e r  1500 s for a p y r r h o t i t e  e l e c t ro d e  
as a func t ion  of p o t e n t i a l  and pH.

261

262
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268
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7.22 Real a x i s ,  high frequency in te r c e p t  r e s i s t a n c e ,  R (eq u iva len t  
to the surface  fi lm r e s i s t a n c e ,  Rf ), fo r  p y r r h o t i t e  a t  pH 0,
4.6  and 9.2,  p lo t t e d  as a function of p o t e n t i a l .  270

7.23 Impedance sp ec t ra  (0.1 Hz -  10 kHz) fo r  a s t a t i o n a r y  
p y r r h o t i t e  e lec t ro d e  in s t i r r e d  s o lu t io n  a t  pH 0 (1 M HC104).
A) 0.9  to 1.1 V; B) 1.1 and 1.2 V. 271

7.24 Impedance s p ec t r a  (0.1 Hz -  10 kHz) fo r  a s t a t i o n a r y  
p y r r h o t i t e  e lec t ro d e  in s t i r r e d  s o lu t io n  a t  pH 4.6 (0 .5  M 
CH3 C00H + 0.5 M CH3 C00Na). A) 0.6 to 1.4 V; B) 1.4 and
1.6 V. 272

7.25 Impedance s p ec t r a  (0 .1  Hz -  10 kHz) fo r  a s t a t i o n a r y
p y r r h o t i t e  e l ec t ro d e  in s t i r r e d  s o lu t io n  a t  pH 9.2 (0.05 M 
Na2 B4 07).  273

8.1 Po tentia l-pH diagram for  the Fe-Ni-S-H20 system a t  298 K
for  d is so lved  su lphur ,  n icke l  and i ron  a c t i v i t i e s  of 10- 4 . 276

8.2 Change in the r e s t  p o t e n t i a l  of a p e n t l a n d i t e  e l e c t ro d e  with
time ( a f t e r  in s i t u  po l i sh ing)  a t  pH 0 ( top)  and pH 9.2 
(bottom). (A) commence po l ish ing ;  (B) f i n i s h  p o l i sh in g .  278

8.3 Cycl ic  voltammograms of a s t a t i o n a r y  p e n t l a n d i t e  e l e c t ro d e  in 
s t i r r e d  so lu t io n  a t  pH 0 (1 M HC104) ,  recorded immediately 
a f t e r  d i f f e r e n t  su r face  p re t rea tm en ts ,  s t a r t i n g  from the r e s t  
p o t e n t i a l ,  f i r s t  cycled ca th o d ica l ly  then anod ica l ly  a t
100 mV s -1 . (A) no pre t rea tment ;  (B) cathodic  p re t rea tm en t  a t
0.15 V for 15 s;  (C) cathodic  p re trea tm ent a t  0.15 V for  
2 min; (D) f resh  p e n t l a n d i t e  sur face  produced by in s i t u  
ab ras ion .  280

8.4  The e f f e c t  of extending the anodic p o t e n t i a l  scanning l i m i t
(E)^) on cycl ic  voltammograms of p e n t l a n d i t e  a t  pH 1 (0.1  M 
HC104) in s t i r r e d  so lu t io n s  and a sweep r a t e  of 100 mV s " 1. 281
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8.5  The e f f e c t  of extending the anodic p o t e n t i a l  scanning l i m i t  
( E ^ )  on c y c l i c  voltammograms of p e n t l a n d i t e  a t  pH 4.6 (0 .5  M 
CH3 COOH + 0.5  M CH3 C00Na) in  s t i r r e d  s o lu t io n  and a sweep
r a t e  of 20 mV s -1 . 282

8 . 6  The e f f e c t  of e lec t ro d e  r o t a t i o n  on c y c l i c  voltammograms of a
p e n t l a n d i t e  RSCBE a t  pH 1 (0 .1  M HC104).  ( ---- ) s t a t i o n a r y
e lec t ro d e ;  ( — ) ro ta t e d  e l ec t ro d e .  284

8.7  The e f f e c t  of e lec t ro d e  r o t a t i o n  on c y c l i c  voltammograms of a 
p e n t l a n d i t e  RSCBE a t  pH 4.6  (0.5  M CH3 C00H + 0 .5  M CH3 C00Na)
( ---- ) s t a t i o n a r y  e l ec t ro d e ;  ( -----) ro ta t e d  e l e c t r o d e .  285

8 . 8  Cycl ic  voltammograms of p e n t l a n d i t e  a t  pH 4.6  (0 .5  M CH3 C00H
+ 0.5  M CH3 C00Na) in s t i r r e d  s o lu t io n .  (1) E)^, 1.3 V; (2) 
EXa, 1.6 V; (3) E ^  2.0 V. 286

8.9  Cyclic  voltammograms of a RSCBE in  1 M HC104  (pH 0) with the
p e n t l a n d i t e  working e l ec t ro d e  (WE) swept an o d ica l ly  from 0.25 
to 1.3 V, then c a th o d ic a l ly  to -0 .25 V, and the platinum 
c o l l e c t o r  e lec t ro d e  held a t  various  p o t e n t i a l s  (Ec). 287

8.10 The e f f e c t  of r e p e t i t i v e  p o t e n t i a l  cycl ing  between 1.1 and 
-0 .8  V a t  100 mV s - 1  on the voltammetric behaviour of a 
s t a t i o n a r y  p e n t l a n d i t e  e l ec t ro d e  in s t i r r e d  s o lu t io n  a t  pH 7 
(0.025 M KH2 P04  + 0.025 M Na2 HP04). 289

8.11 The e f f e c t  of r e p e t i t i v e  p o t e n t i a l  cycl ing  between 1.0 and 
-0 .8  V a t  100 mV s - 1  on the voltammetric behaviour of a 
s t a t i o n a r y  p e n t l a n d i t e  e lec t ro d e  in s t i r r e d  s o lu t io n  
a t  pH 9.2 (0.05 M Na2 B4 07). 290

8.12 The e f f e c t  of r e p e t i t i v e  p o t e n t i a l  cycl ing  between 0.6 and 
-0 .9  V a t  100 mV s - 1  on the voltammetric behaviour of a 
s t a t i o n a r y  p e n t l a n d i t e  e lec t ro d e  in s t i r r e d  s o lu t io n  a t  
pH 13.0 (0.1 M NaOH). 290



(xxvii) Page No.

8.13 The e f f e c t  of e l ec t ro d e  r o t a t i o n  on c y c l i c  voltammograms of
a p e n t la n d i te  RSCBE a t  pH A. 6  (0 .5  M CH3 C00H + 0.5 M CH3 C00Na).
(---- ) s t a t i o n a r y  e l ec t ro d e ;  ( -----) r o ta t e d  e l e c t ro d e .  291

8.14 S 2p and Ni 2p 3/2 XPS sp ec t ra  of p e n t l a n d i t e  e le c t ro d e s  
po la r i sed  for 10 minutes a t  1.0 V in  pH 4 .6 ,  7.0 and 9.2
b u f fe r  so lu t io n s .  294

8.15 Current- t ime t r a n s i e n t s  fo r  a s t a t i o n a r y  p e n t l a n d i t e  
e l ec t ro d e  held a t  var ious  anodic p o e n t i a l s  in  s t i r r e d
s o lu t io n  a t  pH 0 (1 M HC104).  295

8.16 Current- t ime t r a n s i e n t  fo r  a s t a t i o n a r y  p e n t l a n d i t e  e l e c t r o d e  
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(A) i vs t ;  (B) i vs t - 0 -5; R = c o r r e l a t i o n  c o e f f i c i e n t .  296

8.17 Current- t ime t r a n s i e n t s  fo r  a s t a t i o n a r y  p e n t l a n d i t e  e l e c t r o d e  
held a t  various  anodic p o t e n t i a l s  in s t i r r e d  s o lu t io n  a t
pH 4.6  (0.5 M CH3 C00H + 0.5 M CH3 C00Na). 298

8.18 Current- t ime t r a n s i e n t  fo r  a s t a t i o n a r y  p e n t l a n d i t e  e l e c t r o d e  
held a t  0.6 V in s t i r r e d  so lu t io n  a t  pH 9.2 (0.05 M Na2 B4 07).
(A) i vs t ;  (B) i  vs t - 1 ; R = c o r r e l a t i o n  c o e f f i c i e n t .  299

8.19 Anodic charge passed a f t e r  1500 s for a p e n t l a n d i t e  e l e c t r o d e
as a function of p o t e n t i a l  and pH. 300

8.20 Impedance spec t ra  (0.1 Hz -  10 kHz) fo r  a s t a t i o n a r y  
p e n t l a n d i t e  e lec t ro d e  in s t i r r e d  s o lu t io n  a t  pH 0 (1 M HC104).
(A) 0.3  to 1.0 V; (B) 1.2 and 1.4 V. 301

8.21 Impedance spec t ra  (0.1 Hz -  10 kHz) fo r  a s t a t i o n a r y  
p e n t l a n d i t e  e l ec t ro d e  in s t i r r e d  s o lu t io n  a t  pH 4.6 
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Impedance sp ec t ra  (0.1 Hz -  10 kHz) fo r  a s t a t i o n a r y  
p e n t l a n d i t e  e lec t ro d e  in s t i r r e d  so lu t io n  a t  pH 9.2 (0.05 M 
Na2 B4 07) .  (A) 0.2 to 0.8 V; (B) 0.8 and 0.9 V. 303

Real a x i s ,  high frequency in t e r c e p t  r e s i s t a n c e ,  R (equ iva len t  
to the su r face  fi lm r e s i s t a n c e ,  Rf ) ,  fo r  p e n t l a n d i t e  a t  pH 0,
4.6 and 9 .2 ,  p lo t t e d  as a func t ion  of p o t e n t i a l .  304

Poten t ia l -pH  diagram for  the Cu-Fe-S-H20 system a t  298 K for  
d is so lved  copper, iron  and sulphur a c t i v i t i e s  of 1 0 “8, 307
1 0 “ 4  and 1 0 “4, r e s p e c t i v e l y * 3 7 0  *.

Po ten t ia l -pH  diagrams fo r  the Cu-S-H20 system*376> a t  298 K 
for  d is so lved  sulphur and copper a c t i v i t i e s  o f : -

(A) 10- 6  and 10“4, r e sp e c t iv e ly .
(B) 10“ 5  and 5 x 10“3, r e s p e c t iv e ly  (m e ta -s tab le  diagram

excluding sulphur spec ies  with ox ida t ion  s t a t e s  > 0 ) .  309

Change in the o p e n -c i rc u i t  p o t e n t i a l  of a ch a lco p y r i t e  
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NOMENCLATURE

Elec trode  a rea  (cm2)
Avogadro number 
A c t iv i ty  of spec ie s  j
Concentra tion of spec ies  j  (mol dm-3 , mol cm-3)
Bulk co n cen t ra t ion  of spec ie s  j  (mol dm"3, mol cm"3) 
Capacitance (F, pF cm"2)
Pseudocapacitance (F, yF cm"2)
D i f f e r e n t i a l  capac i tance  of i n t e r f a c e  j  (F, pF cm-2)
Double l a y e r  capac i tance  (F, pF cm"2)
Geometrical  capac i tance  (F, pF cm"2)
Diffus ion  c o e f f i c i e n t  (cm2  s " 1)
Elec t rode  p o t e n t i a l ,  a l l  quoted values  
Equi librium p o t e n t i a l  (V) versus  S.H.E.
Standard p o t e n t i a l  of an e l ec t ro d e  
Open-c i rcu i t  p o t e n t i a l  (V)
Ex te rna l ly  app l ied  dc component of p o t e n t i a l  (V, mV)
Fermi l e v e l  (eV)
Flat-band p o t e n t i a l  (V)
Band-gap of a semiconductor (eV)
Open-c i rcu i t  p o t e n t i a l  (V)
Peak p o t e n t i a l  in c y c l i c  voltammetry (V)
(a) Anodic peak p o t e n t i a l  in  c y c l i c  voltammetry (V)
(b) Anodic p o t e n t i a l  in pulse  voltammetry (V, mV)
Cathodic peak p o t e n t i a l  in  c y c l i c  voltammetry (V)
(a) Revers ib le  p o t e n t i a l  (V)
(b) Rest p o t e n t i a l  (V)
P o t e n t i a l  versus  S.H.E. (V)
Interbandgap su r face  s t a t e s
Anodic p o t e n t i a l  scanning l i m i t  in c y c l i c  voltammetry (V) 
Cathodic p o t e n t i a l  scanning l im i t  in c y c l i c  voltammetry (V) 
Faraday cons tan t ,  charge on one mole of e l e c t ro n s  
(96, 485 C mol"1).
F/RT (V"1)
Gibbs f r ee  energy (kJ mol"1)
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Standard Gibbs f r ee  energy change (kJ mol-1 )
Enthalpy (kJ mol-1)
Standard e tha lpy  change (kJ mol-1)
Current (A, mA)
Anodic component cu r ren t  (A, mA)
(a) Cathodic component cu r ren t  (A, mA)
(b) C o l lec to r  cu r ren t  (mA, yA)
Limiting cu r ren t  (A, mA)
Working e lec t ro d e  cu r ren t  (A, mA)
Peak curren t  (A, mA)
Anodic peak cu r ren t  (A, mA)
Cathodic peak cu r ren t  (A, mA)
Current d ens i ty  (mA cm-2 , yA cm-2)
Equi librium constant
Standard heterogeneous r a t e  cons tan t  (m s -1)
Mass t r a n s f e r  c o e f f i c i e n t  of spec ies  j  (cm s -1)
Co l lec to r  e f f i c i e n c y  a t  RCCE and RSCBE
Elec trons  per molecule oxid ised or reduced, Faradays per mole 
of substance e l e c t r o l y s e d .
Number of e l e c t ro n s  involved in r a t e  determining s t ep  
Charge passed in e l e c t r o l y s i s  (C)
Anodic charge (mC cm-2)
Cathodic charge (mC cm-2)
(a) Universal  gas constant  (8.314 J mol - 1  K-1)
(b) Resis tance  ( 8 )
(c) C or re la t ion  c o e f f i c i e n t  
Ohmic s o lu t io n  r e s i s t a n c e  ( 8  cm2)
Adsorption r e s i s t a n c e  ( 8  cm2)
Charge t r a n s f e r  r e s i s t a n c e  ( 8  cm2)
Electrode  su r face  fi lm r e s i s t a n c e  ( 8  cm2)
Resis tance  of i n s u l a t i n g  fi lm ( 8  cm2)
Uncompensated r e s i s t a n c e  ( 8  cm2)
Ser ies  r e s i s t a n c e  in an equ ivalen t  c i r c u i t  ( 8 )
Elec trode  r e s i s t a n c e  ( 8  cm2)
Reynolds number (dv v-1)
C h a r a c t e r i s t i c  rad ius  of RCCE or RSCBE (cm)
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AS = Entropy change in a chemical process (kJ mol"1)
AS° = Standard entropy change in  a chemical process  (kJ mol-1)
Sh = Sherwood number (Kmr D"1)

s c = Schmidt number (v D"1)
t = Time ( h , s )
T = Absolute temperature (K)
V = Linear v e lo c i ty  of r o t a t i n g  cy l inde r  su r f a c e ,  ( t g o ,  cm s _1)
Z = Impedance ( 8 )
ZI = Imaginary pa r t  of impedance ( 8  cm2)
ZR = Real p a r t  of impedance ( 8  cm2)
a = Trans fe r  c o e f f i c i e n t

er = R ela t ive  p e r m i t t i v i t y  (C2 N- 1  m"2)

E o P e r m i t t i v i t y  of f r ee  space (C2 N_ 1  m"2) 
Chemical p o t e n i t a l  of spec ies  j  (kJ mol-1)

P = R e s i s t i v i t y  ( 8  m, 8  cm)
s = Diffus ion  l ay e r  th ickness  a t  an e le c t ro d e  fed by convective  

t r a n s f e r  (cm).
V = (a) Linear  p o t e n t i a l  scan r a t e  (V s"1, mV s -1 )

(b) Kinematic v i s c o s i t y  (cm2  s "1)
GO = (a) Rota t ion  r a t e  (rad s -1 )

(b) Angular frequency (rad  s "1)
GOw m a x Angular frequency a t  maximum of charge t r a n s f e r  s em ic i r c le  

(rad s " 1).
AAS = Atomic absorp t ion  spectrophotometry
CV = Cycl ic  voltammetry
EDAX = Energy-d ispers ive  X-ray Analysis
IHP = Inner  Helmholtz plane
OHP = Outer Helmholtz plane
RDE = Rota t ing  d i sc  e lec t ro d e
RRDE = Rota t ing  r in g  d isc  e l ec t ro d e
RCCE = Rota t ing  c y l i n d e r - c o l l e c t o r  e lec t ro d e
RSCBE = Rota t ing  s p l i t  cy l inde r  b i - e l e c t r o d e
SCE = Satura ted  calomel e l ec t ro d e
SHE = Standard hydrogen e lec t ro d e
XPS = X-ray photoe lec t ron  spectroscopy
XRD = X-ray d i f f r a c t i o n
XRF = X-ray f luorescence  spectroscopy
zpc = Zero poin t of charge
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CHAPTER ONE : INTRODUCTION

In the production of base metals from t h e i r  su lph ide  o res ,  f r o th  
f l o t a t i o n  i s  used to sep a ra te  the su lphide  minera ls  from a sso c ia t e d  
gangue and from each o the r ,  to produce a su lphide  concen t ra te  feed fo r  
a subsequent e x t r a c t i v e  m e ta l l u r g i c a l  process .

Many approaches have been used to study su lphide  minera l  f l o t a t i o n  
phenomena. Bubble contac t  and the measurement of con tac t  angles  on 
po l i shed  s ec t io n s  of su lphide  minera ls  in va r ious  s u r f a c t a n t  
s o l u t i o n s ,  have provided knowledge of the l i m i t s  of  f l o t a t i o n  due to 
c o l l e c t o r  concen t ra t ion  and pH. Hallimond tube and batch f l o t a t i o n  
t e s t s  have ind ica ted  the reg ions  of good dynamic f l o t a t i o n  as opposed 
to the s t a t i c  bubble adhesion s t u d i e s .  These techniques  demonstrate 
whether f l o t a t i o n  i s  p oss ib le  or not without g iv ing  any c l e a r  
unders tanding  of the su r face  phases or the adsorbed spec ie s  formed a t  
the m in e ra l / s o lu t io n  i n t e r f a c e .

Q u a n t i t a t iv e  and k i n e t i c  measurements of the adso rp t ion  of s u r f a c t a n t s  
on the f l o t a t i o n  behaviour of metal sulphides  has c on t r ibu ted  to the 
knowledge of the mechanism of c o l l e c t o r  a ttachment.  However, 
v a r i a t i o n s  in  experimental  cond i t ions  due to a la ck  of p re v e n ta t i v e  
measures in  c o n t r o l l i n g  minera l  sulphide  ox ida t ion  both before ,  and /or  
dur ing experiments ,  and a d is regard  fo r  proper sample c h a r a c t e r i s a t i o n  
when n a t u r a l  minera ls  have been used, have only produced many 
c o n f l i c t i n g  r e s u l t s  in the l i t e r a t u r e .

More r e c e n t ly ,  e lec t rochemical  i n v e s t i g a t i o n s ,  mostly on galena  (PbS),  
ch a lc o p y r i t e  (CuFeS2) and p y r i t e  (FeS2) ,  have provided d e t a i l e d  
in format ion  on mineral  s u l p h i d e / c o l l e c t o r  systems and have helped to 
i d e n t i f y  the su r face  spec ies  r e spons ib le  fo r  render ing  su lphide  
minera ls  hydrophobic. These i n v e s t ig a t i o n s  have shown th a t  the 
f l o t a t i o n  of sulphide  minera ls  involves  ox ida t ion ,  u su a l ly  by 
d is so lved  oxygen, of e i t h e r / b o t h  the mineral  and a s u r f a c t a n t ,  which 
i s  added to adsorb and render the su lph ide (s )  s e l e c t i v e l y  
hyd ro p h o b ic / f lo a tab le .  The s u r f a c t a n t s  used a re  commonly th io - ty p e
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c o l l e c t o r s ,  such as e th y l  xanthate  ( d i t h i o c a r b o n a t e ) , which in  most 
cases  do not impart  s u f f i c i e n t  hydrophobic ity  fo r  f l o t a t i o n  to occur,  
and must be o x id a t iv e ly  coupled to give dixanthogen, which chemisorbs 
on the su lph ide  su r face  before  a f l o a t a b l e  m a te r i a l  i s  obta ined .  
S e le c t iv e  f l o t a t i o n  between su lphides  i s  achieved p r i n c i p a l l y  by pH 
c o n t ro l  which determines the r e l a t i v e  ease of o x ida t ion  of the minera l  
and s u r f a c t a n t .  However, the e lec t rochem ica l  i n v e s t i g a t i o n s  have 
drawn a t t e n t i o n  to the importance of the e lec t rochem ica l ,  or redox 
p o t e n t i a l  (Eh) a t  the mineral  s u lp h id e / so lu t i o n  i n t e r f a c e  in 
determining the r a t e  of m in e r a l / s u r f a c t a n t  o x ida t ion  a t  a f ixed  pH 
va lue .  I t  i s  now becoming in c re a s in g ly  common fo r  the redox p o t e n t i a l  
of the f l o t a t i o n  pulp to be monitored in su lphide  f l o t a t i o n  c i r c u i t s .  
In  p r a c t i c e ,  the  r a t e  of ox ida t ion  of the s u l p h i d e ( s ) / s u r f a e t a n t  could 
be co n t ro l l e d  by ad ju s t in g  the redox p o t e n t i a l  e lec t ro c h e m ic a l ly ,  or 
chemical ly by the  ad d i t ion  of ox id i s ing  (Fe3+, 02) reducing (S02, 
S2 042") agen ts .  Excessive mineral  ox ida t ion  in  the n e u t r a l / a l k a l i n e  
pH range produces s t rong ly  hyd roph i l ic  oxide/hydroxide su r f a c e s ,  which 
i n h i b i t  mineral  p a r t i c l e s  adher ing to a i r  bubbles and being buoyed to 
the su r face .  However, small  amounts of ox ida t ion  render ga lena  and 
c h a lco p y r i t e  f l o a t a b l e  even in  the absence of s u r f a c t a n t s .  This 
behaviour has been a t t r i b u t e d  to the formation of hydrophobic adsorbed 
su lphur product l a y e r s .

Thus to ob ta in  s e l e c t i v e  f l o t a t i o n  in complex su lph ide  o res ,  i t  i s  
necessary  to a d ju s t  the redox p o t e n t i a l  and pH, e i t h e r : -

(a) to co n t ro l  the type of product formed e .g .  hydrophobic su lphur  or 
hyd roph i l ic  metal  oxide, chemisorbed xanthate  or dixanthogen e t c .  on 
each minera l ,  or

(b) to c o n t ro l  the k in e t i c s  of the r eac t ions  and thereby the amount of 
product formed on each minera l .

U nfor tunate ly ,  most e lec t rochemical  in v e s t ig a t i o n s  have been concerned 
with su lph ide /xan tha te  systems and only a few a t tempts  have been made 
to study the " n a tu ra l "  f l o a t a b i l i t y  of su lphides  over a range of Eh/pH
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va lues .  Thus al though dixanthogen, sulphur and in  some cases 
chemisorbed xan tha te  a re  a l l  hydrophobic s p e c i e s , i t  i s  d i f f i c u l t  to 
say what importance each plays in  render ing  a su lph ide  hydrophobic 
under given Eh/pH cond i t ions .  For example, the re  a re  many r e p o r t s  in 
the l i t e r a t u r e  of mineral  sulphide  f l o t a t i o n  with xan tha te  being 
promoted by t r a c e  amounts of metal ions .  I t  i s  not c l e a r  whether the 
e f f e c t  of the metal  ions i s  merely to make the minera l  n a t u r a l l y  
f l o a t a b l e  or whether i t  encourages the adsorp t ion  of xan tha te .

C lear ly  the re  i s  a need to make a sys temat ic  s tudy of the causes of 
"n a tu ra l "  f l o a t a b i l i t y .  The o b je c t iv e s  of t h i s  i n v e s t i g a t i o n  were to 
study the su r face  ox ida t ion  of p y r i t e ,  p y r r h o t i t e  (FeS),  c h a lc o p y r i t e  
and p e n t l a n d i t e  ( ( F e ,N i )gSa) over a wide range of Eh/pH c o n d i t io n s ,  
with a techno log ica l  aim of ach ieving s e l e c t i v e  ox ida t ion  between one 
or more of the su lphides  in  the absence of c o l l e c t o r s ,  so p o s s ib ly  
enabling  s e l e c t i v e  f l o t a t i o n  sepa ra t ions  to be made without s u r f a c t a n t  
a d d i t io n .  Elec trochemical techniques were chosen to s tudy and 
c h a r a c t e r i s e  the sulphide  mienral  ox ida t ion  r e a c t io n  k i n e t i c s  and 
mechanisms.
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CHAPTER 2 : LITERATURE SURVEY

2.1 Physical  P ro p e r t i e s

To achieve  ox ida t ion  s e l e c t i v e l y  between one or more of the 
s u lp h id e s ,  d i f f e r e n c e s  in the su r face  p ro p e r t i e s  of the va r ious  
s o l id  phases must be e x p lo i ted .  The su r face  c h a r a c t e r i s t i c s  a re  
p r im ar i ly  determined by the atomic or molecular s t r u c t u r e  of the 
s o l i d  and the types of bonding involved. There fore ,  some of the 
phys ica l  p r o p e r t i e s  of the four su lph ides  a re  summarised below.

2 .1 .1  C rys ta l  S t ru c tu re

H i th e r to ,  there  has been a lack  of exper imenta l  techniques  for 
s tudy ing  the su r face  chemical and s t r u c t u r a l  changes th a t  occur 
a t  a s u l p h i d e / e l e c t r o l y t e  i n t e r f a c e ,  and few a t tempts  have been 
made to l i n k  the complex c r y s t a l  s t r u c t u r e s  of su lph ides  with 
t h e i r  e lec t rochem ica l  behaviour.

Many a t tempts  have been made to c l a s s i f y  known su lphide  mineral  
s t r u c t u r e s  in to  major s t r u c t u r a l  types.  The c l a s s i f i c a t i o n  i s  
u su a l ly  based on the packing of su lphur atoms(1,2 -5*, or on the 
mode of l inkage  of atoms in sp ace (3' 4' 6}. The c l a s s i f i c a t i o n  by 
Bray and C l a r in g b u l l (6) i s  shown below in Table 2 .1 .

Table 2.1 C rys ta l  S t ru c tu re  of Su lph ides(6)

S t ru c tu re  Type Compound

Isom etr ic Rock s a l t  
Ni-As
P y r i t e  and marcas ite  
Zincblende and w us t i te

PbS, MgS, CaS, SrS, MnS, EuS, PuS 
P y r r h o t i t e ,  CoS 
FeS2 ,CoS2 ,NiS 2 ,MnS2 ,0sS 2 ,RuS2  

CuFeS2, HgS

Layer s t r u c t u r e s Pbl 2

Molybdenite
TiS2, ZnS2, SnS3, PtS 2  

MoS2, WS2

Chain s t r u c t u r e s S t i b n i t e
SiS 2

SbS3, Bi 2 S3  

SiS 2
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U nfor tuna te ly ,  because the c r y s t a l  chemistry of su lph ides  i s  extremely 
complex, an ov e ra l l  c l a s s i f i c a t i o n  of mineral  su lphide  s t r u c t u r e s  
s t i l l  awaits  formulat ion.

2 . 1 . 1 . 1  P y r i t e

The p re c i se  composit ional range of p y r i t e  i s  unknown, though i t  i s  
c e r t a i n l y  l e s s  than 1 a t .  %. Smith 1 3 9 1  repor ted  the S/Fe r a t i o  to l i e  
in  the  range 1.94 -  2 .01.  However, Kullerud and Yoder(8) considered 
t h i s  was due to a n a ly s i s  e r r o r s ,  and the r a t i o  was u n d i s t in g u i sh ab le  
from 2 . 0 0 .

P y r i t e  c r y s t a l l i s e s  in the cubic system with i ron  atoms a t  the corners  
and face cen t re s  of the cube and the sulphur atoms arranged in  p a i r s  
(as S2  molecules) between them (Figure 2 .1 ) .  Each S atom i s  
coordina ted  to th ree  Fe and one S atom ( the  o the r  h a l f  of the S2  

molecule) in a d i s t o r t e d  t e t r a h e d r a l  co n f ig u ra t io n .  Each Fe i s  a t  the 
cen t re  of an octahedron of S atoms. Although a l l  s ix  Fe-S d i s t a n ce s

Fig 2.1  The c r y s t a l  s t r u c t u r e  of p y r i t e  (FeS2) (7).
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are  equal ,  the octahedron i s  s l i g h t l y  compressed along one a x i s .  The 
i n t e r n u c l e a r  d is tance  of the S2  molecule i s  0.218 nm, the Fe-S 
d i s t a n c e  0.226 nm, and the edge of the cubic l a t t i c e  0.542 nm(7). 
Although the s t r u c t u r e  of p y r i t e  cannot be c l a s s i f i e d  as c lose  packed, 
i t  i s  densely  packed compared with the o the r  su lph ides .  Marcasi te  i s  
the orthorhombic polymorph of p y r i t e ,  though p y r i t e  i s  the s t a b l e  form 
up to 400 °C(8), and an X-ray s tudy has shown tha t  g r ind ing  provides  
the energy necessary  to convert  marcas i te  to p y r i t e (9). There fo re ,  in  
minera l  process ing  ope ra t io n s ,  FeS2  i s  u su a l ly  in the p y r i t e  form.

2 . 1 . 1 . 2  P y r r h o t i t e

The composit ion of p y r r h o t i t e  i s  bounded by FeS and Fe 7 S8. Carpenter 
and Desborough(10} regarded p y r r h o t i t e  as having th ree  d i s t i n c t  
phases:  t r o i l i t e ,  hexagonal p y r r h o t i t e ,  and monoclinic p y r r h o t i t e .
Monoclinic p y r r h o t i t e  has the formula Fe 7 S8, a lthough the re  a re  
r e p o r t s  th a t  i t  t o l e r a t e s  v a r i a t i o n s  in i ron  d e f ic ien cy  of ± 0.2  a t .  X 

from the s to ic h io m e t r i c  composition of 46.67 a t .  X Fe(11,12).
T r o i l i t e  i s  FeS, with no d e te c ta b le  depar tu re  from s to ich iom et ry ;  i t  
occurs p r im ar i ly  in m e teo r i t e s .  The phase r e l a t i o n s  of hexagonal 
p y r r h o t i t e  a re  complex and not known completely.  The formula fo r  
hexagonal p y r r h o t i t e  can be w r i t t e n  as Fe1_xS where x r e p re se n t s  the 
f r a c t i o n  of vacant c a t io n  s i t e s  in the s t r u c t u r e .  At room temperature  
i t s  composit ional  l i m i t s  are  narrow and range from 47.2 to 47.9 a t .  X 

Fe(14). Morimoto e t  a l (15) argued tha t  hexagonal p y r r h o t i t e  was not 
one s o l id  s o lu t io n  f i e l d ,  but th ree  very narrow (0.03 a t .  X)  f i e l d s  
cente red  a t  Fe9 S10, Fe 1 0 S1 1  and FelxS12, which correspond to 47.37,
47.62 and 47.83 a t .  X Fe. Arnold 1 1 3 1 s tud ied  the phases p resen t  in  82 
n a tu r a l  t e r r e s t r i a l  p y r r h o t i t e s  and found tha t  60 samples (73 X)  

cons i s ted  of two-phase in te rgrowths  of hexagonal with monoclinic 
p y r r h o t i t e .

The c r y s t a l  s t r u c t u r e  of p y r r h o t i t e  i s  of the n ick e l  a r sen ide  type 
c o n s i s t i n g  of sulphur atoms hexagonally c lose  packed with i ron  atoms 
in  oc tahed ra l  i n t e r s t i c e s .  The metal atoms of the Ni-As s t r u c t u r e  are  
in  t r i a n g u l a r  lay e r s  between the su lphur l a y e r s  (F igure  2 .2 ) .
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However, in FeS the l a t t i c e  i s  d i s t o r t e d  by displacement of S atoms

Fig 2.2 The p y r r h o t i t e  (n icke l  a rsen ide  type) s t r u c t u r e .

along the c - a x i s .  A l t e rn a t iv e  metal t r i a n g l e s  are  con t rac ted  and 
expanded with sulphur  atoms d isp laced  away from con t rac ted  t r i a n g l e s  
and towards the d i l a t e d  t r i a n g l e s  along the c - a x i s (16). In hexagonal 
p y r r h o t i t e  (Fe 1 _xS), the vacancies  on the Fe s i t e s  a re  ordered.  

B e r t a u t (17) found monoclinic p y r r h o t i t e  (Fe 7 S8) to have an ordered 
de fec t  s t r u c t u r e  r e l a t e d  to the Ni-As type. One vacancy e x i s t s  in 
every four  metal p o s i t io n s ,  confined to a l t e r n a t e  metal  p lanes .  He 
p o s tu la ted  tha t  charge balance i s  maintained by Fe3+ ions  in  the same 
l ay e r s  as the vacancies .  Tokonami e t  a l <18) have confirmed B e r t a u t ' s  
model al though with i ron  and sulphur  atoms collapsed  towards the 
vacancy. The vacancy order ing  has a l so  been observed by h igh- 
r e s o lu t io n  e le c t ro n  microscopy(191.

The only i r o n - r i c h  non-s to ich iom etr ic  sulphide  i s  MacKinawite (FeS1_x, 
where 0.057 < x < 0 .064(20>)* I t  has a t e t r a g o n a l  c r y s t a l l i n e  
s t r u c t u r e * 21} and i t s  non-s to ichiometry  r e s u l t s  from su lphur 
d e f ic ien c y  r a th e r  than excess metal atoms in the s t r u c t u r e .

•  Fe

S
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2 . 1 . 1 . 3  P e n t l a n d i t e

The f i r s t  X-ray d i f f r a c t i o n  study of p e n t l a n d i t e  was performed by 
Alsen(22). He i d e n t i f i e d  the s t r u c t u r e  as cubic but wrongly assumed 
the formula to be (Fe,Ni)S. Lindqvis t  e t  a l (23) showed tha t  
p e n t l a n d i t e  was isomorphic with s y n th e t i c  Co9 S8  and th a t  the  formula 
should be (F e ,N i) 9 S8. The p e n t l a n d i t e  c r y s t a l  l a t t i c e  can be 
descr ibed  as a face  centred  cubic l a t t i c e  of 32 su lphur atoms and 36 
metal  atoms; 32 metal atoms are  in  t e t r a h e d r a l  s i t e s  and 4 a re  
o c ta h e d ra l ly  coordina ted .  The su lphur  atoms a re  arranged so th a t  8  

show fo u r - fo ld  and 24 f i v e - f o l d  coord ina t ion  to the metal  atoms. 
Ramjamani and P r e w i t t (24) r e f ined  the s t r u c t u r e s  of two n a t u r a l l y  
occur r ing  p e n t l a n d i t e s  and showed th a t  the metal  atoms in t e t r a h e d r a l  
s i t e s  a re  surrounded by d i s t o r t e d  t e t r a h e d r a ,  one of the su lphurs  
being c lo s e r  than the o the r  th ree  (S(1), Figure  2.3B).  They a l so  
showed th a t  the re  a re  th ree  meta l-meta l  bonds extending from each 
t e t r a h e d r a l  ca t ion  forming i s o l a t e d  "cubic c l u s t e r s "  of t e t r a h e d r a l  
c a t io n s  (Figure  2 .3 ) .  The meta l-meta l  d i s ta n ce  in the c l u s t e r  i s  
0.2531 nm, a value s im i l a r  to the d i s tan ce  between n ic k e l  atoms in  
m e ta l l i c  n i c k e l .  The t e t r a h e d r a l l y  coord inated sulphur atoms a re  
a s s o c ia t e d  with t e t r a h e d r a l  metal atoms, while  the f i v e - f o l d  
coordina ted  sulphur atoms a re  a s so c ia ted  with four t e t r a h e d r a l  metal  
atoms and one oc tahedra l  atom in  a square pyramid.

2 . 1 . 1 . 4  Chalcopyri te

The c r y s t a l  s t r u c t u r e  of cha lco p y r i t e  was f i r s t  descr ibed  by Burdick 
and E l l i s  in  1917(25) . The c u r r e n t ly  accepted s t r u c t u r e  fo r  
ch a lc o p y r i t e  was f i r s t  repor ted  by Pauling and Brockway126] and then 
by Donnay e t  a l ,27). Ignor ing  the d i f f e r e n c e  between Cu and Fe atoms 
the s t r u c t u r e  i s  tha t  of s p h a l e r i t e  (ZnS). However, to accommodate 
the d i f f e r e n c e ,  the t e t r a g o n a l  u n i t  c e l l  of c h a lco p y r i t e  i s  twice the 
volume of the u n i t  c e l l  of s p h a l e r i t e .  In each h a l f  of the 
c h a lc o p y r i t e  un i t  c e l l  the four z inc atoms of s p h a l e r i t e  a re  rep laced  
by two Cu and two Fe atoms, so th a t  Cu and Fe occupy a l t e r n a t e  
p o s i t i o n s  along the c -a x is  (Figure  2 .4 ) .  Hal l  and S tew ar t (28} have
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(a)

ID

Fig 2.3  The c r y s t a l  s t r u c t u r e  of p e n t l a n d i t e  ( ( F e ,N i ) 9 S8) .
(a) The cubic u n i t  c e l l  of the p e n t l a n d i t e  s t r u c t u r e .
(b) The cube c l u s t e r  of t e t r a h e d r a l l y  coordinated  ca t io n s  

occurring in the p e n t la n d i te  s t r u c t u r e .  Each c a t io n  i s  
coordinated to one S(1) and th ree  S(2) atoms.

shown th a t  wi th in  each metal te t rahedron  the sulphur atom i s  d isp laced  
away from Cu and towards Fe, r e s u l t i n g  in an a x i a l  compression of the 
t e t r a g o n a l  u n i t  c e l l .  Other c h a l c o p y r i t e - l i k e  minera ls  have been 
i d e n t i f i e d  v iz ,  mooihoekite (Cu9 Fe 9 S16), t a l n a k i t e  (Cu9 Fe 8 S16),  and 
haycock i te  (Cu4 Fe 5 S8) (29' 30). All  three  minerals have s t r u c t u r e s
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Fig 2.4  The c r y s t a l  s t r u c t u r e  of cha lco p y r i t e  (CuFeS2) (34) .

based on c h a lco p y r i t e  with the excess metal  atoms f i l l i n g  unoccupied 
t e t r a h e d r a l  s i t e s  in  the cubic c lose-packed sulphur l a t t i c e (31>.

2 .1 .2  E l e c t r i c a l ,  Magnetic and MOssbauer Studies

The e l e c t r i c  and magnetic p ro p e r t i e s  of metal  su lph ides  a re  so d iv e r s e  
th a t  they c o n s t i t u t e  the bas is  of s ep a ra t io n  techniques fo r  minera l  
p rocess ing .  However, minute concen t ra t ions  of im p u r i t i e s  may e f f e c t  
e l e c t r i c a l  p ro p e r t i e s  so tha t  s e l e c t i v e  s ep a ra t io n s  of n a t u r a l  minera l  
samples may be i n e f f i c i e n t .

The r e s i s t i v i t i e s  of most su lphides  l i e  between those of metals  ( 10— 7  

to 1 0 “ 8  S m a t  room temperature) and semiconductors ( 1 0 “ 4  to 1 0 7  2  m 
a t  room tem p era tu re ) (32} so they can be descr ibed  as "pseudo­
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semiconductors" .  Their  semiconductor behaviour de r ives  from f ree  
charge c a r r i e r s  (holes  or e l e c t r o n s )  a r i s i n g  from non-s to ich iometry ,  
t r a c e  element im p u r i t i e s ,  and thermal e x c i t a t i o n  across  the energy 
g a p ' 33). The semiconduction i s  termed n- type  or p- type  according to 
whether e l e c t ro n s  or holes  a re  the dominant charge c a r r i e r s .

The e l e c t r i c a l  and magnetic p ro p e r t i e s  of su lph ides  have been 
e x ten s iv e ly  reviewed by Vaughan and C ra ig (34) and Shuey(35). Some of 
the more s a l i e n t  p ro p e r t i e s  a re  summarised below.

2 .1 .2 .1  Pyri  te

Magnetic s u s c e p t i b i l i t y  measurements on p y r i t e  show i t  to have no 
magnetic moment(36-37>. The conclusion drawn from t h i s  i s  th a t  i ron  
in p y r i t e  i s  present as Fe2+. I t s  s ix  d e l e c t ro n s  a re  pa i red  and 
completely f i l l  the t 2g ground s t a t e  o r b i t a l s .  Sulphur i s  p resen t  as 
S22“ with i t s  twelve e l e c t ro n s  completely f i l l i n g  the bonding PCT, Prt 
and antibonding  Pn* o r b i t a l s .  The p a i r in g  of e l e c t ro n s  both in  Fe2+ 
and S22- exp la ins  the absence of a magnetic moment. The MBssbauer 
spectrum of iron  in p y r i t e  a l so  supports  these  c o n c lu s io n s '38*. The 
FeS in t e r n u c l e a r  d is tance  of 0.226 nm, which i s  much l e s s  than the sum 
of the io n ic  r a d i i  (0.260 nm), sugges ts  th a t  the re  i s  some covalent 
bonding between iron and sulphur.

E l e c t r i c a l  r e s i s t i v i t y  measurements show p y r i t e  to occur in  both n- 
and p- type  semiconductor modes; p-type samples having a h igher  
r e s i s t i v i t y  than n-type samples. Using d a ta  c o l l e c te d  from 123 
d i f f e r e n t  p y r i t e  samples, Pridmore and Shuey(33) repor ted  a modal 
r e s i s t i v i t y  of 1 x 10- 3  Q m fo r  n-type  and 3 x 10- 2  S2 m for  p- type .  
There have a lso  been re p o r t s  of type d i f f e r e n c e s  w i th in  a s in g le  
c r y s t a l ' 3 9  ' 4 0  * . For p- type  m a te r i a l ,  the r e s i s t i v i t y  decreases  with 

tempera ture ,  but fo r  n-type i t  i n c r e a s e s ' 3 9  - 4 1  *. R e s i s t i v i t y  i s  
p ro p o r t io n a l  to the product of c a r r i e r  dens i ty  and m o b i l i t y ' 351. 
Therefore  where dev ia t ions  from s to ich iometry  and/or p u r i t y  a re  known, 
the c a r r i e r  dens i ty  can be c a lc u la t e d ,  the r e s i s t i v i t y  measured and 
then the m obi l i ty  c a lc u la te d .  For a given minera l ,  semiconductor
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type ,  and temperature,  the re  i s  a d e f i n i t e  upper l i m i t  to the 
m o b i l i t y ,  due to l a t t i c e  v i b r a t i o n s .  At room temperature  these  l i m i t s  
a re  approximate ly  250 cm2  V- 1  s " 1  fo r  n - type  p y r i t e  ( e l e c t r o n  
m o b i l i t y ) (42), and 2 cm2  V- 1  s _ 1  fo r  p-type (hole  m o b i l i t y ) (43).
Mobi l i ty  may a l so  be reduced by s c a t t e r i n g  due to po in t  d e f e c t s ,  
d i s l o c a t i o n s ,  and g ra in  boundaries.  For p y r i t e ,  th e re  i s  no 
s t a t i s t i c a l  d i f f e r en c e  in  c a r r i e r  d en s i ty  between n- and p- type ,  hence 
d i f f e r e n c e s  in r e s i s t i v i t y  a re  due e n t i r e l y  to the d i f f e r e n c e s  in 
m o b i l i ty  of e l ec t ro n s  and ho les .  The da ta  of H o r i t a (43> on Hall  
cons tan t  and r e s i s t i v i t y  in  the region of i n t r i n s i c  semiconduction 
impl ies  th a t  the i n t r i n s i c  c a r r i e r  concen t ra t ion  a t  room temperature  
i s  about 2 x 101 4  cm- 3 . The important donor im p u r i t i e s  found in 
n a t u r a l  p y r i t e  samples a re  Co, Ni, Cu, whereas As i s  the only accep to r  

im p u r i ty (33' 44).

B i th e r  e t  a l (42) have s tud ied  the o p t i c a l  r e f l e c t i v i t y  spectrum of 
s y n t h e t i c  p y r i t e  and i n fe r r e d  a band gap of 0 .9  ± 0 .1  eV.
Mar inace(41) repo r ted  a va lue  of 1.2 eV, while  H o r i t a (43) found an 

average of 0.77 eV fo r  a c o l l e c t i o n  of n a t u r a l  c r y s t a l s .

2 . 1 . 2 . 2  P y r r h o t i t e

The Mdssbauer spectrum of monoclinic p y r r h o t i t e  (Fe 7 S8) has been 
s tu d ied  by Levinson and T reves (45] and Vaughan and R id o u t (38).
N e i the r  found evidence to support  the presence of Fe3+, p o s tu la t ed  in  
the bonding scheme of B e r t a u t (17), who proposed an io n ic  formula 
Fe 5 2 +Fe 2 3 +S82". Levinson and Treves(45} suggested a valence model of 
the type Fe72• 2 8 6 +S82_ from the reduced isomer s h i f t  va lues  ( r e l a t i v e  
to FeS), which were a t t r i b u t e d  to a g r e a t e r  covalency in  the Fe-S 
bond.

P y r r h o t i t e  i s  a good e l e c t r o n i c  conductor with r e s i s t i v i t i e s  in the 
range 10“ 4  to 10- 6  Qm(46' 47). P a r a s n i s (46) found the r e s i s t i v i t y  of 
t r o i l i t e  not to d i f f e r  s i g n i f i c a n t l y  from o the r  p y r r h o t i t e s .
H ihara<48) found no evidence fo r  e l e c t r i c a l  an iso t ropy  in hexagonal 
and monoclinic p y r r h o t i t e  a l though s y n th e t i c  s i n g l e - c r y s t a l s  of
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t r o i l i t e  had a high r e s i s t i v i t y  ( 1 0 ~ 3  Q m) along the c -a x is  a t  room 
•temperature.  Theodossiou(47* made r e s i s t i v i t y  and Hall e f f e c t  
measurements on n a t u r a l  p y r r h o t i t e  samples and found them a l l  to be p- 
type a t  room temperature with c a r r i e r  concen t ra t ions  over 1 0 2 0  cm-3 .
I t  i s  u su a l ly  assumed th a t  the charge c a r r i e r s  in p y r r h o t i t e  a re  holes  
(Fe3+) a s so c ia te d  with i ron  vacancies .  Thus, the  c a r r i e r  c o n ce n t ra t io n  
should be p rop o r t io n a l  to the iron d e f ic iency  r e l a t i v e  to FeS.
However, the re  i s  no evidence fo r  t h i s ;  t r o i l i t e  has been found to be 
as conducting as hexagonal and monoclinic p y r r h o t i t e .  Kaplan and 
W o r re l l (4 9 in a study of s y n th e t i c  hexagonal p y r r h o t i t e  over the 
composi t ional  range Fe 0  9 0 1  -  Fe 0  923S and temperature  range 943 -  
1173 K, found the conduc t iv i ty  to inc rease  with in c reas in g  i ron  
d e f i c i e n c y ,  but much l e s s  than p ro p o r t io n a t e ly .  They repor ted  
co n d u c t iv i ty  inc reas ing  as the (1/30) power of sulphur p re s su re  
compared with the p red ic ted  value of (1 /6) power. They a l so  i n d i c a t e  
a l l  Fe1_xS phases should be regarded as m e ta l l i c  with the e l e c t r o n i c  
s t a t e s  d e lo ca l i s e d  (except along the c -a x is  in FeS).

2 . 1 . 2 .3 P e n t lan d i te

The low r e s i s t i v i t y  of p e n t l a n d i t e  (10 - 5  to 10- 6  Q m) means th a t  i t  
can be regarded as a m e ta l l i c  conductor ( 5 2  ] .

M8 ssba*uer s tu d i e s  by Vaughan and Ridout(38) show tha t  the t e t r a h e d r a l  
s i t e  i ro n  atoms are  low-spin  with a formal ox ida t ion  s t a t e  l e s s  than 
+2 because of the meta l-metal  bonding. The i ron  atoms in n a t u r a l  
p e n t l a n d i t e s  show a s l i g h t  preference  fo r  the oc tahedra l  s i t e s (24), 
where they probably occur as high sp in  d iv a le n t  i r o n (50).

R osenqv is t ( 5 1 1  suggested tha t  p e n t l a n d i t e  was s t a b i l i s e d  by a s p e c i f i c  
e lec t ron /a tom  r a t i o  l i k e  many a l lo y s .  Since Co9 S8  and Fe 4  5 Ni 4  5 S8  

appeared to be the most s t a b l e  composit ions,  Ramjamani and P r e w i t t (24) 
assumed the most s t a b l e  con f igu ra t ion  was 7 e l ec t r o n s .  P e n t l a n d i t e  
composit ions where the n icke l  content  increased  above 4.5 atoms 
r e s u l t e d  in n ic k e l  being ordered in to  oc tahedra l  s i t e s  c r e a t in g  
vacancies  in t e t r a h e d r a l  s i t e s ,  while i f  the iron  content was
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i n c re a s e d ,  the  excess  i ro n  en te red  unoccupied t e t r a h e d r a l  s i t e s .  Thus, 

the s t r u c t u r a l  formula fo r  p e n t l a n d i t e  can be w r i t t e n  a s : -

(FeuNiv) 6fold (FexNiyAz) a4fold S8

6  fo ld  and 4 fo ld  r e f e r  to the metal  coord ina t ion ,  A i n d i c a t e s  metal 
vacanc ies .  The e l e c t r o n  con f ig u ra t io n  of i ron  i s  (3 d )6, and fo r  
n i c k e l  i t  i s  ( 3 d )8. Thus, the number of metal vacancies  (z) i s  given 
by : -

z = [ ( x . 6  + y . 8 ) - 7 ] / 7

and m eta l / su lphu r  = (9 -  8 . z ) / 8  = (1.125 -  z)

2 . 1 . 2 . 4  Chalcopyri te

Both Wyckoff*53) and Hall and S tew ar t ( 2 8  * have suggested tha t  
c h a lc o p y r i t e  e x i s t s  in a s t rong  cova len t ly  bonded co n f ig u ra t io n  with 
an e f f e c t i v e  i o n ic  s t a t e  between:-

Cu+Fe 3 +(S 2 - ) 2  and Cu2 +Fe 2 +(S 2 " ) 2

However, the l a ck  of a magnetic moment on the copper atom, observed in 
neutron  d i f f r a c t i o n  exper im ents * 2 7  *, suppor ts  the Cu+ s t a t e ,  and the 
smal l  isomer s h i f t  and absence of  quadrupole s p l i t t i n g  in  the 
MOssbauer spectrum*54* i s  c o n s i s t e n t  with h ig h-sp in  Fe3+ in  the 
t e t r a h e d r a l  s i t e s .  Hence, the sp ec t ro s c o p ic  da ta  suppor ts  the scheme

Cu+Fe 3 +(S2" ) 2.

The r e s i s t i v i t y  of n a t u r a l  cha lcopyr i t e  samples f a l l s  w i th in  a narrow 
range centred  near 10- 3  Q m*33' 55). All  the published de te rm ina t ions  
on n a t u r a l  c h a lc o p y r i t e  show n-type conduction,  a l though p-type 
n a t u r a l  samples can occur*56*. T e r a n i s h i *57* found the conduc t iv i ty  
along the t e t r a g o n a l  ax is  to be 1.3 to 2.6 times g r e a t e r  than tha t  in 
a pe rpend icu la r  d i r e c t i o n .  For a n a t u r a l  s in g le  c r y s t a l  he repor ted  a 
c a r r i e r  c oncen t ra t ion  of 8  x 1 0 1 8  cm- 3  and an e l e c t ro n  m ob i l i ty  of 18
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cm2  V- 1  s - 1  a t  room temperature  when l im i ted  only by l a t t i c e  
v i b r a t i o n s .  Austin e t  a l (56> repor ted  a value of hole  m obi l i ty  of 32 
cm2  V" 1  s _1. Optical  absorp t ion  s tu d i e s  i n d i c a t e  a band gap of about 
0.6  eV(56' 571.

The c h a r a c t e r i s t i c  n-type  conduction i s  a consequence of a s l i g h t  
metal  e x c e s s (59>. A ty p ic a l  c a r r i e r  concen t ra t ion  of 101 9  cm- 3  

corresponds  to a metal excess of the order 0.1 per cen t .  There i s  no 
in d i c a t io n  tha t  im pur i t ie s  have an important e f f e c t  on the r e s i s t i v i t y  
and type of cha lcopyr i t e .  Assuming the ion ic  c o n f ig u ra t io n  
Cu+Fe 3 +(S2_) 2, copper s u b s t i t u t i n g  fo r  iron produces accep to rs ,  which 
compensate some of the donors,  decreasing  the c a r r i e r  c o n cen t ra t io n ,  
so in c re a s in g  the r e s i s t i v i t y .  Conversely,  Fe s u b s t i t u t i n g  fo r  Cu 
in c rease s  the numbers of donors and decreases  r e s i s t i v i t y .  This 
e f f e c t  was observed by Pridmore and Shuey(33) and Harvey(60), who 
noted th a t  cha lcopyr i te  samples from copper - r ich  environments a re  
s y s t e m a t i c a l l y  h igher in r e s i s t i v i t y  than those from i r o n - r i c h  
environments.

A summary of the phys ica l  and e l e c t r i c a l  p ro p e r t i e s  of the four 
su lphide  minera ls  i s  presented  in Table 2.2.

2.2 E lec t rode  P o te n t i a l s  and Eh-pH Diagrams

Iron  and copper su lphides  have very small  s o l u b i l i t y  products (CuFeS2,
10- 6 2 l 2 6 7  >; CuS, 10- 3 6 < 2 6 7  >; FeS2, lO"29*268’ ; FeS, 10-18(268>), and 
in  the s o l i d  s t a t e ,  la rge  e l e c t r o n i c  c o n d u c t i v i t i e s .  There fore ,  as 
with m eta ls ,  they can be used as e lec t ro d e s  in aqueous s o lu t io n .  
However, metal  su lphide e le c t ro d e s  d i f f e r  from pure metal e l e c t ro d e s  
in  two r e s p e c t s : -

(a) They possess  seve ra l  components (sulphur and a t  l e a s t  one m eta l ) .

(b) Most su lph ides  are  semiconducto rs , which g ives  them c h a r a c t e r i s t i c  
e l e c t r o n i c  p r o p e r t i e s  (band s t r u c t u r e  e t c . ) ,  which d i s t i n g u i s h e s  them 

from m e t a l s < 6 1  -62}.
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A lack  of a p p re c ia t io n  of these  two po in ts  has meant th a t  observed 
e l e c t ro d e  p o t e n t i a l s  r a r e l y  show s a t i s f a c t o r y  agreement with the 
values  thermodynamically c a lc u la t e d .  To expla in  these  d isc rep an c ie s  
S a to (62} proposed a thermodynamic model in which the h a l f - c e l l  
p o t e n t i a l  of a semiconductive simple b inary  su lph ide  in  aqueous 
s o l u t i o n  i s  not only a func t ion  of ion ic  a c t i v i t i e s  in  the s o lu t io n ,  
but a l so  a func t ion  of the a c t i v i t i e s  of the component elements in  the 
compound phase.  Thus, i f  a semiconductor with a formula M£Sj 
d i s s o c i a t e s  by the r e a c t i o n : -

the h a l f - c e l l  p o t e n t i a l  i s  desc r ibed  by the fo l lowing e q u a t i o n : -

Hence, even though the composit ion of the aqueous s o l u t i o n  i s  f ixed ,  
the e l e c t ro d e  p o t e n t i a l  i s  not defined uniquely;  i t  w i l l  vary w i th in  a 
range as the exact  composit ion of the su lphide  v a r i e s .  Using aqueous 
s o lu t io n  of known io n ic  a c t i v i t i e s ,  the h a l f - c e l l  p o t e n t i a l  of a 
b inary  su lph ide  may be used as a means of s tudying the non- 
s to ic h io m e t r i c  p r o p e r t i e s  of the su lph ide .

P e t e r s ( 6 1  ’ proposed a model s im i l a r  to S a to ' s  and argued th a t  the 
e l ec t r o d e  p o t e n t i a l  of a metal su lph ide  can be w r i t t e n  in the

where E°



Table 2.2 Physical and Electrical Properties of the Four Sulphide Minerals

Mineral Theoretical
Composition

Relative
Molar

At-% Composition Density Crystal
System

Resistivity Conductor
Type

Carrier
Concentration

Mobility 
(cm2  v- 1  s-1)

Energy
Gap

Mass
(g)

Cu Fe Ni S
(g cm-3) 8  m

at room temp. 
(cm-3)

Electrons Holes
(eV)

Pyrite FeS2 119.% 33.33 66.67 4.8-5.1 Cubic 1 - 1 0 0  x 1 0 " 3

( 3 3 )
n- and p- 
semiconductor

2  x 1 0 14<43> 2 5 o M 2 >  2 ( 4 3 ) 0.9(42>

Ityrrhotite Fe7 S8 647.36 46.67 53.33 4.4-4.65 Monoclinic 1-100 X  10“ 6

( 4 6 , 4 7 )
p-metallic 1  x 1 0 21<47> 6 (35)

Pentlandite ^ e 4 . 5 ^ 4 . 5 ^ 8 771.91 26.47 26.47 47.05 4.6-5.0 Cubic 1 - 1 0  x 1 0 - 6

( 5 2 )
n-metallic

Chalcopyrite CuFeS2 183.50 25.0 25.0 50.0 4.1-4.3 Tetragonal 1 - 1 0 0  x 1 0 “ 4 n-semiconductor 8  x 1 0 18(57) 18(57) 32(56) 0 . 6 (56,57)
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same way as th a t  of a pure meta l ,  but an e x t r a  Nernst  term i s  needed 
to take in to  account the chemical p o t e n t i a l  of the metal  in the form 
of a su lph ide ,  v i z . : -

where a x i s  the a c t i v i t y  of x with re spec t  to the  s tandard  s t a t e  
(which fo r  a metal  i s  the pure m eta l ) .

I t  can a l so  be w r i t t e n  in terms of an a p p ro p r i a t e  e lec t rochem ica l  
r e a c t io n  fo r  su lphur

and aMi+ in the aqueous phase, the p o t e n t i a l  of equat ion  ( 2 . 2 ) i s  the 
same as tha t  of equation  ( 2 . 1 ) .

The s t a b i l i t y  or i n s t a b i l i t y  of a su lphide  mineral  in  con tac t  with  the 
aqueous s o lu t io n s  of s e l e c ted  composit ion may be rep resen ted  in  the 
form of a po ten t ia l -pH  diagram or e lec t rochem ica l  phase diagram. 
P resen t ing  thermodynamic da ta  in t h i s  way was f i r s t  devised by 
Pourbaix (63> for  metal  systems and extended to minera l  systems by 
G arre ls  and Ch r i s t ( 6 4 I t  al lows regimes of s t a b i l i t y  to be de f ined  
beyond which the system i s  thermodynamically u n s tab le .  I t  a l so  
i d e n t i f i e s  any s o l i d  or gaseous product phases which should form 
during such decomposit ion.  I t  does not i n d ic a te  the r a t e  of 
decomposition of an uns tab le  minera l;  t h i s  can vary from r a t e s  so f a s t  
th a t  they a re  c o n t r o l l e d  by mass t r a n s f e r  l i m i t a t i o n s ,  to r a t e s  so slow

E = Ej° — 2.3 RT log a^o + 2.3 RT log a^, + 
iiF iiF 1

(2 .1)

E = E° 2  -  2.3 RT log ^ 3  

2F
+ 2.3 RT log as 

2F
o -  2.3 RT pH (2 .2 )  

F

where f H s i s  the fu gac i ty  of H2S gas and as o i s  the a c t i v i t y  of 
e lementa l  su lphur in the s o l id  su lph ide  phase. Because of the 
thermodynamic l i n k  between as o and aMo in the s o l i d  and between f Ĥ s
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t h a t  g e o lo g ic a l  time periods  a re  requ ired  fo r  the evidence to be 
d i r e c t l y  observed. Also, i t  cannot p red ic t  whether m e ta - s t ab le  spec ie s  
may occur along a re a c t io n  pathway. For example, m e ta - s t a b le  sp ec ie s  

such as th io su lp h a te  (S 2 032 - ) ,  t r i t h i o n a t e  (S 3 062“ ) and t e t r a t h i o n a t e  
(S 4 062~) a re  known to p e r s i s t  over many hours dur ing  the ammonia 
p re s su re  leach ing  of p e n t l a n d i t e * 7 5  *.

Four d i f f e r e n t  kinds of s o lu t io n  in  which a su lph ide  mineral  might 
decompose can be i d e n t i f i e d ( 65*: -

1. Oxidis ing s o l u t i o n s , lead ing  to (a) e lementa l  su lphur ,  or (b) 
su lpha te  ions in s o lu t io n ,  depending on the o x id i s in g  p o t e n t i a l  and 
the s e l e c t e d  pH.

2. Strong acid  s o l u t i o n s , lead ing  to H2S evo lu t ion  and d isso lved  
copper and/o r  i ron  -  "non-oxida t ive  d i s s o l u t i o n ” .

3. Reducing s o l u t i o n s , lead ing  to H2S evo lu t ion  or 
hydrosu lph ide /su lph ide  ion formation and lower valence  su lphide  or 
metal  phase.

4. Strong a l k a l i  s o l u t i o n s , lead ing  to sulphide  ions  in s o lu t io n  and 
metal  oxides (or lower su lp h id es ) .

The above four systems a re  g e n e r a l ly  app l icab le  to a l l  metal 
s u lp h id es ,  a l though the s t ro n g  acid  and s t rong  a l k a l i  l i m i t s  are  
sometimes beyond the s t r e n g th s  a v a i l a b l e  fo r  r e a l  aqueous systems.
The o x id i s in g  (1) and reducing (3) systems can be f u r t h e r  subdivided 
in to  ac id  and a l k a l i  systems. Pe te rs  has presented Eh-pH diagrams fo r  
the systems Pb-S-H2 0 ( 6 1  -65>, Fe-S-H2 0 (61' 65' 66>, Cu-Fe-S- 
H20<6if 6 5 ,6 7 )? Ni-S-H2 0, Zn-S-H2 0, Mo-S-H20 and S-H2 0 (6 5 ) . Eh-pH 

diagrams fo r  the Fe-Ni-S-H20 system have a lso  been 
rep o r ted * 68' 69' 70' 71*.

An Eh-pH diagram shows that  a t  l e a s t  two re a c t io n s  may occur for the 
s im ples t  su lph ide  system. From the s im p l i f i ed  Eh-pH diagram for PbS
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(F igure  2 .5 )  i t  i s  c l e a r  tha t  a t  an a c id i c  pH PbS can coex is t  with

pH

Fig 2.5  Elec trochemical phase diagram for ga lena*7 2 ) . Equi librium 
l i n e s  correspond to d isso lved  spec ies  a t  10" 4  M.

e i t h e r  su lphur or lead according to the e q u a t io n s : -

PbS(sl = Pb2+(aql ♦ S( s , + 2 e (2 .3 )

or PbS(sl + 2H+ + 2e = Pb,s) + H2 S(aq) (2 .4 )

The concept of su r face  re a c t io n s  proceeding by s e p a ra te ,  s imultaneous 
anodic and cathodic  e lec t rochem ica l  s teps  a t  a s o l i d - s o l u t i o n  
in t e r f a c e  i s  well  e s ta b l i sh e d  in many f i e l d s ,  e .g .  metal  co r ro s ion ,  
where anodic d i s s o lu t io n  and the formation of pass ive  la y e r s  are
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driven  by some cathodic  reduc t ion  process ,  such as hydrogen e v o lu t io n  
or  oxygen red u c t io n .  The o p e n - c i r c u i t ,  or r e s t ,  p o t e n t i a l  of a su lp h id e  
minera l  in  s o l u t i o n  i s  the e l e c t r o d e  p o t e n t i a l  observed when the ne t  

c u r ren t  d en s i ty  a t  the m in e ra l / s o lu t io n  in t e r f a c e  i s  zero.  The r e s t  
p o t e n t i a l  may be e i t h e r  an equ i l ib r ium  p o t e n t i a l  or a mixed p o t e n t i a l .

An equ i l ib r ium  p o t e n t i a l  may be defined as the p o t e n t i a l  measured when 
a s in g l e  anod ic /ca thod ic  r e a c t io n  occurs between e l e c t ro d e  and 
e l e c t r o l y t e .  The forward and reve rse  curren t  d e n s i t i e s  a re  then 
equal,  and the re  i s  no net r e a c t io n .  In t h i s  case the e l ec t ro d e  
p o t e n t i a l  Eh i s  r e l a t e d  to the a c t i v i t i e s  of r e a c t a n t s  and products  by 
the Nernst equation.

A mixed p o t e n t i a l  i s  measured when two d i f f e r e n t  r e a c t io n s  occur a t  
s ep a ra te  but ad jacen t  anodic and cathodic  s i t e s  on the e le c t ro d e  
su r face  a t  equal r a t e s ' 7 3 ) . For example, in the PbS region the anodic  
cu r ren t  from re a c t io n  (2 .3 )  equals  the cathodic  cu r ren t  from r e a c t i o n  
(2 .4 )  so tha t  the net  cu r ren t  i s  zero .  This mechanism i s  known as the 
Wagner-Traud mixed p o t e n t i a l  mechanism ' 1 1 4 1  and was derived fo r  an 
id e a l  homogeneous su r face  tha t  al lows the anodic and cathodic  
r e a c t io n s  to occur s imul taneous ly  over the e n t i r e  su r face .  In r e a l i t y  
v a r i a t i o n s  in e l ec t ro d e  composition r e s u l t s  in a heterogeneous 
composite of anodic and cathodic  s i t e s .  Localised anodic and ca thod ic  
a reas  on galena have been observed by Plaksin  e t  a l ' 115,116>. A mixed 
p o t e n t i a l  i s  not an equ i l ib r ium p o t e n t i a l  for e i t h e r  r e a c t io n s  (2 .3 )  
or ( 2 .4 ) ,  but provides an overvoltage  fo r  both the anodic and ca thod ic  
r e a c t io n s .  When an o p e n -c i rc u i t  e lec t ro d e  p o t e n t i a l  i s  measured, i t  
i s  not p o s s ib le ,  a p r i o r i ,  to d i s t i n g u i s h  between equ i l ib r ium  and 
mixed p o t e n t i a l s .

A fundamental property  of e l ec t ro d e  processes such as (2 .3 )  and (2 .4 )  
i s  tha t  the f r ee  energy changes with p o t e n t i a l  across  the s o l id  
s o lu t io n  i n t e r f a c e .  Thus a t  the e l e c t r o d e - s o lu t io n  i n t e r f a c e ,  thermal 
energy w i l l  cause ions to c o l l i d e  continuously with the e l ec t ro d e  
su r fa ce .  Any ion with s u f f i c i e n t  energy may surmount the energy hump 
( a c t i v a t i o n  energy) in r e l e a s in g  or acqu ir ing  e l e c t ro n s  a t  the 
e le c t ro d e  (F igure  2 . 6 ' 74))*
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Fig 2.6 Elec trochemical f r ee  energy p r o f i l e s  fo r  a metal s o lu t io n

where P = Number of phases
F = Number of degrees of freedom 
C = Number of components

thus in  the s in g le  s o l id  phase region for PbS

P = 2 ( s o l id  and aqueous phases)

in te r face*  7 4  *

The Gibbs phase ru le  s t a t e s  tha t

P + F = C + 2
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Hence 2 + F = 3 + 2

i . e .  the  number of degrees  of freedom, F = 3

There fo re ,  a t  cons tan t  tempera ture  and p re s su re  a simple  su lph ide  

minera l ,  such as PbS, w i l l  have one degree of freedom, which can be 
i d e n t i f i e d  with the chemical p o t e n t i a l  of the metal in  the metal 
su lp h id e  l a t t i c e ,  i . e . : -

^ P b ( P b S )  _  1 °  a pb

The chemical p o t e n t i a l  i s  the p a r t i a l  Gibbs f r ee  energy which i s  in 
tu rn  l inked  to the e l ec t ro d e  p o t e n t i a l .  Thus, the r e s t  p o t e n t i a l  of a 
su lph ide  mineral  l i e s  wi th in  a range def ined by an upper and lower 
l i m i t .  The upper l im i t  corresponds to the p o t e n t i a l  of the two phase 
p o t e n t i a l  su lphu r /su lph ide  couple (PbS/S°) and the lower l im i t  
corresponds to the p o t e n t i a l  of the pure metal e l e c t r o d e  (Pb/PbS). 
However, the a c tu a l  value of the r e s t  p o t e n t i a l  i s  determined by the 
a c t i v i t y  of the metal (Pb) in the s o l id  su lph ide ,  i . e .  the  s to ich io m et ry  
or M/S r a t i o  in the s o l id  phase, and w i l l  vary w i th in  t h i s  range as 
the  composition of the sulphide  v a r i e s .  Thus, a f ixed  e l ec t ro d e  
p o t e n t i a l  i s  not obtained ( c . f .  S a to ' s  equation fo r  a h a l f  c e l l  
p o t e n t i a l  6  2  > .

However, once a second phase i s  formed, e i t h e r  the pure metal or 
su lphur ,  the Gibbs phase ru le  becomes

3 + F = 3 + 2

» F = 2

Thus, a t  cons tan t  temperature  and p re s su re ,  the e lec t ro ch em ica l  

p o t e n t i a l  becomes in v a r ia n t  and a f ixed  e l ec t ro d e  p o t e n t i a l  is  
ob ta ined .  S a to (62) has a lso  shown that  for an in v a r i a n t  p o t e n t i a l  to 
be achieved two s o l id  phases must co ex is t .
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Fig 2.7 Rest p o t e n t i a l s  of PbS in HC104  s o lu t io n s  a f t e r  c a thod is ing  
then anodis ing for success ive  i n t e r v a l s ( 61>.

P e t e r s (61) presented da ta  tha t  shoved tha t  under c e r t a i n  cond i t ions  of 
p o l a r i s a t i o n ,  the s ing le -phase  PbS range i s  very narrow. Although the 
region  extended fo r  about h a l f  a v o l t ,  the r e s t  p o t e n t i a l  w i th in  t h i s  
region could be a l t e r e d  by very small  cu r ren ts  (F igure  2 .7 ) .

At equ i l ib r iu m  the phenomenon of ox ida t ion  and reduc t ion  may be 
v i s u a l i s e d  as two equal and oppos i te  e l e c t r i c  c u r re n t s  ( i a and i c ) and 
t h e i r  magnitude fo r  a given re a c t io n  def ines  the exchange cu r ren t  
d e n s i ty  ( i Q).  I t  a l so  follows tha t  i Q i s  r e l a t e d  to the a c t i v a t i o n  
energy fo r  the  e lec t ro d e  r e a c t io n  and depends on the c oncen t ra t ion  of 
e l e c t r o a c t i v e  sp ec ie s .  I f  the e l ec t ro d e  i s  made more p o s i t i v e  or 
n ega t ive  than the equi l ibr ium p o t e n t i a l  by an e x te r n a l  c u r r e n t ,  e i t h e r  
i a or i c predominates and cu rren t  ( i n e t ) flows through the e l e c t r o d e .

Thus, in  the s in g le  s o l id  phase region fo r  PbS the d i s s o c i a t i o n  
r e a c t i o n : -
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PbS(s) = Pb2 +
( a g  ) S2- ( a q  )

can be considered to be taking p lace  where the a c t i v i t i e s  of the lead 
and su lph ide  spec ies  a re  l inked by the s o l u b i l i t y  product fo r  PbS:-

S o l u b i l i t y  product Ksp (PbS) = apb2+ . as2_

In cons ider ing  the s to ich iometry  or composition range of a su lph ide  i t  
i s  u se fu l  to w r i t e  the formula in terms of v a r i a b l e  metal  in  r e l a t i o n  
to a s to ic h io m e t r i c  su lphide  compound i*e .  p y r r h o t i t e  can be w r i t t e n  as 

Fe1_xS, where the composit ion range a t  room temperature  i s  
0 < x < 0 .1 4 (61 ) . For galena  a t  room temperature  the composition 
range i s  very smal l .  Thus, even a minute change in  the s to ich iom et ry  

of PbS w i l l  cause a s i g n i f i c a n t  change to the r e s t  p o t e n t i a l  in 
s o lu t io n .

P e t e r s <61) pointed out tha t  the v a r i a t i o n  in r e s t  p o t e n t i a l  of ga lena  
could a l so  be due to the nuc lea t ion  and growth of a second phase on 
the su r face  ( i . e .  sulphur  or l e ad ) .  This would be k i n e t i c a l l y  f a s t e r  
th a t  the s o l id  s t a t e  d i f f u s io n  of lead  or su lphur in PbS necessary  to 
a l t e r  the s to ic h io m e t r i c  range to a s i g n i f i c a n t  depth from the 
s u r face .  Thus, the smal ler  the allowed s to ic h io m e t r i c  range fo r  a 
su lph ide  minera l ,  the g r e a t e r  i s  the i n s t a b i l i t y  of the s in g l e  phase 
su lphide  region  and r e s t  p o t e n t i a l s  w i l l  tend towards e i t h e r  the two 
phase M/MS p o t e n t i a l  or the two phase MS/S° p o t e n t i a l .  For a su lph ide  
with a l a r g e  composi t ional range,  the  r e s t  p o t e n t i a l  w i l l  not be so 
s e n s i t i v e  to a change in s to ich iometry  and the s in g le  phase su lphide  
region should be more s t a b l e .

For a te rna ry  system such as Cu-Fe-S, there  are  three  components and 
th e re fo re  one more degree of freedom. Thus, fo r  a th ree  component 

su lph ide  system to become in v a r ia n t  in e lec t rochem ica l  p o t e n t i a l ,  
th ree  non-aqueous phases must be in  equ i l ib r ium with each o the r .  
S im i la r ly ,  the l i n k  between aMo and as o for equations  w r i t t e n  in the 
form of equations  (2 .1 )  and (2 .2)  must now inc lude the t h i r d  component 
and hence involve a th ree  component Gibbs-Duhem r e l a t i o n s h i p (61>.
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The main problem of us ing Eh-pH diagrams to i n t e r p r e t  the p o s s ib le  
r e a c t io n s  taking place  a t  the r e s t  or mixed p o t e n t i a l  a t  a given pH 
l i e s  in  the f a c t  tha t  the  diagrams are  cons t ruc ted  from da ta  th a t  
r e f e r s  to bulk s p ec ie s ,  whereas f l o t a t i o n  g e n e ra l ly  involves  only sub­
monolayer q u a n t i t i e s .  The thermodynamics of such l a y e r s  can d i f f e r  
s i g n i f i c a n t l y  from those of the bulk phases; in essence  they can be 
c l a s s i f i e d  as "non-thermodynamic" phases.

2.3  Chemical Oxidation

T r a d i t i o n a l l y ,  su lphide  minera ls  have been t r e a t e d  by 
py rom e ta l lu rg ica l  e x t r a c t i v e  m e ta l lu rg ic a l  p rocesses .  However, due to 
the emission of S02 gas these  methods have become unacceptable  to 
modern s o c ie ty ,  unless  the gas can be adsorbed in to  the production of 
f e r t i l i s e r s ,  or su lphu r ic  ac id ,  which in many cases  i s  uneconomic.
Thus hydrom eta l lu rg ica l  p rocesses ,  invo lv ing the use of leach ing  
agen ts ,  have been sought as a l t e r n a t i v e  methods fo r  t r e a t i n g  su lph ide  
minera ls  with the p o s s i b i l i t y  of recovering e lementa l  su lphur ,  i ron  
and non-fer rous  meta ls .

The advent of d i r e c t  ac id  p ressu re  leaching of su lph ide  concen t ra te s  
has led to i n v e s t ig a t i o n s  of the k i n e t i c s  and mechanism of su lph ide  
ox ida t ion  in aqueous media. These s tu d ie s  a re  r e lev an t  to the 
e lec t rochem ica l  ox ida t ion  of su lphides  because of the s im i l a r  
r e a c t io n s  involved in both chemical and e lec t rochem ica l  ox id a t io n .

2 .3 .1  P y r i t e

Allen and co-workers ( 7 6 ' 7 7 ] proposed tha t  the aqueous ox ida t ion  of 
p y r i t e  by molecular oxygen could be represen ted  by the e q u a t i o n : -

2FeS2 + 702 + 2H20 = 2FeS04 + 2H2S04 (2 .5 )

Sulphur has been observed as a product in some
in v e s t i g a t i o n s * 66 ' 78-82>. However, the y ie ld  i s  u sua l ly  low which has 
lead to many r e p o r t s  claiming tha t  p y r i t e  i s  ox id ised  ex c lu s iv e ly  to
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s u lp h a t e ,  with iron pass ing in to  s o lu t io n  in the f e r rous  or f e r r i c  
s t a t e ,  depending on the ope ra t ing  c o n d i t i o n s (83-87>. Stenhouse and 
Armstrong*84* in v e s t ig a te d  the aqueous ox ida t ion  of p y r i t e  suspensions  
in c a u s t i c  so lu t io n s  and found the p y r i t e  p a r t i c l e s  became coated with 
an amorphous lay e r  of su lphur and oxygen compounds th a t  a l so  contained 
Fe203 and Fe304 . Their  experiments ind ica ted  tha t  mass t r a n s f e r  
through the l a y e r  determined the r a t e  of the r e a c t io n .  During a l k a l i  
p re s su re  leaching  Burkin and Edwards*91* were not ab le  to d e tec t  Fe304 
or mixed hydroxy-sulphur compounds, but Fe(OH)2 and FeOOH. Kim and 
Choi*79) found tha t  the p ressu re  leaching  r a t e  of p y r i t e  was 
independent of pH a t  e leva ted  temperatures and p ressu res  in  s t rong  
ac id  s o l u t i o n s .  McKay and Halpern*88) s tud ied  the system in  more 
d e t a i l  a t  var ious  a c i d i t i e s  and oxygen p ressu res  a t  temperatures  
between 100 -  130 °C. They found th a t  the formation of e lementa l  
su lphur was favoured by high a c i d i t i e s  and low tempera tures .  Low 
a c i d i t i e s  and high temperatures favoured the formation of su lphu r ic  
a c id .  They found a f i r s t - o r d e r  dependence of the o v e r a l l  r a t e  of 
o x ida t ion  on oxygen p a r t i a l  p ressu re  and proposed an oxygen adso rp t ion  
mechanism followed by a chemical r e a c t io n .  The mechanism requ ired  a 
rap id  chemisorption of oxygen on the p y r i t e  su r face ,  which became 
covered by a monolayer of oxygen, comprising one 02 molecule a t  each 
FeS2 s i t e ,  i . e . : -

fast

FeS2 + ^ ( a q )  FeS2.0 2 (2 .6 )

Oxidation occurred through the a t t a c k  of a second 02 molecule on an 
02-covered s i t e ;  t h i s  was considered the ra te -d e te rm in in g  s t e p : -

slow
FeS2.0 2 + 02(aq) -> FeS2 .202 -> FeS04 + S° (2. 7)

F e r r i c  su lp h a t e  may be formed in  the r e a c t io n  scheme by the  subsequent

o x ida t ion  of fe r rous  su lpha te  and by the ox ida t ion  of e lemental  
su lphur  i . e . : -

8FeS04 + 202 + 2H2S04 -* 8Fe2(S04) 3 + 4H20 (2.8)
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and

2S + 302 + 2H20 -> 2H2 S04  (2 .9 )

An a l t e r n a t i v e  mechanism, recognised by McKay and Halpern ( 8 8 ) , i s  one in 

which e lementa l  su lphur i s  not an in te rm ed ia te  in the formation of 
su lp h a t e ,  but e lementa l  su lphur and su lpha te  are  produced by 
s imul taneous ly  competing r e a c t io n s  with a common in t e r m e d ia t e : -

slow
FeS2  + 0 2  -* FeS2 . 0 2 ( 2 . 1 0 )

FeS2 . 0 2 FeS04  + S ( 2 . 1 1 )

FeS2 . ° 2  ■* FeS04  + H2 S04 ( 2 . 1 2 )

I n i t i a l l y ,  t h i s  adsorp t ion  mechanism req u i re s  a 50:50 d i s t r i b u t i o n  of 
e lementa l  sulphur  and su lpha te  as products .  This was observed 
exper im en ta l ly  only a t  approximately 120 °C.

Bai ley  and P e t e r s *8 9 ] proposed an e lec t rochem ica l  mechanism with 
s ep a ra te  anodic and cathodic  r e a c t io n s

anodic FeS2  + 8H20 = Fe3+ + 2S042" + 16H+ + 15e (2 .13)
FeS2  = Fe2+ + S° + 2e (2 .14)

ca thod ic  0 2  + 4H+ + 4e = H20 (2 .15)

The main d i f f e r e n c e  in  the two approaches i s  t h a t ,  in the 
e lec t rochem ica l  mechanism, the oxygen in the products  i s  derived from 
water ,  whereas in  the a d so rp t io n  mechanism, i t  i s  de r ived  from molecular

oxygen. Also in the e lec t rochem ica l  mechanism, e lementa l  su lphur and 
su lp h a t e  a re  formed through s ep a ra te  independent r e a c t io n s  with 
d i f f e r e n t  r eac t io n  k i n e t i c s .  The formation of a common in te rm ed ia te  
i s  not requ i red .
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Bai ley  and P e t e r s 1 8 9 1 suggested tha t  the production of elementa l  
su lphur i s  s e l f - i n h i b i t i v e  owing to the formation of a pass ive  sulphur 
fi lm .  P y r i t e  i s  one of the few su lphide  minera ls  with a molar volume 
sm al le r  than i t s  sulphur  content when the su lphur i s  in e lementa l  form 
(24 cm3  mol - 1  FeS2  -» S° volume of 32.7 cm3 (6 5 ) . Thus, elementa l  
su lphur p r o t e c t s  p y r i t e  from ox ida t ion  under cond i t ions  in which the 
su lphur does not ox id ise .

I n v e s t ig a t io n s  of the k i n e t i c s  and mechanism of p y r i t e  ox ida t ion  by 
f e r r i c  ion a re  sparse  and c o n t ra d ic to ry .  Thomas and Whalley(90) 
s tud ied  the leaching of p y r i t e  by f e r r i c  su lpha te  so lu t io n s  a t  90°C. 
The r e a c t io n  r a t e  was repor ted  to be f a s t e r  than the ox ida t ion  of 
p y r i t e  to f e r r i c  su lphate  in a i r .  The following re a c t io n  
s to ich iom et ry  was proposed:-

FeS2  + 7Fe2 (S0 4 ) 3  + 8H20 = 15FeS04 + 8H2 S04  (2 .16)

McKay and Halpern(88) made a b r i e f  study of the ox ida t ion  of p y r i t e  by 
f e r r i c  ion in 0.075 M su lphur ic  acid  a t  110 °C and concluded tha t  
f e r r i c  ion was a poor oxidant compared with molecular oxygen.
However, the experimental  procedure and condi t ions  were not compared 
with those used by Thomas and Vhal ley(9 0 ) .

2 .3 .2  Pyr rho t i  te

Downes and Bruce(85) s tud ied  the ox ida t ive  p ressu re  leach ing  of 
p y r r h o t i t e  and found th a t  iron  oxide,  e lemental  su lphur and su lpha te  
were produced. The y i e ld  of e lementa l  sulphur was found to be up to 
80 % under 150 psi  a i r  p ressure  a t  110 °C a f t e r  1.5 hours.  The 
remainder of the sulphur in p y r r h o t i t e  was oxid ised  to su lpha te .  
Gerlach e t  a l <92> s tud ied  the k i n e t i c s  of the p ressure  leaching  of 
oxygen a t  30 to 80 °C. From t h e i r  r e s u l t s  they proposed the following 
r e a c t io n  sequence: -
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FeS + 2H+ = Fe2+ + H2S (2 .17)

2H2S + 0 2 = 2S° + 2H20 (2.18)

H2S + 202 = S042- + 2H+ (2.19)

H2S + 2Fe3+ = S° + 2Fe2+ + 2H+ ( 2 . 2 0 )

H2S + 8 Fe3+ + 4H20 = S042- + 8 Fe2+ + 10H+ ( 2 . 2 1 )

2S° + 302 + 2H20 = 2S04  2“ + 4H+ ( 2 . 2 2 )

React ion s teps  (2 .20) and (2.21) were considered i n s i g n i f i c a n t  because 
ox ida t ion  of fe r rous  to f e r r i c  proceeds slowly in su lp h u r ic  acid 
media*269 ) . 30 X of  the t o t a l  su lphur product occurred as su lpha te  
and was a t t r i b u t e d  to r e a c t io n s  (2 .19) and (2 .22 ) .  Kunda e t  a l * 9 3 1  

c a r r i e d  out ox id a t iv e  leaching  experiments on p y r r h o t i t e  formed by the 
thermal decomposition of p y r i t e .  They proposed a flowsheet whereby 
elementa l  su lphur and i ron  metal were even tua l ly  recovered.  Oxidative  
leach ing  experiments were c a r r ie d  out on a p i l o t  p lan t  s c a le  by 
T h o r n h i l l * 9 4 1  in an autoclave  a t  110 °C and 100 ps i  a i r  p re s su re .  The 
p y r r h o t i t e  was oxid ised  to Fe 2 0 3  and sulphur with a 60 X recovery of 
the l a t t e r .  Leaching of p y r r h o t i t e  in n i t r i c  acid was i n v e s t ig a t e d  by 
Habashi*95>. The su lphur recovery was 65 X using 30 X HN03  in an open 
v e s s e l .

2 .3 .3  P e n t la n d i te

Studies  of the ox ida t ion  of p e n t l a n d i t e  have concentra ted  on n a t u r a l  
weathering  in  the geo log ica l  environment*96-1001. However, Dutr izac  
and MacDonald* 1 0 1 1  s tud ied  the f e r r i c  ox ida t ion  of p e n t l a n d i t e ,  and 
Forward e t  a l * 7 5 ) , the ammonia p re s su re  l each ing  of Ni c o n c e n t r a t e s .

Sandefur * 9 6 1  repor ted  tha t  the supergene a l t e r a t i o n  of p e n t l a n d i t e  
produced v i o l a r i t e  (FeNi 2 S4),  a more n i c k e l - r i c h  su lph ide .
Subsequently,  t h i s  oxid ised  completely to bas ic  n ic k e l  su lp h a te s .
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Michener and Yates(97) found th a t  v i o l a r i t e  was formed ra p id ly  on 
p e n t l a n d i t e  when the l a t t e r  was exposed to the atmosphere. The 
v i o l a r i t e  was then leached to l imoni te  (Fe 2 0 3 .H2 0),  or under c e r t a i n  
cond i t ions  to m i l l e r i t e  (NiS) with the lo s s  of i ron .  Nickel e t  a l (98) 
proposed an e lec t rochem ica l  mechanism for the supergene a l t e r a t i o n  of 
n ic k e l  su lph ide  ores ,  with the anodic re a c t io n

(Fe ,N i) 9 S8  = 2FeNi 2 S4  + 2Fe2+ + Ni2+ + 6 e" (2 .23)

coupled to the cathodic  reduc t ion  of oxygen ( r e a c t io n  (2 .1 5 ) ) .

Dutr izac  and MacDonald( 101} in v e s t ig a te d  the le ach ing  of low grade 
p e n t l a n d i t e  ores with f e r r i c  su lpha te  a t  temperatures  between 24 °C 
and 60 °C. In the absence of b a c t e r i a ,  a l l  the su lph ide  was conver ted 
to e lementa l  sulphur .  The in t ro d u c t io n  of b a c t e r i a  in to  the system 
helped to ca ta ly se  the d i r e c t  oxida t ion  of su lph ide  to su lpha te  with 
the regene ra t ion  of f e r r i c  ion,  though only 30 % of the su lphide  was 
oxid ised  to su lpha te .  The following r e a c t io n s  were sug g es ted : -

(F e ,N i) 9 S8  + 18Fe3+ = 22.5Fe2+ + 4 .5Ni2+ + 8 S° (2 .24)

and in the presence of b a c t e r i a : -

(F e ,N i ) 9  Se + 17.62502 + 3.5H2 S04  = 2 . 25Fe2(S04) 3 + 3.5H20
+ 4 . 5NiS (2 .25)

From X-ray d i f f r a c t i o n  s tu d ie s  of p e n t l a n d i t e  leach re s idues  and 
chemical a n a ly s i s  of the f i n a l  s o lu t io n ,  K e l t * 1 0 2  * concluded th a t  
o x ida t ion  of p e n t l a n d i t e  by f e r r i c  ch lo r ide  occurred by the 
d i s s o l u t i o n  of iron and n ick e l  with the formation of orthorhombic 
su lphur .

Forward and MacKiw(75) s tud ied  the ammonia p ressu re  leaching of n ic k e l  
su lph ide  concen tra tes  and concluded tha t  the i ron  present in 
p e n t l a n d i t e  p a r t i c l e s  was converted d i r e c t l y  to hydrated iron oxide,  
pseudomorphic with the o r i g i n a l  minera l .  Leached p a r t i c l e s  co n s i s ted
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of  a su lph ide  core  surrounded by an iron  oxide l a y e r ,  through which 
n i c k e l  and su lphur ions d i f fu sed  to reac t  with oxygen to form 
th io s u lp h a te .  Oxidation of th io su lp h a te  to  t h io n a te  and ev en tua l ly  
su lp h a te  occurred homogenetfosly in so lu t io n ,  but no a n a l y t i c a l  d e t a i l  
was g iv e n ( 75’ .

2 .3 .4  Chalcopyri te

Although oxygen pressure  leaching  has been s tu d ied * 169' 172-174’ , most 
a t t e n t i o n  has been given to the use of f e r r i c  ion as an oxidant .
There i s  genera l  agreement t h a l  ac id  f e r r i c  le ac h in g  of c h a lc o p y r i t e  
can be represen ted  by the following equation*103-111’

CuFeS2  + 4Fe3H- = t'u-2+ + 57e2+ + 2S° (2 .26)

However, the re  i s  l i t t l e  consensus as the r e a c t io n  r a t e  law and 
mechanism. The ox ida t ion  k i n e t i c s  o f  ch a lcopyr i te  fo r  s im i l a r  
exper imental  condi t ions  a t  low pH have been repor ted  as both ( i )  
l i n e a r ( 106»111’, i .e~  copper d is so lved  (Cud) a  time ( t ) ,  and ( i i )  
p a r a b o l i c * 1 0 5  ' 106-1:i 1 5 Cuda  t 1 / 2 . These r e s u l t s  have been 
i n t e r p r e t e d  in terms of r a t e  c o n t ro l  'try the oxidant due to 
r e s p e c t i v e l y ,  ( i )  chemisorption a t  the  mineral  s u r f a c e ,  and ( i i )  
d i f f u s i o n  through a porous su lphur l a y e r  formed during the r e a c t io n .  
L inge(108) found the pa rabo l ic  d i s s o lu t io n  k i n e t i c s  were much slower 
than the r a t e  of d i f f u s io n  of oxidant through a porous l a y e r  and 
i n t e r p r e t e d  the r e s u l t s  in  terms of a s o l id  s t a t e  d i f f u s i o n  s tep  
w i th in  the c r y s t a l  l a t t i c e .  Chen and Harvey*165’ have measured the 
s e l f - d i f f u s i o n  c o e f f i c i e n t s  of copper and i ro n  in  ch a lc o p y r i t e  and 
es t im ated  the f a s t e s t  r a t e s  of chemical l e ach ing  r e a c t io n s  tha t  might 
be su s ta in ed  by the s o l i d - s t a t e  d i f f u s i o n  of metal  atoms to the 
c h a l c o p y r i t e / s o l u t i o n  in t e r f a c e .

Although re a c t io n  (2.26) p re d i c t s  a d isso lved  Fe 2 +/Cu2+ r a t i o  of 5, 
the  r a t i o  i s  very much g r e a t e r  than 5 during the i n i t i a l  s tages  of the 
r e a c t io n * 146,147,158’ . A s im i l a r  phenomena has been observed when 
d i s so lved  oxygen i s  used as an o x id i s in g  agent*153•154' 158' 168’ .
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Munoz e t  a l (109) presented a mechanism based on the Vagner theory  of 
ox ida t ion  which implies th a t  a p r o t e c t iv e  su lphur  l a y e r  i s  formed 
during the ox ida t ion  of ch a lc o p y r i t e  a t  90 °C with  the r a t e  l im i t e d  by 
the t r a n s p o r t  of e lec t ro n s  through the i n s u l a t i n g  l a y e r .

These mechanisms do not exp la in  the g r e a t e r  leach ing  r e a c t i v i t y  of 
f e r r i c  c h lo r id e  over f e r r i c  su lpha te*111}, which implies  th a t  the  
complexing a b i l i t y  of ch lo r id e  ions for cuprous spec ie s  may be the 
important f a c t o r .

Kruesi  e t  a l * 111,112) pa tented a process ,  c a l l ed  the "Cymet P rocess" ,  
fo r  the trea tment of cha lco p y r i t e  concen tra tes  in ch lo r id e  media. I t  
combines leach ing  with an anodic d i s s o lu t io n  s tag e  followed by the 
e l e c t r o l y t i c  recovery of Cu and Fe. The r e a c t io n  scheme i s  as 
fo l l o w s : -

Leaching: CuFeS2  + HC1 + 3FeCl 3  = CuCl" + 4FeCl 2  + H+ + 2S
(2 .27)

Anodic d i s s o lu t io n :  CuFeS2  + 4HC1 = CuCl2  + FeCl 2  + 4H+ + 2S + 3e-
(2 .28)

Cathodic r e a c t io n :  CuCl2  + e“ = Cu + 2C1~ (2 .29)

Ferrous c h lo r id e  so lu t io n  i s  e l e c t ro ly se d  in  a s ep a ra te  c e l l  to 
recover  m e ta l l i c  iron and to regenera te  the leach ing  agent,  FeCl3 .

Cathodic r e a c t io n :  FeCl 2  + 2e_ = Fe + 2Cl~ (2 .30)

Anodic r e a c t io n :  FeCl 2  + Cl” = FeCl 3  + e" (2 .31)

2.4 Electrochemical Studies  of Sulphide Mineral  Behaviour

A chemical r e a c t io n  may be defined as one in which anodic and ca thod ic
re a c t io n s  take place a t  the same s i t e  and e l e c t r o n  t r a n s f e r  takes
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place  w i th in  one or two molecular d i s ta n ce s  only.  A r e a c t io n  i s  
def ined  as e lec t rochem ica l  when the anodic r e a c t io n  occurs remotely 
( i . e .  in  a d i f f e r e n t  lo c a t io n )  from the cathodic  r e a c t io n  and re q u i r e s  
the t r a n s p o r t  of e l e c t ro n s  through a conductor.  This n e c e s s a r i l y  
r e s t r i c t s  e lec t rochem ica l  r e a c t io n s  to conductors and semiconductors.
As su lph ide  minera ls  a re  semiconductors ,  t h e i r  ac id  l e ach ing  r e a c t io n s  
can be considered  to occur by an e l ec t ro ch em ica l  mechanism( 104) , with 

the reduc t ion  of oxygen occurr ing  a t  cathodic  s i t e s  by the r e a c t io n

l / 2 0 2  + 2H+ + 2e = H20 (2 .33)

and the ox ida t ion  of the metal su lphide  a t  anodic s i t e s  by the 
r e a c t i o n : -

MS = M2+ + S° + 2e" (2 .34)

As e a r l y  as 1830, Fox(117) showed th a t  su lph ide  m in e ra l s ,  and 

p a r t i c u l a r l y  p y r i t e ,  can e x h ib i t  a p o t e n t i a l  d i f f e r e n c e  of up to 1  

v o l t  with the surrounding  country rock; t h i s  i s  known as a s e l f ­
p o t e n t i a l .  The phenomenon has been used as a geophysica l  p rospec t ing  
technique and was reviewed by Sato and Mooney(118) . G ot tscha lk  and 
Buhler(122> proposed an e lec t rochem ica l  mechanism fo r  the secondary 
enrichment of su lph ide  ore  d e p o s i t s .  However, Kamienski( 1 1 9 ' 1 2 0 ] was 
the f i r s t  person to make an e lec t rochem ica l  s tudy of a su lphide  
minera l ,  when he in v e s t ig a te d  the  e f f e c t  of pH on the equ i l ib r ium  
p o t e n t i a l s  of ga lena .  The a p p l i c a t i o n  of e lec t rochem ica l  techniques  
to f l o t a t i o n  re sea rch  was in troduced by Salamy and Nixon(121) and an 
e lec t rochem ica l  mechanism fo r  the hydrom eta l lu rg ica l  trea tment of 
su lph ides  was proposed by Woodcock*1041. Since th a t  t ime, numerous 
e lec t rochem ica l  s tu d ie s  on su lphide  minerals have been repor ted .

2 .4 .1  Anodic and Cathodic Reactions  of Sulphide Minerals in Aqueous
Solu t ions
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2 .4 .1 .1  P y r i t e

Using p o t e n t i o s t a t i c  c o n t ro l ,  the anodic p o l a r i s a t i o n  behaviour of 
p y r i t e  has been in v e s t ig a te d  in  HC104(66»78»123' 1241, HC1(78»124»125> 
and H2 S04178' 124' 126} a t  ambient temperature ,  and in  HC104  a t  
temperatures  > 100 °C*82) and H2 S04  a t  100 °C(8 2 ) . There appears  to 
be no in f luence  of p y r i t e ' s  semiconducting p r o p e r t i e s  on the k i n e t i c s  
of the anodic p ro c e ss (78»123»1241. S p r inge r*1 2 4 ] and Pe te rs  e t  a l (66) 
found no d i f f e r e n c e s  in  the anodic p o l a r i s a t i o n  curves fo r  p y r i t e  
ob ta ined in HC104 , HC1, H2 S04  and HN03 . A Tafe l  s lope  of 120 mV per 
decade in  1 M ac id  was repor ted .  Meyer*1 2 6 ) r epor ted  tha t  the Tafe l  
s lope  f a l l s  in  the range 80 -  110 mV per decade,  whereas B ieg le r  and 
S w i f t * 7 8  * repor ted  a narrower range of 90 -  105 mV per decade and a 
slope th a t  was independent of the anion in s o lu t io n .  However, these  
values  a re  dubious s ince  cu rren t  values  are  t ime-dependent over the 
p o t e n t i a l  range in v e s t ig a te d  due to changes in the  su r face  composition 
of p y r i t e .  The main anodic r e a c t io n  of p y r i t e  in so lu t io n s  of pH < 2 
has the following s to ich io m et ry : -

FeS2  + 8H20 = Fe3+ + 2HS04" + 14H+ + 15e (2 .35)

There a re  c o n f l i c t i n g  re p o r t s  as to whether su lphur i s  formed a t  
a l l * 7 8  - 8  9 »106). i f  i t  i s  formed the anodic r e a c t io n  i s  e i t h e r : -

FeS2  = Fe2+ + 2S° + 2e (2 .36)

or

FeS2  = Fe3+ + 2S° + 3e (2 .37)

Pe te rs  and Majima*66’ anod ica l ly  po la r i sed  a p y r i t e  specimen a t  a 
cons tan t  cu r ren t  of 1 mA cm- 2  in  1 M HC104  under helium for  6  days.
The p o t e n t i a l  averaged 0.81 V versus the s tandard  hydrogen e l e c t r o d e  
(S .H.E.)  without s i g n i f i c a n t  v a r i a t i o n s .  They analysed the f i n a l  
s o lu t io n  fo r  t o t a l  i ron ,  Fe2+, and S042 - , but only de tec ted  Fe3+ and 
S042 - . B ieg le r  and S w if t*7 8 ] noted tha t  anodic p o l a r i s a t i o n  causes
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the s u r fa ce  to darken. Klein and Shuey(123) a ttempted to i d e n t i f y  the 
product by anodis ing  a sample a t  1.16 V (SHE) a t  pH 0 fo r  4 hours .  At 
the end of t h i s  time the e l e c t ro d e  su r face  was completely converted to 
a b lack  m a te r i a l  which, when scraped from the e l e c t r o d e ,  was found to

be h igh ly  magnetic. The m a te r ia l  could not be p o s i t i v e l y  i d e n t i f i e d  
but i t  was suggested tha t  i t  could be a s p in e l  i ron  oxide,  e i t h e r  
magnet i te  (Fe 3 04) ,  or maghemite (a -F e 2 03).  A subsequent experiment

with  magnet i te  ind ica ted  th a t  the su r face  t a r n i s h  was not magnet i te  
but more l i k e l y  to have been maghemite or some o the r  i ron  oxide.

B ieg le r  and S w if t (78) repor ted  coulometric  experiments a t  pH 0 where 
the f i n a l  s o lu t io n  was analysed fo r  t o t a l  iron  and su lphur ,  the l a t t e r  
being obta ined  by CS2  e x t r a c t i o n .  The r e s u l t s  were i n t e r p r e t e d  in 
terms of a combination of r e a c t io n s  (2.35) and (2 .37)  to give an 
o v e r a l l  r e a c t io n

FeS2  + 8xH20 = Fe3+ + 2xS042" + 2 ( l -x )S  + 16xH+ + (12x + 3)e (2 .38)

where x i s  the f r a c t i o n  of p y r i t e  r e a c t in g  v ia  r e a c t io n  2.35 i . e .  the 
X y i e ld  of su lpha te .  Their  r e s u l t s ,  expressed as Faradays per mole of 
i ron  d is so lv ed ,  gave values of 12x + 3, from which su lpha te  y i e l d s  
were c a lc u la t e d  fo r  given exper imenta l  p o t e n t i a l s .  A l i n e a r  
dependence of su lpha te  y ie ld  on p o t e n t i a l  was observed, ranging from 
approximately 80 X a t  0.9 V to 100 X a t  1.4 V vs.  S.H.E..  Meyer(126) 
c a r r i e d  out s o lu t io n  analyses  a f t e r  constant cu r ren t  experiments on 
p y r i t e  e l ec t ro d e s  in  1 M HC104  and de tec ted  only Fe3+ with vary ing 
percentages  of su loha te .  Analyses fo r  lower ox ida t ion  s t a t e s  of 
su lphur were not c a r r i e d  out because Fe3+ in s o lu t io n  would probably 
have ox id ised  them to su lpha te  i f  they were p re sen t .  Although su lphur  
was not determined, Meyer concluded tha t  sulphur i s  probably produced 
e i t h e r  in  c o l l o i d a l  form in s o lu t io n  or as a r e t a in ed  phase on the 
mineral  su r fa ce .  Koch(52) repor ted  tha t  the r e a c t io n  product i s  
e n t i r e l y  su lpha te  a t  0.81 V vs.  S.H.E..  Pe te rs  and Majima(66) 
repor ted  tha t  oxygen evo lu t ion  occurred i f  the p o t e n t i a l  was r a i s e d  to 
1.57 V vs.  S.H.E..  Neither  Klein and Shuey(123), nor S p r in g e r (1241,
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vas ab le  to observe oxygen evo lu t ion  a t  1.2 V vs .  S.H.E. and 
10 mA cm- 2 , but t h i s  was due to the p o t e n t i a l  being below the 
r e v e r s i b l e  p o t e n t i a l  fo r  oxygen evo lu t ion  of 1.229 V vs .  S .H .E . . 
Following p o l a r i s a t i o n  to high cu r ren t  d e n s i t i e s  the specimens were 
always deeply p i t t e d 1 7  8  * 1  2 6  *. Nagai and K uich i(82) c a r r i e d  out anodic 
p o l a r i s a t i o n  experiments on p y r i t e  a t  temperatures up to 175 °C in the 
absence of oxygen and found mostly fe r rous  ion with l i t t l e  f e r r i c  in  
s o lu t io n  toge the r  with elementa l  sulphur and s u lp h a te .  At a given 
anodic cu r ren t  dens i ty  in the Tafe l  region, the e l e c t ro d e  p o t e n t i a l  
decreases  with inc reas ing  pH due to the anodic wave s h i f t i n g  to more 
nega t ive  p o t e n t i a l s  with in c reas in g  pH. The pH dependence was 
repor ted  to be -30 to -40 mV per pH u n i t  over the pH range 0 to 
5 ( 1 2 3 , 1 2 6 ) # Tafe l  s lopes  fo r  the e lec t rochem ica l  behaviour of p y r i t e  
in  a l k a l i  media have been repor ted  by Yashina e t  a l (127) .

In a l k a l i n e  so lu t io n ,  i n v e s t ig a t i o n  of the o x ida t ion  mechanism i s  
complicated,  except a t  very high pH, by the i n s o l u b i l i t y  of i ron  
hydroxides which makes s o lu t io n  a n a ly s i s  of i ron  impossible .  J a n e t s k i  
e t  a l ( 129) and Hamilton e t  a l (134) observed c u r ren t  peaks on c y c l i c  
voltammograms of p y r i t e  e l ec t ro d e s  in  basic  s o lu t io n s  and ass igned 
them to the Fe(OH)2 /Fe(OH) 3  redox couple. Michell  and Woods(128) 
analysed the sur face  of p y r i t e  by X-ray emission spectroscopy, a f t e r  
o x id i s in g  the sur face  e lec t rochem ica l ly  in pH 9.2 b u f f e r  s o lu t io n .
The r e s u l t s  ind ica ted  the presence of an oxygen con ta in ing  la y e r ,  
i n t e r p r e t e d  as being hydrated f e r r i c  oxide. Under s im i l a r  
exper imenta l  co n d i t io n s ,  X-ray d i f f r a c t i o n  s tu d i e s  by Meyer(126) showed

th a t  i ro n  appears in the fi lm as i ron  ( I I ) ,  i . e .  FeO; no i ron  ( I I I )  
compounds were de tec ted .  However, the fi lm was reddish-brown in 
colour  so i t  was suggested th a t  i ron  ( I I I )  i s  probably present  in 
amorphous forms.

Various au thors  have measured the open c i r c u i t  or r e s t  p o t e n t i a l  of 
p y r i t e  over the e n t i r e  pH range.  The r e s t  p o t e n t i a l  decreases  
l i n e a r l y  with pH over the pH range 2 to 12 in p e r c h l o r a t e ( 123 • 1 3 0 • 1 3 1 } 

and n i t r a t e  media(132' 133}, but becomes independent of pH below pH 
2(130,131) '  adopting a value of approximately 0.62 V vs.  S.H.E..
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Severa l  au thors  have noted tha t  t h i s  i s  about 0.3 V h igher  than the 
thermodynamic r e v e r s i b l e  p o t e n t i a l  fo r  the upper s t a b i l i t y  l i m i t  of 
p y r i t e  descr ibed  by r e a c t io n  ( 2 . 3 6 ) ( 61»78•123»126}. Since the minera l  
does not decompose a t  an app rec iab le  r a t e  on s tand ing  in acid  
s o l u t i o n s ,  t h i s  has gene ra l ly  been in t e r p r e t e d  as evidence for the 
format ion of a pass ive  fi lm (Sec t ion  1 .3 .1 ) .  Sa to<131) suggested th a t
the  o x id a t io n  r e a c t io n  fo r  p y r i t e  which gives  the c l o s e s t  f i t  to the  
observed p o t e n t i a l  a t  pH va lues  < 2, i s : -

FeS2  = Fe2+ + S2  + 2e

E = 0.757 + 0.0295 log [Fe2+] (2 .39)

The su lphur  i s  not in  the c r y s t a l l i n e  s t a t e ,  but in  a dia tomic 
molecular form. I t s  s tandard  f r ee  energy of formation was given as 
80.35 kJ mol- 1 .

For pH va lues  > 2, the r e s t  p o t e n t i a l  of p y r i t e  decreased  by 
approximate ly  0.059 V/pH u n i t ,  which S a to (131> a t t r i b u t e d  to the 
h y d ro ly s i s  of i ron  by the r e a c t i o n : -

FeS2  + 3H20 = Fe(0H ) 3  + S2  + 3H+ + 3e

E = 0.857 -  0.591 pH (2 .40)

This mechanism i s  not unreasonable  from the s tandpo in t  of c r y s t a l  
s t r u c t u r e  (S ec t ion  2 . 1 . 1 . 1 ) ,  s in ce  in  the p y r i t e  s t r u c t u r e  two su lphur  
atoms e x i s t  c lo se  to g e th e r ,  forming -Fe-S 2 -Fe- type bonds- There fore ,  
during o x id a t io n ,  these  bonds may be broken l i b e r a t i n g  S2  molecules ,  
e i t h e r  in to  s o lu t io n ,  or as a product re ta ined  on the su r fa ce .  The S2  

molecule i s  extremely uns tab le  and would ox id ise  to su lpha te  or 
decompose to y i e ld  sulphur.  Pe te rs  and Majima(66) performed 
experiments in  which p y r i t e  samples were subjec ted  to a s e r i e s  of 
ca thod ic  p o t e n t i a l s .  After each "p re - t rea tm en t  p o t e n t i a l " ,  the 
cu r ren t  was turned o f f  for 1 0  minutes and the r e s t  p o t e n t i a l  
determined. Their  r e s u l t s  showed th a t  the r e s t  p o t e n t i a l  could 
decrease  to between 0.2 and 0.3  V vs .  S.H.E. by such t rea tment .
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The mechanism of the anodic process i s  s t i l l  unc lea r .  Bai ley  and 
P e t e r s * 8 9  * concluded th a t  su lpha te  and su lphur formation proceed by 
two independent pa ths .  B ieg le r  and S w if t*78] d iscounted e lementa l  
sulphur in the formation of su lpha te ,  s ince  in  the l each ing  of 
su lph ides ,  the  product once formed i s  s t a b l e  even a t  e leva ted  
temperatures*106}. In  ad d i t io n ,  sulphur  i s  a very s t a b l e  product of 
the anodic ox ida t ion  of H2S in 0.1 M H2 S04  in the p o t e n t i a l  range 1.2 
-  1.7 V vs .  S .H .E .* 1  3  7 - 1  3  9  }. High su lpha te  y i e ld s  a re  obta ined fo r  
the anodic p o l a r i s a t i o n  of p y r i t e  in t h i s  p o t e n t i a l  reg ion .
Meyer*1 2 6 ] proposed a two laye r  anodic p rocess .  One la y e r  i s  
a s so c ia ted  with the ox ida t ion  of Fe2+ to Fe3+, which occurs in a th in  
su r face  l a y e r  wi th in  the s o l id  phase

Fe2+ = Fe3+ + e (2 .41)

The o the r  l a y e r  involves ox ida t ion  of S22- through in te rm ed ia tes  such 
as S2 022 - , S2 032 - , to S042 - . The i n i t i a l  s tep  was po s tu la ted  to lead 
to the formation of the in te rm ed ia te  S2 (OH) 2  ( th iosulphurous  a c i d ) ,  as 
yet  unknown in the f r ee  s t a t e ,  by the r e a c t i o n : -

S22- + 2H20 = S2 (OH) 2  + 2H+ + 4e (2 .42)

Sulphur may be produced by decomposit ion of the acid  form of these  
in te rm ed ia te s ,  which are  known to be uns tab le  in  ac id  s o lu t io n s .
Using c y c l i c  voltammetry,  Conway e t  a l * 135) observed two almost 
r e v e r s i b l e  monolayer su r face  processes  occurr ing  on the p y r i t e  su r f a ce  
in the p o t e n t i a l  range -0 .2  to +0.45 V vs. S.H.E. a t  pH 1. The 
following su r fa ce  process a t  FeS2  was p o s tu l a t e d : -

2e + S22- ( l a t t i c e ) = 2S2- l a t t i c e ) (2 .43)

When the p o t e n t i a l  was increased above 0.5 V, they proposed tha t  o th e r  
anodic processes  occurred,  producing the spec ies  S032 - , S2 032 - , S042- 
and Fe2+ * 1 3  5  > .
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B ieg le r  and S w i f t ( 7 8 ) pos tu la ted  a mechanism involv ing  adsorbed 
oxygen-containing in te rm ed ia tes .  The i n i t i a l  s tep  involved adso rp t ion  
of oxygen onto the p y r i t e  su r face  by adsorp t ion  and depro tona t ion  of 
water molecules : -

FeS2  + H20 = FeS2 (0H)ads + H+ + e (2 .44)

FeS2 (0H)ads = FeS2 (0 ) ads + H+ + e (2 .45)

r e a c t io n  (2 .45) being ra te -de te rm in ing .  I f  the Tafe l  cons tan ts  a  and 
3 a re  assumed to be 0 .5 ,  the mechanism p r e d ic t s  a Ta fe l  s lope  of 59 mV 
per decade, which i s  low compared with the observed exper imental  
va lues  of approximately 100 mV per decade.

I n v e s t i g a t i o n s  of p y r i t e  reduc t ion  a t  pH 0 <66,123) have shown th a t  a t  
p o t e n t i a l s  l e s s  than -0 .3  V vs.  S.H.E.,  p y r i t e  decomposes accord ing to 
the e q u a t io n : -

FeS2  + 4H+ + 2e = Fe2+(aq) + 2H2 S(g) (2 .46)

However, the cu r ren t  e f f i c i e n c y  fo r  t h i s  r e a c t io n  i s  low(6 6 ) ; hydrogen 
i s  s im ultaneously  discharged a t  p o t e n t i a l s  in the range -0 .2  to - 0 .5  V 
vs .  S.H.E. a t  a cu r ren t  e f f i c i e n c y  of 65 to 80 %. This value i s  high 
compared with minera ls  l i k e  ch a lco p y r i t e  and galena  which w i l l  
genera te  100 % H2S under these  co nd i t ions .  Pe te rs  and Majima(66> 
showed the hydrogen evo lu t ion  re a c t io n  r a t e  to be a l i n e a r  func t ion  of 
[H+], while H2S evo lu t ion  was s l i g h t l y  h igher  than f i r s t  order .
Having observed tha t  the p o t e n t i a l  a t  which the hydrogen evo lu t ion  
r e a c t io n  begins i s  very s e n s i t i v e  to pH, Klein and Shuey(123) , us ing  
the da ta  of Pe te rs  and Majima(6 6 ) , ca lcu la ted  the d e r iv a t iv e  of 
p o t e n t i a l  with respec t  to pH a t  constant cathodic  c u r r e n t s ,  fo r  both 
H2S and H2 . They quoted values  of -0 .09 V per pH u n i t  fo r  the H2  

component and -0 .13 V per pH u n i t  fo r  the H2S component. Their  
c a l c u l a t i o n s  pred ic ted  tha t  a t  pH values  g r e a t e r  than zero the H2  

component w i l l  dominate the H2S component with p y r i t e  func t ion ing  as 
an i n e r t  e l e c t r o d e .  The hydrogen overvoltage  on p y r i t e  a t  pH 0 i s
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very low, about 0.26 V a t  1 mA cm- 2  of  hydrogen discharge
c u r r e n t ( 66' 140}. This value i s  below that  fo r  metals such as s i l v e r ,
n i c k e l ,  iron  and copper,  but above tha t  fo r  pla tinum, and gold.

In a recen t  review of the chemistry and physics of p y r i t e ,  Lowson( 1 3 6  

concluded tha t  the following ques t ions  remained to be answered: i s
the Fe2+ ion oxid ised to Fe3+ before d i s s o l u t i o n  from the p y r i t e  
l a t t i c e ?  What i s  the ox ida t ion  path for S22- to S042 -? What a re  the 
c o n t r o l l i n g  f a c to r s  fo r  the production of e lementa l  sulphur?

2 .4 .1 .2  P y r rh o t i t e

There a re  few re p o r t s  of the e lec t rochem ica l  behaviour of p y r r h o t i t e .  
P o t e n t i a l  measurements made on sy n th e t i c  FeS e l e c t ro d e s  in s o lu t io n s  
of var ious  Fe2+ ion co n cen t ra t ions ,  have shown the e l ec t ro d e  p o t e n t i a l  
of FeS to be independent of Fe2+ ion concen t ra t ion ,  i . e .  i t  does not 
obey the Nernst r e l a t i o n s h i p (141) . Hamilton and Woods(134) 
in v e s t ig a te d  the surface  ox ida t ion  of p y r r h o t i t e  by c y c l i c  voltammetry 
us ing a n a tu r a l  p y r r h o t i t e  sample of s to ich iometry  FeS1 # 1 3  (or 
Fe 0 . 8 8 5 S) from Mount I s a ,  Queensland. Analysis of the products  of 
anodic ox ida t ion  were made e n t i r e l y  from the c h a r a c t e r i s t i c s  of t h e i r  
reduc t ion  on a subsequent reverse  p o t e n t i a l  scan.  No a n a ly s i s  of the 
s o lu t io n  was made for Fe2+, Fe3+ or S042 - . The following anodic 
r e a c t io n s  were proposed

F e S 1 . 1 3  = F e 2 +  +  + 2 e (2 .47)

F e S 1 . 1 3  =  F e 3 +  +  1 > 1 3 S  +  3 e (2 .48)

F e S i . i 3  + 4.52H20 = Fe2+ + 1.13S042" + 9.04H+ + 8.78e (2 .49)

F e S i . i 3  + 4-52H20 = Fe3+ + 1.13S042" + 9.04H+ + 9.78e (2 .50)

They concluded tha t  sulphur i s  the major product of p y r r h o t i t e  
ox ida t ion  a t  pH 4 .6 ,  9.2  and 13. Sulphate i s  a l so  formed in 
s i g n i f i c a n t  q u a n t i t i e s ,  p a r t i c u l a r l y  in a lk a l in e  s o lu t io n s .  At pH 9.2
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and 13, production of su r face  f e r r i c  oxide s t ro n g ly  i n h ib i t e d  f u r t h e r  
o x id a t io n  of p y r r h o t i t e .  Conway e t  a l (135) a lso  used c y c l i c  
voltammetry to study the su r face  redox r e a c t io n s  of p y r r h o t i t e  and 
comparisons were made with p y r i t e  a l so .  Their  r e s u l t s  ind ica ted  th a t  
FeS behaves much l e s s  r e v e r s i b ly  than FeS2  with th ree  or four 
d i s t i n g u i s h a b l e  e lec t rochemical  su r face  processes  occu r r ing  over the 
p o t e n t i a l  range -0 .4  to 0.2 V vs .  S.H.E. a t  pH 1.

Henry e t  a l (142) s tud ied  the e lec t rochem ica l  reduc t ion  of s y n th e t i c  
i ron  su lph ides  (Fe 1 _xS) in  c h lo r id e  media a t  pH 0 .2 .  By measuring the 
amount of charge corresponding to the reduc t ion  of Fe3+ in  the s o l i d  
and by e v a lu a t in g  the Fe 2  + concen t ra t ion  in s o lu t io n  a f t e r  
e l e c t r o r e d u c t i o n ,  the s to ich iom et ry  of a range of i ron  su lph ides  was 
determined.  In a study of the non-oxida t ive  l each ing  of metal 
s u lp h id e s ,  Scott  e t  a l (143) in v e s t ig a te d  the d i s s o l u t i o n  of hexagonal 
p y r r h o t i t e  (Fe 9 S10) a t  var ious  app l ied  cathodic  p o t e n t i a l s .  They 
found th a t  the r a t i o  of the d i s s o l u t i o n  r a t e  to the f a r a d a i c  cu r ren t  
necessa ry  to s u s t a i n  i t ,  was c o n s i s t e n t  with the r educ t ion  of 
p y r r h o t i t e  to t r o i l i t e  (FeS) by the r e a c t i o n : -

Fe9 S1 0  + 2H+ + 2e = 9FeS + H2S (2 .51)

followed by the d i s s o lu t io n  of t r o i l i t e  (see s e c t io n  2 . 4 . 3 ) .

FeS + 2H+ .= Fe2+ + H2S (2 .52)

2 .4 .1 .3  P e n t l a n d i t e

The only i n v e s t i g a t i o n  of the e lec t rochem ica l  behaviour of p e n t l a n d i t e  
was c a r r i e d  out by Thornber( 70) . Cyclic voltammetry and i n t e r m i t t e n t  
g a lv a n o s t a t i c  p o l a r i s a t i o n  were c a r r i e d  out on p e n t l a n d i t e  and 
v i o l a r i t e  a t  pH values  of 0, 2, 4, 6  and 8 . The r e s u l t s  ind ica ted  
th a t  the m in e ra l / s o lu t io n  i n t e r f a c e s  of both minera ls  behave 
s i m i l a r l y .  Below pH 4, anodic d i s s o lu t io n  favoured su lphur  formation 
( r e a c t i o n  2 .5 3 ) ,  and above pH 4, su lp h a te  format ion ( r e a c t i o n  2 .54 ) .  

Cathodic d i s s o l u t i o n  favoured H2S formation over H2  evo lu t ion  a t  low 
pH va lues  ( r e a c t io n  2 .55) .
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F e 4 . 5 N i 4 . s S 8  = 4 .5 F e ( I I )  + 4 .5 N i( I I )  + 8 S + 18e (2 .53)

F e 4 . 5 N i 4 . 5 S 8 + 32H20 = 4 .5 F e ( I I )  + 4 .5 N i ( I I )  + 8S042” + 16H+ + 6 6 e

(2 .54)

16e  + Fe 4  5 Ni 4  5 S8  + 16H+ = 4.5Ni +  4.5Fe 4- 8 H2S (2 .55)

I t  was argued th a t  al though complex adsorp t ion  and hyd ro lys is  
r e a c t io n s  take place  with in  the s o lu t io n  as the i n t e r f a c e  r e a c t s ,  the 
above r e a c t io n s  best  rep resen t  the o v e ra l l  r e a c t io n s  of the mineral  
components a t  the  i n t e r f a c e .  The v a r i a t i o n  in pH of the s o lu t io n  
during c y c l i c  voltammetric experiments was monitored by means of a pH 
e l e c t r o d e .  A decrease  in pH during  an anodic p o t e n t i a l  sweep was 
i n d i c a t i v e  of the su lpha te  acid  producing r e a c t io n  predominating 
( r e a c t io n  2 .54 ) .  However, l i t t l e  confidence can be put in t h i s  
i n t e r p r e t a t i o n  fo r  two reasons:  f i r s t l y ,  no a ttempt was made to
measure the i n t e r f a c i a l  pH changes( 144>, and secondly ,  the pH was 
monitored under c l o s e - c i r c u i t  condi t ions  where the app l ied  f i e l d  
between working and counter e l e c t ro d e s  w i l l  e f f e c t  the p o t e n t i a l  
d i f f e r e n c e  monitored a t  the pH e lec t ro d e .

2 .4 .1 .4  Chalcopyri te

A number of s tu d ie s  have been published < 1 4 5  -  i s o ,  1 5 2 ,  1 5 9  - 1 6 4 ,

1 6 6 ,  1 6 7 ,  1 7 0 ,  1 7 1 ,  1 7 5 )  on e lec t rochem ica l  behaviour of 

ch a lc o p y r i t e  under condi t ions  comparable to those encountered during 
chemical l e ach ing ,  i . e .  in 1 M H2 S04 , or 1 M HC1. The f e r r i c  leach ing  
r e a c t io n  (2 .26; Section 2 .3 .4 )  can be represented  in e lec t rochem ica l  
terms by two h a l f - c e l l  r e a c t i o n s : -

Anodic: CuFeS2  = Cu2+ + Fe2+ + 2S° + 4e (2 .56)

Cathodic: 4Fe3+ + 4e = 4Fe2+ (2 .57)
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The cor ros ion  of ch a lc o p y r i t e ,  a t  low anodic p o t e n t i a l s  (0 .4  to 0 .8  V 
vs .  S.H.E.)  and ambient temperature ,  i s  complicated by the formation 
of vary ing fi lm th icknesses  of su lphur and o ther  compact s o l id  
o x ida t ion  products tha t  p a s s iv a te  the cha lcopyr i t e  s u r face .  The 
o x id a t io n  products  may be r e s i s t i v e  ( e .g .  CuCl, Fe 2 03( 156' 1571, or

su lp h u r ) ,  or p- and/or n- type  semiconductors(108»152' 170»1711, such as 
p- type  c o v e l l i t e  (CuS), or m e ta l - d e f i c i e n t  p o ly su lp h id es (148_ 
i 5 o , i 6 o f i 6 i , i 6 4 ) # Moreover, the  ox ida t ion  products  may slow the 
t r a n s f e r  of e l e c t ro n s  and t r a n s p o r t  of ions between the o x id i s in g  
ch a lc o p y r i t e  and the spec ies  a t  the s o l i d - l i q u i d  i n t e r f a c e ,  l i m i t i n g  
the r a t e  of ox ida t ion .

(a) Processes  a t  Low Anodic P o t e n t i a l s  (0 .4  to 0 .8  V vs .  S.H.E.)

B ieg le r  and S w if t (167) s tud ied  the anodic behaviour of c h a lc o p y r i t e  in 
1 M H2 S04  and 1 M HC1 and found tha t  from the r e s t  p o t e n t i a l  of around 
0.4  V to 0.85 V vs. S.H.E.,  the re  was a broad prewave in  which c u r r e n t  
passed through a peak or a p la teau  depending on the condi t ions  used.
On p o t e n t i a l  cycl ing ,  the prewave was absent on the second and 
subsequent sweeps. Delays of more than one minute between su r face  
p re p a ra t io n  and s t a r t  of the f i r s t  sweep tended to decrease  the 
d e f i n i t i o n  of the prewave and the charge passed in  the prewave reg ion .

Parker e t  a l (160,161) observed tha t  between 0 .4  and 0.7 V vs.  S.H.E. 
the cu r ren t  den s i ty  was < 1 mA cm- 2 , and tha t  the pass ive  n a tu re  of 
the f i lms  formed diminished as the p o t e n t i a l  was inc reased .  Constant 
p o t e n t i a l  pulse  experiments in  t h i s  p o t e n t i a l  region have shown th a t  
the cu r ren t  always decays with t ime( 1  4  5 - 1 5 0  * 1  67>. This has been 
i n t e r p r e t e d  as evidence fo r  cha lcopyr i t e  d i s s o l u t i o n  being re ta rd e d  by 
d i f f u s i o n  of products  through a slowly th ickening  f i l m ( 1 6 0  *161}.
Parker e t  a l (160,161) proposed tha t  the main ox ida t ion  products over 
t h i s  p o t e n t i a l  range were Fe2+, Cu2+ (CuCl2- in  ch lo r id e  media) and 
S°, a l though no a n a ly s i s  of the mineral  su r face  or s o lu t io n  was 
c a r r i e d  out .  More r e c e n t ly ,  they concluded tha t  the p a s s iv a t in g  la y e r  
cons is ted  of a copper polysulphide ,  CuyS (where y < i)Ci76,i77> ^
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Baur e t  a l (158J and o t h e r s * 1 4 5 - 1 4 7 ' 1 5 2 - 1 5 4 ' 1 6 7 ' 1 6 8 ' 1 7 0 ' 1 7 1 1  have 
repor ted  the i n i t i a l  p r e f e r e n t i a l  r e l e a s e  of i ron  from the 
c h a lc o p y r i t e  l a t t i c e ,  during anodic d i s s o lu t io n .  Warren e t  
a l (1 4 8 - i so )  in t e r p r e t e d  t h i s  as being c o n s i s t e n t  with the r e a c t i o n : -

CuFeS2  = Cu1 _xFe 1 _yS2_z + xCu2+ + yFe2+ + zS° + 2(x+y)e (2 .58)

(where y > x ) .  The m e ta l -d e f i c i e n t  compound Cu1 _xFe 1 _yS2_z i s  an 
in te rm ed ia te  product phase which, mixed with su lphur ,  forms an 
e l e c t r o n  conducting pass ive  l a y e r  on the mineral  su r fa ce ,  termed fi lm 
S j . P a rk e r ( 161»176]  r e f e r r e d  to the in te rm ed ia te  as a polysulphide  
having semiconducting p ro p e r t i e s  th a t  d i f f e r e d  from those of 
c h a lc o p y r i t e .  However, t h e i r  r e s u l t s  were inconc lus ive .  Jones e t  
a ]_( 1  4  5 - 1  4  7 ) an(j Gardner e t  a l (175) proposed tha t  c o v e l l i t e  (CuS) i s  

the phase formed in the low curren t  region during the anodic 
d i s s o l u t i o n  of ch a lco p y r i t e .

Ammou-Chokroum e t  a l * 152' 170•171}, who s tud ied  the e l e c t r o - o x i d a t i o n  
of cha lco p y r i t e  in  acid ch lo r ide  s o lu t io n ,  a l so  proposed a mechanism 
involv ing  the formation of CuS to exp la in  the decrease  in e l e c t r o ­
d i s s o l u t i o n  r a t e .  I t s  formation was thought to be re sp o n s ib le  fo r  the 
s u p e r f i c i a l  enrichment of the s o l id  su r face  in copper, as well  as for 
the r e t a r d a t i o n  of the Fe2+ s o l u b i l i s a t i o n  r a t e .  They argued tha t  CuS 
covers the c h a l c o p y r i t e / e l e c t r o l y t e  in t e r f a c e  by accumulating in the 
porous su lphur network, which forms a g radua l ly  th ickening  l ay e r  a t  
the  s u r fa ce .  The CuS g radua l ly  blocks the sulphur  pores ,  causing a 
decrease  in  the r e a c t io n  area  and hence in the d i s s o l u t i o n  r a t e (1 52 ) . 
From t h e i r  r e s u l t s ,  they proposed the following r e a c t io n  scheme fo r  
the formation of CuS:-

s 2_ 
3  2 ■ + 4H+ = Cu+ + Fe3+ + 2H2ST ( 2 ,.59)

Cu+ + Fe 3  + = Cu2+ + Fe2+ ( 2 ,.60)

Par t  of the Cu2+ i s  p r e c i p i t a t e d  by H2S through a secondary re a c t io n  
tak ing  p lace  on the su r face  of c h a l c o p y r i t e : -
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Cu2+ + H2S = CuS'l' + 2H+ (2.61)

The o v e r a l l  equat ion fo r  the double r eac t io n  o f  " ac id -  
p r e c i p i t a t i o n ” ( 1 52 } r e s u l t i n g  from these r e a c t io n s  i s  t h e r e f o r e : -

CuFeS2 + 2H+ = CuSl + Fe2+ ■+ H2St  (2 .62)

Oxidation of CuFeS2 and CuS takes  place  according to the r e a c t io n s

CuFeS2 = Cu2+ + Fe2+ + 2S°1 + 4e (2 .63)

CuS = Cu2+ + S°4 + 2e (2 .64)

Warren e t  a l * 148-150} proposed an a l t e r n a t i v e  mechanism for  the 
formation of CuS whereby t h e i r  pos tu la ted  i n i t i a l  in te rm ed ia te  
su lph ide  phase,  Sx (formed by r e a c t io n  2 .58) ,  ox id ised  to from a 
second in te rm ed ia te  non -s to ich iom etr ic  product phase, S2 , by the 
r e a c t i o n : -

Cu1_xFe1_yS2_z = (2-z)CuS(n-s)  + ( l -y )Cu2+ + ( l - y ) F e 2+ + 2 ( l - y ) e

(2 .65)

Reaction (2.65)  i s  c o n s i s te n t  with the r e s u l t s  of Bauer e t  a l {150) who 
demonstrated tha t  a f t e r  8 minutes a t  27 °C the r a t e s  of copper and 
i ron  r e l e a s e  were approximately equal.  The co r ro s io n  or d i s s o l u t i o n  
of the S2 l a y e r  would occur a t  low p o t e n t i a l s  by the r e a c t i o n : -

CuS(n-s) = Cu2+ + S° + 2e (2 .66)

They suggested tha t  the two in te rm ed ia te  product phases,  Sx and S2 , 
a re  b o rn i t e  and c o v e l l i t e  r e s p e c t i v e l y ,  as could be p red ic ted  from the 
p o t e n t i a l  versus  pH diagram fo r  the Cu-Fe-S-H20 system*61 *64' 65’ .

The na tu re  of the product l a y e r  has been f u r th e r  in v e s t ig a te d  by 
s tudy ing  the r a t e  of e le c t ro n  t r a n s f e r  from var ious  redox couples
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( I 3~ / I~ ,  Fe3+/F e 2+, Cu2+/Cu+) to the su r face  l a y e r ( 160•161»164] .
Parker e t  a l (160' 161) showed the Fe3+/F e2+ couple ( e s p e c i a l l y  in 
su lp h a te  media) to be much l e s s  r e v e r s i b l e  on corroding  c h a lco p y r i t e  
than on p y r i t e  or platinum. The couples Cu2+/Cu+, I 3_/I~  and 
Fe(CN)63 - /Fe(CN)64_ were more r e v e r s i b l e  than Fe3+/F e2+, but a l l  
couples were much l e s s  r e v e r s i b l e  on cha lco p y r i t e  than on p y r i t e .  
MacKinnon e t  a l (164) used c y c l i c  voltammetry to compare e l e c t ro n  
t r a n s f e r  from redox couples to P t,  n- and p-type  c h a lc o p y r i t e .  They 
obta ined  s im i l a r  r e s u l t s  to Parker e t  a l (160' 161) and found no 
d i f f e r e n c e s  in the r e s u l t s  between n- and p-type samples with one 
n o tab le  except ion .  They found tha t  Fe3+/F e2+ spec ie s  pass iva ted  the 
s u r face  of p-type  ch a lcopyr i te  in  the p o t e n t i a l  region where e l e c t r o n  
t r a n s f e r  r e a d i ly  occurs to the I 3_/I~ and Cu2+/Cu+ redox couples.  
P a s s iv a t io n  did not occur on n- type  c h a lco p y r i t e .

(b) Processes  a t  High Anodic P o t e n t i a l s  (> 0.9 V vs.  S.H.E.)

At h igher  p o t e n t i a l s  (> 0.9 V vs.  S.H.E.)  the low anodic p o t e n t i a l  
processes  s t i l l  occur, but the amount of product formed i s  n e g l i g i b l e  
compared with the amount of CuFeS2 oxid ised completely to Cu2+ and 
Fe3+. In the high p o t e n t i a l  region  the r e a c t io n s  a re  s t ro n g ly  pH 
s e n s i t i v e ,  the anodic cu rren t  inc reas ing  with in c re a s in g  pH<149). The 
main r e a c t io n s  a r e : -

CuFeS2 = Cu2+ +. Fe3+ + 2S° + 5e (2 .67)

and CuFeS2 + 8H20 = Cu2+ + Fe3+ + 2S042~ + 16H+ + 17e (2 .68)

I f  x i s  the f r a c t i o n  of cha lcopyr i t e  oxid ised according to r e a c t io n  
(2 .6 7 ) ,  the composite equat ion  fo r  the  t o t a l  process  i s (167) : -

CuFeS2 + 8xH20 = Cu2+ + Fe3+ + 2xS042” + 2 ( l -x )S °  + 16H+ + (12x + 5)e

(2 .69)
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By measuring the charge passed per mole of d is so lved  i ron  or copper, 
the c u r r e n t  e f f i c i e n c y  fo r  the  formation of su lphur  ( r e a c t i o n  2 .67 ) ,  or 
s u lp h a t e  ( r e a c t i o n  2 .68 ) ,  can be c a l c u l a t e d .  Warren e t  a l ( 148-150> 

c a lc u la t e d  the average amount of sulphur formed fo r  a l l  experiments 
run in  H2S04 e l e c t r o l y t e s  to be 90 X,  and 88 X fo r  both H2S04 and 
HC104 . This compares with the value of 88 X p red ic ted  by B ieg le r  and 
S w i f t ( 167} and 90 X c a l c u la t e d  by J o n es1145-147’ fo r  ac id  c h lo r id e  
media. Warren e t  a l (148-150> proposed th a t  the in te rm ed ia te  product 
l a y e r ,  S2 (CuS(n-S)),  corrodes  a t  the h igher  anodic p o t e n t i a l s  by the 
r e a c t i o n : -

CuS(n-s) + H20 = Cu2+ + 1/4S042- + 3 /4S0 + 2H+ + 7/2e (2 .70)

B ieg le r  e t  a l (167) and H i l l r i c h s  e t  a l (159) suggested tha t  breakdown 
of the pass ive  fi lm occurs during e lec t rochem ica l  p o l a r i s a t i o n  when a 
c r i t i c a l  p o t e n t i a l  i s  reached, which a c t i v a t e s  the nuc lea t ion  and 
growth of p i t s .

In a l k a l i n e  s o lu t io n s ,  Gardner and Woods(175) proposed the formation 
of f e r r i c  hydroxide and c o v e l l i t e  a t  low anodic p o t e n t i a l s : -

CuFeS2 + 3H20 = CuS + Fe(0H)3 + S + 3H+ + 3e (2 .71)

followed by the f u r th e r  ox ida t ion  of c o v e l l i t e  a t  h igher  p o t e n t i a l s  to 
y i e ld  sulphur and cupr ic  hydrox ide : -

CuS + H20 = Cu(0H)2 + S + 2H+ + 2e (2 .72)

S p r in g e r (124’ b r i e f l y  considered the semiconducting p ro p e r t i e s  of 
c h a lc o p y r i t e .  For an n- type  semiconductor one would expect to f ind  a 
l i m i t i n g  cu rren t  on anodic p o l a r i s a t i o n  i f  minor ity  c a r r i e r s  (ho le s )  
were determining the ox ida t ion  r a t e ,  however, he could find no 
s a t u r a t i o n  cu rren t  on anod ica l ly  p o l a r i s in g  cha lcopyr i t e  samples with 
c u r r e n t s  up to 10 mA cm- 2 . B iegler  and Swif t*1671 observed tha t  the re  
were no d i f f e r e n c e s  in c y c l i c  voltammograms obta ined in  the dark and 
with i l l u m in a t io n .  However, Zevgo l is ( 1 6 2 -1 6 3 * has repor ted  a
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s a t u r a t i o n  cu rren t  ( in  1 M H2S04) of approximately 50 mA cm-2 a t  
p o t e n t i a l s  above 2.5 V vs .  S.H.E..  Unfor tunate ly ,  the anomously high 
p o t e n t i a l s  quoted (0 -  14 V) suggests tha t  the re  was a l a rg e  IR 
p o t e n t i a l  drop, or con tac t  r e s i s t a n c e ,  across  the exper imental  
specimens.  Also, i l lu m in a t io n  of the r e a r  r a t h e r  than the working 
su r face  of the e l e c t ro d e ,  l i m i t s  the confidence with which one can 
i n t e r p r e t  the r e s u l t s .

The cathodic  d i s s o lu t io n  of cha lcopyr i t e  has been s tud ied  almost 
ex c lu s iv e ly  by B ieg ler  and co-workers( 179-182>. Eh-pH diagrams fo r  
c h a lc o p y r i t e* 61' 6 4 *6 5 > p re d ic t  tha t  in s o lu t io n s  of about zero pH, the 
copper -con ta in ing  s o l id  phases found a t  equ i l ib r ium  a t  p ro g re s s iv e ly  
decreas ing  p o t e n t i a l s  a re  ch a lco p y r i t e ,  bo rn i t e  (Cu5FeS4),  c h a lc o c i t e  
(Cu2S) and elemental  copper, in tha t  order .  The poss ib le  ca thodic  
r e a c t io n s  a re  (178) : -

5CuFeS2 + 12H+ + 4e = Cu5FeS4 + 6H2S + 4Fe2+ (2 .73)

2CuFeS2 + 6H+ + 2e = Cu2S + 3H2S + 2Fe2+ (2 .74)

CuFeS2 + 4H+ + 2e = Cu + Fe2+ + 2H2S (2 .75)

B ieg le r  and S w if t (179) c a th o d ica l ly  reduced c h a lco p y r i t e  e l e c t r o d e s  in 
s e v e ra l  a c id i c  e l e c t r o l y t e s  and found tha t  a t  cu r ren t  d e n s i t i e s  below 
10 mA cm-2 the product i s  gene ra l ly  the grey copper su lph ide ,  
c h a lc o c i t e  (Cu2S), though in some runs the c lo se ly  r e l a t e d  su lph ide  
d j u r l e i t e  (Cu1>97S), d i s t in g u i s h a b le  only by X-ray d i f f r a c t i o n ,  was 
found. At h igher cu rren t  d e n s i t i e s  e lemental  copper i s  formed and 
becomes the major component of the product above 50 mA cm- 2 . 
Experimenta lly ,  copper was observed to appear when the p o t e n t i a l  
reached about -0 .4  V vs .  S.H.E..  Examination of the e l ec t ro d e s  in 
s e c t io n  showed tha t  copper formed a t  the s o lu t io n  s ide  of the 
c h a l c o c i t e  l a y e r ,  i n d ic a t in g  tha t  ch a lc o c i te  i s  an in te rm ed ia te  in the 
reduc t ion  to copper ( r e a c t io n  2 .7 6 ) (179>.

Cu2S + 2H+ + 2e = 2Cu° + H2S (2.76)
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Born i te  was not de tec ted  in  any of the products of g a lv a n o s t a t i c  
e l e c t r o l y s i s .

Macleod and Muir(183) s tud ied  the reduc t ion  of c h a lc o p y r i t e  in  copper 
( I )  s o lu t io n s  and found tha t  poli shed s ec t io n s  of the product revealed 
d i s t i n c t  r e a c t io n  zones. Elec t ron  microprobe X-ray a n a ly s i s  confirmed 
th a t  the ou te r  l ayer  cons is ted  mainly of Cu2S, followed by an inner 
l a y e r  of Cu5FeS4 , then copper enriched CuFeS2 , and f i n a l l y  a core  of 
unreacted CuFeS2 . B i e g l e r (182) observed tha t  the f i r s t  ca thodic  
l i n e a r  sweep voltammogram of a f r e s h ly  poli shed c h a lc o p y r i t e  e l ec t ro d e  
e x h ib i ted  a prewave between -0 .05 and -0 .2  V vs.  S .H.E.,  preceding the 
main voltammetric wave fo r  reduc t ion  to c h a lc o c i te  (Cu2S). I t  was 
sugges ted tha t  the prewave represen ted  the formation of an 
in te rm ed ia te  product phase(s ) in the o v e ra l l  reduc t ion  to c h a l c o c i t e .
A gene ra l  e l ec t ro d e  re a c t io n  was proposed to rep re sen t  the ca thodic  
prewave p ro c e ss11821: -

CuFeS2 + (4-2z)H+ + (2x+2y-2z)e = CuxFe6S2 + ( l -x )C u2+ + ( l - y ) F e 2+
+ (2 - z )H2S (2 .77)

where x+y > z. Poss ib le  products th a t  f u l f i l  t h i s  cond i t ion  inc lude  
b o r n i t e  (Cu5FeS4),  haycockite  (Cu4Fe5S8),  mooihoekite (Cu9Fe9S16),  
i d a i t e  (Cu3FeS4),  fu k u c h i l i t e  (Cu3FeS8),  d j u r l e i t e  (Cux 97S) and 
d i g e n i t e  (Cu1 8S ) 1179' 182•184] .

2 .4 .2  Cathodic Reduction of Oxygen

The e lec t rochem ica l  mechanisms tha t  und e r l i e  the weathering of 
su lph ides  in n a t u r e 198»118 *130»1311, leaching  of su lph ides  in 
hyd rom eta l lu rg ica l  systems11891 and the product ion of minera l  su lphide  
concen t ra te s  by f r o th  f l o t a t i o n 172' 190 * a l l  involve c o r r o s i o n - l i k e  
p rocesses  c o n s i s t in g  of coupled anodic and cathodic  r e a c t io n s .  The 
reduc t ion  of d isso lved  oxygen i s  the most important cathodic  process  
in these  systems. Although i t  has been shown tha t  oxygen i s  reduced 
on g a l e n a 11911 and p y r i t e 166»1921, an a n a ly s i s  of the k i n e t i c s  and 
mechanism of the re a c t io n  has been c a r r i e d  out only by B ieg le r ,  Rand
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and Woods*185-1881. F i r s t l y ,  they s tud ied  oxygen reduc t ion  a t  a 
r o t a t i n g  p y r i t e  e l e c t r o d e *1 8 6 ] and demonstrated tha t  the o v e r a l l  
r e a c t io n  involves four e l e c t r o n s .  In acid  s o lu t io n  the r e a c t io n  i s : -

02 + 4H+ + 4e = 2H20

E = 1.229 -  0.0592 pH + 0.0148 log P02 (2 .78)

and in  a l k a l i  media:-

02 + 2H20 + 4e = 40H- (2 .79)

Experiments ind ica ted  tha t  the reac t ion  proceeded v ia  the formation of 
hydrogen peroxide ,  which was de tec ted  in s o l u t i o n * 1865

02 + 2H+ + 2e = H202

E = 0.695 -  0.0592 pH + 0.0296 log P02 (2 .80)
[H202]

H202 + 2H+ + 2e = 2H20

E = 1.763 -  0.0592 pH + 0.296 log [H202] (2 .81)

In  ac id  s o l u t i o n ,  a Tafe l  s lope  of 120 mV per decade was observed 

in d i c a t i n g  tha t  the f i r s t  e le c t ro n  t r a n s f e r  s t e p : -

02 + e = 02- (2 .82)

was ra te -d e te rm in in g .  At h igher pH values the Tafe l  slope decreased,  
c o n s i s t e n t  with the subsequent r eac t io n  s t e p : -

02- + 2H+ + e = H202 (2.83)

becoming important.  The following s tage ,  hydrogen peroxide reduc t ion ,  
gave a Tafe l  s lope  of 245 mV per decade.
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No c o r r e l a t i o n  between e lec t rochem ica l  behaviour and semiconductor- 
type fo r  oxygen reduc t ion  on p y r i t e  could be e s t a b l i s h e d ( 187>.
Rand(188) presented  c u r r e n t - p o t e n t i a l  curves fo r  a range of su lphide  
e l e c t r o d e s  which showed tha t  p y r i t e  and p e n t l a n d i t e  a re  only s l i g h t l y  
l e s s  a c t i v e  fo r  oxygen reduc t ion  than gold .  At pH 9 .06 ,  the a c t i v i t y

fo r  oxygen reduc t ion  increased  in the order  galena  < p y r r h o t i t e  < 
a r s e n o p y r i t e  < b o rn i t e  < c o v e l l i t e  < c h a lco p y r i t e  < p e n t l a n d i t e  < 
c h a l c o c i t e  < p y r i t e .  With the  excep t ion  of ga lena ,  t h i s  i s  the  reve rse  

of the order fo r  oxygen requirement in  f l o t a t i o n  with xan tha te  
c o l l e c t o r s  as repor ted  by P laks in  and Bessonov( 193}; ga lena  re q u i re s  
the l e a s t  amount of oxygen. The anomaly can be expla ined by the 
d i f f e r e n t  c o n s t i t u t i o n  of i t s  hydrophobic su r face ;  ga lena  being 
rendered hydrophobic by a chemisorbed xan tha te  l a y e r ,  whereas 
dixanthogen i s  the important hydrophobic render ing  spec ie s  fo r  the 
o th e r  s u l p h i d e s ( 72) . Thus, Rand(188) suggested th a t  the  a c t i v i t y  of 

the su lph ide  su r face s  fo r  xanthate  ox ida t ion  i s  s i m i l a r  and tha t  
d i f f e r e n c e s  in the r a t e  of formation of dixanthogen and hence 
f l o t a t i o n  are  determined by d i f f e r e n c e s  in the a c t i v i t y  fo r  oxygen 
reduc t ion .

Behnet e t  a l (194) s tud ied  the oxygen reduc t ion  a c t i v i t y  of t h io s p in e l s  
and su lph ides  of t r a n s i t i o n  meta ls .  They found th a t  the metals 
c o b a l t ,  iron  and n ick e l  showed the h ighes t  a c t i v i t y  in sulphur 
compounds; o the r  t r a n s i t i o n  metals decreased the a c t i v i t y .  An 
i n t e r p r e t a t i o n  of the r e s u l t s  in .terms of the geometric and 
e l e c t r o s t a t i c  p ro p e r t i e s  of the s t r u c t u r e s  was presen ted .

T r i b u t s c h (195-197> used metal su lphide  e l ec t ro d e s  fo r  the r educ t ion  of 
hydrogen peroxide,  an in te rm ed ia te  in the reduc t ion  of oxygen. On 
copper ( I ) - c o n t a i n i n g  su lphides  (v iz  Cu5FeS4 , CuFeS2 and Cu2S) high 
ampli tude and frequency cu rren t  o s c i l l a t i o n s  were observed under 
p o t e n t i o s t a t i c  cond i t ions .  I t  was concluded tha t  monovalent Cu+ ions 
were the e s s e n t i a l  s i t e s  for the proposed a u t o c a t a l y t i c  decomposition 
mechanism.



55.

2 .4 .3  Non-Oxidative D isso lu t ion

The d i s s o l u t i o n  of a su lphide  mineral  may a l so  occur by a non- 
o x id a t iv e  process .  This may be def ined as d i s s o l u t i o n  r e s u l t i n g  in 
the ox ida t ion  s t a t e  of the s o lu t e  spec ies  being i d e n t i c a l  in both the 
s o l u t i o n  and s o l i d  s t a t e (205>. For a su lph ide  minera l ,  the process  

involves  l i b e r a t i o n  of hydrogen sulphide  according to the r e a c t i o n : -

MS + 2H+ = M2+ + H2S (2 .84)

Non-oxida tive  d i s s o lu t io n  has been ex tens ive ly  reviewed by sev e ra l  
a u t h o r s ( 199' 2 0 0 ' 2 09-2 1 11 and has been proposed as a means of l each ing  
metals  from su lphide o r e s <198). Indeed, the non-ox ida t ive  d i s s o l u t i o n  
of c o p p e r -n ic k e l - i ro n  mattes ,  which conta in  metal  sulphide  phases,  i s  
opera ted  i n d u s t r i a l l y  on a l a rg e  s ca le * 207' 208’ .

Under non-ox id is ing  cond i t ions ,  ch a lco p y r i t e ,  p y r i t e  and p e n t l a n d i t e  
respond very slowly to a t t a c k  by ac id s .  J i b i c k i * 2001 repor ted  th a t  
p e n t l a n d i t e  d is so lv e s  60 times slower than p y r r h o t i t e  under the same 
acid le ach ing  cond i t ions .  Nothing has been published on the non- 
ox id a t iv e  d i s s o lu t io n  of p y r i t e  and ch a lc o p y r i t e ,  except on 
" a c t i v a t i o n  processes"  tha t  c re a te  acid  leachab le  mineral  phases on 
the su r face s  of these  minera ls ,  thereby enhancing the o v e ra l l  
d i s s o l u t i o n  r a t e * 103’ .

P e te r s* 65’ proposed four acid  decomposition re a c t io n s  fo r  c h a lc o p y r i t e  
on the b a s i s  of thermodynamic con s id e ra t io n s ,  a l though in p r a c t i c e  
none of the proposed r e a c t io n s  have been observed. The most probable  
of these  r e a c t io n s  was:-

CuFeS2 + 2H+ = CuS + Fe2+ + H2S (2 .85)

because,  u n l ik e  the o the r  r e a c t i o n s ,  i t  did not r e q u i r e  the n u c lea t io n

of p y r i t e  or excess ive ly  low pH values .  An acid  decomposition 
r e a c t io n  fo r  p y r i t e  was a l so  proposed*651:-
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FeS2 + 2H+ = Fe2+ + H2S + S° (2 .86)

The i n i t i a l  s t ep  involves  the r e l e a s e  of d isu lph ide  ion S22- i n to  
s o l u t i o n  followed by i t s  d i sp ro p o r t i o n a t io n  to y i e ld  H2S and S°. 
Therefore ,  the o v e r a l l  r e a c t io n  (2 .86) i s  not a non-ox ida t ive  process  
in the  t r u e  sense ,  as the formal o x id a t io n  of the su lphur  sp ec ie s  

in the  s o l id  and s o lu t io n  phases i s  d i f f e r e n t .

The k i n e t i c s  and mechanism of the non-ox ida t ive  d i s s o l u t i o n  of i ron  
su lph ides  has been s tud ied  by a number of workers (200-205>. Ingraham 
e t  a l * 201’ measured the d i s s o l u t i o n  r a t e  of non -s to ich io m e t r ic  
p y r r h o t i t e  under non-ox id is ing  condi t ions  in aqueous s o lu t io n s  
con ta in ing  hydroch lor ic  ac id .  The amount of elementa l  su lphur formed 
was found to be d i r e c t l y  p ro p o r t io n a l  to the non-s to ich iometry  of the 
p y r r h o t i t e s ,  sugges t ing  the d i s s o l u t i o n  r e a c t i o n : -

FeSx + 2H+ = Fe2+ + H2S + (x - l )S °  (2 .87)

(where 1 < x < 1 .143).  Van Weert e t  a l (202) i n v e s t ig a te d  the k i n e t i c s  
of  the d i s s o l u t i o n  of p y r r h o t i t e  concen t ra te s  in 6 to 8 M HC1 a t  
temperatures  between 60 and 90 °C. They observed th a t  rapid  
d i s s o l u t i o n  with the evo lu t ion  of H2S was preceded by an " induc t ion  
p e r iod" ,  dur ing  which no H2S was evolved, a l though some i ron  d i s so lved  

slowly.  The length  of the induc t ion  period decreased a t  h igher  ac id  
co n cen t ra t ions  and a t  h igher tempera tures .  I t  was a t t r i b u t e d  to the 
e f f e c t  of an i n h i b i t i n g  l a y e r  of sulphur formed by H2S ox ida t ion  a t  
the p y r r h o t i t e  s u r f a ce ,  e f f e c t e d  by f e r r i c  ions re leased  in to  s o l u t i o n  
by the p r e f e r e n t i a l  d i s s o lu t io n  of the 8 to 10 % magneti te  (Fe304 ) 
conta ined in the samples. However, no su lphur was de tec ted  on the 
su r face s  of the p y r r h o t i t e  p a r t i c l e s  and the r e s u l t s  could equa l ly  
well  be explained by assuming tha t  only magnet i te  d is so lved  dur ing  the 
induc t ion  per iod*205’ .

An in duc t ion  per iod p r io r  to p y r r h o t i t e  d i s s o lu t io n  has been observed 
by o the r  workers*200' 201■204’ , and a lso  p r io r  to the d i s s o l u t i o n  of 
n ic k e l  su lphide  concen t ra te s*205’ . Some re p o r t s  favour the formation
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of an i n h i b i t i n g  sulphur l a y e r  as being re spons ib le  fo r  the induc t ion  
p e r i o d *2 0 1 • 2 0 2 » 2 0 5 >t whereas o th e r s * 200 ' 2 0 4 * sugges t  s u r fa ce  ox id a t io n ,

forming a r e l a t i v e l y  in so lu b le  fi lm, to be the cause.

Yazawa and Eguich i(204) found a c o r r e l a t i o n  between the leng th  of the 
induc t ion  period and the amount of oxygen consumed on the p y r r h o t i t e  
su r fa ce  during ox ida t ion .  Oxygen consumption was measured by weighing 
the amount of H20 formed during hydrogen reduc t ion  of the p a r t i a l l y  
ox id ised  p y r r h o t i t e .  J i b i k i (200) found tha t  the d i s s o l u t i o n  r a t e  of 
va r ious  i ron  and n icke l  su lph ides  was s t rong ly  dependent on the 
e lec t rochem ica l  p o t e n t i a l  of the su lph ides .

S im ila r  r e s u l t s  were obta ined by Nicol and Scott* 1 4 3 *2 0 5 ' 210»211>.
They found th a t  for s y n th e t i c  e lec t ro d e s  of t r o i l i t e  (FeS) and 
hexagonal p y r r h o t i t e  (Fe9S10) the d i s s o l u t i o n  r a t e  in  0.1 M HC1 a t  25 
°C inc reased  ra p id ly  with dec rea s ing  p o t e n t i a l  to a maximum value a t  

about -0 .3  to -0 .4  V vs.  S.C.E, below which i t  decreased slowly with 
decreas ing  p o t e n t i a l .  Over the range of p o t e n t i a l s  in which non- 
o x id a t iv e  d i s s o lu t io n  occurs ,  small  s t e a d y - s t a t e  cathodic  cu r re n ts  
were observed. A d i r e c t  p r o p o r t i o n a l i t y  between the measured 
d i s s o l u t i o n  r a t e s  and the cathodic  cu r ren ts  was found, the r a t i o  of 
which was c o n s i s te n t  with the following re a c t io n s  * 211] : -

Fe1. xS + 2xH+ + 2xe = (l -x)FeS + xH2S (2 .88)

(l -x)FeS + 2( l -x )H+ = ( l - x ) F e 2+ + ( l -x )H 2S (2 .89)

They suggested tha t  only an FeS compound tha t  was ex ac t ly  
s to i c h io m e t r i c  would d i s so lv e  in acid s o lu t io n s  by the t r a n s f e r  of 
Fe2+ and S2" ions across  the in te rphase*2051. The rapid  in c rease  in 
d i s s o l u t i o n  of a l l  su lp h u r - r i ch  sulphides  a t  p o t e n t i a l s  between -0 .1  V 
and -0 .2  V vs. S.C.E. was determined by the p o t e n t i a l  dependence of 
the r a t e  of reduc tion  to the s to ic h io m e t r ic  compound, in accordance 
with  r e a c t io n  (2 .88) .  At p o t e n t i a l s  between -0 .2  and -0 .35 V the r a t e  
was governed by both the reduc t ion  and the r a t e  of the ion ic -charge  
t r a n s f e r  re a c t io n  (equation 2 .89) .  F in a l ly ,  a t  p o t e n t i a l s  < -0 .35  V,
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the r a t e  of d i s s o l u t i o n  was c o n t ro l le d  by the r a t e  of ion ic  charge 
t r a n s f e r  alone.

The smal l  dependence of t h i s  r a t e  on p o t e n t i a l ,  and i t s  approximately 
h a l f - o r d e r  dependence on the a c i d i t y ( 2111, i s  c o n s i s t e n t  with th a t  
p re d ic ted  fo r  ion t r a n s f e r  across  the s o l i d - l i q u i d  i n t e r f a c e  by 
Vermilyea 's  t h e o ry (212 ) , in  which the r a t e  of anion t r a n s f e r  i s  f i r s t -  
o rder  with re spec t  to H+. This implies  tha t  HS" i s  the spec ies  
t r a n s f e r r e d  across  the i n t e r f a c e ,  as was o r i g i n a l l y  suggested by 
Tewari and Campbell1203*. I t  r e a c t s  r ap id ly  with f u r t h e r  H+ to form 
H2S ( a t  pH values  < 7).  The r e s u l t s  of Nicol and S c o t t ( 205»211* 
i n d i c a t e  tha t  some cathodic  process i s  a p r e r e q u i s i t e  fo r  the 
d i s s o l u t i o n  of apparen t ly  s to ic h io m e t r i c  t r o i l i t e  (FeS).  In an 
e a r l i e r  paper,  t h i s  was i n t e r p r e t e d  in  terms of the  reduc t ion  
t r o i l i t e  to form a non -s to ich iom e t r ic  i r o n - r i c h  su r face  in te rm ed ia te ,  
v iz  mackinawite
( F e S j ^  where 0.7 > x > 0 .4 ) ,  by the r e a c t i o n : -

FeS + 2xH+ + 2xe = FeS1_x + xH2S (2 .90)

followed by non-ox ida t ive  d i s s o l u t i o n  143 *. However, in recen t  
work( 205' 210’ , i t  i s  proposed th a t  the s y n t h e t i c a l l y  prepared t r o i l i t e  
i s  a s l i g h t l y  non -s to ich iom etr ic  i r o n - d e f i c i e n t  compound a t  the 
s o l i d / s o l u t i o n  i n t e r f a c e ,  i . e .  Fe1_xS, where x i s  very smal l .  The 
r e a c t i o n  mechanism i s  th e r e f o r e  the same as fo r  hexagonal p y r r h o t i t e  
i . e .  r e a c t io n s  (2 .88)  and (2 .8 9 ) .

I t  i s  apparen t from these  r e p o r t s  tha t  much s t i l l  remains to be 
reso lved  in terms of the mechanisms of these  apparen t ly  simple 
r e a c t i o n s .  There i s  no doubt tha t  an induc t ion  period involv ing  a 
ca thod ic  process i s  a p r e r e q u i s i t e  fo r  d i s s o l u t i o n .  However, the 
n a tu re  of the process  i s  s t i l l  in doubt. The induc t ion  period may 
remove an i n h i b i t i n g  sulphur l a y e r ( 2 0 1 -2 0 2 •205*, an in so lu b le  oxide 
l a y e r ( 200' 2041, or i t  may reduce the non-s to ichiometry  of the su lph ide  
to produce an ex ac t ly  s to ic h io m e t r i c  compound a t  the su r face  which 
then d i s so lv e s  by the mechanism of ion ic  charge 
t r a n s f e r 1143' 205' 210' 211*.
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2 .4 .4  E l e c t r o l y t i c  Treatment of Sulphides

The d i r e c t  e l e c t r o l y s i s  of su lphide  mattes or concen t ra te s  to produce 
electrowon metal and elemental  su lphur and/o r  hydrogen su lph ide ,  as a 
commercial hydrom eta l lu rg ica l  process ,  have been reviewed by s ev e ra l  
a u t h o r s (213-216 *. The e lec t rochem ica l  mechanism in a c id i c  e l e c t r o l y t e ,  
when the su lphide  i s  made the anode, may be rep resen ted  by the 
r e a c t i o n : -

Anode: MS = M2+ + S° + 2e (2 .91)

Elemental  su lphur remains adhering to the anode and the metal ions  in 
s o lu t io n  depos i t  a t  the cathode ( r e a c t io n  2 .92 ) .

Cathode: M2+ + 2e = M (2 .92)

When the metal sulphide  i s  made the cathode, metal  forms a t  the 
cathode according to *213): -

MS + 2e = M + S2- (2 .93)

S2- + 2H+ = H2S (2 .94)

Much l e s s  a t t e n t i o n  has been given to the ca thod ic  d i s s o l u t i o n  ro u te .

The process ing  of metal matte anodes has been su c c e s s fu l ly  used on an 
i n d u s t r i a l  s ca le  by I.N.C.O. in Manitoba, Canada*217' 281' 2221, Shimura 
Nickel Company in  Tokyo, Japan<219), Nori lsk  Mining and M e ta l lu rg ica l  
Combine in  USSR(220) , and Englehard Minerals and Chemical Corpora tion 
in Newark, New Je r sey ,  USA(221) . Numerous a ttempts  have been made to 
apply the technique to compacted sulphide  anodes o ther  than n i c k e l ,  
e s p e c i a l l y  to copper su lph ides*166' 223-232>. However, e f f i c i e n t  
ope ra t ion  of matte d i s s o lu t io n  processes  are  r e s t r i c t e d  by the b r i t t l e  
na tu re  of the matte anodes, the r e l a t i v e l y  small  su r face  area  of the 
anodes per u n i t  c e l l  volume, the l a rg e  amounts of anode re s idues  
produced, and the high cost  of excessive  p o l a r i s a t i o n  a t  the anode, 
due to the formation of a non-conducting su lphur l a y e r* 216).



60.

Studies  of the e lec t rochem ica l  d i s s o l u t i o n  of c h a lc o c i t e  and c o v e l l i t e  
anodes have shown tha t  a f t e r  a period of uniform e l e c t r o l y s i s ,  the  
c e l l  vo l tage  r i s e s  sharp ly .  Et ienne*228} proposed a mechanism whereby 
d i f f u s i n g  copper ions c r y s t a l l i s e  in f i s s u r e s  and cracks  deep in  the 
o x id i s in g  anode. This c re a te s  a l a rg e  r e s i s t a n c e  to the flow of io n ic  
c u r ren t  between the fa rada ic  su r face s  a t  the  bottom of the f i s s u r e s  
and the aqueous e l e c t r o l y t e ;  hence the r i s e  in  anodic p o t e n t i a l .

R esu l t s  showed tha t  the time a t  which the c e l l  vo l tage  rose  sharp ly  
and the cu r ren t  e f f i c i e n c y ,  inc reased  with decreas ing  cu r ren t  
d e n s i ty * 223-232*. I t  was found tha t  cu r ren t  d e n s i t i e s  l e s s  than 
1 mA cm-2 were needed to avoid the inc rease  in  c e l l  vo l tag e .  Compared 
with ty p i c a l  commercial e l e c t r o r e f i n i n g  cu r ren t  d e n s i t i e s  of 20 to 
40 mA cm- 2 , the leng th  of time needed to complete ox ida t ion  would 
prove uneconomic(232* a t  a cu r ren t  dens i ty  l e s s  than 1 mA cm- 2 .

An a l t e r n a t i v e  approach i s  the d i r e c t  e lec t rochem ica l  d i s s o l u t i o n  of 
metals from su lph ide  suspensions .  This bypasses the problem of 
c a s t in g  su lphide  anodes and the la rg e  su r face  a rea  to u n i t  volume of 
.the s l u r r y  means th a t  low curren t  dens i ty  processes  become economic.
The anodic d i s s o l u t i o n  of c h a lc o c i t e  and c o v e l l i t e  s l u r r i e s  has been 
s tud ied  by MacKinnon*233' 234* and Cole*235*. Chalcoc i te  d i s s o l u t i o n  
was i n h ib i t e d  a f t e r  about 50 X copper e x t r a c t i o n  by the evo lu t ion  of 
oxygen gas a t  the feeder  e l e c t ro d e * 233* and c o v e l l i t e  d i s s o l u t i o n  was 
accompanied by oxygen evo lu t ion  except a t  u n r e a l i s t i c a l l y  low app l ied  
c u r r e n t s * 234*. However, the e l e c t r o l y t i c  production of chemical 
ox idan ts  (CL , Br2) in s i t u  a t  the feeder e l e c t ro d e  r e s u l t e d  in  the 
anodic d i s s o l u t i o n  of c o v e l l i t e  proceeding a t  an accep tab le  cu r re n t  
d e n s i ty .

The anodic d i s s o l u t i o n  of cha lco p y r i t e  in su lphu r ic  acid  by s l u r r y  
e l e c t r o l y s i s ,  was in v e s t ig a te d  by Oki and 0no*237). A curren t  
e f f i c i e n c y  fo r  copper ( I I )  d i s s o lu t io n  of 80 -  90 X was repo r ted .  
I l langovan  e t  a l * 2361 added a chemical oxidant (FeCl3) to a su lp h u r ic  
ac id  e l e c t r o l y t e  to complement d i r e c t  e lec t rochem ica l  d i s s o l u t i o n .
The "Cymet p ro cess"* 112' 113*, descr ibed  in  Sec t ion  ( 2 . 3 . 4 ) ,  u t i l i s e s  a 

s i m i l a r  process  ro u te .
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As mentioned e a r l i e r ,  l i t t l e  a t t e n t i o n  has been given to the ca thodic  
process  rou te ,  probably because any process rou te  would have to deal  
with  the treatment of the ca thodic  gases ,  hydrogen su lph ide  and 
hydrogen, and in  hydroch lo r ic  a c id ,  the anodic gas c h lo r in e .  However, 
B ieg le r  and Constable*180 *1811 have s tud ied  the ca thod ic  e l e c t r o l y s i s  
of a ch a lc o p y r i t e  s lu r r y  and repor ted  tha t  95 % of the c h a lco p y r i t e  
was reduced to c h a lco c i te  a t  a cu r ren t  e f f i c i e n c y  of about 50 %. More 
r e c e n t ly ,  House*353} s tud ied  the a l t e r a t i o n  of c h a lc o p y r i t e  when 
contac ted  with e lec t ro g en e ra ted  r ed u c tan ts ,  such as C r ( I I )  s o lu t io n .
He a l so  found th a t  ch a lco p y r i t e  was reduced mainly to c h a l c o c i t e .

2 .4 .5  Galvanic E f fec t s  Among Sulphides

The r e l a t i v e l y  high e l e c t r o n i c  conduc t iv i ty  of su lph ide  minera ls  
sugges ts  the p o s s i b i l i t y  of ga lvan ic  ac t ion  between d i f f e r e n t  su lph ide  
p a r t i c l e s ,  s im i l a r  to ga lvan ic  corros ion  between meta ls .  The 
co nd i t ions  fo r  a ga lvanic  i n t e r a c t i o n  requ i re s  th a t  the conducting 
minera ls  of d i f f e r e n t  r e s t  p o t e n t i a l s  be in e l e c t r o n i c  co n tac t .  When 
in  c o n ta c t ,  the  m a te r ia l  with  the lower r e s t  p o t e n t i a l  w i l l  r e a c t  

a n o d ic a l ly ,  imposing cathodic  behaviour on the m a te r i a l  with the more 
noble  r e s t  p o t e n t i a l .

The r e s t  p o t e n t i a l s  of su lphide  minerals a t  pH 0 and pH 4, ga thered 
from va r ious  sources ,  have been presen ted by Majima*189•238’ . In  the 
presence of oxygen, p y r i t e  has been observed to have the noble r e s t  
p o t e n t i a l  of a l l  su lph ides ,  and a c t s  as a cathode fo r  the reduc t ion  of 
oxygen, in c reas in g  the corros ion  of mineral  su lph ides  in  ga lvan ic  
co n tac t  with i t .  Gottschalk  and Buehler*122) found th a t  ga lena ,  
s p h a l e r i t e  and c o v e l l i t e  ox id ise  8 to 20 times f a s t e r  when p y r i t e  i s  
p r e s e n t .  These r e s u l t s  were confirmed by Pe te rs  and Majima*241’ .
Berry e t  a l * 240) have repor ted  tha t  ga lvanic  con tac t  between 
c h a lc o p y r i t e  and p y r i t e  enhanced the leaching of c h a lco p y r i t e  during 
the b a c t e r i a l  leaching of low-grade waste. Galvanic conversion of 
c h a lc o p y r i t e  to cha lco c i te  by the i n t e r a c t i o n  with copper metal has 
a l so  been in v e s t ig a te d * 239' .
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An im portant consequence of ga lvan ic  in te r a c t io n  in  the s e l e c t i v e  
f l o t a t i o n  of complex su lph ide  o re s ,  was mentioned by Majima(238). He 
argued th a t  d i f f i c u l t i e s  in  s e le c t iv e  f l o t a t i o n  of such ores in  a c id ic  
media co n ta in in g  some p y r i t e ,  may be p a r t ly  due to the a c c e le ra te d  
form ation of hydrophobic su lphur on the su lph ide  p a r t i c l e s ,  due to 
t h e i r  ga lv an ic  in te r a c t io n  with p y r i t e .
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CHAPTER THREE : EXPERIMENTAL MATERIALS

3.1 O rigin of the Samples

The p y r i t e  sample was of Spanish o r ig in  and obta ined  from Gregory 
B o tt ley  Limited, UK. Falconbridge Nickel Mines Limited supp lied  
samples of high grade p e n t la n d i te  and c h a lc o p y r i te  from th e i r  
S tra thcona  mine on the north  run of the Sudbury b a s in ,  Canada. High 
p u r i ty  p y r r h o t i t e  from Renison, Tasmania, was obta ined  from the 
Mineral Chemistry D iv is ion  of CSIRO, Port Melbourne, A u s t r a l ia .

A ll the  m ineral samples were received  in  the form of la rg e  i r r e g u l a r l y  
shaped nodules. Severa l p ie ce s ,  considered  by v i s u a l  exam ination to be 
r e p r e s e n ta t iv e  of each m inera l ,  were s e le c te d  fo r

c h a r a c te r i s a t i o n .  In  the case of the p e n t la n d i te  sample, la rg e  blocks 
of the  hos t rock were a t tached  to the p e n t la n d i te  m inera l .  These were 
cut away using  a diamond saw before  s e le c t in g  samples fo r  m ineral 
c h a r a c te r i s a t i o n .

3.2 C h a ra c te r is a t io n  of the Samples

3 .2 .1  X-ray Fluorescence Analysis

A sample of each m ineral su lphide  was analysed s e m i-q u a n t i ta t iv e ly  by 
X-ray f lu o rescen ce  spectroscopy fo r  heavy and l i g h t  elements to 
determ ine the main im p u r i t ie s  in  each sample. The r e s u l t s  a re  shown 
in  Table 3 .1 .

3 .2 .2  Chemical Analysis

A sample of each su lphide  m ineral was d iges ted  in  concen tra ted  n i t r i c  
a c id (242) and the r e s u l t in g  so lu t io n  analysed by atomic abso rp tion  
spectroscopy fo r  q u a n t i t a t iv e  de term ina tion  of metal im p u r i t ie s .  
Because of the la rg e r  number of p o ss ib le  s to ic h io m e tr ie s  fo r  
p y r r h o t i t e  (FeS, Fe9 S10, Fe 1 0 S11, Fe 1 1 S1 2  and Fe7 S8) and the high 
im purity  le v e l s  in  p e n t la n d i te ,  the major e lem enta l components were 
a lso  determined so th a t  the exact s to ich iom etry  of each sample could
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Table 3 .1  -  XRF Analyses fo r  Each Sulphide Mineral

P y r i te P y r rh o t i te P e n t la n d i te C h a lcopyri te

Im purity
X in 
Sample Im purity

X in  
Sample Im purity

X in  
Sample Im purity

X in  
Sample

Cu, As 0 .5 -5 .0 Si ,Cu 0 .5 -5 .0 Ni < 1 . 0

Sb, Si 0 .05 -0 .5 Cu,Si,Ca 
Sn, Ba

0 .05 -0 .5 Ca,K,Zn 0 .0 5 -0 .5 Si,Ca,Zn 0 .0 5 -0 .5

Ca,K,Ti,Zn < 0.05 Ni,K,Mn < 0.05 Ti, Mn < 0.05 K < 0.05

Table 3 .2  Chemical Analysis of Sulphide Minerals

Element Wt % in  Sample

P y r i te P y r rh o t i te P e n t lan d ite C halcopyrite

Cu 1.79 ± 0.05 0.35 ± 0.01 1 . 2 2  ± 0 . 1 0 *

As 0.55 ± 0.03 * * *

Fe * 56.51 ± 0.15 31.47 ± 0.06 *

S * 35.87 ± 0.15 26.24 ± 0.05 *

Ni * * 28.98 ± 0.05 0.75 ± 0.01

* Not analysed  fo r
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be ob ta in ed . The r e s u l t s  of chemical analyses  on each su lph ide  
m inera l with the 95 X confidence l im i t s  a re  given in  Table 3 .2 .

The r a t i o  of i ro n  to su lphur gave a n o n -s to ich io m e tr ic  value of the 
p y r r h o t i t e  sample of Fe 0  9 0 5 S, assuming th a t  a l l  the iro n  and su lphur 
was in  the p y r r h o t i t e  phase. S im ila r ly ,  the  p e n t la n d i te  con ten t of 
the  sample was 84.43 X assuming a l l  the n ic k e l  was p resen t in  the 
p e n t la n d i te  phase, and th a t  i t s  s to ich iom etry  was (Fe 4  5 ,N i 4  5 )S8 .

3 .2 .3  X-ray D if f ra c t io n  Analysis

X-ray powder d i f f r a c to m e try ( 2 4 3  ] was employed to id e n t i f y  the main 
m inera l phases p resen t in  each sample. The s e n s i t i v i t y  of the X-ray 
powder method to the d e te c t io n  of small amounts of a p a r t i c u l a r  
m inera l in  a mixture depends on the m inera ls  concerned. A w ell 
c r y s t a l l i s e d  m ineral w ith s trong  r e f l e c t i o n s  ( e .g .  quartz  or c a l c i t e )  
can o f te n  be d e tec ted  a t  con cen tra t io n s  below 1  %, whereas la rg e  
c o n ce n tra t io n s  of poorly c r y s t a l l i s e d  m ineral may be undetec ted . 
D i f f r a c t io n  p a t te rn s  were i d e n t i f i e d  using the powder d i f f r a c t i o n  
re fe re n c e  f i l e s  of the J o in t  Committee on Powder D if f ra c t io n  
Standards* 2 4 4  ) .

The X-ray d i f f r a c t i o n  p a t te rn s  fo r  p y r i t e ,  p y r r h o t i t e  and 
c h a lc o p y r i te ,  did not rev ea l  the presence of any im purity  m inera l 
phases, because the le v e l  of contam ination in  these  m inerals  was below 
the lower d e te c t io n  l im i t  of X-ray d i f f r a c t i o n .  The powder p a t te r n  
fo r  p y r r h o t i t e  ex h ib ited  only a s in g le  (102) r e f l e c t i o n  a t  a 2 0  va lue  
fo r  Cu K ra d ia t io n  of 39 .8° , which was c h a r a c t e r i s t i c  of hexagonal 
p y r r h o t i t e  (see  Figure 3 .1 ) .  Monoclinic p y r r h o t i t e  would have 
e x h ib i te d  a doublet cen tred  a t  the same 20 value (34). N ev er th e le ss ,  
a sm all peak a t  65.5° 20, which was c h a r a c t e r i s t i c  of monoclinic 
p y r r h o t i t e ,  in d ica ted  th a t  small amounts of monoclinic p y r r h o t i t e  may 
have been intergrown with the hexagonal phase (See s e c t io n  2 .1 .1 .2  and 
{13) ) .

The d i f f r a c t i o n  p a t te rn  fo r  the p e n t la n d i te  sample was id e n t i c a l  to 
th a t  of the f i l e  p a t te rn  fo r  a p e n t la n d i te  sample taken from the Frood
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mine, Sudbury, Canada ( 244) f i l e  No. 30-657). Anomalous peaks th a t  
were not c h a r a c t e r i s t i c  of p e n t la n d i te  were a t t r i b u t e d  to a "double- 
chain" calcium n ic k e l  s i l i c a t e  (CaNiSi4 O10) , which belongs to the 
amphibole group (F igure  3 .2 ) .

3 .2 .4  O p tica l  Examination of Polished Sections

Polished  m ineral s ec t io n s  of each su lph ide  were prepared and examined 
under r e f le c te d  l i g h t .  No im purity  m ineral phases were d e tec te d  in 
the p y r r h o t i t e  and ch a lc o p y r i te  samples.

Hewins(245) and Abel e t  a l ( 246) id e n t i f i e d  the host rock of the 
S tra thcona  Cu-Ni su lph ide  ore body as a dark n o r i t e  b re c c ia ,  which i s  
a c a lc i c  a lk a l in e  igneous rock. I t  was found to c o n s is t  of 40% 
euhedra l hypersthene, 15% clinopyroxene with i n t e r s t i t i a l  subhedral 
p la g io c la se  and minor amounts of potash fe ld sp a r ,  quartz  and 
a p a t i t e ( 2 4 5  ) . V isual in sp ec t io n  of the S tra thcona  p e n t la n d i te  sample 
revea led  a sharp boundary between the grey to black medium gra ined  
host rock and p e n t la n d i te .  However, examination of po lished  s e c t io n s  
showed th a t  n o r i t e  was f in e ly  dissem inated throughout the sample with 
some of the n o r i t e  con ta in ing  grey exsolved quartz  g ra in s  (P la te  3 .1 , 
see s e c t io n  3 .2 .5 ) .

Polished  sec t io n s  of p y r i t e  revealed  no o th e r  phases except fo r  one 
sample which contained a few small in c lu s io n s  of ex-so lved  c o v e l l i t e  
(CuS): i d e n t i f i e d  by th e i r  c h a r a c t e r i s t i c  blue co lour and pleochroism
in  r e f l e c te d  l i g h t (247) (P la te  3 .2 ) .  This suggested th a t  the 
r e l a t i v e l y  la rg e  im purity  le v e l  of copper revealed  by XRF and chemical 
a n a ly s is  was due to contam ination by a s ep a ra te  m ineral phase, v iz  
c o v e l l i t e ,  r a th e r  than by s o l id  so lu t io n  in the p y r i t e  l a t t i c e .

3 .2 .5  Energy-Dispersive X-ray Analysis (EDAX)

E lec tron -p robe  X-ray m ic ro a n a ly s is ( 2 4 8  } provides a means of 
determ ining  the chemical composition of very small a reas  ( 1  ym in  
d iam eter)  a t  the su rface  of polished  p e t ro lo g ic a l  s e c t io n s .



68.

Fig 3.1 X-ray d i f f r a c t i o n  of th e  p y r r h o t i t e  sample from Renison, Tasmania.

Fig 3 .2  X-ray d i f f r a c t i o n  p a t t e r n  o f  the  p e n t la n d i te  sample from Canada.
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Plate 3.1 Reflected light microscope photograph of pentlandite (Pe) showing 
the finely disseminated norite (N) and grey exsolved quartz grains
IQ).
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Plate 3.2 Reflected light microscope photograph of pyrite (Py) showing an 

inclusion of covellite (Co).
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A po lished  s e c t io n  of each su lph ide  m inera l was mounted on a Stage and 
su b jec te d  to e le c t ro n  microprobe s e m i-q u a n t i ta t iv e  ana lyses  a t  
co n s tan t  t r a v e rs e  increments across  the sample. A beam a c c e le r a t in g  
v o lta g e  of 20 kV, and energy d is p e r s iv e  a n a ly s is  of X-rays (EDAX) was 
employed. At each t r a v e rs e  po in t the number of secondary X-rays 
em itted  from a 6400 yra2  a rea  of the sample, and the energy of each X- 
ray was monitored over a 10 second period  to  produce a secondary X-ray 
em ission spectrum. P la te s  3 .3  to 3 .6  show ty p ic a l  s p e c t r a  ob ta ined  
from c h a lc o p y r i te  and p e n t la n d i te  samples a t  d i f f e r e n t  t r a v e r s e  
p o in ts .  The emission l in e s  c h a r a c t e r i s t i c  of a p a r t i c u l a r  element a re  
l a b e l le d  in the p l a t e s ,  and in  the top le f t -h a n d  corner the t o t a l  
number of X-ray counts measured during  the  10 second period  i s  shown 
( l a b e l l e d  "FS").

Although the he ig h t of the emission l in e s  i s  p ro p o r t io n a l  to e lem enta l 
c o n ce n tra t io n ,  the measurement i s  only s e m i-q u a n t i ta t iv e ,  as the 
c o n ce n tra t io n  s e n s i t i v i t y  fo r  each element depends on i t s  atomic 
number. However, by comparing the r e l a t i v e  peak h e ig h ts  the s p e c tra  
d id  show th a t  the metal to su lphur r a t i o ,  and fo r  c h a lc o p y r i te  and 
p e n t la n d i te ,  the metal to metal r a t i o ,  was uniform over the su r fa c e  of 
each su lph ide  sample in v e s t ig a te d .

E lec tron -p robe  X-ray m icroanalysis  a lso  confirmed th a t  the grey 

in c lu s io n s  a s s o c ia te d  w ith n o r i t e  in  the p e n t la n d i te  sample, shown in  
P la te  3 .1  ( s e c t io n  3 .2 .4 ) ,  were composed e n t i r e l y  of pure s i l i c a .

3 .2 .6  In f ra re d  Spectroscopy

The energy of most molecular v ib ra t io n s  corresponds to th a t  of the 
in f r a r e d  region of the e lec trom agne tic  spectrum. Spectra  
c h a r a c t e r i s t i c  of p a r t i c u l a r  s t r u c t u r a l  groups a re  produced as a 
r e s u l t  of s t r e t c h i n g ,  tw is t in g ,  or bending motions induced by the

in c id e n t  r a d ia t io n .

The use of in f r a r e d  spectroscopy in  m ineral and ino rgan ic  compound 
s tu d ie s  has been widely d iscu ssed ( 2 4 9  >. However, r e l a t i v e  to o th e r
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P la te  3 .3  (top  l e f t )  and 3.4 ( top  r i g h t ) .  Typical secondary X-ray emission 
s p e c t ra  of c h a lc o p y r i te  ob ta ined  from d i f f e r e n t  p o in ts  on the  m inera l su r fa c e .
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P la te  3 .5  (bottom l e f t )  and 3.6 (bottom r i g h t ) .  Typica l secondary X-ray 
s p e c t ra  of p e n t la n d i te  ob ta ined  from d i f f e r e n t  p o in ts  on th e  m inera l s u r fa c e .
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m inera l groups, eg oxides and s i l i c a t e s ,  the re  has been l i t t l e  
in f r a r e d  ab so rp tio n  work on su lph ide  m in e ra ls (249-254>. Sulphide 
m inera ls  with io n ic  and m e ta l l ic  bonding, eg p y r r h o t i t e  and 
p e n t la n d i te ,  have no fundamental v ib r a t io n a l  ab so rp tio n  bands.
However, m inera ls  w ith  some degree of covalent bonding, eg p y r i t e  and 
c h a lc o p y r i te ,  do e x h ib i t  f a i r l y  in te n se  in f ra re d  ab so rp t io n  bands.
These a r i s e  from in t e r n a l  v ib ra t io n s  w ith in  a covalent group (< 450 
cm-1 ) ,  e .g .  the S22- group in  p y r i t e ,  or from e x te rn a l  ( l a t t i c e )  
v ib ra t io n s  (< 300 cm-1) .

I f  a m ineral su lph ide  absorbs in the in f r a r e d  reg ion , in f r a r e d  
spectroscopy  may be u se fu l  in  th ree  a reas

1) The semiconductor band gap fo r  a m ineral su lph ide  can be 
a c c u ra te ly  determined. Poling and L e ja (255) s tud ied  the 
photoconductive p ro p e r t ie s  of n -type  PbS film s using  in f r a r e d  
spec troscopy . An absorp tion  edge in  the in f ra re d  spectrum was 
observed a t  a frequency of about 3500 cm- 1  corresponding to the band 
gap of PbS (0 .4  eV). Above th i s  frequency the in f r a r e d  l i g h t  was 
s t ro n g ly  absorbed by e x c i t a t io n  of e le c t ro n s  in to  the conduction band. 
Below the abso rp tion  edge l i g h t  was absorbed by promoting e le c t ro n  
t r a n s i t i o n s  w ith in  the conduction band and by processes  invo lv ing  the 
presence of im p u r i t ie s  in  the c ry s ta ls*  255’ .

2) Sulphide m inera ls  a re  freq u en tly  polymorphic, i . e .  e x i s t  in  more 
than one s t r u c t u r a l  form. S t r u c tu ra l  v a r ia t io n s  a re  accompanied by 
changes in  in f r a r e d  sp e c tra  which a re  u se fu l  in  c h a r a c te r i s a t i o n .  For 
example, cubic p y r i t e ,  which e x h ib i t s  s t ro n g , moderate and weak 
ab so rp tio n  bands a t  frequencies  of 411, 345 and 289 cm- 1  r e s p e c t iv e ly ,  
i s  e a s i ly  d is t in g u ish e d  from i t s  orthorhombic form m a rc as i te ,  which 
d isp la y s  two s tro n g  absorp tion  bands a t  418 and 396 cm- 1  and two 
moderate bands a t  352 and 325 cm-1(254).

3) Changes in  non-s to ich iom etry  may be monitored by in f r a r e d  
spec troscopy . For example, s to ic h io m e tr ic  ch a lc o p y r i te  e x h ib i t s  th ree  
ab so rp tio n  bands in  the in f r a r e d ,  v iz .  a shou lder a t  370 cm- 1 , a s t ro n g  
a b so rp tio n  a t  358 cm- 1  and a moderate band a t  316 cm-1 . However, as



the Cu con ten t in  c h a lc o p y r i te  in c re a se s ,  the frequency of the 
shou lder dec reases ,  whereas th a t  of the s tro n g  ab so rp tio n  band 
in c r e a s e s * 2 5 4  ) .

Samples were prepared accord ing  to the potassium bromide method of 
L ie s e (254>. This involved mixing 0 .5  mg of the f in e  p a r t i c u l a t e  
su lph ide  sample with 175 mg of potassium bromide and p re ss in g  the 
homogeneous mixture in to  a d is c ,  1 0  mm in  d iam eter and 1  mm in  
th ic k n e ss ,  care  being taken to minimise water ab so rp tio n  from the 
atmosphere. The d isc  was then analysed in  comparison with a b lank 
potassium bromide d isc  employing a Perkin Elmer 599B in f r a re d  
spec trom ete r .

The in f r a r e d  sp e c tra  of the FeS2  and CuFeS2  samples a re  shown in  
F igures 3 .3  and 3 .4 . The s p e c tra  confirmed th a t  the FeS2  sample was

Fig 3 .3  In f ra re d  sp ec tra  of the FeS2  sample from Spain and the CuFeS 
sample from Sudbury, Canada.
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Fig 3 .4  H o rizo n ta l ly  expanded in f ra re d  spectrum of the CuFeS2  sample 
from Sudbury, Canada

in  the  cubic p y r i t e  form and th a t  there  was no copper excess in  
c h a lc o p y r i te .

3 .2 .7  R e s i s t i v i t y  Measurements

Some su lph ide  m inerals have low e l e c t r i c a l  c o n d u c t iv i t i e s ,  i . e .  they 
behave as semiconductors. Therefore  during p o te n t i a l  c o n tro l le d  
e lec tro ch em ica l  experiments the IR p o te n t ia l  drop ac ro ss  an 
experim ental specimen may be ap p rec iab le*61*. Furthermore, non-ohmic 
ju n c t io n s  with e i t h e r  the cu rre n t  supplying e l e c t r i c a l  lead ,  or the 
e le c t r o ly te - m in e r a l  in t e r f a c e ,  may be formed * 6 1 , 2 5 6 , 2 5 7  *.

F igure  3 .5  shows the eq u iva len t e l e c t r i c a l  c i r c u i t  fo r  the 
e lec tro ch em ica l  c e l l  during c o n tro l le d  p o te n t ia l  experiments on 
su lp h id e  m ine ra ls .  P e te r s * 6 1  * argued th a t  measuring the p o te n t i a l  
d i f f e r e n c e  between a su lph ide  working e lec tro d e  and a re fe ren ce  
e le c t ro d e  in co rp o ra te s  the IR p o te n t ia l  drops across  Z2 -R-Z 1 -Ri -Ru.
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W.E. R.E. C.E.

Equ iv a le n t  C i r c u i t

W.E. - Working e le c t ro d e
R.E. - Reference e le c t ro d e
C.E. - Counter e le c t ro d e
Rjv ■ Ohmic s o lu t io n  r e s i s ta n c e
Ru - Uncompensated s o lu t io n  r e s i s t a n c e
R  ̂ - R es is tance  of in s u la t in g  f i lm
R - R es is tance  of e le c tro d e
E^ - P o te n t ia l  o f working e le c t ro d e

Z  ̂ - Impedance of working e le c t ro d e  
e l e c t r o l y t e  in te r f a c e .

Z2  ■ Impedance of semiconductor - 
m etal connection  w ith  c i r c u i t .

Z  ̂ - Impedance of counter e le c t ro d e  
e l e c t r o l y t e  in te r f a c e .

Fig 3.5 E lec trochem ica l c e l l  and e q u iv a len t  c i r c u i t  fo r  c o n tro l le d  
p o t e n t i a l  experiments on su lp h id e  m inera ls
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Thus, to a c c u ra te ly  determine the cu rren t  versus v o ltage  ( I  vs E) 
p ro p e r t ie s  of the Ew-Ri -Z 1  combination, Ru, R and Z2  should be as 
sm all as p o s s ib le ,  or c h a ra c te r is e d  as a func tion  of cu rre n t  so th a t  
c o r re c t io n s  to the I  vs E measurements can be made.

The va lue  of Ru i s  very small i f  a high c o n cen tra t io n  of background 
e l e c t r o l y t e  i s  used and the Luggin c a p i l l a r y  i s  p o s i t io n ed  c lo se  to 
the working e le c t ro d e .  R can be reduced by th in n in g  the e le c t ro d e .
Z2  can be thought of as a non-ohmic ’’con tac t r e s i s t a n c e " ,  fo r  which 
B erg er(257} proposed two ex p lan a tio n s .

1) In  a th in  su rface  la y e r  of the semiconductor beneath the co n tac t  
m etal, the  charge c a r r i e r  d en s i ty  d i f f e r s  from th a t  of the 
semiconductor bulk due to d i f f e r e n c e s  in the work func tions  of the 
metal and semiconductor, or due to su rface  s t a t e s  a t  the 
sem iconductor/m etal in te r f a c e .

2) Layers of fo re ign  m atter (e .g .  oxide la y e r s )  may sometimes impede 
co n tac t  of metal and semiconductor.

In  cases where Z2  i s  la rg e  and non-ohmic i t s  e l im in a t io n  p re sen ts  the 
g r e a t e s t  d i f f i c u l t y .

C h a ra c te r i s a t io n  of each m ineral su lph ide  specimen used in e le c t ro d e  
p re p a ra t io n  included the experim ental de term ina tion  of th e i r  
e l e c t r i c a l  co n d u c tiv i ty  and sem iconductor-type.

P rep a ra t io n  involved c u t t in g  hand-picked specimens in to  re c ta n g u la r  
prisms with an a rea  between 0 .4  and 1.0 cm2  and g r in d in g  to a 
th ickness  of approximately 3 mm. The faces of each specimen were 
ground on su ccess iv e ly  f in e r  grades of s i l i c o n  ca rb ide  paper, down to 
800 grade , tak ing  care  to avoid cracks and vo ids . The r e s i s ta n c e  
across  each specimen was obtained by clamping the sample between two 
brass  c o n tac ts  and p lo t t in g  I  vs E curves. An arrangement s im i la r  to 
th a t  used by Lowe( 2 5 6 1  (F igure  3 .6 ) was employed w ith  a Thurlby PL 320 
power supply in co rp o ra t in g  a b u i l t - i n  vo ltm eter  and ammeter. From the
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Fig 3.6  Clamp arrangement to t e s t  the con tac t between a m ineral 
su lph ide  specimen (MS) and m etal.

shape of the  p lo ts  i t  was p o ss ib le  to a s c e r ta in  whether a l i n e a r  ohmic 
co n tac t  with the sample had been made, though id e a l ly  a " four po in t 
probe" method i s  to be p re fe r re d .

F igure  3.7 shows the ty p ic a l  I  vs E response observed fo r  a p y r i te  
sample con tac ted  to b ra ss .  The sample exh ib ited  a non-ohmic I  vs E 
curve with an average r e s is ta n c e  of approximately 250 S between fa c es .  
This f e l l  to about 120 Q when the opposite  faces of p y r i t e  were vacuum 
s p u t te re d  with a 30 nm lay e r  of gold , care  being taken to p o l ish  o f f  
any gold deposited  around the circum ference. Although the con tac t  was 
s t i l l  non-ohmic, c l e a r ly  the r e s i s ta n c e  across  the p y r i t e  sample 
con tac ted  to b rass  was mainly due to a la rg e  con tac t r e s i s ta n c e  Z2.
By co a tin g  the opposite  faces of p y r i t e  with an in t im a te  la y e r  of gold 
the  a rea  of con tac t  was increased  and the con tac t r e s i s ta n c e  reduced.
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A fte r  in c re a s in g  the gold th ickness  to 60 nm the r e s i s ta n c e  of the 
sample was f u r th e r  reduced to about 80 S2 and an ohmic l i n e a r  I  vs E 
response  observed (F igure  3 .7 ) .  F urther experiments shoved th a t  
in c re a s in g  the  gold coa ting  to th icknesses  g r e a t e r  than 60 nm did not 
decrease  the  p y r i t e  r e s i s ta n c e  f u r th e r .  S im ila r  r e s u l t s  were found 
fo r  o th e r  p y r i t e  and c h a lc o p y r i te  samples (F igure  3 .8 ) .

P y r r h o t i t e  and p e n t la n d i te  samples behaved as m eta ls ,  e x h ib i t in g  high 
c o n d u c t iv i t i e s  and ohmic I  vs E p lo ts  (F igure  3 .8 ) .  For these  
m inera ls  Z2  was n e g l ig ib le  and gold s p u t te r in g  the samples produced no 
measurable in c re ase  in  apparent co n d u c tiv i ty .

The type of sem iconductiv ity  of each m ineral specimen was determined 
q u a l i t a t i v e l y  using  the hot-probe method(265) based on measuring the 
th e rm o e le c t r ic  or Seebeck v o lta g e .  Two copper w ires  were placed on 
d i f f e r e n t  a reas  of the sample. One of the  w ires  was heated  with a 
s o ld e r in g  i ro n  c re a t in g  a tem perature g rad ie n t  and the p o te n t i a l  
d i f f e r e n c e  between the w ires was measured (Seebeck v o l ta g e ) .  The 
p o l a r i t y  of the th e rm o e lec tr ic  vo ltage  was used to determine the s ig n  
of m a jo rity  c a r r i e r s  s in ce  e le c t ro n s  give r i s e  to nega tive  Seebeck 
v o l ta g e s ,  whereas holes  r e s u l t  in a p o s i t iv e  p o t e n t i a l .  D e ta i l s  of 
the  r e s i s t i v i t y  and type of sem iconductiv ity  a re  given in  Table 3 .3 .

3 .3  Other Chemicals

High p u r i ty  co n d u c tiv i ty  water was used throughout the work. This was 
p repared  by passing  d i s t i l l e d  water through a mixed bed of ion- 
exchange r e s in s  and then through a column of a c t iv a te d  charcoal 
followed by r e d i s t i l l a t i o n .  The co n d u c tiv i ty  of the water was l e s s  
than 4 .0  x 10- 4  ohm- 1  m- 1  and bubble p e rs is te n c e  t e s t s (258) in d ic a ted  
th a t  th e re  were no su rface  a c t iv e  im p u r i t ie s  p re se n t .

N itrogen  gas was supp lied  by the B r i t i s h  Oxygen Company and was of 
t h e i r  "white spo t"  grade (< 10 ppm oxygen). This was fu r th e r  p u r i f ie d  
by pass ing  over charcoa l and soda a sb es to s  to remove organic  
im p u r i t ie s  and C02  r e s p e c t iv e ly .  I t  was then passed through two
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Fig 3.

Fig 3.

7 Curves of c u rre n t  versus  v o lta g e  fo r  th e  c o n ta c t  between p y r i t e  and 
m eta l: (a )  gold (60 nm) - p y r i t e ;  (b) gold (30 nm) - p y r i t e ;
(c )  b rass  - p y r i t e .

Curves of c u r re n t  versus  v o lta g e  fo r  c h a lc o p y r i te -m e ta l  
p y r rh o t i te -m e ta l  and p e n t la n d i te -m e ta l  c o n ta c ts :  (A) 
p e n t la n d i te - b r a s s ;  (□) p y r r h o t i t e - b r a s s ;  (o  (a ))  
c h a lc o p y r i te -g o ld  (60 nm); (o (b)) c h a lc o p y r i te -b r a s s .
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Table 3 .3  E l e c t r i c a l  P ro p e r t ie s  of Mineral Specimens

Mineral Formula Origin
Semiconductoi

Type R e s i s t i v i t y  (S m) 
Low High

No of 
Sampled

P y r i te FeS2 Spain A ll n - type 2 . 1  x 1 0 " 1  2.06 14

C halcopyri te CuFeS2 Sudbury,
Canada

A ll n - type 1.7 x 10- 3  3 .7  x 10 1 0

P y rrh o ti  te F^-xS Renison,
Tasmania

A ll p-type 1.75 x 10- 4  3 .2  x 10 6

P e n t la n d i te (F e ,N i) 9 S8 Sudbury
Canada

All n - type a l l  < 1 0 - 5 14

f la s k s  of a c id i f i e d  hypovanadous (V2+) so lu t io n  which had been 
prepared by d is so lv in g  0 .5  moles of vanadium pentoxide in  0.05 M 
su lp h u r ic  acid  followed by reduc tion  with z inc  amalgam* 2 5 9  }. Oxygen 
removal was accomplished by the fo llowing r e a c t io n : -

2V2+ + 02(aq) = 2V02+ (3 .1 )

The vanadyl ion, V02+ then being reduced back to V2+ by red u c tio n  with 
z inc  m etal.

V02+ + Zn + 2H+ = V2+ + Zn2+ + H20 (3 .2 )

F in a l ly ,  the n i tro g en  was passed over copper tu rn ings  heated to 900 °C 
in  a tube furnace to remove any remaining t ra c e s  of oxygen,259).

A ll  the chemical reag en ts  were of BDH Analar grade.

Glassware was cleaned with chromic or n i t r i c  a c id .  A fte r  washing with 
d i s t i l l e d  w ater , c o n d u c tiv i ty  water was used fo r  r in s in g .
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CHAPTER FOUR : EXPERIMENTAL METHODS

4.1  P rep a ra t io n  of Deoxygenated Water

Deoxygenated d i s t i l l e d  water was used to p repare  a l l  s o lu t io n s  used. 
The most common method app lied  fo r  removing d is so lv ed  oxygen invo lves  
lowering the oxygen p a r t i a l  p re ssu re  above the w ater by bubbling 
n i t ro g e n  gas through i t .  However, most au thors  have made no a ttem pt 
to  determ ine the degree of deoxygenation. The c o n ce n tra t io n  of 
r e s id u a l  oxygen remaining in  "deoxygenated water" i s  determined by the 
le v e l  of oxygen th a t  contaminates the n i tro g en  and on the leakage of 
oxygen in to  the p rep a ra t io n  v e s s e l .

N itrogen  p u r i f ie d  by the method described  in  s e c t io n  3.3  was d isp e rsed  
through a s in te r e d  g la s s  d isc  in to  a 150 cm3  sample of a i r  s a tu r a te d  
d i s t i l l e d  w ater , contained in the th ree  compartment e lec tro ch em ica l  
c e l l  (see  s e c t io n  4 .2 .3 ) .  The d isso lved  oxygen con ten t of the w ater 
a t  293 K was monitored continuously  with a P h i l ip s  PW 9600 Dissolved 
Oxygen t r a n s m i t te r  connected to a S in c la i r  D ig i ta l  Voltmeter and a PL4 
J . J .  Lloyd XY/t ch ar t  reco rd er .  Figure 4.1 shows the decrease  in

r a t e s .
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d isso lv ed  oxygen with time, fo r  various  n i t ro g en  f lo w ra te s  accord ing  
to the m eter. The lowest a t t a in a b l e  oxygen c o n cen tra t io n  was 
1.56 x 10- 6  mol dm- 3  (50 p . p . b . ) .  However, t h i s  rep re sen ted  the  lower 
d e te c t io n  l im i t  of the oxygen meter r a th e r  than the  a c tu a l  
c o n ce n tra t io n  ob ta ined .

I f  Ci re p re se n ts  the i n i t i a l  co n cen tra tio n  of d is so lv ed  oxygen a t  
293 K, and C, the  co n cen tra t io n  a t  time t ,  then fo r  the va rious  
f lo w ra te s  of n i tro g en  te s t e d ,  p lo ts  of log Ci /C a g a in s t  time, were 
found i n i t i a l l y  be be l i n e a r  (F igure  A.2 ), dem onstra ting  th a t  the 
deoxygenation process was f i r s t  o rder with re sp ec t  to oxygen 
c o n ce n tra t io n .

Fig 4 .2  Rate of deoxygenation of water.
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The Winkler r e a c t i o n *260] provides a t i t r i m e t r i c  method of de term ining  
q u a n t i t i e s  of d isso lved  oxygen i n  water down to 1.56 x 10" 8  mol dm- 3  

(0 .5  p . p . b . ) .  The method lack s  g re a t  accuracy due to the exposure of 
"oxygen-free" water to  a i r  du ring  sampling and chemical d e te rm in a tio n ,  
and en tra inm ent of a i r  in  th e  p rocess ing  re a g e n ts (261). However,
P o t t e r  and White < 2 6 2 , 2 6 3  ) , a f t e r  design ing  a  s o p h is t i c a te d  sampling 
v e s s e l  and methods to prevent oxygen entrainm ent in  the  p rocess ing  
re a g e n ts ,  rep o r ted  an a n a ly t i c a l  p re c is io n  of 0.0006 mg l - 1  ( 0 . 6  

p . p . b . ) ,  fo r  a s in g le  de term ina tion  o f  d isso lved  oxygen in  the 
co n ce n tra t io n  range 0.0007 -  0.0544 mg dm-3- G ilroy  and Mayne<264) 
used the  methods devised by P o t te r  and White -to a s se s s  the e f f ic ie n c y  
of deoxygenation of aqueous s o lu t io n s .  They found th a t  a f t e r  one hour 
the  r e s id u a l  oxygen content of a  s o lu t io n  could be decreased  to 9.375 
x 10- 8  mol dm- 3  (3 ± 1 p .p .b . )  u s ing  "white spot"  n i t ro g e n ,  and to 
1.56 x 10- 8  mol dm- 3  (0 .5  p .p .b . )  using  p u r i f ie d  n i t ro g e n ,  which was 
about the d e te c t io n  l im i t  of the a n a ly t i c a l  method.

Using a value fo r  the  Van der Waals rad ius  of oxygen of 0.152 nm(266) 
g ives  a m olecular a r e a  of 1.45 x  10“ 1 9  m2  f o r  each 0 2  molecule. 
Assuming a r e s id u a l  oxygen co n cen tra t io n  o f  1.56 x  10“ 6  -  1.56 x 10- 8  

mol dm- 3  (50 -  0 .5  p .p .b . )  in  150 cm3  of deoxygenated w ater , then the 
t h e o r e t i c a l  a rea  coverage fo r  oxygen i s  2 — 200 cm2. In  subsequent 
e lec tro ch em ica l  experiments m ineral e le c tro d e s  w ith a reas  of 0 .4  -  
1 . 0  cm2  were used, so th a t  t h e o r e t i c a l l y ,  th e re  would s t i l l  be enough 
oxygen in  so lu t io n  to provide f a r  more than monolayer coverage.

In  p r a c t i c e ,  deoxygenated water was prepared by bubbling oxygen-free  
n i t ro g e n  through p u r i f ie d  water fo r  a t  l e a s t  s ix  hours before  use in  a 
c lean  g la s s  c o n ta in e r .  S o lu t io n s  used in e lec tro ch em ica l  experim ents 
were deoxygenated in  the  e lec tro ch em ica l  c e l l  fo r  t h i r t y  minutes 
be fo re  any experiments were performed.

F igure  4 .3  shows the r a t e  of re-oxygenation  of 150 cm3  of w ater in  the 
e lec tro ch em ica l  c e l l  a f t e r  purging with n i tro g en  was term inated  and 
the  c e l l  l i d  removed.
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Fig 4 .3  Rate of re-oxygenation of water.

4 .2 E lec trochem ical S tud ies  on Sulphide Mineral E lec trodes

4 .2 .1  P rep a ra tio n  of S ta t io n a ry  Mineral E lec trodes

Mineral su lph ide  specimens were cut and po lished  fo r  e le c t ro d e  
p re p a ra t io n  and th e i r  e le c t ro p h y s ic a l  p ro p e r t ie s  determined as 
desc ribed  in  s e c t io n  3 .2 .7 .

E lec tro d es  were fa b r ic a te d  by cementing two con tac t  w ires  to one of 
the gold sp u t te re d  faces of the m ineral specimens with s i lv e r - lo a d e d  
epoxy r e s in .  The con tac t w ires were threaded through a leng th  of 
g la s s  tub ing , and the m inera l, with about 1 0  mm of tub ing , embedded in  
epoxy r e s in  in  a s i l ic o n e  rubber mould. A fte r  hardening, the 
e le c t ro d e  was removed from the mould and the lower face of the m inera l 
specimen was exposed by g rin d in g  away the epoxy re s in  (F igure  4 .4  and 
P la te  4 .1 ) .  Only one face of the mineral was exposed to the s o lu t io n
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Fig,4.A' Stationary mineral electrode used in cyclic voltammetry, pulse 
voltammetry and a.c.- impedance measurements, 
a - contact wires; b - glass tubing; c - sulphide mineral 
d - epoxy resin

i

Plate 4.1 Stationary mineral sulphide electrodes used in cyclic
voltammetry, pulse voltammetry and a.c. impedance measurements.
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during electrochemical experiments: epoxy resin insulated the
electrical contact wires and other mineral surfaces from the solution.

If electrode specimens were subsequently analysed by X-ray 
photoelectron spectroscopy (XPS), a silicon rubber mould, measuring 
20 x 20 mm with a cavity 10 x 10 mm by 5 mm on one of its flat 
surfaces, was used to hold samples during electrochemical experiments 
(Plate 4.2). The flexibility of silicone rubber allowed the easy

Plate 4.2 Stationary mineral sulphide electrode used in pulse
voltammetric experiments subsequently analysed by ESCA.

removal of mineral specimens from the holder after electrochemical 
polarisation.
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E l e c t r i c a l  co n tac ts  to the samples were made as desc ribed  above. 
Specimens were then cemented in to  the  c av i ty  w ith more s i l i c o n e  rubber 
compound. Care was taken to ensure th a t  the working m ineral su r fa ce  
la y  proud of the h o ld e r 's  su r fa ce ,  so th a t  subsequent g r in d in g  and 
p o l ish in g  only a f fe c te d  the m ineral su lph ide  su r fa c e ,  p reven ting  
contam ination by abraded s i l i c o n e  rubber.

M ineral su lph ide  e le c tro d e s  used in  e lec trochem ica l measurements made 
on " v i r g in ” su lph ide  su r fa c e s ,  and in  con tac t  experiments w ith  a Pt 
feed er  e le c t ro d e ,  a re  shown in  Figure 4.14 ( s e c t io n  4 .3 .4 ) .  M ineral 
samples were cemented in to  the c av i ty  a t  the end of a g la s s  c a p i l l a r y  
using  epoxy r e s in ,  with about 5 mm of the specimen p ro je c t in g  ou t .  
E l e c t r i c a l  con tac t  w ires had p rev ious ly  been cemented to the back of 
the m ineral specimen with s i lv e r - lo a d e d  epoxy re s in  and threaded 
through the c a p i l l a r y  and sy ringe  b a r r e l .

4 .2 .2  P rep a ra t io n  of R o ta ting  Cylinder C o lle c to r  E lec trodes

Convective e le c t ro d e  systems, u t i l i s i n g  the r o ta t in g  d isc  e le c t ro d e  
(RDE) and r o ta t in g  r in g  d is c  e le c tro d e  (RRDE), fo r  which the 
c o n v e c t iv e -d if fu s io n  equations  have been solved a n a ly t i c a l l y  fo r  the  
s tead y  s t a t e ,  have proved very u se fu l  fo r  the  study of e lec tro c h e m ic a l

p ro c e s s e s ( 2 7 0  ] . The RRDE was f i r s t  developed by Frumkin and 
Nekrasov 1 2 7 1 1 to  d e tec t  u n s tab le  in te rm ed ia tes  in  e le c t ro d e  r e a c t io n s .  
The e le c t ro d e  c o n s is ts  of a c e n t r a l  d isc  ("sou rce")  e le c t ro d e  
surrounded by an independent r in g  ( " c o l l e c to r " )  e le c t ro d e .  The 
advantages of th i s  e le c t ro d e  system a re  th a t  experim ental 
in v e s t ig a t io n s  can be made a t  both e le c t ro d e s :  p o te n t ia l s  and
c u r re n ts  a t  each e le c tro d e  can be c o n tro l le d  s e p a ra te ly  from each 
o th e r .  Paul e t  a l (272> co nstruc ted  r in g - d is c  e le c tro d e s  to s tudy  the 
e lec tro ch em ica l  behaviour of galena (PbS). However, a RRDE i s  
d i f f i c u l t  to c o n s t ru c t ,  re q u ir in g  the  p re c ise  alignment of d is c  and 
r in g  and commercial RRDE's a re  expensive. Therefore  a r o ta t in g  
c y l in d e r - c o l l e c to r  e le c tro d e  (RCCE) was co n s tru c ted  (F igure  4 .5  and 
P la te  4 .3 ) ,  s im i la r  to th a t  described  by McRubre and Macdonald 1 2 7 3  ) .
I t  has c e r t a in  c h a r a c t e r i s t i c s  th a t  make i t  su p e r io r  to a RRDE fo r  
s tudy ing  the e lec trochem ica l behaviour of m ineral su lp h id es :
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U—1.9 cm-*'i i

A) Upper supporting sh a f t  a) Brass rod
B) Electrode sec t io n  b) Brass cy linder
C) PT7E CAP c) Brass d isc

d) PTFE wesheL
e) Copper wire
f )  Mineral working e lec trode
g) Platinum c o l l e c to r  e lec trode

Fig A.5 Rotating cy linder  - c o l l e c to r  e lec trode

1) I t  i s  much e a s ie r  to co n s tru c t  than a RRDE and the design 
f a c i l i t a t e s  the in te rchang ing  of d i f f e r e n t  su lph ide  m ineral working 
e le c t ro d e s .

2) The system i s  ch a rac te r is ed  by a s in g le  value fo r  the Reynolds 
number (Re). In  RDE and RRDE systems the Re v a r ie s  from zero a t  the 
r o ta t io n  ax is  to a maximum a t  the o u te r  edge of the d is c .  Since the 
shear  s t r e s s  i s  p o rp o r t io n a l  to Re, su rface  f ilm s a re  sub jec ted  to 
mechanical s t r e s s e s  th a t  inc rease  with d is tan ce  from the r o ta t io n  
a x is .  This i s  important in film  growth processes o ccu rr ing  a t  the 
su r fa ce  of a RDE and/or RRDE.
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3) The RCCE has a much larger collector electrode area, making it a 
more sensitive device for the detection of dissolved electroactive 
species.

Plate 4.3 Rotating cylinder-collector electrode.

4) The current density distribution across the surface of the RCCE is 
thought to be more uniform than that for a RDE or RRDE operating below 
mass transfer limitations( 2 7 3) .

Figure 4.5 shows that the RCCE consisted of three sections. The 
electrode section was constructed from a brass rod machined at either 
end to produce two screw threads. A rectangular section was cut out
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of the cy lin d e r  and l in e d  with PTFE and epoxy r e s in ,  to allow  the  
emplacement of a m ineral working e le c t ro d e ,  and to avoid s h o r t -  
c i r c u i t i n g  with the  copper c y l in d e r .  A m inera l su lph ide  specimen, 
con tac ted  to a copper w ire , was cemented in to  the c av i ty  w ith epoxy 
r e s in ,  and then the  copper wire was so ldered  to a b rass  d is c  recessed  
in to  a PTFE washer. The su rface  of the copper c y l in d e r  was covered 
with 99.9 X Pt sh e e t ,  1 mm th ick ,  using  s i lv e r - lo a d e d  epoxy r e s in  as a 
conducting bonding agen t. The top of the e le c t ro d e  assembly was then 
screwed in to  an i n t e r n a l ly  threaded b rass  c y l in d e r  contained  w ith in  
the upper supporting  s h a f t .  This formed the e l e c t r i c a l  c o n ta c t ,  v ia  
the b rass  c y l in d e r  of the e lec tro d e  s e c t io n ,  w ith the Pt c o l l e c to r  
e le c t ro d e .  The brass  d is c  of the e le c t ro d e  s e c t io n  con tac ted  the  
b rass  rod p o s it io n ed  in  the  cen tre  of the supporting  s h a f t ,  which was 
in s u la te d  from the surrounding brass  c y l in d e r  with epoxy r e s in .  The 
bottom of the e le c tro d e  assembly was screwed in to  a PTFE cap to 
prevent e l e c t r o l y t e  p e n e tra t io n .  However, the a c t iv e  l i f e t im e  o f  the 
RCCE in  s o lu t io n  was found to be small due to e l e c t r o l y t e  leakage 
between the e le c tro d e  u n i t  and supporting  s e c t io n ,  which s h o r t -  
c i r c u i t e d  the e le c t ro d e .

The e le c t ro d e  was th e re fo re  redesigned and a r o ta t in g  s p l i t  c y l in d e r  
b i - e le c t ro d e  (RSCBE) co n stru c ted ,  t h i s  time as one u n i t ,  to p revent 
e l e c t r o l y t e  p e n e tra t io n  (F igure  4 .6  and P la te  4 .4 ) .  The RSCBE 
contained  th ree  independent e le c t ro d e s :  two were used as Pt c o l l e c t o r
e le c t ro d e s ,  and one as a m ineral working e le c t ro d e .  Running 
v e r t i c a l l y  down the e le c t ro d e  were two b rass  hem i-cy linders  p o s i t io n e d  
around a c e n t r a l  b rass  rod. These s e c t io n s  were encapsu lated  in  epoxy 
r e s in .  Over a 10 mm leng th  of the e le c tro d e  epoxy r e s in  was machined 
away to expose the two b rass  hem i-cy linders .  Then two re c ta n g u la r  
s l o t s  opposite  to one ano ther were cut in  the epoxy r e s in ,  in  the  gap 
between the hem i-cy linders  to expose the b rass  rod. Care was taken to 
leave a la y e r  of epoxy r e s in  between the hem i-cy linders  and c a v i ty  to 
prevent s h o r t - c i r c u i t i n g .  A m ineral specimen was cemented in to  each 
c a v i ty ,  and con tac ted  to the brass rod a t  the back with s i lv e r - lo a d e d  
epoxy r e s in .  The e f f e c t iv e  working e le c tro d e  a rea  and hence the  
working e le c tro d e  cu rren t  of the RSCBE was double th a t  of the RCCE.
Two s e c t io n s  of the Pt f o i l  were cemented to the b rass  hem icy linders  
to form the c o l l e c to r  e le c t ro d e s .  Contacts to the s t a i n l e s s  s t e e l  
motor assembly u n i t  were made as shown in  Figure 4 .6 .
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3. 8cm

2 . 6 c m

1.0 cmi
T

0. 9 c m A.

A) Cross section
B) Complete electrode
a) Shaft of motor assembly
b) Screw contact to collector 1
c) Platinum collectors 1 and 2
d) Mineral working electrode
1) Electrical connection for collector 1
2) Electrical connection for collector 2
3) Electrical connection for working electrode

Fig A.6 Rotating split cylinder bi-electrode
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4 .2 .3  C ell Design and E lec trochem ical In s tru m en ta t io n

Experiments with m ineral e le c t ro d e s  were c a r r ie d  out in  th ree  
compartment e lec tro ch em ica ls  c e l l s  shown in  F igures 4 .7  and 4 .10 
( s e c t io n  4 .3 .4 ) .  The counter e le c tro d e  compartments were i s o la t e d  
from the working e le c t ro d e  compartments by s in te r e d  g la s s  f r i t s .  A 
Luggin c a p i l l a r y  p robe , extending from a sy ringe  b a r r e l ,  was used to 
connect the working and re fe ren ce  e le c tro d e  compartments. The t i p  of 
the Luggin c a p i l l a r y  was placed c lo se  to the working e le c t ro d e  su rfa ce  
to minimise the e r ro r  in  the measured p o te n t i a l  a s so c ia te d  w ith  the 
uncompensated IR drop in  the so lu t io n  between the t i p  of the Luggin 
c a p i l l a r y  and the working e le c t ro d e .  A s a tu ra te d  calomel e le c t ro d e  
(S .C .E .)  was used as a re fe rence  e le c tro d e  although a l l  quoted 
p o te n t i a l s  have been converted to the s tandard  hydrogen e le c t ro d e  
(S .H .E .)  s c a le  assuming th a t  the SCE has a r e v e r s ib le  p o te n t i a l  of 
0.245 V versus S .H .E .(274). Both c e l l s  had t i g h t l y  f i t t i n g  PTFE l i d s  
w ith  the necessary  openings fo r  s ta t io n a r y  m inera ls  e le c t ro d e s ,  
r o t a t i n g  e le c t ro d e s ,  gas bubbler and oxygen e le c t ro d e .

In e lec tro ch em ica l experim ents, the p o te n t ia l  d i f f e r e n c e  between the 
working and re fe rence  e lec tro d e s  was co n tro l le d  by a p o t e n t io s t a t .

The in s tru m en ta tio n  a v a i la b le  fo r  use during these  e lec tro ch em ica l  
in v e s t ig a t io n s  i s  l i s t e d  in  Table 4 .1 .  In  a d d i t io n ,  a f l e x ib l e  
modular p o te n t io s ta t  system, p rev ious ly  designed and co n stru c ted  in  
the la b o ra to ry (277), was used in  a bi and t r i - p o t e n t i o s t a t  mode to 
d r iv e  the RCCE and RSCBE (see  sec t io n s  4 .2 .2  and 4 .2 .5 ) .

4 .2 .4  Cyclic Voltammetric S tudies

C yclic  voltammetry was employed in  i n i t i a l  e lec tro ch em ica l  s tu d ie s  to 
o b ta in  q u a l i t a t i v e  inform ation  about the e le c t ro d e  re a c t io n s  occu rr in g  
a t  su lph ide  m ineral su r fa ce s .

Using r e p e t i t i v e  t r i a n g u la r  p o te n t ia l  scans (RTPS) the su r fa ce s  of 
m inera l su lph ide  e lec tro d e s  were oxid ised  during  a l i n e a r  p o te n t i a l



A - counter electrode; B - mineral electrode; C - reference electrode; 1 - tungsten wire; 2 - platinum wire 
3 - platinum foil; 4 - sintered glass frit; 5 - gas bubbler; 6 - PTFE cell lid; 7 - solution level;
8 - Luggin capillary; 9 - syringe barrel; 10 - T - tap.

Fig 4.7 Electrochemical cell



95.

Table 4 .1  In s trum en ta tion  Used During E lec trochem ical Experiments

ST72 Wenking p o te n t io s ta t
Thomson M in is ta t p o te n t io s ta t
Hi-Tek PPR1 waveform gen era to r
Hi-Tek gated d i g i t a l  in te g ra to r /v o l tm e te r
N ico le t (Explorer I )  d i g i t a l  s to rag e  o sc i l lo sc o p e
J . J .  Lloyd Instrum ents  Limited PL4 XY/t re co rd e r
S o la r t ro n  1170 frequency response an a ly se r
Schlumberger e lec trochem ica l in te r f a c e
S in c la i r  d i g i t a l  vo ltm eter
380Z Research Machines Limited Microcomputer

sweep and the products of anodic ox ida tion  analysed by the 
c h a r a c t e r i s t i c s  of t h e i r  reduc tion  on the reverse  ca thod ic  scan. The 
l im i t  of the anodic scan ( E ^ )  was increased  a f t e r  each cycle  and the 
e f f e c t  on the E /I  r e la t io n s h ip s  of cathodic  reduc tion  peaks a t  a f ixed  
ca thod ic  scanning l im i t  ( E ^ )  recorded.

Standard e lec tro d e  p o te n t ia l s  c a lc u la te d  from bulk thermodynamic d a ta  
(see  Appendix I ) ,  could not be used unambiguously to id e n t i f y  
voltammetric peaks because of the requirement of a d r iv in g  fo rce  or 
o v e rp o te n t ia l  fo r  a k in e t i c a l l y  slow re a c t io n ,  and because monolayers 
may be non-thermodynamic phases. However, they were u se fu l  in 
e l im in a t in g  processes which could not occur in  a p o t e n t i a l  reg ion .

At f ixed  values fo r  E)^ and E^c , measuring peak c u r re n ts  ( I p) as a 
func tion  of sweep r a te  (v) allowed d i f f u s io n a l  p rocesses  c h a ra c te r is e d  
by I p being p ro p o r t io n a l  to \ > 1 / 2  to be d is t in g u ish ed  from su rface  
ad so rp tio n / t ra n s fo rm a tio n  phenomena, fo r  which I p i s  p ro p o r t io n a l  to
v { 2-78 ) >

4 .2 .4 .1  Experimental Procedure

The cell in Figure 4.7 and mineral electrodes in Figure 4.4 and Plate

4.1, described in section (4.2.1), were used (see Plate 4.5). The
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Plate 4.5 Stationary mineral sulphide electrode and electrochemical 
cell used in cyclic voltammetry, pulse voltammetry and 
a.c. impedance measurements.

potential of the stationary electrodes was controlled with a ST72 
Wenking potentiostat programmed with a Hi-Tek PPR1 waveform generator. 
Current-potential measurements were made using a Nicolet (Explorer I) 
digital storage oscilloscope (Plate 4.6) and hard copies recorded on 
an XY/t chart recorder (J.J. Lloyd PL4). Charge measurements were 
made using a Hi-Tek gated digital integrator/voltmeter. All the 
potentials were measured against a saturated calomel electrode 
(S.C.E.) and reported here against the saturated hydrogen electrode 
(S.H.E.).

Experiments were carried out in buffer electrolytes of different 
composition/pH values to minimise the pH change at the 
mineral/solution interface during oxidation. The composition of
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t

Plate 4.6 Nicolet (Explorer I) digital storage oscilloscope recording 
a cyclic voltammogram of platinum in 0.05 M Na2B407.

buffer electrolytes used are shown in Table 4.2. Cell solutions were 
deoxygenated by bubbling nitrogen for 30 minutes through the cell 
prior to the introduction of the electrode.

Table 4.2 The Composition of Buffer Electrolytes

pH Composition of Electrolyte

0 .0 1.0 M HC104
1.0 0.1 M HC104
4.6 0.5 M CH3COOH + 0.5 M CH3C00Na
6.97 0.025 M KH2P04 + 0.025 M Na2HP04
9.2 0.05 M Na2B407

11.0 0.025 M NaHC03 + 0.023 M NaOH
13.0 0.1 M NaOH
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P relim inary  experiments showed th a t  voltammetric c u rre n t  va lues  per 
geom etric  u n i t  a rea  fo r  m ineral e le c t ro d e s  wet ground on 600 grade 
s i l i c o n e  carb ide  paper varied  a f t e r  each f resh  s u r fa c e  p re p a ra t io n  and 
were e ig h t  to ten times those observed fo r  m ineral e le c t ro d e s  p o lished  
with 3 ym diamonds. These phenomena have been observed by o th e r  
workers*138' 186* and a t t ib u te d  to d i f f e re n c e s  in  s u r fa c e  roughness,
i . e .  the  c u rre n ts  per r e a l  u n i t  a rea  a re  the same fo r  each su rfa ce  
p re p a ra t io n .  T herefore , a f re sh  m ineral su rface  was prepared be fo re  
each experiment by wet g r ind ing  on 600 grade carborundum paper and 
then p o l ish in g  w ith  3 ym diamonds, care  being taken to avoid 
in c lu s io n s ,  cracks and vo ids . A fte r  p o lish in g , each sample was washed 
with deoxygenated doubly d i s t i l l e d  water (DDDW), ace tone  and the  DDDW 
again  before  being t r a n s fe r re d  to the e lec trochem ica l c e l l .

Rest p o te n t i a l  measurements on d i f f e r e n t  m ineral su lp h id e  e le c t ro d e s  
showed th a t  p o te n t i a l s  were up to 300 mV p o s i t iv e  of the r e v e r s ib le  
p o te n t i a l  fo r  the upper s t a b i l i t y  l im i t  of the r e s p e c t iv e  su lp h id e .  
This in d ic a ted  th a t  the e le c t ro d e  p rep a ra t io n  d esc rib ed  above had 
f a i l e d  to prevent su rface  oxides forming. Oxide la y e r s  have been 
shown to form spontaneously on p y r i t e * 1 2 8 ' 2 7 9  * and c h a lco p y r i te* 279* 
when exposed to a i r .  Therefore , the f i n a l  s tag e  of e le c tro d e  
p re p a ra t io n  was concerned with minimising ox id a tio n  of the e le c t ro d e  
su rface  before  e lec trochem ica l experiments were performed. Three 
methods were explored; each invo lv ing  e lec tro d e  p re p a ra t io n  as 
desc ribed  above up to the po in t of t r a n s f e r  in to  the  e lec tro ch em ica l  
c e l l .

1) The f i n a l  e le c tro d e  p rep a ra t io n  was c a r r ie d  out in  a n i t ro g en  
atmosphere in  a glove bag. Each e le c tro d e  was placed in  a beaker 
con ta in ing  DDDW and t r a n s fe r re d  in to  the glove bag w ith  the 
e lec tro ch em ica l c e l l .  P u r if ie d  n i tro g en  was used to f lu sh  out the  
glove bag and to deoxygenate the so lu t io n  contained in  the 
e lec trochem ica l c e l l .  The flow ra te  was maintained to keep a sm all 
excess p ressu re  in  the bag. A fte r  2 hours, the oxygen le v e l  was 
< 6.25 x 10" 5  mol dm- 3  (2000 p . p . b . ) .  The e le c t ro d e  was then removed 
from the beaker and polished wet with 0.3 ym -  alumina on a "Se lvy t"



99.

c lo th ,  in  an a ttem pt to remove any oxide la y e r  th a t  had formed on the 
s u r fa c e .  The e le c t ro d e  was washed in  DDDW to remove alumina p a r t i c l e s  
from the su r fa ce  and t r a n s fe r re d  in to  the e lec tro ch em ica l  c e l l .

Rest p o t e n t i a l  v a lu es ,  although decreased , were found to s t i l l  l i e  
p o s i t iv e  of the  re sp e c t iv e  thermodynamic s t a b i l i t y  ranges of the 
m in e ra ls .  There were two reasons fo r  t h i s .  F i r s t l y ,  alumina was 
unable to s u f f i c i e n t l y  abrade hard , po lished  su lp h id e  su rface s  
( e s p e c ia l ly  p y r i t e )  to remove a l l  oxide la y e rs  due to i t s  small 
p a r t i c l e  s i z e .  The s iz e  of the  glove bag precluded the use of diamond 
lap s  w ith in  the glove bag to prepare  f re sh  su lp h id e  s u r fa c e s .
Secondly, the oxygen le v e l  was s u f f i c i e n t l y  high in  the glove bag to 
o x id is e  the m inera l su r fa ce .  Longer purging times were im p rac t ic ab le ,  
so th a t  t h i s  method of p re p a ra t io n  was abandoned.

2) Each e le c t ro d e  was t r a n s fe r r e d  in to  the c e l l  and c a th o d ic a l ly  
p o la r is e d  fo r  60 seconds a t  a p o te n t ia l  200 mV ca th o d ic  of the lower 
thermodynamic s t a b i l i t y  l im i t  of the re sp e c t iv e  su lp h id e  m inera l as 
defined  in  the Eh-pH diagrams presen ted  fo r  each m inera l in  Appendix
I I .  Any oxide on the e le c t ro d e  su rface  was reduced. Conway e t  
a l (135) had p rev ious ly  shown th a t  th i s  procedure r e s u l t s  in  a 
rep ro d u c ib le  e lec trochem ica l s t a t e  fo r  p y r i t e  e le c t ro d e s .  However, 
the su lp h id e  m ineral su rface  may be reduced to a lower su lph ide  e .g .  
p y r i t e  to p y r r h o t i t e ,  ch a lc o p y r i te  to c h a lc o c i te ,  so th a t  subsequent 
c y c l i c  voltammograms may be c h a r a c t e r i s t i c  of the lower su lp h id e .

3) The procedure th a t  was u s u a l ly  adopted as a f i n a l  p re p a ra t io n  s tag e  
fo r  a l l  s t a t io n a r y  m ineral e le c t ro d e s ,  involved s u lp h id is in g  e le c t ro d e s  
in  100 cm3  of deoxygenated 5% sodium su lph ide  s o lu t io n  fo r  5 m inutes. 
E lec tro d e s  were then washed w ith DDDW in an u l t r a s o n ic  bath be fo re  being 
t r a n s fe re d  in to  the e lec tro ch em ica l  c e l l .  Although T ra h a r (333) has 
c r i t i c i s e d  t h i s  techn ique, s in ce  i t  could r e s u l t  in  su lphur d e p o s i t io n  due 
to H2S o x id a t io n ,  the procedure produced r e s t  p o t e n t i a l s  th a t  were w ith in  
the  thermodynamic s t a b i l i t y  l im i t s  of each m inera l .

A 5 minute co nd ition ing  time was allowed p r io r  to record ing  c y c l ic  
voltammograms. Constant s t i r r i n g  was provided during  experiments by 
n i t ro g e n  bubbling, un less  o therw ise  s ta t e d .
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4 . 2 . A.2 Measurements on V irgin  Surfaces Produced by In s i t u  P o lish in g  
and F i r s t  Sveep Voltammetric Curves .

P re lim inary  in v e s t ig a t io n s  showed th a t  in g en e ra l  the f i r s t  p o te n t i a l  
sweep s t a r t e d  from the r e s t  p o te n t i a l  in the ca thod ic  d i r e c t io n ,  
d i f f e r e d  from those on subsequent cathodic  sweeps. The purpose of 
these  measurements was to observe how the r e s t  p o t e n t i a l  changed a f t e r  
producing a v i r g in  su lph ide  su rface  and whether voltam m etric  curves 
d i f f e r e d  from those of su lp h id ised  m ineral e le c t ro d e s .

The c e l l  in  F igure 4.10 and m ineral e le c tro d e  in  F igure  4.11 ( s e c t io n  
4 .3 .4 ) ,  a lso  described  in s e c t io n  ( 4 .2 .1 ) ,  were used. A v i rg in  
su lph ide  su r fa ce  was produced in  the c e l l  by abrading  the m ineral 
sample with 600 grade s i l i c o n  carb ide  paper mounted on the end of a 
hollow g la s s  rod under n i tro g en  purged b u ffe r  s o lu t io n .  Care was 
taken to remove any s i l i c o n  carb ide  p a r t i c l e s  from the su lph ide  
su rface  with a piece of "Selvyt" c lo th  a lso  mounted on the end of a 
g la s s  rod. A f re sh  su rface  amounting to approxim ately 80 X of the 
t o t a l  exposed e le c tro d e  a rea  was produced by th i s  method. The r e s t  
p o te n t i a l  was monitored con tinuously  during th i s  procedure on the 
N ico le t  (E xplorer I )  d i g i t a l  s to rag e  o sc i l lo sc o p e .

4 .2 .5  R o ta tin g  S p l i t  Cylinder B i-e le c tro d e  S tudies

A r o ta t in g  s p l i t  cy linder b i - e le c t ro d e  (RSCBE) was employed so th a t  
so lu b le  e l e c t r o - a c t i v e  in te rm ed ia tes  formed a t  a m ineral working 
e le c t ro d e ,  might be de tec ted  a t  a p o te n t io s ta t te d  platinum c o l l e c to r  
e le c t ro d e ,  by ox ida tion  or reduc tion .

The e f f e c t  of e le c tro d e  r o ta t io n  on the c y c l ic  voltammograms of 
su lph ide  m in e ra ls ,  and the e f f e c t  of HS“ , S2 032-, Fe2+, Fe3+, Cu2+ and 
Ni2+ so lu t io n  a d d i t io n s  on c y c l ic  voltammograms of platinum and 
su lph ide  m in e ra ls ,  was a lso  in v e s t ig a te d .

4 .2 .5 .1  Experimental Procedure

A RSCBE (F igure  4 .6  and P la te  4 .4 )  was construc ted  fo r  each su lph ide  
m ineral as described  in  s ec t io n  ( 4 .2 .2 ) .  G enera lly , the two platinum
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electrodes were shorted together and experiments performed using the 
modular bipotentiostat to control the potentials of working and 
collector electrodes (Plate 4.7). The potential of the mineral

Plate 4.7 The modular potentiostat units used in a bi-potentiostat 
mode for rotating split cylinder bi-electrode studies.

working electrode was programmed with a Hi-Tek PPR1 waveform generator 
and that of the collector with a laboratory constructed d.c. voltage 
source. Electrical contacts between the potentiostats and the RSCBE 
were made through an Oxford Electrodes rotating electrode contact 
block (Plate 4.8).

Current-potential measurements were made using the instrumentation 
described in section (4.2.4.1). The mineral working electrode 
surfaces were ground with 600 grade carborundum paper followed by wet 
polishing of mineral and platinum surfaces with 0.3 pm a-alumina. The 
electrode was washed in deoxygenated doubly distilled water before 
being screwed onto the motor assembly and lowered into deoxygenated 
buffer electrolytes, which had been purged with nitrogen for 30 
minutes prior to introduction of the electrode. During experiments,



1 0 2 .

Plate 4.8 Apparatus used in rotating split cylinder bi-electrode 
studies.

1 - rotating split cylinder bi-electrode.
.2 - Oxford Electrode motor.f
3 - electrochemical cell.

nitrogen bubbling was stopped to reduce turbulence around the surface 
of the rotating electrode. The complete experimental arrangement is 
shown in Plate 4.9. Electrodes were cathodically pretreated as 
described in section (4.2.4.1) to remove any oxide from the mineral 
surfaces.

Experiments, similar to those described by McKubre and Macdonald(2731, 
were performed to calibrate the collector efficiency of a pyrite RSCBE 
in 0.1 M K3Fe(CN)6 with 1.0 M NaOH supporting electrolyte at 20 °C.
The ratio of collector to working electrode current for the removal 
and generation of electroactive species respectively, defines the 
collector efficiency (N) for the electrode.
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Plate A.9 Apparatus and electrochemical instrumentation used in 
rotating split cylinder bi-electrode studies.

The calibration was carried out with both working and collector 
electrode reactions under mass transfer controlled conditions to 
eliminate errors introduced by the possible coupling of working and 
collector currents through uncompensated solution resistance(2 7 3 ’ .
The pyrite working electrode was held at -0.5 V (S.H.E.) to produce 
Fe(II), and the collector at 1.0 V vs. S.H.E. to oxidise Fe(II) back 
to Fe(III). Working and collector electrode currents were measured as 
a function of electrode rotation speed (w), and the collector 
efficiency calibrated.

The working and collector electrode potentials were chosen after 
cyclic voltammetry was carried out on both electrodes in stirred and 
quiescent solution, in the absence and presence of K3Fe(CN)6. From 
these experiments it was possible to choose an optimum potential for 
each electrode to invoke the desired mass transport controlled 
reaction with the minimum background current.
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4 .2 .6  Pulse Voltammetry

The c u r re n t / t im e  and charge/tim e responses of su lph ide  m ineral 
e le c t ro d e s  to anodic p o t e n t io s t a t i c  pu lses  was s tu d ie d  to determine 
the c h a r a c t e r i s t i c s  of the  n u c lea t io n  and growth of s o l id  phases on 
the e le c t ro d e s .

4 .2 .6 .1  Experimental Procedure

The e le c t ro d e s ,  e le c t ro d e  p rep a ra t io n  and in s tru m en ta t io n  used during  
a l l  of these  s tu d ie s  was the same as th a t  used fo r  the  c y c l ic  
voltarametric s tu d ie s  desc ribed  in  s e c t io n  ( 4 .2 .4 .1 ) .

In  some experim ents, e le c t ro d e s  were analysed by X-ray ph o to e lec tro n  
spec troscopy , a f t e r  anodic p o la r i s a t io n  a t  constan t p o te n t i a l  fo r  1 0  

m inu tes .

The s t a t io n a r y  e le c t ro d e s  described  in  s e c t io n  ( 4 .2 .1 )  and shown in 
P la te  4 .2  were employed during  these  in v e s t ig a t io n s .  A fte r  
p o la r i s a t io n ,  each e le c t ro d e  was removed from the s i l i c o n e  rubber 
ho lder  and washed in  deoxygenated doubly d i s t i l l e d  w ater . The 
s o lu t io n  remaining on the e le c t ro d e  su rface  was evaporated in  a stream  
of p u r i f ie d  n i tro g en  to minimise a i r  contam ination . E l e c t r i c a l  
c o n ta c ts  to the su lph ide  m ineral were broken and the sample placed in  
an a i r - t i g h t  g la s s  co n ta in e r  before  being sea led  under a stream  of 
n i t ro g e n .  XPS a n a ly s is  was c a r r ie d  out by Dr L H azell a t  BP Research 
C entre , Sunbury-on-Thames.

4 .2 .7  AC Impedance Measurements

AC impedance measurements were made on m ineral e le c t ro d e s  by d i g i t a l  
frequency response a n a ly s is  to o b ta in  an in  s i t u  measurement of 
r e s i s t a n c e  and capac itance  fo r  each sample as a fu n c tio n  of e le c t ro d e  
p o t e n t i a l .

The technique involves pe tu rb ing  the c e l l  with a s in u so id a l  v o ltag e  
(Ea c ) of small amplitude (< 10 mV p eak - to -p e ak ) , and measuring the 
magnitude of the a .c .  component of the cu rre n t  ( I a c ) a t  the
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frequency of Ea c and its phase angle (9) with respect to Ea c .
This enables the real and complex part of the electrode impedance to 
be defined as a function of frequency.

4.2.7.1 Experimental Procedure

The stationary mineral electrodes described in section (4.2.1) see 
Figure 4.4 and Plate 4.1), and the electrochemical cell shown in 
Figure 4.7, were used. Electrodes were polished and sulphidised as 
described in section (4.2.4.1). Deoxygenated buffer electrolytes were 
employed and the cell was purged for 30 minutes with nitrogen prior to 
the introduction of the electrode.

A 10 mV peak-to-peak sine wave potential signal, superimposed on a 
d.c. anodic potential (Ed c ), was the potential program applied to 
the sulphide working electrode. Ed r was increased in 200 mV steps 
starting from the rest potential. At each d.c. potential, impedance 
measurements were made over a range of frequencies using a Solartron 
1174 frequency response analyser (FRA) linked to the cell via a 
Schlumberger Electrochemical Interface (potentiostat) (Plate 4.10).

Plate 4.10 Solartron 1174 frequency response analyser and 
Schlumberger electrochemical interface.
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The FRA c o n s is ted  of a programmable g e n e ra to r ,  which provided the 
p e r tu rb in g  a .c .  s ig n a l ,  a c o r r e la to r  to analyse the response to the 
system, and a d isp la y  to p resen t the r e s u l t s .

The g en e ra to r  was programmed with the s ig n a l  amplitude and the 
frequency range over which measurements were to be made (u su a l ly  
10 KHz to 0 .1  Hz). These were taken s e q u e n t ia l ly ,  a t  eq u a l ly  spaced 
in t e r v a l s  on a lo g a rithm ic  s c a le ,  g e n e ra l ly  a t  5 p o in ts  per decade, 
over the  req u ired  range. The response was given once a measurement 
had been completed and could be d isp layed  in  th ree  p o s s ib le  
n o t a t i o n s : -

1 ) I a c and 9

2) Log I a c and 0

3) The r e a l  (ZR) and imaginary (ZI) p a r t s  of the impedance

Using a FRA, measurements could be made very qu ick ly  and p re l im in a ry  
experim ents produced la rg e  amounts of da ta  th a t  were recorded 
manually. Obviously, th i s  technique lends i t s e l f  to system c o n tro l  
and o n - l in e  da ta  p rocessing  with a computer. T herefo re , in  l a t t e r  
work the S o la r t ro n  FRA was c o n tro l le d  by a Research Machines Limited 
380Z micro-computer, using a genera l  purpose i n t e r f a c e 1 2 8 0  ] . The 
computer programmed the FRA's g en era to r  and once a measurement was 
completed the r e s u l t s ,  to g e th e r  with the measurement frequency, were 
t r a n s f e r r e d  to one of the com puter's  magnetic d isc s  fo r  s to ra g e .  
S im ultaneously , the r e s u l t s  were p lo t te d  on a video monitor to g ive  
the complex plane impedance spectrum d i r e c t l y  (P la te  4 .1 1 ) .  A fte r  
each frequency scan, the d .c .  b ias  was stepped manually to the next 
p o t e n t i a l .

The so ftw are  used to c o n tro l  the system and analyse  the  d a ta  a cq u ired ,  
i s  p resen ted  in  Appendix I I I .



1 0 7 .

Plate 4.11 Apparatus and electrochemical instrumentation used in 
a.c. impedance measurements.

4.3 Mineral Pulp/Suspension Electrode Studies

Particulate bed electrodes have previously been used in controlled 
potential flotation studies to determine the conditions under which 
sulphide particles are rendered floatable in both the 
absence<1 7 5 -282,283> ancj pL-esence 0f collectors*281,284,285*.

In principle, the cell operates by mineral particles in suspension 
acquiring the same potential as an inert feeder electrode (usually 
Pt), by contact with the feeder and/or by contact with "charged" 
particles during agitation.
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4 .3 .1  Apparatus

A Hallimond tube f l o t a t i o n  c e l l  was adapted to allow  the p o te n t i a l  of 
m inera l p a r t i c l e s  to be c o n tro l le d  e lec tro c h e m ic a l ly  as shown in  
F igure  4 .8 .  A smooth Pt r in g  around the bottom of the c e l l  served  as 
the  feed er  e le c t ro d e .  I t s  p o te n t i a l  was c o n tro l le d  a g a in s t  a 
s a tu r a te d  calomel re fe ren ce  e le c t ro d e  (S .C .E .) ,  which was connected to 
the  f l o t a t i o n  compartment through a Luggin c a p i l l a r y  probe. A 
platinum  counter e le c t ro d e  was lo ca ted  in  a s id e  arm sep a ra ted  from 
the main c e l l  by a s in te r e d  g la s s  d is c .  A g ita t io n  of the  bed was 
achieved with a T eflon-coated  magnetic s t i r r e r .

I t  has been shown th a t  when an i n e r t  e le c t ro d e  (P t or Au) i s  in s e r te d  
in  a su lp h id e  pulp i t  adopts a " s lu r ry  p o te n t ia l "  which d i f f e r s  from 
th a t  which the in e r t  e le c t ro d e  would have in  a f i l t e r e d  so lu t io n * 73*. 
Although the p o te n t i a l  across  the s u lp h id e /s o lu t io n  i n te r f a c e  i s  the 
im portant parameter in determ ining f l o a t a b i l i t y ,  t h i s  can d i f f e r  from 
th a t  a t  a platinum e le c t ro d e  in the same s o lu t io n  because o th e r  redox 
couples may determine the p o te n t ia l  of the i n e r t  e le c t ro d e ,  e .g .  
Fe 3 +/F e 2+ and PtOx/P t  ( in  deoxygenated s o lu t io n s ) .  Although the Eh 
p o te n t i a l  ob ta ined  may not be a p p l ic ab le  fo r  t h e o r e t i c a l  
i n t e r p r e t a t i o n s  of the chemistry involved, i t s  measurement can serve  
as an in d ic a to r  in monitoring the degree of ox id a tio n  or red u c tio n  of 
m inera l p a r t i c l e s  * 7 3 ' 2 8 6 - 2 9 0  *. Indeed Eh measurements in  su lph ide  
f l o t a t i o n  c i r c u i t s  have proved a u se fu l  guide to p lan t  
beh av io u r ( 7 3 ' 2 8 6  - 2 8 9 ' 2 9 1 - 2 9 3  >.

However, a Pt e le c t ro d e  i s  not i n e r t  as i t  i s  o f te n  thought to be. 
C e r ta in  subs tances , eg H2 S, CN- and dodecylamine, can s e r io u s ly  e f f e c t  
Eh measurements by forming r e s i s t i v e  su r fa ce  film s on P t,  a f f e c t in g  
charge t r a n s f e r ( 2 8 8  *, so th a t  the v a l i d i t y  of Eh measurements in  such 
systems i s  q u e s t io n ab le .  The ex ten t of poisoning depends on the type 
and c o n cen tra t io n  of the poison, the s o lu t io n  pH and the period  of 
immersion of the in d ic a to r  e lectrode*  2 8 9  *. N atara jan  and Iw a sa k i* 2 8 8  1 

showed th a t  by in c re a s in g  the pH, adsorbed H2S on Pt was desorbed or 
transform ed in to  e i t h e r  HS- or S2- depending on the pH. A r e s i s t i v e
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f ilm  d id  not form and by c a re fu l  c lean ing  of the e le c t ro d e  
rep ro d u c ib le  measurements were ob ta ined . They demonstrated th a t  the 
type o f  p re trea tm en t given to a platinum e le c t ro d e  determined i t s  
behaviour in  subsequent measurements.

E i th e r  anodic or cathodic  p o te n t i a l  pulse  p re trea tm en t could r e s u l t  in 
oxygen or hydrogen remaining a t  the e le c t ro d e  su rfa ce  a f t e r  c lean in g , 
and th e re fo re  in f lu en ce  subsequent Eh measurements. N a tara jan  and 
Iw asak i(286' 288) recommended th a t  Pt in d ic a to r  e le c t ro d e s  should be 
m echanically  cleaned s in ce  th i s  procedure did not produce su rfa ce  
f ilm s and ensured rep roduc ib le  r e s u l t s .  They suggested  th a t  in d ic a to r  
e le c t ro d e s  fo r  Eh measurements in  f l o t a t i o n  c i r c u i t s  should be 
designed fo r  mechanical c lean ing , e i t h e r  p e r io d ic a l ly  or con tinuously , 
by co n tac t  with an abrading su rface  a t tached  to a submerged r o t a t i n g  
drum* 2 8 8  *.

In  these  s tu d ie s  the Eh of the s lu r r y  was monitored with two in e r t  
e le c t ro d e s ,  a P t/T i  mesh e le c tro d e  s i tu a te d  a t  the bottom of the main 
c e l l  compartment, and a Pt wire e le c t ro d e  p o s it io n ed  j u s t  above the 
Teflon s t i r r e r .  The Pt wire e le c t ro d e  was m echanically  po lished  p r io r  
to each experiment (see s ec t io n  4 .3 .2 ) .

A ll experiments were c a r r ie d  out under a n itro g en  atmosphere, by using  
the system shown in  Figure 4 .9 .

4 .3 .2  Experimental Procedure

H and-selected  m ineral su lph ide  samples were crushed to about 0 .5  mm 
with a hammer and p o rce la in  p e s t l e  and m ortar. The p u res t  c r y s t a l s  of 
each sample were hand-picked and ground dry in  an ag a te  Tema m i l l .
The product was screened a t  -212 ym and the o v e rs ize  re tu rned  to the 
m il l  f o r  fu r th e r  s iz e  red u c tio n . A fte r  g r in d in g , the  sample was 
d iv ided  in to  c lo se ly  s ized  f r a c t io n s  and each f r a c t i o n  washed in  
deoxygenated doubly d i s t i l l e d  water to remove f in e s .  Each f r a c t io n  
was then d ried  under vacuum and s to re d  in  a i r t i g h t  c o n ta in e rs .
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A - nitrogen gas cylinder; B - soda asbestos column; C - charcoal column; D - acidified vanadous solution with zinc;
E - electrolyte container; F - flotation cell collection tube; G - magnetic stirrer; II - side-arm; I - conditioning cell 
J - flowmeter
1-5-T - taps; 6,7 - two way taps

Fig 4.9 System used in particulars bed electrode studies to exclude oxygen

111.
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Before each t e s t ,  the c e l l  was cleaned w ith  n i t r i c  ac id  and, a f t e r  
p lac in g  i t  in to  the  c i r c u i t  (F igure  4 .9 ) ,  p u r i f ie d  n i t ro g e n  was passed 
through i t  fo r  15 minutes by a d ju s t in g  T -taps  4 and 5 in  F igure  4 .9 .
30 cm3  of deoxygenated b u ffe r  s o lu t io n  co n ta in ing  1 M NaCl as a 
background e l e c t r o l y t e  was t r a n s fe r re d  from f la s k  E to  the 
co n d it io n in g  c e l l  ( I )  by opening tap 6 . The feeder  e le c t ro d e  was 
c a th o d ic a l ly  p o la r is e d  in  the hydrogen e v o lu tio n  reg ion  to remove any 
o x id a tio n  la y e r  on the su rface  of the e le c t ro d e .  2  g of m ineral 
sample (g e n e ra l ly  the  -150+106 urn f r a c t io n )  was t r a n s fe r r e d  in to  the 
co n d it io n in g  c e l l  ( I ) ,  v ia  the side-arm  (H), which housed the P t-w ire  
in d ic a to r  e le c t ro d e .  This e le c t ro d e  was wet po lished  with 0 .3  urn 
a -  alumina on a "Selvyt"  c lo th ,  then washed with deoxygenated doubly 
d i s t i l l e d  w ater , befo re  being t r a n s fe r re d  in to  the c e l l .  The sample 
was conditioned  a t  the chosen feeder p o te n t i a l  fo r  30 minutes w ith  
n i t ro g en  passing  through the c e l l  and the PTFE-coated magnetic s t i r r e r  
in  o p e ra t io n  (P la te  4 .1 2 ) .  During the co n d it io n in g  s ta g e ,  the 
s o lu t io n  le v e l  was kept as low as p o s s ib le ,  i . e .  s u f f i c i e n t  to cover the 
feeder and counter e le c t ro d e s ,  so th a t  f e e d e r - p a r t i c l e  and p a r t i c l e -  
p a r t i c l e  con tac t  was enhanced.

A "M in is ta t"  p o t e n t io s t a t  (H.B. Thompson L im ited), programmed w ith  a 
Hi-Tek PPR1 waveform g en e ra to r ,  was used to c o n tro l  the  feeder 
p o te n t i a l  and a hom e-built b u ffe r  a m p l i f ie r  used fo r  impedance 
matching. I n d ic a to r  e le c t ro d e  p o t e n t i a l s  were monitored w ith , e i t h e r  a 
S in c l a i r  d i g i t a l  v o l tm e te r ,  or a N ico le t  (E xplorer I )  d i g i t a l  s to ra g e  
o sc i l lo sc o p e  (P la tt;  4 .1 3 ) .

A fte r  c o n d it io n in g , gas flow through the so lu t io n  was stopped by 
a d ju s t in g  T -taps  1, 4 and 5 in  Figure 4 .9 .  S t i r r i n g  was a lso  stopped 
to allow the m ineral p a r t i c l e s  in  suspension to r e tu rn  to the base of 
the c e l l .  The c e l l  was then f i l l e d  with deoxygenated b u f fe r  s o lu t io n  
and th ree  f l o t a t i o n  cu ts  made a f t e r  5, 15 and 30 m inutes, w ith a 
n i tro g en  f lo w -ra te  of 1 cm3  s - 1  (P la te  4 .1 4 ) .  The f l o a t s  were 
c o l le c te d  in  the c o l le c t io n  tube (F) and removed v ia  Tap 7. They were 
then d ried  and weighed to determine f l o t a t i o n  recovery .
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Plate 4.12 Conditioning of agitated mineral sulphide particles in the 
electro-Hallimond tube flotation cell.

4.3.3 Solution Analysis

The larger area of the particulate bed compared with that of the 
stationary mineral electrode was utilised to monitor the solution 
phase by chemical analysis. At various times during the conditioning 
stage known volumes of solution were withdrawn from the cell (I) via 
the side-arm (H) using a hypodermic syringe. Total iron and copper 
were determined by atomic absorption spectroscopy(294 *.
Analysis for sulphide and oxy-sulphur anions (eg S2032-, S4062-,
S032-) was not carried out because these anions may be oxidised to 
sulphate by Fe(III) species released into solution. Sulphate analysis 
was not attempted because the usually gravimetric method of
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Plate 4.13 The electro-Hallimond tube flotation cell and
electrochemical instrumentation used to control the 
Pt feeder electrode potential during the conditioning 
stage.

Plate 4.14 The electro-Hallimond tube flotation cell showing the 
flotation of mineral sulphide particles with purified 
nitrogen after conditioning.
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de te rm in a tio n  i s  su b je c t  to numerous sources of e r r o r s ,  due mainly to 
c o p r e c ip i t a t io n  of c a t io n s  and o th e r  an ions. This i s  a r e s u l t  of 
o c c lu s io n ,  whereby the contaminants a re  inco rpo ra ted  in to  the  i n t e r i o r  
of the  p r e c ip i t a t e  by adso rp tion  during  growth. Fe3+ causes s e r io u s  
e r r o r s  due to the formation on h y d ro ly s is  of a p o s i t iv e ly  charged 
f e r r i c  s a l t  which i s  s t ro n g ly  adsorbed on the n e g a t iv e ly  charged 
barium su lpha te*295).

4 .3 .4  Contact Measurements

To g a in  a b e t t e r  understanding  of the charging mechanism of m inera l 
p a r t i c l e s  in a pu lp /suspension  e le c t ro d e  system, a four e le c t ro d e  g la s s  
c e l l  was construc ted  as shown in  Figure 4 .10 . A s a tu r a te d  calomel 
e le c t ro d e  (SCE) was used as the re fe ren ce  e le c t ro d e  and a Pt f o i l  as 
the counter e le c t ro d e .  The feeder e le c t ro d e  was a Pt w ire sea led  
through a g la ss  c a p i l l a r y  connected to the end of the p lunger of a 
10 cm g la s s  sy ringe  (F igure  4 .1 1 a ) .  The m ineral e le c t ro d e s  shown in 
F igure  4.11b and described  in  s ec t io n  (4 .2 .1 )  were used. Each 
e le c t ro d e  was wet po lished  on 600 grade s i l i c o n  carb ide  paper and 
0 .3  ym -  alumina, then in troduced  in to  the c e l l  followed by the 
a d d i t io n  of deoxygenated b u ffe r  e l e c t r o l y t e .

To s im u la te  f e e d e r - p a r t i c l e  con tac t in  the pulp-suspension  e le c t ro d e  
system, the Pt feed er  e le c t ro d e  was p o la r is e d  a t  a chosen p o t e n t i a l  and 
the m inera l e le c tro d e  con tac ted  to i t .  The change in  the p o t e n t i a l  of 
the m inera l e le c tro d e  and the cu rren t  response a t  the p o te n t io s ta t e d  
Pt feed er  e lec tro d e  was recorded with a N ico le t  (Explorer I )  d i g i t a l  
s to ra g e  o sc i l lo sc o p e .

To s im u la te  the con tac t  of "charged" m ineral p a r t i c l e s  with 
"uncharged" m inera l p a r t i c l e s  in  the pulp , a m inera l e le c t ro d e  

p o la r i s e d  a t  a chosen p o te n t ia l  and an e le c tro d e  of the same m inera l 
con tac ted  to i t .  The change in cu rren t of the former and p o t e n t i a l  of 
the  l a t t e r  was measured as described  above fo r  P t-m inera l  co n tac t  
experim ents.
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Fig 4.10 Electrochemical cell used in contact measurements and experiments
on virgin sulphide surfaces. 1 - mineral electrode; 2 - platinum wire 
feeder electrode; 3 - counter electrode; 4 - sintered glass frit;
5 - Luggin capillary; 6 - reference electrode

(a)
wire

Mineral

Fig 4.11 (a) Pt feeder electrode used in contact measurements
(b) Mineral electrode used in contact measurements and 

experiments on virgin sulphide surfaces.
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RESULTS AND DISCUSSION
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CHAPTER FIVE : THE ROTATING SPLIT CYLINDER BI-ELECTRODE (RSCBE)

5.1  C a l ib ra t io n

A p y r i t e  RSCBE was c a l ib ra te d  over a wide range o f r o t a t i o n a l  
f req u en c ie s ,  using the r e a c t i o n s : -

■̂we

Fe(CN)63- + e ^ ----- ^ Fe(CN)64- .................... ( r x)
E = 0.46 + 0.0591 log  [Fe(CN)63-] -  0.0591 log  [Fe(CN)64-]

The c o l le c t io n  e f f ic ie n c y  (N) i s  defined a s : -

N = -  i c_ (5 .1 )

1WE

where ic and iWE are the collector and working electrode currentSj 
respectively.

The c o l le c t io n  e f f ic ie n c y  was measured f i r s t l y  under co n d itio n s  
whereby the reduc tion  of Fe(CN)63~ to Fe(CN)64_ a t  the  p y r i t e  working 
e le c t ro d e  and the rev e rse  re a c t io n  a t  the Pt c o l l e c to r  e le c t ro d e  were 
both under d i f fu s io n  c o n tro l .

Cyclic  voltammograms of p y r i t e  and platinum in  0 .1  M K3 [Fe(CN)6] w ith  
0 .1  M NaOH supporting  e l e c t r o l y t e  a re  shown in  F igures 5 .1  and 5 .2  
r e s p e c t iv e ly .  For comparison, voltammograms of each e le c t ro d e  in  the 
absence of f e r r ic y a n id e  a re  a lso  shown. Reduction of f e r r ic y a n id e  on 
p y r i t e  was under mass t r a n s f e r  co n tro l  a t  p o te n t i a l s  < 0 .2  V (F igure
5 . 1 )  . On platinum, o x ida tion  of the fe rrocyan ide  product formed 
c a th o d ic a l ly  was under d i f fu s io n  co n tro l  a t  p o te n t i a l s  > 0 .8  V (F igu re
5 . 2 )  .

Although the p y r i te  working e le c tro d e  c u rre n ts  inc reased  s t e a d i ly  a t  
p o te n t i a l s  > 0.5  V no anodic l im i t in g  cu rren t  was observed in d ic a t in g
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Potent i al  vs. S.H.E./V

Fig 5 .1  Cyclic voltammograms of RSCBE p y r i t e  working e le c t ro d e  in
0.1 M K3  [Fe(CN) 6  ] + 0.1 M NaOH. ( ---- ) w = O Hz; ( — ) w = 10
Hz} ( - . - )  voltaramogram in  0 .1  M NaOH only, w = O Hz.

th a t  the  c u rren t  a t  high anodic p o te n t ia l s  was due almost ex c lu s iv e ly  
to m inera l ox ida tion  ( r e a c t io n s  (c) and (d ))  and not fe rrocyan ide  
o x id a t io n .  S im ilar behaviour has been observed on sy n th e t ic  m i l l e r i t e  
(N iS )< 2 9 6  >.

The c o l le c t io n  e f f ic ie n c y  was obtained by holding the p y r i t e  and 
platinum  e lec tro d e s  a t  constan t p o te n t ia l s  of -0 .5  V and 1.0 V
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P o f e n t i a l  vs. S H E / V

Fig 5 .2  Cyclic  voltammograms of RSCBE Pt c o l l e c to r  e le c t ro d e  in  0 .1  M
K3  [Fe(CN) 6  ] + 0 .1  M NaOH. (  ) to = 0 Hz; ( — ) to = 10 Hzj
( - . - )  voltammogram in  0 .1  M NaOH only, to = 0 Hz.

re s p e c t iv e ly ,  and measuring i WE and i c as a fu n c tio n  of e le c t ro d e  
r o t a t i o n  speed (to).

The mass t r a n s f e r  c o e f f ic ie n t  Km has been obta ined  e m p ir ic a l ly  fo r  a 
r o t a t i n g  c y l in d e r ( 2 9 7  ) .

Sh = 0.079 Re0 * 7 0  Sc0 - 3 5 6  (5 .2 )

K_ = 0.079 r 0 * 4  v" 0  - 3 4 4  to0 - 7  D0 - 6 4 4  (5 .3 )In '

For a simple s teady  s t a t e  d i f f u s io n  la y e r  model the  value of the 
l im i t in g  c u rren t  i L i s  given b y :-
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i L = nFA Km C03 (5 .4 )

where CQj = bulk concen tra tion  of spec ies  j

S u b s t i tu t in g  (5 .3 )  in (5 .4 )

i L = 0.079 nFAr0 - 4 \ r 0  - 3 4 4 tt°- 7 D0  - 6 4 4 Co:> (5 .5 )

Thus fo r  a RSCBE a p lo t  of i WE versus  ( r o ta t io n  r a t e ,  co) 0 - 7  should be 
l i n e a r  as was found to be the case (F igure  5 .3 ) .  This i s  in  c o n t r a s t

Rotation r a t e ^ / t i z ^

Fig 5 .3  0 .1  H fe r r icy a n id e  reduc tion  cu rren t a t  a RSCBE p y r i t e
working e lec tro d e  in 0 .1  M K3 [Fe(CN)6] + 0 .1  M NaOH, as a 
func tion  of ( r o ta t io n  r a t e ,  « )0*7. (EWE(r#s , = -0 .5  V).
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to the r e s u l t s  of McKubre and Macdonald* 2731, who with a s im i la r  b i ­
e le c t ro d e  system overlooked low ro ta t io n  r a t e  n o n - l i n e a r i ty  in  t h e i r  
l im i t in g  c u rre n t  ag a in s t  ( r o ta t i o n  r a t e ,  co)0,5 p lo t s ,  chosen by 
analogy w ith  the behaviour of r o ta t in g  r in g - d is c  e le c t ro d e  systems 
(270) (see  Figure 5 . A).

Rotation r a t e ^ / h i z ^
Fig 5 .4  0 .1  M fe r r ic y a n id e  reduc tion  cu rren t  a t  a RSCBE p y r i t e

working e le c tro d e  in  0 .1  M K3[Fe(CN)6] + 0.1  M NaOH, as a 
func tion  of ( r o ta t i o n  r a t e ,  co)0,5 to show low r o ta t io n  r a t e  

n o n - l i n e a r i ty .  (Ewe(Fosz ) = v )-

i WE was p lo t te d  ag a in s t  i c fo r  r o ta t io n  r a te s  between 0 .5  and 50 Hz 
(F igure  5 .5 ) .  A c le a r  l i n e a r i t y  was observed with an average 
c o l l e c t io n  e f f ic ie n c y  of 12% over a l l  r o ta t io n  r a t e s  used. However, 
i f  the c o l le c t io n  e f f ic ie n c y ,  c a lc u la te d  a t  each r o ta t io n  r a t e ,  was 
p lo t te d  as a func tion  of w (F igure  5 .6 ; o ) ,  i t  was ev iden t th a t  a t  w 
values  < 5 Hz the c o l le c t io n  e f f ic ie n c y  decreased r a p id ly .  This was



123.

Fig 5 .5  C a l ib ra t io n  of p y r i te  working, Pt c o l l e c to r ,  RSCBE in  0 .1  M 
K3[Fe(CN)6] + 0.1 M NaOH. (EWE(r#v = -0 .5  V, Ec(pt) = 1.0  
V).

presumably due to the in c reas in g  in f luence  of r a d i a l  d isp e r s io n  with 
d ecreasing  r o ta t io n  speed. At co values > 5 Hz the c o l le c t io n  
e f f ic ie n c y  remained a t  between 75 and 80 X.

C o lle c t io n  e f f ic ie n c y  was a lso  c a l ib ra te d  fo r  co n d it io n s  a t  which 
Fe(CN)63" reduction  a t  the m ineral working e le c t ro d e  was under 
e le c t ro n  t r a n s f e r  c o n tro l  and Fe(CN)64~ ox ida tion  a t  the Pt c o l l e c to r  
was under d i f fu s io n  c o n tro l .  The working e le c t ro d e  was held a t  0 .4  V 
where the ne t cu rren t on p y r i t e  was zero. The e le c t ro d e  p o te n t i a l  was 
then pulsed c a th o d ica l ly  to 0 .3  V fo r  four seconds to reduce Fe(CN)63~ 
under e le c t ro n  t r a n s fe r  co n tro l  (see  Figure 5 .1 ) .  The cathodic  charge
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0 10 20 30 40 50
Rotation rate / Hz

Fig 5 .6  C o lle c to r  e f f ic ie n c y  of RSCBE in  0 .1  M K3[Fe(CN)6] + 0 .1  M 
NaOH, as a func tion  of «. ( 0 )  mass t r a n s p o r t  c o n t ro l le d ;
(CS) charge t r a n s f e r  c o n tro l le d  working e le c t ro d e  r e a c t io n .

passed a t  the  working e le c t ro d e ,  and the anodic charge due to 
Fe(CN)64“ o x id a tio n  a t  the Pt c o l l e c to r  (he ld  a t  a constan t p o t e n t i a l  
of 1 .0  V), was measured and the c o l le c t io n  e f f ic ie n c y  c a lc u la te d .  The 
amount of ca thod ic  charge passed was constan t fo r  a l l  experiments and 
independent of ro ta t io n  r a t e .  The c o l le c t io n  e f f ic ie n c y  versus  co p lo t  
fo r  th i s  s i t u a t i o n  i s  a lso  shown in  Figure 5 .6 (—0 —).

The c o l l e c t io n  e f f ic ie n c y  passed through a maximum a t  a r o ta t io n  r a t e  
of 2.25 Hz. At w values < 2.25 Hz the s teady  decrease  in  c o l l e c t io n  
e f f ic ie n c y  from a maximum f ig u re  of 52% was probably due to the 
in f lu en ce  of r a d ia l  d isp e rs io n  again . The in c re ase  in  r a d ia l  
d isp e r s io n  a t  high r o ta t io n  r a te s  may be due to the  formation of 
s t a b l e  hydrodynamic v o r t i c e s  with r a d ia l  components of 
co n v ec tio n 1 298 }, F igure 5 .7  B.
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A. Tod view

B Side view

Fig 5.7  Hydrodynamic flow around a RSCBE.

5.2 D etection  of Soluble E le c t ro a c t iv e  Species (Fe2+, Fe3+, H, S)

Platinum was chosen as the " in e r t "  s u b s t r a te  c o l l e c to r  e le c t ro d e  of 
the RSCBE because i t  was found th a t  Fe3+ reduction  to Fe2+ a t  
p o te n t i a l s  < 0.7  V and Fe2+ ox ida tion  to Fe3+ in  the p o te n t i a l  range 
0 .8  to 1.2 V could be de tec ted  in  the absence of H2S o x id a tio n ,  which 
occurred only a t  p o te n t ia l s  > 1.2 V (Figure 5 .9 ) .  Cyclic
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Pot e n t i a l  v s S . H E . / v

Fig 5.8 Cyclic voltammograms of RSCBE Pt collector electrode in 1M
HC104 + 0.1 M Na2S. (---) co = 0 Hz; (---) co = 10 Hz; (-.-)
no sulphide, oj = 0 Hz.
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voltararaograms of platinum in 1 mol HC104 plus 0.1 mol Na2S dm-3 are 
shown in Figures 5.8 and 5.9. A broad oxidation peak with a maximum 
at about 1.0 V was observed during the first scan only (Figure 5.9). 
Najdeker and Bishop1137 1 interpreted this peak in terms of the 
reaction:-

- 0.2 0.0 0 .2  0 .4  0.6 0 .8  1.0 1 .2  1 .4  1 .6  1 .8

Potential vs. S.KE/ V

Fig 5.9 Cyclic voltammograms of RSCBE Pt collector electrode in:
(---) 1 M HC104 + 0.1 M FeS04, w = 10 Hz; (---) 1M HC104 +
0.1 M Na2S (first three cycles), w = 10 Hz; (-.-) 1 M HC104, 
w = 10 Hz.

Pt.(H2S)X = PtSx + 2xH+ + 2xe ...... (d6)

(where x = 1 or 2)

They assumed that H2S is strongly adsorbed on the Pt surface 
immediately on immersion, forming Pt.(H2S)x.

On the premise that platinum (IV) sulphide is soluble in polysulphides 
whereas the monosulphide is not, the results of Najdeker and Bishop
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suggested that platinum (IV) sulphide is the species formed on the 
electrode surface during the oxidation of hydrogen sulphide (137). 
However, from electrode diffraction data Ramasubramanian(138> 
concluded that the monosulphide (PtS) was formed.

At potentials anodic of 1.3 V the current increased sharply on the 
first sweep to given an anodic wave at 1.8 V (Figure 5.8 B). Oxide 
formation or oxygen chemisorption was not evident, as indicated by the 
absence of a corresponding cathodic peak at about 0.7 V on the reverse 
scan. Repeated cycling caused the anodic peak at 1.8 V to decrease in 
size and for the peak potential to shift to less anodic potentials. 
After 20 cycles the I/E response remained unchanged; the anodic peak 
potential being 1.52 V (Figure 5.8 B). The reaction assigned to this 
peak was oxidation of H2S in solution to form elemental sulphur 
(reaction (v)) rather than the oxidation of platinum sulphide formed 
at lower potential (reactions (b6), (c6)), because the peak exhibited 
a large stirring rate dependence (Figure 5.8 A).

During the first five potential cycles, an anodic peak was observed at 
1.2 V on the reverse cathodic potential scans. A similar peak was 
reported*138'3001 at high sulphide concentrations (> 0.2 M). Other 
workers observed a cathodic peak in this potential region, which grew 
on repeated cycling; this was assigned to platinum oxide reduction.

Although the main reaction giving rise to the anodic peak at 1.8 V on 
the forward going scan was H2S oxidation (reaction (v)), oxidation of 
PtS2 to form platinum oxide, elemental sulphur and sulphate (reactions 
(b6), (c6) and (i6)) probably occurred in parallel with reaction (v) 
to a lesser extent. On the return scan platinum oxide may be reduced 
to platinum by reactions (h6) and (g6). It is known that PtS2 film 
formation decreases the rate of sulphur oxidation and that sulphide 
oxidation is not observed on oxide covered surfaces *300 >. Thus, when 
platinum oxide was reduced on the reverse potential scan, H2S 
oxidation was enhanced on the underlying Pt metal surface, leading to 
a net anodic peak current. Similar behaviour has been observed in the 
oxidation of organic substrates( 323 >.
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On repetitive cycling a thick sulphur layer was formed on top of the 
PtS2 film, retarding H2S and PtS2 oxidation, resulting in a decrease 
in the height of the anodic peaks on the forward and reverse scans. 
Sulphur reduction was not observed before hydrogen evolution, which 
occurred at < -0.25 V, under the fast scan rates used in these 
experiments. The absence of current peaks associated with hydrogen 
adsorption and desorption indicate that sulphide inhibits these 
processes and depresses hydrogen evolution by ~ 250 mV (Figure 5.8 A). 
Clearly, sulphur reduction on Pt is a very slow process. It has been 
reported that sulphur can be removed galvanostatically at very low 
current densities* 300 *.

Any further work carried out on the electrochemical behaviour of Pt in 
sulphide solutions needs to look at the effect of sulphide ion 
concentration in greater detail. Discrepancies in the results of 
various authors can be attributed to the wide range of sulphide 
concentrations used in different investigations. Greater care needs 
to be taken in the preparation of sulphide solutions to ensure that 
the surface layers on sulphide crystals are removed before dissolution 
and that deaerated distilled water is used to make up solutions, thus 
minimising sulphide oxidation prior to carrying out experiments.



CHAPTER SIX
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CHAPTER SIX : ELECTROCHEMICAL STUDIES ON PYRITE ELECTRODES

6.1 Thermodynamics

Potential (Eh)-pH and activity-pH diagrams for the S-H20 and Fe-S-H20 
systems are presented in Appendix II. The thermodynamic equations 
used to construct these diagrams were calculated from 
recently published1355*, critically assessed free energy of formation 
data for the various species present in each system (see Tables II(i) 
and II(ii), Appendix II).

The Eh-pH diagram (Figure 6.1) for the S-H20 system at 298 K <361) 
shows that the stability domain of sulphur is triangular and very

Fig 6.1 Potential-pH diagram for the S-H20 system at 298 K with a 
dissolved sulphur activity of 10“3(361).
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narrow, but nevertheless appears as a stable phase if the activity of 
sulphur species in solution is sufficiently high (> 10-6 M). Figure
6.1 shows that under oxidising conditions elemental sulphur is not 
stable at pH < 4. Oxidative acidic dissolution of sulphur has been 
widely studied using 02<224'256 ), HN03(357), KC103(357) and 
bacteria(358) as the oxidising agents, the major product being 
sulphuric acid(357,:~

Species such as sulphites do not appear in Figure 6.1 as they are 
thermodynamically unstable with respect to sulphates. However, 
electrochemical reactions involving sulphate are kinetically very slow 
or irreversible(65 ]. Thus elemental sulphur and/or sulphur-oxygen 
species such as S2032-, S4062", S032", S2062- may be formed as 
metastable phases over the relatively short time scales relevant to 
the interpretation of voltammetric behaviour. Consequently, Eh-pH 
diagrams for the S-H20 system, which exclude sulphur (VI) species and 
then all sulphur-oxygen compounds are also included in Appendix II.

Figure 6.1 shows that at high pH values there is no sulphur stability 
region, and this correlates well with some of the observed reactions 
of sulphur at pH > 6. Peters*65 ’ observed that sulphur dissolves at 
high pH in sulphate solution to yield:-

while Chen et al(165) found that sulphur disproportionates in alkali 
solutions (pH > 8) to yield both thiosulphate and sulphide ions:-

S + 4H20 = H2S04 + 6H+ + 6e (at2)

S0 32" + S° = s2o32- (bb,)

4S° + 60H" = S2032" + 2S2" + 3H20 (bCl)

Other workers(65»357 * have observed that in aqueous ammonia and 
Ca(OH)2, polysulphides and thiosulphate are formed:-

12S° + 60H" = S2032" + 2S52" + 3H20 (bd,)
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From thermodynamic predictions, the reduction of elemental sulphur to 
H2S should be facile. However, sulphur does not readily reduce to 
lower valence states, though H2(359), iron powder/HCl(360) and 
bacteria1358 1 have been used as chemical reductants.

The Eh-pH diagram (Figure 6.2) for the Fe-S-H20 system at 298 K was 
generated for dissolved sulphur and iron activities of 10“4 M. 
Reactions were considered between all possible combinations of species 
included in Table II(ii) (Appendix II), which incorporated data for 
nine iron solution species not considered by Bouet et al(354>. The 
areas of stability for the solid phases considered are enclosed by 
solid lines and dashed lines define the equilibria between prominant 
solution species.

Figure 6.2 shows that at low pH, pyrite becomes unstable with respect 
to Fe2+ and H2S, or at more oxidising potentials with respect to Fe2+, 
S° and S042~. At neutral and alkaline pH values pyrite oxidises to 
FeOOH and S042-. The main difference between this diagram and those 
reported by others(61'64-65»134'354} was the increased area of 
stability of ferric oxide/hydroxide, which was shifted to lower pH 
values due to the inclusion of FeOOH in the calculations. In 
addition, pyrite probably exhibits a meta-stable boundary at more 
oxidising potentials than those dictated by thermodynamic 
considerations due to the irreversibility of sulphate 
formation165*134 *. Such a meta-stable behaviour would result in the 
formation of FeOOH and S042" over a wider pH range than that shown in 
Figure 6.2.

6.2 Rest Potential Measurements

The rest potential of polished untreated and sulphidised pyrite 
electrodes are shown in Figure 6.3. A sulphidising pretreatment of 
pyrite electrodes with aqueous sodium sulphide solution prior to 
measuring their open circuit potential lowered the rest potential by 
about 0.35 V at all pH values. However, the rest potential of the 
sulphidised electrodes gradually increased with time and eventually 
reached the potential of untreated electrodes after 45 - 60 minutes.
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0 2 4 6 8 10 12 14
pH

Fig 6.2 Potential-pH diagram for the Fe-S-H20 system at 298 K with 
dissolved iron and sulphur activities of 10"4.

The use of sulphidising pretreatments of sulphide mineral electrodes 
has been rightly criticised by Trahar and Heyes(333) because of the 
probable deposition of elemental sulphur in oxygen-containing 
solutions. Therefore the effects of such pretreatments were compared 
with those of in situ abrasion (see section 6.3).



135.

Fig 6.3 The change of rest potential with pH for a pyrite electrode 
subject to different pretreatments. (O) no pretreatment; (#) 
sulphidised.

The open-circuit potential of untreated pyrite electrodes shoved a pH 
independent region at pH values < 0.5. Other workers have reported 
the rest potential to be independent of pH at values < 2 <i3o,i3u#
The open circuit potential in the pH independent region was 
approximately 0.54 V. At pH values > 0.5 the rest potential of pyrite 
decreased with pH by approximately 40 mV pH-1 for both untreated and 
sulphidised electrodes. As pyrite is a good electrocatalyst for 
oxygen reduction (185 " 187) a surface iron oxide or hydroxide was 
probably formed during polishing and washing, even in nominally 
deoxygenated solutions. At low pH values the hydroxide will dissolve 
by reaction (o^.



Fe3+ + 3H20 = Fe(OH)3 + 3H+ (Oi)

log [Fe3+] = 4.84 - 3 pH

A conditioning time greater than 5 minutes prior to measuring the rest 
potential in acid solutions is probably needed to remove the oxide 
layer from the surface by reaction (o1) and extend the pH independent 
region up to pH 2.

A pH-independent potential region was not observed for the sulphidised 
electrodes because the rest potential measured after 5 minutes was not 
a true equilibrium potential. The potential continued to increase 
with time until it reached the value obtained for an untreated 
electrode. Figure 6.2 shows that the potential of freshly polished 
unoxidised pyrite under oxygen-free conditions is probably controlled 
by reaction (a) (see Appendix I).

FeS2 = Fe2+ + 2S + 2e (a)

E = 0.423 + 0.0295 log [Fe2+]

in acid solutions, whereas in neutral and alkaline solutions reaction
(c) determines the potential (assuming sulphate formation (reaction
(d) ) is very slow):-

FeS2 + 3H20 = Fe(0H)3 + 2S + 3H+ + 3e (c)

E = 0.64 - 0.0591 pH

These reactions are represented, respectively by the horizontal pH 
independent line (a) and the diagonal pH dependent line (c) in Figure
6.3. Region (c) corresponds to the potential of a mineral surface 
passivated by the formation of oxides or hydroxides. Such a passive 
oxide electrode may function as a pH electrode with a slope of 0.059 V 
pH-1 (287). Reaction (c) is in reasonable agreement with the 
potential/pH slope of pyrite electrodes in the pH range 1 to 13.
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The measured rest potential of freshly polished pyrite in deoxygenated 
1 M HC104 of 0.537 V was similar to the 0.62 V reported by Peters and 
Majima(66) for 'passive' pyrite in 1 M HC104 (solution exposed to 
air). They also reported a value of 0.2 to 0.3 V for 'active' pyrite 
(cathodically pretreated), which agrees well with that measured for 
sulphidised pyrite electrodes. Peters and Majima(66> argued that the 
cathodic pretreatment generated a clean pyrite surface which had a 
thermodynamic potential consistent with reaction (a) when corrected 
for the Fe2+ activity. Their results indicated that pyrite in its 
natural state with a rest potential of 0.62 V is 'passive'. They 
ascribed the passive film to either adsorbed oxygen or an oxygen 
sulphur compound. However, they failed to explain why the open- 
circuit potential of initially active pyrite increases slowly with 
time to a value ~ 0.3 V higher than that predicted by reaction (a), 
even in 'deoxygenated' solutions.

Work in acidic solutions has shown that following a cathodic 
pretreatment to remove either an inhibiting sulphur or oxide layer, 
the open-circuit potential of binary metal sulphides (ie FeS, PbS, NiS 
and ZnS) is probably determined by a mixed potential mechanism 
involving the anodic process:-

MS = M2+ + S° + 2e ( 6 . 1 )

and the cathodic process:-

S° + 2H+ + 2e = H2S

E = 0.141 - 0.0591 pH - 0.0295 log [H2S]

(v)

to give an overall non-oxidative dissolution reaction (see section 
2.4.3):-

( 6 . 2 )
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Scott and Nicol(143) reported that the maximum rate of dissolution was 
found at potentials several hundred millivolts negative of those 
expected on thermodynamic grounds for reaction (6.1); thus a mixed 
potential model could not apply. However, they did not make 
allowances for the < unit activity of M2+ in solution which would 
shift the equilibrium potential for reaction (6.1) to more negative 
potentials.

Since pyrite is the most nobel/passive of all sulphide minerals the 
high potential requirement for reaction (a) ensures that a mixed 
potential mechanism involving reactions (6.1) and (v) does not occur 
on pyrite. An alternative mixed potential model is proposed here for 
pyrite, assuming that Fe(II)lattice is oxidised to Fe(III)lattice, 
either by the residual dissolved oxygen in solution (see below) and/or 
the photoexcitation of non-bonding t2g electrons localised on the 
cations (see section 6.7), before dissolution from the pyrite lattice. 
Once in solution, a mixed potential between the anodic process:-

FeS2 = Fe3+ + 2S + 3e (e)

E = 0.546 + 0.0196 log LFe^J 

and cathodic reaction:-

Fe3+ + e = Fe2+ (g)

E = 0.771 + 0.059 log [Fe3+] - 0.0591 log [Fe2+]

could then be established. As the concentration of Fe3+ in solution 
increases, the reversible potential for reaction (g) increases and 
drives the open-circuit potential for pyrite to more anodic potentials 
until a film of sulphur passivates the surface, the open-circuit 
potential being too high for it to be removed by reaction (v).

Peters and co-workers( 65-89} have pointed out that pyrite is one of 
the few sulphide minerals to have a molar volume smaller than its
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sulphur content, when the sulphur is in elemental form. Thus sulphur 
would protect pyrite under these conditions, when pyrite is not 
oxidised to sulphate to any great extent.

Although rest potentials for pyrite were measured under oxygen free 
conditions it is known that pyrite is a very good electrocatalyst for 
oxygen reduction (185 “ 187), hence the cathodic reduction of trace 
amounts of oxygen in solution by reaction (6.3):-

02 + 4H+ + 4e = 2H20 (6.3)

E = 1.229 - 0.0591pH - 0.0148 log PQ2

could be the initial driving force in a mixed potential process 
involving reaction (e), before reaction (g) becomes the dominant 
cathodic process.

6.2.1 Summary

The open-circuit potential of pyrite in solutions of pH < 0.5 is a 
mixed potential, the magnitude of which is probably determined by the 
reversible potential and kinetics of the anodic reaction (e) and the 
cathodic processes (g) and (6.3). The high anodic potential _
requirement for the anodic reaction (e) rules out the possibility of 
sulphur reduction (reaction (v)) contributing to the mixed potential, 
as it does for the binary sulphides (PbS, NiS, FeS). Thus, a sulphur 
film formed by reaction (e) could be responsible for passivating the 
surface of pyrite. An X-ray photoelectron spectroscopic (XPS) study 
is needed to characterise the nature of the passive film.

6.3 Studies on Virgin Pyrite Surfaces

Figures 6.4 and 6.5 show the effect of in situ grinding to produce a 
fresh mineral surface on the rest potential of pyrite at pH 0.0 and 
9.2 respectively. In both cases the rest potentials were lowered 
rapidly to values which lay within the thermodynamic stability field 
for pyrite and which were similar to those obtained for sulphidised 
pyrite electrodes.
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Fig 6.4 
(top)

Fig 6.5 
(bottom)

The change of rest potential with time (after in situ polishing) of a 
pyrite electrode at pH 0 (1 H HC10,). (A) commence polishing;
(B) finish polishing.
The change of rest potential with time (after in situ polishing) of a 
pyrite electrode at pH 9.2 (0.05 M Na_B,07). (A) commence polishing;
(B) finish polishing.
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When abrading vas stopped in 1 M HC104 the rest potential increased 
over one or two seconds by 150 mV and then increased gradually until 
the steady state rest potential of 0.54 V, as observed prior to 
grinding, was attained after approximately 45 minutes. At pH 9.2 the 
rest potential returned to its pre-abrasion value within 30 seconds.

A virgin mineral sulphide surface is expected to be very reactive 
because of the unsatisfied chemical bonds produced by abrasion. Thus 
the sharp rise in potential observed after abrasion was stopped was 
probably due to the rapid adsorption of solution species, i.e. H+ and 
C104“ at pH 0, Na+, B4072“ and 0H“ at pH 9.2, plus any residual oxygen 
in solution (302).

The mixed potential mechanism proposed in section 6.2 explains why the 
open-circuit potential steadily increases at pH 0. However, the model 
will not apply at pH values > 1.0, at which insoluble ferric 
oxide/hydroxide is formed and reaction (c) determines the rest 
potential. At pH 9.2, abrasion did not completely remove oxide layers 
from the surface of pyrite (see below). Thus the rapid rise in 
potential to the pre-abrasion value was probably due to re-hydration 
of the surface oxide layer:

FeOOH + H20 -* Fe(0H)3 (6.4)

(N.B. the equilibrium potential for the Fe(0H)3/Fe(0H)2 couple, 
reaction (k) lies 0.342 V positive of the Fe00H/Fe(0H)2 potential, 
reaction (n)).

Cyclic voltammograms of stationary pyrite electrodes in stirred 
solutions at pH 9.2, recorded immediately after different surface 
pretreatments, are shown in Figure 6.6. The first diagram (Figure
6.6 A) shows the first sweep voltammogram for a polished, otherwise 
untreated pyrite electrode. On sweeping the potential negative of the 
rest potential a cathodic peak was observed at -0.6 V, and on the 
subsequent reverse scan an anodic peak appeared at 0.08 V similar to 
those obtained by previous workers(128*129 *. Janetski et al(129) 
assigned the cathodic peak to the reduction of a surface layer of 
ferric oxide, or hydroxide, to ferrous hydroxide (reaction (k)) and
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Fig 6.6 Cyclic voltammograms of stationary pyrite electrodes in 
stirred solutions at pH 9.2 (0.05 M Na2B407), recorded 
immediately after different surface pretreatments, starting 
from the rest potential, first cycled cathodically then 
anodically at 100 mV s-1. (A) untreated sample; (B) fresh
pyrite surface produced by in situ abrasion; (C) electrode 
potentiostatted at -0.2 V for 5 minutes prior to sweeping the 
potential; (D) potential of pyrite electrode cycled six times 
between -0.2 V and -0.9 V before extending the anodic 
potential limit to 0.8 V.

the anodic peak on the reverse scan to the reverse process. The 
measured potential of -0.260 V, midway between the anodic and cathodic
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peaks, is in good agreement with the reversible potential for reaction 
(k) of -0.272 V at pH 9.2. Hichell and Woods(128) confirmed the 
presence of an oxygen-containing layer on the surface of pyrite by 
using x-ray emission spectroscopic analyses and correlating the 
results with the oxide forming charge passed on potential sweeps.

The structure of a-FeOOH is orthorhombic with a lattice parameter of 
0.4569 nm( 324 ). The charge needed to form a monolayer of a-FeOOH 
calculated from the lattice parameter assuming a one electron process 
is 152 yC cm-2. The charge measured under the anodic peaks in Figure
6.6 averaged ~ 1.7 mC cm-2. A roughness factor of ten for a pyrite 
surface abraded on 600 grade carborundum paper is not unreasonable 
(128). Thus the oxide coverage on pyrite was of the order of a 
monolayer.

In Figure 6.6 B a fresh pyrite surface was produced by in situ 
abrasion. The rest potential decreased to -0.2 V and a negative-going 
potential sweep was initiated from this potential before it could 
return to its pre-abrasion value (Figure 6.5). In Figure 6.6 C a 
pyrite electrode was potentiostatted at -0.2 V for 5 minutes before 
commencing the negative scan. This potential lies within the 
thermodynamic stability field for pyrite and was the open-circuit 
potential obtained after non-electrochemical pretreatments (ie 
sulphidising (Figure 6.3) and in situ abrasion (Figure 6.5)). Both 
Figures 6.6 B and 6.6 C show a first sweep cathodic peak 
(corresponding to reaction (k)) decreased in magnitude compared with 
the untreated sample (Figure 6.6 A). This confirmed that neither 
abrasion, nor the cathodic pretreatment, had removed the proposed 
oxide monolayer from the pyrite surface.

Although ferrous hydroxide is stable below -0.2 V at pH 9.2 (Figure II 
(viii)*, Appendix II), it is soluble to some extent (10~5 M, Figure II 
(vii)*, Appendix II) and should dissolve and be dispersed into the bulk 
solution. Thus in a final attempt to remove the oxide monolayer from 
the surface of pyrite, the potential was cycled five times between 
-0.2 V and -0.9 V in stirred solution before extending the anodic
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scanning limit to 0.8 V (Figure 6.6 D). An anodic peak, was still 
observed at 0.8 V of equal magnitude to that obtained for the 
untreated pyrite electrode (Figure 6.6 A), indicating that the ferrous 
oxide layer had not dissolved from the pyrite surface. Increasing the 
number of cathodic cycles did not decrease the size of the anodic 
current.

Extending the anodic scanning limit to potentials > 0.3 V caused 
multilayers of ferric oxide to form on the surface of pyrite by 
reactions (c) and (d) and the magnitude of the cathodic peak on the 
reverse scan to increase. This suggested that the oxidation products 
formed during polishing and on open-circuit were the same as the 
products formed during anodic polarisation. Continuous potential 
cycling between -0.2 V and -0.9 V removed the oxide monolayers, 
presumably due to ferrous oxide dissolution; however, a residual oxide 
monolayer always remained on the surface.

Similar experiments were carried out in acid solutions (Figure 6.7). 
Untreated pyrite electrodes exhibited a larger cathodic current on the 
first sweep from the rest potential than on subsequent sweeps, 
although no discernable current peak was observed before the onset of 
hydrogen evolution. Cathodic pretreatment and in situ abrasion were 
successful in cleaning the mineral surface because the cathodic 
current on the first sweep was greatly reduced, leaving only the 
background current due to the reductive dissolution of pyrite by 
reaction (p).

6.4 Cyclic Voltammetry

6.4.1 Anodic and Cathodic Reactions at pH 1.0 (0.1 M H,S0a,
0.1 M HC10J

Cyclic voltammograms of a stationary pyrite electrode in 0.1 M HC104 
are shown in Figure 6.8; similar behaviour was observed in 0.1 M 
H2S04. When the anodic potential scanning limit (E)^) was extended 
into the potential range 0.2 - 0.9 V, two cathodic peaks were observed 
on the return scan at - 0.0 V and -0.1 V. Reversing the scan again at
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Fig 6.7 Cyclic voltammograms of stationary pyrite electrodes in
stirred solutions at pH 0 (1 M HC104), recorded immediately 
after different surface pretreatments, starting from the rest 
potential, first cycled cathodically then anodically at 100 
mV s'1. (A) untreated sample; (B) electrode potentiostatted 
at 0.2 V for 5 minutes prior to sweeping the potential; (C) 
fresh pyrite surface produced by in situ abrasion.
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Fig 6.8 The effect of extending the anodic potential scanning limit 
(E)^) on cyclic voltammograms of pyrite at pH 1 (0.1 M HC104) in 
stirred solution and a sweep rate of 100 mV s-1. The insert shows an 
expanded view of the cathodic peaks at potentials < -0.6 V.

-0.3 V produced two anodic peaks displaced ~ 100 mV positive of the 
cathodic peaks. Both anodic and cathodic currents increased with 
increasing scan rate (Figure 6.9). The currents for the cathodic 
peaks x at 0.0 V and y at -0.1 V increased linearly with scan rate (v) 
as shown in Figure 6.10. This indicated that surface tranformations
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- 0.4  - 0.2 0.0 0.2 0.4  0.6

Potential vs. SHE./V

Fig 6.9 Cyclic voltammograms of a pyrite electrode at pH 1 (0.1 M 
HC104) as a function of potential sweep rate.

were involved rather than diffusion controlled processes, the peak 
current (Ip) of which would have been linearly dependent on v1/2.
When these lines were extrapolated back to zero sweep rate, a small 
residual current was observed on the y-axis (see Figure 6.10), which 
suggested that a parallel reaction, pyrite reduction by reaction (p), 
also occurred in this potential region.

When was extended to potential > 0.9 V the two cathodic peaks 
merged to give a single peak at — 0.05 V and a third peak appeared at 
— 0.2 V (Figure 6.8).
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Sweep rate 6))/ Vs-1

Fig 6.10 Currents for the cathodic peaks x and y plotted as a function 
of potential sweep rate.

For a positive-going scan, there was a steady rise in anodic current 
as the potential was increased. From the Eh-pH diagram of the Fe-S- 
H20 system (Figure 6.2) pyrite can oxidise to form either sulphur:-

FeS2 = Fe2+ + 2S + 2e (a)

E = 0.423 + 0.0295 log [Fe2+]

or sulphate (HS04_ at pH < 2):-
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FeS2 + 8H20 = Fe2+ + 2S042" + 16H+ + 14e (b)

E = 0.367 - 0.067 pH + 0.008 log [S042“J + 0.004 log [Fe2+]

The proportion of sulphate formed increased rapidly with increasing 
potential and accounted for the exponential rise in anodic current.
At potentials > 0.8 V, the iron formed would have been in the ferric 
state (reactions (e) and (f)). Although the solubility of Fe3+ with 
respect to ferric hydroxide (Fe(0H)3) is high at pH 1 (log[Fe3+] = 
1.84; reaction (ox)), its solubility with respect to goethite (FeOOH) 
is much less (log[Fe3+] = -4.85; reaction (ur)) (see Figures II(iv) 
and II(v); Appendix II). Hence, assuming that the local concentration 
of Fe3+ ions at the pyrite/solution interface exceeded its solubility 
on the positive-going scan, the cathodic peak which appeared at ~ 0.35 
V when was extended to potentials > 0.8 V can be assigned to the 
reduction of goethite by reaction (o). The cathodic peak at 0.71 V, 
which appeared on extending E)^ to potentials > 0.9 V, was attributed 
to the reduction of Fe3+ (reaction (g)) and soluble ferric hydroxy 
species, i.e. Fe(0H)2+ or Fe(0H)3 (reactions (h) and (j)), although 
stirring did not eliminate this peak completely (Figure 6.8). The 
effect of stirring on cyclic voltammograms is explained in section 
6.4.2.

The anodic polarisation curve in the potential range 0.7 to 1.0 V was 
not affected by stirring the electrolyte and had a Tafel slope of 94 
mV per decade (Figure 6.11), which is in good agreement with values 
from the literature178*. However, pulse voltammetry on polished 
pyrite electrodes produced a current which was strongly time-dependent 
(see section 6.5), due to the three dimensional growth of corrosion 
centres. Other workers(66'78'124,126) have not accounted for this in 
intrepreting Tafel slopes for pyrite electrodes in various 
electrolytes. Time-dependent surface phenomena preclude the 
attainment of meaningful steady-state currents and Tafel slopes.

There are three possible explanations of the voltammetric behaviour of 
pyrite at pH 1 giving rise to the two cathodic peaks at 0.0 V and 
-0.1 V:
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Fig 6.11 Tafel plot for a pyrite electrode at pH 1 (0.1 M HC104)

1) Assuming that sulphur is nucleated and formed under mild oxidising 
conditions, the two cathodic peaks can be assigned to the reduction of 
sulphur in two one electron processes (reactions (x) and (y)).

2) Fe2+ is oxidised to Fe3+ in the lattice followed by its transfer 
into the solution, leaving a metal-deficient sulphide film on the 
pyrite surface supersaturated with S22- ions. The S22- ions are then 
reduced in the lattice on the subsequent cathodic sweep by the 
reversible surface reaction:-

S 2~°2 (lattice ) 2e = 2S2_(lattice) (a,)
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which involves two separate one electron reductive steps, although the 
charges under each peak do not appear to be quite the same (see Figure 
6.9). The cathodic charge under both peaks when was extended to 
0.8 V was 307 yC cm-2, which indicated that a monolayer surface 
process was occurring. Reaction (ax) was first suggested by Conway et 
al(135) who observed two similar, reversible, monolayer surface 
processes in cyclic voltammograms of pyrite at pH 1. Only when the 
non-stoichiometry or composition range of pyrite is exceeded (< 1 at-X 
(303)), i.e. at potentials > 0.9 V, would a sulphur phase form on 
pyrite's surface and the two cathodic peaks merge to give a single 
reduction peak due to reaction (v).

3) A third explanation is that sulphur is formed immediately on 
oxidation by reactions (a) or (e), but is not reduced due to its 
dielectric nature (304). Figure 6.12 shows that at an value of

Fig 6.12 Cyclic voltammogram of a pyrite electrode at pH 1 (0.1 M 
HC104) and a sweep rate of 50 mV s-1.
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0.7 V the magnitude of the anodic and cathodic processes decreased on 
consecutive cycles due to the formation of a passivating film, 
attributed to sulphur, which was difficult to reduce. Other redox 
reactions (i.e. reaction (ax)) were inhibited. Only an extending 
to potentials > 0.9 V did the passive film breakdown as reaction (d) 
became the dominant reaction.

The number of moles of pyrite oxidised to sulphur and to sulphate on 
100 mV s'1 potential scans from the rest potential to different values 
of was determined by integration of the total anodic charge and 
the cathodic charge under the lower cathodic peaks on the reverse 
sweep. It was assumed that the charge associated with the lower 
cathodic peaks was due to sulphur reduction (reaction (v)) and that 
Fe(III) species, S°, and S042- were the only products of pyrite 
oxidation in the potential range studied. If x moles of pyrite are 
oxidised to sulphur and y moles to sulphate by reactions (e) and (f) 
respectively, then the total anodic charge (QA) passed on a potential 
sweep will be (3x + 15y)F coulombs. The cathodic charge from reaction 
(v) (Qc|v)) will be 4xF. Thus x = QC(V)/4F, y = (QA - 3xF)/15F and 
the number of moles of Fe(III), S° and S042- formed (x + y), 2x and 
2y, respectively. The number of moles cm-2 of sulphur and pyrite 
contained in a monolayer, calculated from their respective molar 
volumes of 16.4 and 24 cm3 mol-1, was found to be 1.84 x 10-9 moles 
cm-2 for sulphur, and 1.42 x 10-9 moles cm-2 for pyrite. Using these 
values, the number of monolayers of pyrite reacting to form sulphur, 
sulphate and the number of monolayers of sulphur formed can be 
ascertained.

Values of x, y, QA, Qc(v) etc for pyrite oxidation at pH 1 determined 
from these equations are presented in Tables 6.1 and 6.2 and Figures
6.13 - 6.16. Figures 6.14 and 6.16 clearly show that sulphate 
formation accelerated rapidly at potentials > 0.9 V so that at 1.4 V 
over 96% of pyrite reacted via reaction (f). Under mild oxidising 
conditions (E)^ < 0.9 V), the number of monolayers of sulphur formed 
exceeded the number of monolayers of pyrite reacted (Figure 6.15).
This supports the views of Bailey and Peters<89), who claimed that a 
perfectly non-porous insulating film of sulphur protects the surface
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Table 6.1  Quantity of Pyrite  Oxidised via  Reactions (e )  and (£) at pH 1 (0.1  M HClOd) on a 100 mV s"1 P oten tia l  Sweep from
the Rest P o ten tia l  (E,.) to D ifferent Values of the Anodic P oten tia l Scanning Limit (E\ a)

E\.'
V vs. 
S.H.E.

^A^^c(v) QA/mC cm-2 Qc<v) /mC cm~2

Moles of pyrite 
oxidising to sulphur, 
X x 1010/mol cm-2

No of monolayers 
FeS2 reaction 

via reaction (e)

Moles of pyrite 
oxidising to sulphate 
y x 1010/mol cm-2

No of monolayers 
FeS2 reacting 

via reaction (f)

0.2 1.52 0.0668 0.0439 1.13 0.10 0.235 0.02
0.3 1.26 0.1061 0.0843 2.184 0.19 0.296 0.03
0.4 1.07 0.1428 0.1335 3.459 0.31 0.295 0.03
0.5 1.13 0.1808 0.1598 4.141 0.37 0.421 0.04
0.6 1.17 0.2168 0.1857 4.812 0.43 0.536 0.05
0.7 1.14 0.2578 0.2256 5.845 0.52 0.612 0.05
0.8 1.03 0.3148 0.3069 7.952 0.70 0.585 0.05
0.9 1.19 0.4595 0.3874 10.038 0.89 1.167 0.10
1.0 6.50 2.6 0.400 10.364 0.92 15.892 1.40
1.2 50.21 35.9 0.715 18.526 1.64 244.35 21.60
1.3 76.39 86.4 1.131 29.305 2.59 591.13 52.25
1.4 94.07 163.3 1.736 44.981 3.98 1119.3 98.93
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* One monolayer of FeS2 = 1.42 x 10-9 mol cm-2 
** One monolayer of sulphur = 1.84 x 10~9 mol cm-2

Table 6.2  Quantity of Products Formed when Pyrite is  Oxidised at pH 1 (0 .1  M HC10d) on a 100 mV s"1 P oten tia l Sweep as a
Function of Anodic P oten tia l  Scanning Limit (E\ a)

EX, 
/V vs. 
S.H.E.

Moles of Fe III 
species formed 
x 1010 cm-2 and 
total moles FeS2 
reacting x 1010 cm-2

No of 
Monolayers 
of FeS2 
reacting*

Moles of sulphur 
formed x 1010 cm-2

No of
monolayers 
of sulphur 
formed**

Moles of sulphate 
formed x 1010 cm-2

% pyrite 
reacting

via reaction (f)

Molar ratio of 
sulphate/ 
sulphur 
formed

0.2 1.37 0.12 2.28 0.12 0.47 17.3 0.207
0.3 2.48 0.22 4.37 0.24 0.59 11.9 0.136
0.4 3.75 0.33 6.92 0.38 0.59 7.9 0.085
0.5 4.56 0.40 8.28 0.45 0.84 9.2 0.101
0.6 5.35 0.47 9.63 0.52 1.07 10.0 0.111
0.7 6.46 0.57 11.69 0.64 1.22 9.5 0.105
0.8 8.54 0.75 15.90 0.86 1.17 6.9 0.107
0.9 11.21 0.99 20.08 0.94 2.33 10.4 0.116
1.0 26.26 2.32 20.73 1.13 31.78 60.5 1.53
1.2 262.9 23.23 37.05 2.02 488.7 92.9 13.19
1.3 620.4 54.84 58.61 3.19 1182.3 95.2 20.17
1.4 1164.3 102.91 89.96 4.89 2238.6 96.1 25.15

_
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Fig 6.14
Fig 6.13

Quantity of sulphur,_|ulphate, and ferric species 
formed on a 100 mV s potential sweep as a function 
of the upper potential limit of the sweep (0.1 to 
0.9 V) for a pyrite electrode at pH 1 (0.1 M HCIO^).

Quantity of sulphur, sulphate, and ferric species formed 
on a 100 mV s potential sweep as a function of the upper 
potential limit of the sweep (0.1 to 1.4 V) for a pyrite 
electrode at pH 1 (0.1 M HCIO^).
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Fig 6.15

P o t e n t i a l  vs SHE. /  V

Number of monolayers of: pyrite oxidised to form sulphur 
(□); pyrite oxidised to form sulphate (A); total pyrjte 
oxidised (•); sulphur formed (0), during a 100 mV s 
potential sweep as a function of the upper potential limit 
of the sweep (0.1 to 0.9 V) for a pyrite electrode at 
pH 1 (0.1 M HC10a).

Fig 6.16

Po ten tial vs S.H.e/ v

Number of monolayers of; pyrite oxidised to form sulphur 
(H); pyrite oxidised to form sulphate (A); sulphur formed (O), 
during a 100 mV s potential sweep as a function of the upper 
potential limit of the sweep (0.1 to 1.4 V) for a pyrite 
electrode at pH 1 (0.1 M HCIÔ ,).
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of pyrite in acidic media. When the volume of sulphur does not occupy 
all the volume of decomposed pyrite, then protection stops. This 
occurred at ~ 1.0 V under the non-steady state conditions of the 
cyclic voltammetry experiments (Figure 6.16) and marked the onset of 
higher anodic currents/decomposition rate, and reaction (f) as the 
dominant pyrite oxidation reaction (Figure 6.8).

6.4.2 Pyrite RSCBE at pH 0 (1 M HC10.)

To deconvolute redox reactions that formed/reduced sulphur from those 
that produced/reduced Fe(III) species, pyrite electrodissolution 
reactions were investigated further using a RSCBE at pH 0.

Figure 6.17 shows a voltammogram of a FeS2 RSCBE in 1 M HC104. At pH 
0 the only oxidation product formed on the surface of pyrite should be 
sulphur. Rotating the pyrite electrode enabled a distinction to be 
made between reactions which formed soluble products and those in 
which surface species were produced. For a stationary electrode, 
dissolved products remain in the vicinity of the surface and can take 
place in further electrochemical reactions. When the electrode is 
rotated, soluble products are dispersed as they are formed.

In Figure 6.17 the reduction peak observed at 0.68 V on the reverse 
cathodic-going potential sweep was assigned to Fe3+ reduction by 
reaction (g). The peak was absent on rotating since the Fe3+ ions 
produced by reactions (e) and (f) were dispersed into the solution.
At lower cathodic potentials, the peak at — 0.1 V was assigned to the 
reduction of sulphur by reaction (v) because rotation did not decrease 
the peak. When the scan was reversed again at -0.3 V, and the 
electrode was stationary, H2S and Fe2+ remained in the vicinity of the 
electrode and were oxidised by the reverse of reactions (v) and (g) to 
give the shoulder on the main oxidation wave at ~ 0.9 V.

In separate experiments, voltammograms were recorded for a pyrite 
RSCBE in 1 M HC104 containing ferric, ferrous and sulphide ions 
(Figures 6.18 - 6.20). The presence of Fe2+ and Fe3+ in solution were
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Potential vs. S.RE/v

Fig 6.17 Cyclic voltammograms of a pyrite RSCBE in 1 M HC104 (pH 0).
(— ) stationary electrode; (-- ) rotated electrode.

found to increase the magnitude of peaks assigned to reaction (g), and 
a saturated solution of H2S enhanced peak (v), supporting the reaction 
assignment given above.

Comparing the reduction of Fe3+ ions at a pyrite RSCBE (Figure 6.18) 
with similar voltammograms for pyrite in 02-saturated 1 M HC104  

recorded by Biegler et al(186), it is clear that Fe3+ ions are much 
more easily reduced than oxygen at a pyrite surface. Fe3+ reduction 
started ~ 0.3 V positive of the potential onset for oxygen reduction.



Potential vs. S.H.E./V

Fig 6.18 Cyclic voltammograms of a pyrite RSCBE in 1 M HCIO^
+ 0.1 M FeCl„. (--) stationary electrode; (-- )
rotated electrode; (-•-•-) no ferric ions and 
electrode stationary.

-0 .2  0.0 0.2 0.4 0.6 0.8 1.0 12

Potential vs. SHE. / v

Fig 6.19 Cyclic voltammograms of a pyrite RSCBE in 
1 M HC104  + 0.1 M FeSO^.
(— ) electrode stationary; (-- )
rotated; (-•-•-) no ferrous ions 
stationary.

electrode 
and electrode
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Potential  vs. S.H£./V

Fig 6.20 Cyclic voltammograms of a pyrite RSCBE in 1 M HC104 + 0.1 M
Na 2 S. (— ) electrode stationary; (-- ) electrode rotated;

no sulphide ions and electrode stationary.

In comparison, the oxidation of Fe2+ at a pyrite RSCBE was kinetically 
much slower than Fe3+ reduction, because of hinderance due to the 
competing mineral oxidation reactions (e) and (f) (Figure 6.19). At 
pH 0, a limiting current of approximately 5 mA cm- 2  due to Fe2+ 
oxidation was obtained between 0.75 and 1.0 V when the electrode was 
stationary. This was less than the theoretical limiting current of
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~ 20 mA cm~ 2  from the Randles-Sevich equation (305) for a reversible 
process at a stationary electrode (assuming the diffusion coefficient 
for Fe2+ is 5.2 x 10“ 6 cm2 s" 1  (305) and v = 0.1 V s-1). This 
suggested that Fe2+ oxidation was mainly under kinetic control in this 
potential region, although a limiting current was observed. The small 
effect of electrode rotation on the Fe2+ oxidation current supported 
this view. At potentials > 1.0 V the anodic current was almost 
exclusively due to pyrite oxidation by reactions (e) and (f).

Voltammograms of pyrite at pH 0 in the presence of H2S exhibited no 
obvious anodic current peaks due to H2S oxidation (Figure 6.20). The 
cathodic peak (v) due to sulphur reduction was enhanced, indicating 
that H2S oxidation had taken place but at potentials > 0.65 V, where 
it competed with pyrite oxidation. The anodic currents at potentials 
> 0.65 V were less in the presence of H 2 S, suggesting that sulphur 
formed by H2S oxidation was passivating the pyrite surface. However, 
the presence of H2S may also change the activity of dissolved metal 
ions, thereby changing the overpotentials of the pyrite oxidation 
reactions, creating the same effect as passivation due to sulphur.

Figure 6.21 shows a voltammogram of a pyrite RSCBE in 1 M HC104 and 
the current response at the Pt collector electrode for a range of 
potentials (Ec). In separate experiments with ferrous and cupric 
sulphate in 1 M HC104, though in the absence of sulphide, Fe (II) 
oxidation and Fe (III) reduction on Pt were found to be transport 
controlled at potentials > 0.8 V and < 0.5 V, respectively (Figure 
6 .22).

The oxidation of FeS2 apparently produced no Fe (II) species judging 
by the absence of any corresponding collector oxidation current at 
potentials > 0.8 V (Figure 6.21), contrary to that expected from 
reactions (a) and (b). Surprisingly, soluble oxidation products were 
detected only when the working electrode potential was extended to > 
1.0 V. Fe3+ reduction at the collector electrode (0.2 and 0.0 V) 
suggested that the main mineral oxidation reactions were (e) and (f). 
The production of hydrogen ions concomitantly with sulphate formation 
(reaction (f)) gave rise to the increase in collector reduction
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Fig 6.21 Cyclic voltammogram of a RSCBE in 1 M HC10, (pH 0) with the pyrite 
working electrode (W.E.) swept anodically from 0.0 to 1.4 V, then 
cathodically to -0.35 V, with the platinum collector electrode held 
at various potentials (Ec).
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Potential vs. S.H.E./ V

Fig 6.22 Cyclic voltammograms of a RSCBE platinum electrode in 1 M 
HC104 + 0.1 M FeS04 + 0.1 M CuS04. (— ) electrode
stationary; (-- ) electrode rotated.

current at potentials < 0.0 V due to reaction (d^. At pH 0 and 
potentials < 0.0 V there was a large collector background current due 
to hydrogen evolution. Production of H+ from the pyrite working 
electrode by reaction (f), effectively lowered the interfacial pH at 
the collector electrode, increasing the reversible potential for the 
H 2 /H+ redox couple, thus increasing the collector background current 
due to reaction (dx).
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The FeS2 reduction peak at -0.1 V (Figure 6.21) has been attributed, 
in acidic solutions, to the reduction of anodically formed sulphur 
(see section 6.4.1)(134). However, anodic collector current responses 
at 0.8, 0.9 and 1.0 V suggested that some ferric oxide was formed 
anodically on the surface of pyrite even at a bulk solution pH of 0, 
probably by reactions (c) and (d), even though it is thermodynamically 
unstable at pH 0 (reactions (ox) and (u:)) (Figures II(iv) and II(v); 
Appendix II). At potentials > 1.2 V both Fe2+ and H2S were oxidised 
at the Pt collector electrode.

6.4.3 pH 4.6 (0.5 M CH,C00H + 0.5 M CH ĈOONa

Voltammograms for a stationary pyrite electrode at pH 4.6 in stirred 
solution are shown in Figure 6.23. Starting from the rest potential, 
repetitive triangular potential scans to increasing E^a values 
resulted in decreasing anodic currents on consecutive cycles in the 
potential range 0.0 to 0.4 V, suggesting a passivating process 
occurred in this region. Hamilton and Woods ' 1 3 4 1  assumed that pyrite 
oxidised by reactions (a) and (b) at these potentials and that ferric 
hydroxide was formed only at potentials > 0.4 V. However, the pyrite 
RSCBE results at pH 0 suggested that pyrite oxidised directly to 
Fe(III) species (see section 6.4.2). In the list of sulphide mineral 
redox reactions given in Appendix I it has been assumed that ferric 
hydroxide (Fe(0H)3) rather than FeOOH, is the ferric product of pyrite 
oxidation so that comparisons can be made with the work of other 
authors (134). Initially Fe3+ was released into solution and 
precipitated in the proximity of the electrode when its solubility was 
exceeded. At pH 4.6 the solubility of Fe3+ with respect to Fe(0H ) 3 is 
10- 8 - 9 6  mol dm - 3  (reaction (o1)). However, thermodynamic predictions 
indicate that goethite (FeOOH) is the most likely ferric species 
formed (reactions s: and t^:-

FeS2 + 2H20 = FeOOH + 2S + 3H+ + 3e (s:)

E = 0.521 - 0.0591 pH

FeS2 + 10H20 = FeOOH + 2S042" + 19H+ + 15e (tx)

E = 0.390 - 0.0749 pH + 0.0078 log [S042"]
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Potential vs. S.H.E./V

Fig 6.23 The effect of extending the anodic potential scanning limit 
(E^) on cyclic voltammograms of pyrite at pH 4.6 (0.5 M 
CH3 COOH + 0.5 M CH3 C00Na) in stirred solution and a sweep 
rate of 100 mV s"1.

At pH 4.6, the reversible potentials for reactions sx and t3 of 0.25 V 
and 0.045 V respectively, are less positive than those for reactions 
(c) and (d). Moreover, the solubility of Fe3+ with respect to 
goethite is only 10- 1 5 - 6 5  mol dm- 3  at pH 4.6 (reaction (u3); c.f.
10- 8 ' 9 6  mol dm - 3  for Fe(0H)3). Thus goethite probably forms 
spontaneously on the surface of pyrite via a solid state mechanism 
with no release of ferric ions into solution (c.f. dissolution- 
precipitation reaction at pH 1; see section 6.4.1).
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Hamilton and Woods ( 1 3 4 5  assigned the cathodic peak at — 0.2 V to 
sulphur reduction only (reaction (v); see Figure 6.21). However, 
goethite reduction (reaction (o)) has a greater pH dependency than 
that reaction, and at pH 4.6, goethite can be reduced in the same 
potential range as sulphur. Hence, only a single reduction peak was 
observed on the negative-going potential scan for values < 0.6 V.

Conway et al(135) reported that the two almost reversible monolayer 
surface processes, observed in cyclic voltammograms at pH 1 in this 
work (see section 6.4.1), were present in all their i vs E profiles of 
pyrite electrodes recorded over the pH range 1 - 1 1 .  However, they 
reported only the potential scanning limits used for cyclic 
voltammetry experiments at pH 1. Under the potential scanning 
conditions of these experiments, the two cathodic peaks were not 
observed at pH 4.6, although there was evidence for two anodic surface
processes at  0.25 V and -0.1 V (Figure 6.23). Probably the two
cathodic peaks, if present were hidden under the single reduction peak 
assigned to reactions (v) and (o).

As E ^  was extended to potentials > 0.6 V, the anodic current 
increased rapidly and sulphate formation (reaction (t2)) became the 
dominant oxidation process (Figure 6.23). Consequently, the local 
concentration of H+ ions at the pyrite/solution interface increased, 
lowering the pH. Hence some of the goethite formed at lower 
potentials started to dissolve and pyrite started to oxidise by a 
dissolution-precipitation mechanism (reactions (e), (f), (ox), (vx) 
and (wx), forming Fe(0H)2+, Fe(0H)2+ and Fe(0H) 3 at the higher 
overpotentials, giving rise to two further cathodic peaks on the 
return scan at - 0.0 V and 0.25 V. The former peak was assigned to 
Fe(0H ) 3 reduction (reaction (j)) and the latter to Fe(0H)2+ and/or 
Fe(0H)2+ reduction (reactions (h) and (i)).

Figure 6.24 shows the effect of increasing the cathodic scanning limit 
(E\c) on the anodic oxidation peaks at a fixed E ^  in quiescent 
solution. For E^c values in the potential range -0.4 V to -0.7 V, the 
cathodic current increased rapidly due to the reductive decomposition
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Potential  vs. S.KE./V

Fig 6.24 The effect of extending the cathodic potential scanning limit 
(E^c) on cyclic voltammograms of pyrite at pH 4.6 (0.5 M 
CH3 COOH + 0.5 M CH3 C00Na) in quiescent solution and a sweep 
rate of 100 mV s-1.

of pyrite by reaction (p) forming Fe2+ and H 2 S. On the reverse anodic 
scan a broad oxidation peak was observed at ~ 0 V assigned to H2S 
oxidation (reaction (v)), and at potentials > 0.4 V the anodic current 
increased due to the oxidation of Fe2+ by reaction (j) (see section 
6.4.3.1; Figures 6.26 - 6.28). On extending E^c to potentials < -0.7
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V, hydrogen ion reduction started to compete with pyrite cathodic 
decomposition, and a hydrogen oxidation peak, which was absent when a
pyrite RSCBE was rotated, began to appear at -- 0.55 V on the reverse
scan (reaction (dx).

Cyclic voltammograms of stationary pyrite electrodes in stirred 
solutions, recorded after holding the electrodes at -0.1 V for various 
times, exhibited an anodic peak at - 0.4 V on the first positive going 
potential sweep. The anodic peak increased in size as the pre­
conditioning time at -0.1 V increased (Figure 6.25). Similar 
behaviour was observed in non-buffered solutions at pH 4.6.

On the reverse cathodic scan the cathodic peaks assigned to Fe(0H)2+, 
Fe(0H)2+, FeOOH and/or sulphur reduction (reactions (h)f (i), (o) and 
(v), respectively) were enhanced, indicating that these species were 
products of the oxidation process occurring at 0.4 V on the anodic 
scan. This suggested that one of the products accumulating on the 
surface of pyrite during the conditioning stage was probably an 
adsorbed ferrous hydroxide species (Fe(0H)+(ada}) which was oxidised 
on the anodic scan by the following reactions:-

Fe(0H) + (ads, = Fe(0 H)2+(ads) + e (6 .6 )

Fe(0H) + (ads j + H20 = Fe(0H)2+(ad8) + H+ + e (6.7)

Fe(0H)+(ads) + H20 = FeOOH + 2H+ + e (6 .8 )
(or Fe(0H)3)

If the ferrous product had been Fe2+ ions, stirring would have 
dispersed them into solution and no oxidation and subsequent reduction 
of Fe(0H)+(ads) etc. would have been observed. No net current was 
measurable during conditioning at -0.1 V and the conditioning 
potential lay well within the stability field of pyrite at pH 4.6 (See 
Figure 6.2), which indicated that some kind of chemical redox process 
was occurring on the surface of pyrite during the conditioning period.
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Potential vs.S.KE/v Potential vs.S.HE./v

Potential vs. SHE./V Potential vs. S.KE/V

Fig 6.25 Effect of preconditioning at -0.1 V for various times on cyclic
voltammograms of pyrite in stirred solution at pH A.6 (0.5 M
CH^COOH + 0.5 M CH^COONa), and a sweep rate of 100 mV s
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The charges under the anodic peak at 0.4 V and cathodic peaks at - 0.4 
and — 0.2 V were measured, as a function of temperature and 
conditioning time at -0.1 V (see Table 6.3). Allowing for the 
dispersion of soluble ferric species formed by reactions 6 . 6  - 6 .8 , 
the high anodic/cathodic charge ratio suggested that sulphur-oxygen 
compounds were also formed on the surface of pyrite during 
conditioning, since their electrode reactions, especially those 
involving sulphate, are irreversible (61). An anodic/cathodic charge 
ratio of approximately one would have been obtained if only 
ferrous/ferric redox processes were involved.

Voltammograms initiated in a cathodic direction after preconditioning 
at -0.1 V exhibited no cathodic peaks, which precluded the possible 
formation of sulphur and goethite during the conditioning period.

Separate experiments with a pyrite RSCBE at pH 4.6 in the presence of 
ferrous and thiosulphate (S2 032-) ions showed that at 0.3 V both 
species started to oxidise on pyrite (see section 6.4.3.1, Figures 
6.27 and 6.29 B). This supported the hypothesis that ferrous 
oxide/hydroxide and sulphur-oxygen compounds were formed on pyrite's 
surface during conditioning at -0.1 V via a chemical reaction, 
involving two coupled electrochemical reactions.

Experiments by Biegler et al(186) have shown that at pH 4.6 and -0.1 
V, oxygen reduction on pyrite is mass transport controlled. Although 
solutions were ’’deoxygenated” in these experiments, the residual 
oxygen content in solution was still 10- 5  - 10” 3 mol m - 3  (0.5 - 50 
ppb) (see section 4.1). For mass transport controlled oxygen 
reduction, the cathodic current density is given by:-

iL = Z F D CQ (6 .8 )
6

Assuming the diffusion coefficient of oxygen in aqueous solutions is 
2 x 10" 9 m 2 s" 1  at 303 K (332), and the diffusion layer thickness under 
nitrogen sparging = 2  x 1 0 ” 3 cm(327), then iL lay between ~ 2  x 1 0 ”4—



Table 6.3 Effect of Temperature and Preconditioning Time at -0.1 V on the Charge (qa) Measured Uhder the Anodic Peak at 0.4 V 
and the Combined Charges (q,.) Under the Cathodic Peaks at ~ 0.4 V and — 0.2 V

TEMPERATURE / K

293 303 313 323 333

Time/
secs

Charge x 10“3/ 
C cm- 2

V i c Time/
secs

Charge x 10~3/ 
C cm- 2

V i c Time/.
secs

Charge x 10- 3  

C cm- 2

V i c Time/
secs

Charge x 10"3/ 
C cm- 2

V i c Time/
secs

Charge x Id-3/ 
C cm- 2

V i c

4c % % % <1a Qc <U Qc

300 0.0617 _ — 300 0.2034 0.0135 15.07 30 0.431 0.067 6.39 30 1.506 0.533 2.83 60 1.632 0.303 5.39
600 0.1113 - - 600 0.4035 0.0483 8.35 60 0.717 0.160 4.47 60 1.477 0.492 2.99 1 2 0 3.170 0.641 4.95
900 0.1565 0.0108 14.49 900 0.5687 0.0967 5.88 180 1.729 1.444 1.19 1 2 0 2.613 0.823 3.17 240 5.934 1.517 3.91

1 2 0 0 0.1747 0.0145 12.05 1 2 0 0 0.7317 0.1585 4.62 300 2.547 1.313 1.94 240 4.550 1.61 2.83 960 17.93 6.05 2.96
1800 0.2317 0.0239 9.69 1800 0.9138 0.2630 3.47 600 4.259 2.056 2.07 480 8.24 3.46 2.38 1920 38.31 13.24 2.89
3600 0.2971 0.0415 7.16 3600 1.242 0.3990 3.11 900 6.315 3.456 1.83 960 16.76 7.36 2.28 3600 67.78 17.43 3.89

1800 11.19 4.50 2.49 1920 35.32 14.41 2.45
2700 14.84 5.97 2.49
3600 17.34 7.67 2.26

171
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2 x 10" 2 A nr2. Assuming a monolayer coverage of ferrous hydroxide
and sulphoxy species is equivalent to 1 mC cm-2, between
1.25 x 102 and 1.25 x 104 seconds are required for its formation.
Thus a possible corrosion type mechanism for the chemical process 
giving rise to the anodic peak at 0.4 V is that any residual oxygen in 
solution is reduced on the surface of pyrite according to reactions 
6.9 - 6.13, which has been proposed as the reaction pathway for oxygen 
reduction in fuel cells* 3 3 4  >, and S22- ions in the pyrite lattice are 
oxidised to sulphur atoms (reaction (agj)). Oxygen reduction 
increases the interfacial pH and thereby stabilises FeOH+(ads) on the 
pyrite surface (Figure Il(vii); Appendix II).

0 2 + e = 0 2 (ads) (6.9)

<V,ads> + H+ = 0 2 H(ads) (6.10)

02H«ads, + e = 0 2 H-(ads) (6.11)

(ads) + ^ 2 ® + e = 02H (ads) + OH (ads) (6.12)

^ 2 ^ (ads) + - H 2 0 2(ads

^2 2 (lattice) " ^(ads I + 2e

(6.13)

(ag:)

The hydroxy radicals adsorb onto metal and sulphur sites on the pyrite 
surface eg:-

Fe 2 + (lattice) + OH"• = Fe(0H)+( ads ) (6.14)

2 S,ads, + 2 ‘° 2 H = 2 S0 2H (6.15)

2^(ads ) + ^ 2 ^ 2  “ S 2 (OH) 2 (a^l)

Meyer(126) postulated that the initial step in S2- oxidation involves 
the formation of S2 (0H) 2 (thiosulphurous acid), although it is unknown 
in the free state. In acidic solutions, thiosulphurous acid is a mild 
oxidising agent and can breakdown by various reactions* 3 2 6  *
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S2 (OH) 2 = H2S + S02 (6.16)

S2 (0H) 2  + H2S = 3S + 3H20 (6.17)

S02  + H20 = HS03- + H+ (6.18)

HS03- + S = S2 032" + H+ (6.19)

In summary, Fe(OH)+(ads>, S2 (OH) 2 and S2 032- species probably 
accumulate on the surface of pyrite by a corrosion type process 
involving the interaction of pyrite with oxygen reduction 
intermediates, formed as a result of the cathodic conditioning of 
pyrite.

6.4.3.1 Pyrite RSCBE Results

Figure 6.26 shows a voltammogram of the working electrode of a pyrite 
RSCBE in pH 4.6 buffer solution. The cathodic peak at -0.2 V was 
unaffected by stirring, which is consistent with the reduction of 
adsorbed surface species, viz sulphur and goethite, by reactions (v) 
and (o), respectively. The cathodic peaks at 0.0 and 0.25 V (Figure 
6.23) were enhanced in quiescent solution and merged into a single 
peak at ~ 0.1 V. This supported the reaction assignment given in 
section 6.4.3; viz reduction of soluble ferric hydroxide species (ie 
Fe0H2+, Fe(0H)2+ and Fe(0H)3, by reactions (h), (i) and (j) 
respectively). The H2S produced by sulphur reduction was reoxidised 
in quiescent solution when the scan was reversed again to give a broad 
anodic peak at - 0.0 V. Similarly, Fe2+ species produced by reduction 
of the ferric oxide/hydroxides were re-oxidised at potentials > 0.4 V, 
giving rise to a voltammetric wave. Both these anodic peaks were 
absent when the electrode was rotated, as H2S and Fe2+ were dispersed 
into solution.

The reaction assignments were vindicated further by voltammograms 
recorded separately in pH 4.6 buffer solution containing ferrous and 
sulphide ion (see Figures 6.27 and 6.28). The anodic step at 0.4 V 
increased in magnitude when Fe2+ was added to the solution, and 
similarly, sulphide ions enhanced the H2S oxidation peak at 0.0 V.
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Potential  vs. S.H.E/V

Fig 6.26 Cyclic voltamraograms of a pyrite RSCBE in 0.5 M CH3COOH +
0.5 M CH 3 C00Na (pH 4.6). (— ) stationary electrode; (---)
rotated electrode.

The only soluble oxidation products detected at the platinum collector 
electrode when the potential of pyrite was swept anodically to 1.2 V, 
were H+ ion; detected as a reduction current at a collector potential 
of -0.4 V, which suggested that reactions (Sj) and (t2) were the main 
oxidation reactions. Surprisingly, reduction of FeOOH and sulphur, 
formed on the surface of the pyrite electrode at anodic potentials, 
produced no oxidation of Fe2+ or H2S at the collector electrode. This 
may have been due to the precipitation of FeS (Ksp = 10"18) in the 
proximity of the electrode by reaction (jx), which is quite insoluble 
in mildly acidic and alkaline solutions. Unfortunately, the 
conditions required to maximise the collection of soluble species
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- 0 .8 - 0 .4  0.0 0 .4  0.8 1 2

Pofen tial vs S.H.E/V

Fig 6.27 Cyclic voltammograms of a pyrite RSCBE in 0.5 M CH3COOH + 0.5 
M CH3COONa + 0.1 H FeS04. (— ) electrode stationary;
(-- ) electrode rotated.

formed at the pyrite electrode, i.e. low sweep rates (10 mV s-1) to 
maximise the amount of FeOOH and sulphur formed during pyrite 
oxidation, and low rotation rates to minimise the dispersion of 
soluble Fe2+ and H 2 S, will also create high local concentrations of 
Fe2+ and H2S and low local concentrations of H+ at the electrode 
surface and hence cause FeS precipitation. A similar lack of response 
at the collector electrode was also observed at pH 7 and 9.2 when the 
products of FeS2 oxidation were reduced.



176.

Potential  vs.S.H.E/V

fig 6.28 Cyclic voltammograms of a RSCBE in 0.5 M CH3COOH + 0.5 M
CH3 C00Na + 0.1 H Na2 S. (A) platinum electrode; (B) pyrite
electrode; (---) electrode stationary; (---) electrode
rotated; ) stationary pyrite electrode with no
sulphide ions.

Although it is assumed that sulphide mineral oxidation leads directly 
to either sulphur or sulphate formation, sulphate ions are probably 
formed via a series of sulphur-oxygen metastable intermediates, i.e. 
S 2 022-, S 2 032-, HS032- etc(75'126'325> (Figure II(ii); Appendix II).
To establish the potential range in which thiosulphate ions (S2 0 32~)
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are oxidised on pyrite and platinum, cyclic voltammograms were 
recorded for both substrates using a RSCBE in 0.1 M Na 2 S 2 0 3 solution 
buffered at pH 4.6 (Figure 6.29).

Potential vs. S.H.E./V

Fig 6.29 Cyclic voltammograms of a RSCBE in 0.5 M CH3 C00H + 0.5 M
CH 3 C00Na + 0.1 M Na 2 S2 0 3 (A) platinum electrode; (B) pyrite
electrode; (— ) electrode stationary; (-- ) electrode
rotated; stationary pyrite electrode with no
thiosulphate ions.
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At a sweep rate of 1 V s- 1  thiosulphate oxidation commenced at 0.6 V 
on platinum. On the first anodic sweep an oxidation peak was observed 
at ~ 1.8 V which shifted to less positive potentials on repeated 
cycling. After 20 cycles the peak potential remained constant at 
~ 1.3 V (Figure 6.29 A). Platinum exhibited similar behaviour in Na2S 
solution (see section 5.2, Figure 5.8), although the oxidation peak 
did not decrease in size on cycling and no anodic peak was observed on 
the negative-going potential scan.

Contractor and Lal(139) and Loucka ( 3 0 1  • 3 0 6  * have reported that the 
species adsorbed on platinum from either solutions of H2S or S02 are 
virtually identical. Under conditions of potentiodynamic cycling the 
adsorbed layers from either solution exhibit a large oxidation peak at 
1.2 - 1.3 V at room temperature. At low pH thiosulphate decomposes 
readily (328). The platinum surface probably acts as a catalytic site 
for thiosulphate decomposition leading to an adsorbed sulphur and 
sulphur dioxide layer:-

Pt Pt  — ( S ) u d s l
I + S2 032- + 2H+ -» 1+ H20 (6.20)
Pt Pt —  (S02)udsl

which then oxidises according to the equations:-

Pt— (S)(ads) + 4H20 = Pt + S042- + 8 H+ + 6 e (6.21)

Pt-- (S02){adg) + 2H20 = Pt + S042" + 4H+ + 2e (6.22)

Thiosulphate oxidation on pyrite was found to commence at potentials > 
0.3 V. The presence of S 2 032- ions shifted pyrite's anodic 
polarisation curve (attributed mainly to sulphate formation (reaction 
(d)) at potentials > 0.8 V) to more negative potentials, which 
suggested that thiosulphate is probably an intermediate in sulphate 
formation on pyrite.

6.4.4 pH 7.0 (0.025 M KH,P0, + 0.025 M Na,HP0.)

Voltammograms for a stationary pyrite electrode at pH 7.0 in quiescent 
solution are shown in Figure 6.30. At values < 0.0 V, pyrite 
oxidation proceeded via reaction (sx) forming goethite and sulphur.
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Potential vs. S.H.E./V

Fig 6.30 The effect of extending the anodic potential scanning limit 
(E)^) on cyclic voltammograms of pyrite at pH 7 (0.025 M 
KH 2 P04 + 0.025 M Na2 HP04) in quiescent solution and a sweep 
rate of 100 mV s"1.

As pKa (H2 S) = 7 (reaction (z)), 50% of the sulphide species in 
solution, formed as a result of sulphur reduction on the reverse 
cathodic scan, should comprise HS" (reaction (w)) and 50% H2S 
(reaction (v)). Since the reduction of goethite and sulphur occurred 
in a similar potential range (a single cathodic peak was observed at 
- -0.4 V on the reverse scan), and because HS- is probably an 
intermediate in the formation of H2S by sulphur reduction (reactions 
(x), (y) and (z)), it is likely that goethite and sulphur reduction 
lead to the formation of insoluble ferrous sulphide (FeS), with no 
release of H2S into solution:-
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FeOOH + S + 3H+ + 3e = FeS + 2H20 (zx)

E = 0.290 - 0.059 pH

This reaction has a reversible potential of -0.121 V at pH 7.

Pyrite oxidation to sulphate (reactions (d) and (tx)) became more 
thermodynamically favourable on increasing the pH from 4.6 to 7. This 
resulted in an irreversible loss of sulphur from the surface of 
pyrite, leaving an excess of ferric oxide, even under mild oxidising 
conditions at pH 7. Thus, at values > 0.0 V, a second cathodic 
peak appeared (initially at -0.1 V), assigned to the reduction of 
excess ferric oxide by reaction (j). The peak shifted to more 
negative potential values on increasing E^a.

Thus, pyrite oxidised at potentials < 0.0 V by a surface 
transformation to form sub-monolayer quantities of goethite and 
sulphur. As sulphate formation became increasingly dominant over 
sulphur formation at potentials > 0.0 V, the concomitant lowering of 
pH at the mineral/solution interface resulted in ferric oxide being 
formed by a dissolution-precipitation process (reactions (e), (f) and 
(o^). Thus at 0.8 V, the oxide layer consisted of an inner monolayer 
of goethite and sulphur formed by a solid state mechanism and a few 
outer monolayers of an amorphous, more hydrated ferric oxyhydroxide 
(Fe(0H)3), formed by a dissolution-precipitation process. Increasing 
the anodic potential above 0.8 V lowered the interfacial pH 
sufficiently for some of the precipitated Fe(0H ) 3 to dissolve, forming 
soluble Fe(0H)2+ species (reaction (w1)). This resulted in a third 
cathodic peak (Figure 6.30) appearing on the reverse scan at ~ 0.0 V 
due to Fe(0H)2+ reduction by reaction (i) in quiescent solution.

Stirring the solution dispersed the soluble ferric species formed by 
pyrite oxidation into solution. Thus, the cathodic peak assigned to 
Fe(0H)2+ reduction was absent, and since less Fe(0H) 3 was precipitated 
on the surface of pyrite, the Fe(0H ) 3 reduction peak decreased in size
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Potential vs S.H.E./v

Fig 6.31 Cyclic voltammograras of a pyrite HSCBE in 0.025 M KH 2 P04 +
0.025 M Na 2 HP04 (pH 7). (---) stationary electrode (---)
electrode rotated.

in stirred solutions (Figure 6.31). The anodic current at potentials 
> 0.5 V was enhanced in stirred solution, which was consistent with a 
dissolution-precipitation oxidation mechanism at these potentials, 
since precipitated ferric hydroxides inhibited pyrite oxidation in 
quiescent solution.

An interesting characteristic of pyrite voltammograms recorded at pH 
7, was that the cathodic peak assigned to goethite and sulphur
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reduction (zx) at -0.4 V, increased in size as E^a was increased to 
0.4 V, reached a limiting value for E^a values between 0.4 and 0.7 V, 
then decreased as E^a was extended to potentials > 0.8 V (Figure 
6.30). This phenomena was observed in both quiescent and stirred 
solution, which implied that the effect was not due to goethite 
dissolution as a result of the low interfacial pH at high 
overpotentials.

It is generally assumed that sulphide minerals oxidise by two 
independent pathways leading to sulphur and sulphate formation, and 
that sulphate is not formed as a result of sulphur oxidation due to 
the high overpotential requirement for this reaction (61). However, 
the cyclic voltammograms shown in Figure 6.30 suggest that if sub­
monolayer quantities of sulphur are formed on pyrite, ie sulphur is 
present as ad-atoms rather than a separate thermodynamic phase, 
sulphur may be oxidised to sulphate at potentials > 0.8 V. This 
resulted in a decrease in the cathodic peak (z:) at -0.4 V.

Assuming that x moles of pyrite are oxidised to sulphur and y moles to 
sulphate by reactions (s^ and (tx) respectively, then the total 
anodic charge (QA) passed on a potential sweep will be (3x + 15y)F 
coulombs (see section 6.4.1). The cathodic charge Qc(Zi) arising from 
reaction (zx) is given by:-

Qc(ẑ ) = 6 xF coulombs (6.23)

The total amount of ferric oxide/hydroxide produced is (x + y) moles 
of which 2x is consumed in reaction (z:). Thus, the maximum 
theoretical cathodic charge resulting from the reduction of excess 
ferric oxide/hydroxide on the surface of pyrite by reaction (j), 
(Qc(j)), equals (x + y - 2x)F coulombs

Qc(j) = (y - x)F coulombs (6.24)

This assumes no soluble ferric species are formed and dispersed into 
the bulk solution, which is a reasonable assumption for quiescent 
solutions and E)^ values < 0.9 V.
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Values of x and y were determined from these equations by measuring 
Qa, Qc(z1, and Qc(j). QA was measured using a gated digital 
integrator. Qc(zi) and Qc(j, were determined from area measurements 
of peaks zx and j in Figure 6.30 using an image analyser. Corrections 
were made for peak overlap and the small amount of background charge 
due to pyrite reduction (reaction(r)). These values, together with 
the theoretical value of calculated from equation (6.24) are
presented in Table 6.4. The theoretical values of Qc(j) were negative 
for potentials < 0.6 V, which implied that there should have been 
an excess of sulphur (not ferric oxide) on the surface of pyrite at 
potentials < 0.6 V and that a cathodic peak due to the reduction of 
excess ferric oxide would not be observed until exceed 0.6 V. 
However, cathodic peak (j) appeared once exceeded 0.0 V, and the 
experimental values of Qc(j) were greater than the theoretical values 
for all values of E^a» so that less anodic charge was needed to form 
ferric oxides than predicted by this oxidative mechanism. Even if 
peak (z2) was assigned to sulphur reduction only (reactions (w) and 
(x)), and all ferric species were reduced separately under cathodic 
peak (j), or peak (z2) was assigned to reaction (sx), the experimental 
values of Qc(j, still exceeded the theoretical values. Therefore, 
under the non-steady state conditions of these experiments, possible 
anodic reactions which could occur in parallel with pyrite oxidation 
to sulphur are reactions (6.25), (6.26) and (6.27):-

FeS2 + 5H20 = Fe(0H) 3 + S2 022" + 7H+ + 5e (6.25)

FeS2 + 6H20 = Fe(0H ) 3 + S2 032" + 9H+ + 7e (6.26)

FeS2 + 6H20 = Fe(0H ) 3 + 0.5 S4 062" + 9H+ + 8 e (6.27)

These reactions require less anodic charge than sulphate formation 
(c.f. reaction (tx)), and form meta-stable sulphur-oxygen species 
which are possible intermediates in sulphate formation. It is assumed 
that these are irreversible processes since the reduction of soluble 
sulphoxy species was not observed on the negative going potential 
scans, even in quiescent solution (see Figure 6.30).



+Table 6.4 Quantity of Pyrite Oxidised via Reactions (s,) and (t,) at pH 7 (0.025 M Na 9 HP04 + 0.025 M KH.,POd)on a 100 mV s" 1  

Potential Sweep from the Rest Potential (Er) to Different Values of the Anodic Potential Scanning Limit (E^) 
in Quiescent Solution

Er = 0.150 V

EXa/
V vs. S.H.E.

QA/mC cm 2 QcUj / " 1 0  cm~2

Moles of pyrite 
oxidising to 
sulphur, x 
/moles cm- 2

Moles of pyrite 
oxidising to sulphate 
y/moles cm - 2

Theoretical CL,.:, 
value

(equation 6.24)/ 
mC cm- 2

Experimental Qc(i) 
/mC cm- 2

0 . 0 0.1611 0.0832 1.437 x 10- 1 0 0.828 x lO' 1 0 -0.0059 0 . 0 0 0 0

0 . 1 0.2836 0.1402 2.421 x lO' 1 0 1.475 x 10" 1 0 -0.0091 0.0549
0 . 2 0.4208 0.1904 3.289 x 10- 1 0 2.250 x lO" 1 0 -0 . 0 1 0 0 0.0871
0.3 0.5310 0.2312 3.994 x 10" 1 0 2.870 x lO- 1 0 -0.0108 0.1195
0.4 0.6320 0.2751 4.752 x 10- 1 0 3.416 x 10' 1 0 -0.0129 0.1387
0.5 0.7838 0.2751 4.752 x 10- 1 0 4.465 x lO- 1 0 -0.0028 0.1672
0 . 6 0.9942 0.2751 4.752 x 10- 1 0 5.919 x lO' 1 0 0.0013 0.1888
0.7 1.3033 0.2751 4.752 x lO" 1 0 8.055 x 10- 1 0 0.0319 0.2250
0 . 8 2.0416 0.2235 3.861 x IQ' 1 0 13.330 x lO" 1 0 0.0914 0.2867

184
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Assuming that x moles of pyrite were oxidised to sulphur, and z moles 
to sulphoxy anions (the formation of which requires n electrons), the 
total anodic charge (QA) passed on an anodic sweep would be (3x + nz)F 
coulombs

Substituting z for y in equation (6.24) the cathodic charge Qc(j) was 
measured and used to calculate z. Values for QA, x and z were then 
substituted into equation (6.28) and n was determined as a function of 
^Xa (see Table 6.5).

n was found to vary between 2 and 3 for E^a potentials between 0.1 and 
0.5 V. Only at potentials > 0.7 V, when the rate of pyrite oxidation 
increased sharply, did the value of n exceed 5 and pyrite oxidation 
proceed by reactions (6.25 - 6.27).

Assuming n equals 3 (for E^a values between 0.1 and 0.5 V), it is 
proposed that the reaction accompanying pyrite oxidation to elemental 
sulphur at E ^  potentials between 0.1 and 0.5 V did not involve 
lattice decomposition and the formation of sulphoxy anions, but 
involved the oxidation of Fe(II) to Fe(III) in the lattice, and the 
adsorption and deprotonation of water molecules, by the following 
reactions:-

n = Qh - 3xF 
zF

(6.28)

Fe(II) lattice = Fe(III) lattice + ® (6.29)

(6.30)

or

2H20 (6.31)

(6.32)



Table 6.5 Quantity of Pyrite Oxidised to Sulphur and a Sulphur-Oxygen Anion at pH 7 (0.025 M Na,HPOd + 0.025 M KH,POd̂  
on a 100 mVs-1 Sweep from the Rest Potential (Er) to Different Values of the Anodic Potential Scanning Limit (E\a) 
in Quiescent Solution

Er = -0.150 V

EXa/
V vs. S.H.E. QA/mC cm 2

Moles of pyrite 
oxidising to 
sulphur, x 
/moles cm-2

Experimental
/ (rc<j) 2/mC cm-^

Moles of pyrite 
oxidising to 
sulphur-oxygen 

anions, z 
/moles cm-2

Number of 
electrons (n) 
required for 
process z 

(n = Qa - 3xf) 
ZF

0.0 0.1611 1.437 x lO'10 0.0000 - —

0.1 0.2836 2.421 x 10-10 0.549 8.106 x 10"10 2.73
0.2 0.4208 3.289 x 10"10 0.0871 12.316 x lO"10 2.74
0.3 0.5310 3.994 x lO"10 0.1195 16.379 x 10~10 2.629
0.4 0.6320 4.752 x 10~10 0.1387 19.127 x lO-10 2.679
0.5 0.7838 4.752 x 10-10 0.1672 22.082 x lO-10 3.033
0.6 0.9942 4.752 x lO-10 0.1888 24.320 x 10"10 3.651
0.7 1.3033 4.752 x 10"10 0.2250 28.072 x 10-10 4.304
0.8 2.0416 3.861 x 10"10 0.2867 33.576 x lO"10 5.957
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Combining reactions (6.31) and (6.32) vith reaction (6.29), gives the 
overall reaction:-

FeS2 + 2xH20 = Fe{1_x)2+(Fe3+02H-S22-)x (S22")(1_x) + 3xH+ + 3xe
...(6.33)

This is similar to the reaction proposed by Biegler and Swift(78 
viz:-

FeS2 + 2H20 ^  FeS2(H02)ads + 3H+ + 3e (am:)

The mechanism by which water is adsorbed and deprotonated on pyrite at 
potentials well below the reversible potential for the H20/02 couple 
can be accounted for by considering the solid state properties of 
pyrite and invoking a semiconductor band model to explain the 
electrochemical behaviour of pyrite. This is described in section 
6.7).

Another possibility is that, between 0.1 and 0.5 V, pyrite oxidised by 
reactions such as:-

FeS2 + 3H20 = Fe(0H)3 + 3H+ + 0.5 S42" + 2e (anx)

and

FeS2 + 3H20 = Fe(0H)3 + 3H+ + 0.4 S52" + 2.2e (aox)

to form ferric oxide/hydroxides and soluble meta-stable polysulohide 
species. Hamilton and Woods1 325 * 330 ’ have argued that sulphide 
oxidation on gold occurs via a polysulphide ion intermediate:-

xHS" = Sx2- + xH+ + (2x - 2)e (aw2)

xS2_ = Sx2- + (2x - 2)e (apx)

where 2 < x < 5

Sx2" = xS° + 2e (aqx)
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They observed a slight imbalance in the anodic and cathodic charges, 
measured during anodic and cathodic sweeps on a gold electrode in 10~4 
M sulphide solution when the electrode was rotated. This suggested 
that a soluble polysulphide intermediate was formed during sulphide 
oxidation and sulphur reduction*3251. It was shown that the 
composition of the intermediate sulphide deduced from the relative 
charges passed in stripping a sulphur layer from a stationary and a 
rotated electrode was S22- at all the pH values studied (i.e. 6.8, 9.2 
and 13).

Recently Hodgson and Agar*3311 have proposed that the formation of 
polysulphides is an integral part of pyrrhotite oxidation, and from 
their analysis of voltammetric peaks deduced that the polysulphide 
formed on pyrrhotite in the pH range of their studies (i.e. 4 - 9 ) ,  
was also S22-. However, their reaction assignment of voltammetric 
peaks observed during anodic scans on pyrrhotite electrodes could be 
due to ferric oxide dissolution/precipitation, especially since the 
peak potential for the anodic peak assigned to the reaction,

S22" = 2S° + 2e (arx)

was pH dependent*3311.

Both Hamilton and Voods*325) and Hodgson and Agar*3311 proposed the 
formation of S22~ at all the pH values they studied. However, Chen 
and Morris*1651 computed concentrations of polysulphide species in 
equilibrium with sulphur over the pH range 6 - 1 0  for a 10-4 M 
sulphide solution (the same sulphide concentration as that used by 
Hamilton and Woods*3251), and found that the concentrations of S22- 
and S32- were very small compared with S42- and S52-. This is in 
general agreement with the general finding that in polysulphide 
solution only S42- and S52- are present in significant 
quantities*3281. Furthermore, it was found that in the pH range 6 - 7  
the concentration of these species was small in comparison with the 
concentration of dissolved sulphur*1651. The solubility of sulphur 
has been estimated to be approximately 5 x 10-6 mol dm-3*3291. The 
concentration of polysulphides (S52- and S42-) only became a 
significant fraction of the total dissolved sulphur at pH > 8 when the
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solution was saturated in sulphur'1651. Thus in Hamilton and 
Woods'(325) analysis of the reactions of sulphide ions on gold, and in 
Hodgson and Agar's'3311 oxidation mechanism for pyrrhotite, it is 
unlikely that S22- ions are formed, but more probably dissolved 
sulphur, by the reaction:-

S2- = Ssol + 2e (as^

Wierse et al(327) also studied the oxidation and reduction reactions 
of sulphide and polysulphide ions on gold. They concluded that only 
sulphur atoms form on the surface of gold and not larger sulphur 
chains. Their results showed that the sulphur layers obtained from 
sulphide or polysulphide solutions were identical and that 
polysulphide ions split during adsorption. HS“ was the product of 
sulphur desorption, not Sx2-(327).

Hamilton and Woods'3251 concluded that the oxidation of polysulphide 
to sulphur on gold (reaction (aqx)) is relatively rapid and that 
polysulphides were not intermediates in sulphate formation. Sulphur 
was oxidised to sulphate at higher potentials by the reaction:-

S + 4H20 = S042- + 8H+ + 6e (atx)

They also found that little of the soluble polysulphide intermediate 
(or soluble sulphur, as proposed above) was lost to the solution from 
a stationary electrode.

Thus if reactions (anx) and (ao1) were the oxidation processes 
occurring on pyrite in parallel with sulphur formation (reaction 
(s1)), the reduction of polysulphides/dissolved sulphur would have 
been observed on the reverse cathodic scan in quiescent solution (see 
Figure 6.30), and there would have been no imbalance of charge on the 
anodic and cathodic scans (see Table 6.4). However, since this was 
not the case, and no soluble species were detected at the collector 
electrode during anodic potential scans from the rest potential, 
reaction (6.33) seems the most likely oxidation process, in as much as 
it does not require the oxidation of S22- ions in the pyrite lattice.
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6.4.5 Anodic and Cathodic Reactions in Alkaline Solutions (pH > 7)

In alkaline solutions the predominance of sulphate formation and the 
associated irreversible loss of sulphur from the surface of pyrite 
produced a high oxide/sulphur ratio with ferric oxide the dominant 
surface phase.

Once formed, ferric oxide/hydroxide was difficult to remove by 
cathodic treatment due to the low solubility of ferrous ions in alkali 
media (10- 5 M at pH 9.2; reaction (px)). Studies on virgin pyrite 
surfaces at pH 9.2 (see section 6.3) showed that after prolonged 
cathodic treatment, monolayers of ferric oxide could be removed from 
the surface of pyrite, presumably due to ferrous oxide dissolution. 
However, an oxide monolayer was always left on the surface.

Cyclic voltammograms for a stationary pyrite electrode at pH 9.2 are 
shown in Figure 6.32. Reactions (c) and (d) gave rise to the anodic 
current above 0.3 V. The number of moles of H+ formed per mole of 
Fe(0H) 3 produced is high for pyrite oxidation to sulphate (reaction 
(d)). The large electrode rotation rate dependence of the anodic 
current at potentials above 0.3 V (Figure 6.33 A) suggested that 
reaction (d) lowered the interfacial pH sufficiently for ferric 
oxide/hydroxide to dissolve from the surface and re-precipitate away 
from the electrode where the pH was higher and/or for ferric hydroxide 
to be formed directly by a dissolution-precipitation process, thereby 
decreasing pasivation. This was found to be the case for fast sweep 
rates (> 100 mV s-1) even at pH 13 (Figure 6.34). However, at slower 
sweep rates (< 100 mV s-1) ferric oxide had more time to build up on 
the surface of pyrite before the lowering of pH became dominant.
Thus, a small potential window was observed at low anodic 
overpotentials at which pyrite was passive (e.g. between 0.0 and 0.5 V 
at pH 11; see Figure 6.35).

Assuming there was never an excess of sulphur on the surface of pyrite 
at pH 9.2, due to the predominance of sulphate formation, and that 
insoluble FeS was formed in preference to HS" (see section 6.4.4),
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Fig 6.32 The effect of extending the anodic potential 
scanning limit (E ) on cyclic voltammograms 
of pyrite at pH 9 M  (0.05 M Na2B^O^) in 
stirred solution and a sweep rate of 
100 mV s .

Fig 6.33 Cyclic voltammograms of a pyrite RSCBE in 
alkaline solutions. (A) pH 9.2 (0.05 M
Na2B407); (B) pH 13 (0.1 M NaOH); (___)
electrode stationary; (-- ) electrode rotated.
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Fig 6.34 The effect of extending the anodic potential 
scanning limit (Exa) on cyclic voltammograms 
of pyrite at pH 13 (0.1 M NaOH) in stirred 
solution and a sweep rate of 100 mV s'1.

Potential  vs. S.H.E./V

Fig 6.35 Cyclic voltammogram of a stationary pyrite
electrode in stirred solution at pH 11 (0.025 
M NaHC03 + 0.023 M NaOH), a scan rate of 50 mV 
s'1, the anodic potential limit extended to 
0.8 V.
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then the reduction of ferric oxide/hydroxide and sulphur could occur 
by three possible reactions:

FeOOH + S + H20 + 3e = FeS + 30H" (E - -0.254 V) (zx)

Fe(0H) 3 + S + 3e = FeS + 30H~ (E = -0.145 V) (1)

Fe(0H) 3 + e = Fe(0H) 2 + 0H“ (E = -0.72 V) (k)

All these processes occur at similar potentials, thus only a single 
cathodic peak was observed at ~ 0.3 V for E)^ values < 0.5 V. 
Nonetheless, the onset of the cathodic peak at -0.08 V, suggested that 
sulphur was reduced by reaction (1 ), rather than (zx), which was the 
cathodic process at pH 7. This change in mechanism was further 
evidence for sulphate formation becoming the dominant anodic process 
on increasing the pH from 7 to 9. Thus, under mildly oxidising 
conditions the lowering of interfacial pH resulted in Fe(0H) 3 being 
formed by dissolution-precipitation in preference to the more 
insoluble FeOOH by a solid-state mechanism.

On extending the anodic potential limit above 0.5 V, a second cathodic 
peak (q1) (Figure 6.32) appeared at -0.8 V, with an associated anodic 
peak at -0.55 V, which were assigned to the reaction:

Fe(0H) 2 + 2H+ + 2e" = Fe + 2H20 (qx)

Although the cathodic peak at -0.3 V showed no stirring rate 
dependence (Figure 6.33 A), which was consistent with reactions (1) 
and (k), there was evidence for ferrous hydroxide dissolution 
(reaction (pj)), since on the return anodic scan, the anodic current 
was greatest when the electrode was stationary. This was consistent 
with Fe2+ ions remaining in the vicinity of the electrode and being 
reoxidised by the reaction:

Fe2+ + 3H20 = Fe(0H) 3 + 3H+ + e (E = -0.572 V) (j)
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At pH 13 the anodic current shoved no stirring rate dependence on the 
return anodic scan, due to a decrease in the solubility of Fe(OH) 2 

from 10" 5 M at pH 9.2 to 10" 13 M at pH 13 (Figure 6.33 B).

Figure 6.36 shows a voltammogram of a pyrite RSCBE in 0.05 M Na2B407 

and the current response at the Pt collector electrode for a range of 
potentials (Ec). As suggested above, the oxidation of pyrite at 
potentials > 0.8 V produced soluble ferric species, which were reduced
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Fig 6.36 Cyclic voltammogram of a RSCBE in 0.05 Na2B407 (pH 9.2) with 

the pyrite working electrode (W.E.) swept anodically from 
-0.2 to 1.0 V, then cathodically to -0.6 V, with the platinum 
collector held at various potentials (Ec).
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at the collector electrode (0.4, 0.0 and -0.5 V). The increase in 
collector reduction response at collector potentials < -0.5 V and the 
appearance of an apparent anodic collector current associated with the 
cathodic processes (1) and (k) was due to interfacial pH changes 
caused by reactions (c), (d), (1 ) and (k) at the pyrite mineral 
electrode, affecting the large background current due to hydrogen 
evolution at the collector electrode (reaction (dt); see section 
6.4.2).

6.5 Pulse Voltammetry on Stationary Pyrite Electrodes

A computer program was written and used to analyse current-time 
transients (see Appendix III). Falling curves were fitted to t“1/2, 
t1/2, t" 1 and exp(t) expressions and rising transients to t, t1-5, t2 

and t3 relationships. Regression analysis was performed to give the 
best fit.

The current-time (i-t) transients observed in response to anodic 
potential steps applied to "active" pyrite electrodes (ie sulphidised 
or cathodically pretreated; see sections 6.2 and 6.3) fell into three 
groups, depending on the anodic overpotential range.

6.5.1 Current-Time Transients at Low Anodic Overpotentials; 
Transition from "Active" to "Passive" Pyrite

Figures 6.37 and 6.38 show typical I-t responses for pyrite electrodes 
at pH 4.6 and 9.2 at low anodic overpotentials. Similar curves were 
obtained at other pH values in the range 0 - 13 at low overpotentials. 
The transients consisted of a current spike followed by a decay over 
the first 0.7 seconds. The current then rose to a peak after about 1 
second and then decayed again. As the potential was increased, the 
rising transients became smaller (Figure 6.37), until at a given pH, a 
"critical potential" was reached; 0.410 V at pH 4.6, above which only 
a current decay was discernible (see Figure 6.39). The "critical 
potentials" were very similar to the open-circuit potentials of
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Fig 6.37 Current-time transients for a stationary pyrite 
electrode pulsed anodically from an "active" 
rest potential (-0.055 V) in stirred 0.5 M 
CH3C00H + 0.5 M CH^COONa )pH 4.6) buffer 
solution. Er rest potential; Epa , anodic 
pulse potential.

Time / secs

Fig 6.38 Current-time transients for a stationary
pyrite electrode pulsed anodically from an 
"active" rest potential (-0.135 V) in stirred 
0.05 M Na2B40, (pH 9.2) buffer solution. Er> 
rest potential; Epa, anodic pulse potential^
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Fig 6.39 "Critical potential" for pyrite electrodes pulsed from 
"active" rest potentials as a function of pH.

untreated "passive" pyrite electrodes (see Figure 6.3; section 6.2). 
Since this type of i-t transient was always observed for "active" 
pyrite in the anodic overpotential range lying between the open 
circuit potentials of "active" and "passive" pyrite, it probably 
represented the growth of the oxide and/or sulphur film, postulated by 
other workers as being responsible for the high open-circuit potential 
of untreated pyrite(65'66'89).

The form of the i-t response suggested an oxidation process that 
occurred in three stages:-

I. An Induction Period (0 - 0.7 sec)

The charge under the first current spike was proportional to the 
potential charge applied to the electrode, but was never
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> 130 pC cm- 2 over the pH range studied (0 - 13). Allowing for 
roughness factors this was less than would be expected for the double 
layer charging of a metal. For example, the mean capacity over the 
induction period, calculated using the equation:-

C = 9q (6.34)
3E

varied from 13 to 16 pF cm-2, at pH 1 (assuming a roughness factor of 
10), for overpotentials below the critical potential. This was less 
than 50 yF cm- 2 which would have been anticipated for the double-layer 
capacitance on a metal, which suggested that the solid state 
semiconductor properties of pyrite were dominating the reactions at 
its surface in this potential region.

After the spike, the current was found to decay linearly with t- 1 / 2  

over the first 700 milliseconds, which indicated that the process at 
this stage was diffusion controlled (Figure 6.40). In Section 6.7, a 
solid state semiconductor model for pyrite oxidation is postulated in 
which at small anodic overpotentials Fe (II) is oxidised to Fe (III) 
in the lattice, and partial water oxidation by hole injection into the 
electrolyte occurs, leading to the formation of deprotonated water 
molecules (02H)ads. These adsorb onto the Fe (III) sites maintaining 
charge neutrality, preventing lattice decomposition (see reaction 
6.33; section 6.4.4). It is proposed that the rate of this solid 
state reaction is determined by the diffusion of 02H species into the 
solid which in turn is dependent upon their surface concentration and 
their solid state diffusion coefficient. The potential applied 
determines the surface concentration of 02H. Although the slopes of 
i-t- 1 / 2  curves increased with increasing potential, a Nernstian slope 
for di/dt- 1 / 2  was not observed; slopes of 300 - 500 mV decade- 1 were 
obtained in the pH range 0 - 7 .  This may be due to a proportion of 
the applied potential falling across the space-charge layer of the 
semiconductor and not across the Helmholtz layer.

Compensation of the excess positive charge by 02H diffusion into the 
lattice occurs until the surface becomes saturated with Fe02H2+ 
species (ie x 1 in equation 6.33; section 6.4.4).
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Fig 6.40 Plot of i vs t~ 1 / 2 for the falling part of the transient from 
t = 0 to 0.7 s for a pyrite electrode at pH 4.6 (0.5 M 
CH3COOH + 0.5 M CH3C00Na), pulsed from an "active" rest 
potential of -0.055 V to: (1) 0.0 V; (2) 0.1 V; and (3) 0.2 
V.

II. Growth or Acceleratory Period (0.7 - 1.0 sec)

At this stage S22- ions were the only oxidisable ions in the outer 
surface layer of the pyrite lattice. The second stage of the 
oxidation process commenced when these ions started to oxidise, 
resulting in lattice decomposition and the formation of adsorbed 
sulphur atoms. This process was characterised by rising current 
transients from 0.7 to about 1.0 seconds which were found to rise 
linearly with time when the currents from the initial current fall 
were subtracted (Figure 6.41). The correction was obtained by 
extrapolating from Figure 6.40 and similar curves at other potentials.
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Fig 6.41 i - io vs t plot shoving the linearity in the rising part of 
the current-time transient from t = 0.7 to 1.0 s for a pyrite 
electrode at pH 4.6 (0.5 M CH3C00H + 0.5 M CH3C00Na). i is 
the current; i0 is the current attributed to the falling 
transient (obtained by extrapolation from Figure 6.38). 
Electrode pulsed from an "active" rest potential of -0.055 V 
to: (1) 0.0 V; (2) 0.1 V; and (3) 0.2 V.

A linear rise in current is characteristic of the tvo dimensional 
growth of a surface phase*362 * and the positive intercept on the time 
axis confirmed that an "incubation period" was necessary before this 
process commenced.
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III. Steady Oxidation (t > 1.0 sec)

There then followed a current decay again after 1.0 seconds which was 
found to fall with t" 1 / 2 again, although less steeply than for stage I 
(Figure 6.42). Steps I and II produced a resistive film at the

Fig 6.42 i vs t- 1 / 2 plot for the falling transient after the current 
maxima at - 1 s for a pyrite electrode at pH 4.6 (0.5 M 
CH3COOH + 0.5 M CH3C00Na), pulsed from an "active" rest 
potential of -0.055 V to: (1) 0.0 V; (2) 0.1 V; and (3) 0.2 V.

surface of pyrite consisting of chemisorbed perhydroxyl ions (02H~ads) 
and sulphur ad-atoms. Most of the applied potential now fell across 
the passive film and not across the Helmholtz layer. Thus, the rate 
of oxidation steadily decreased as solid state diffusion and IR losses 
become rate controlling. During this stage, any excess hydroxy 
intermediates formed during the partial oxidation of water at the 
pyrite surface, attached themselves to the sulphur ad-atoms, forming 
sulphur-oxygen compounds (see reactions 6.14 and 6.15; section 6.4.3).
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6.5.2 Current-Time Transients at Intermediate Anodic
Overpotentials; < 200 mV Positive of the Critical Potential

Only a current decay was observed for transients in this potential 
region. At pH 0 and pH 4.6 and short times (t < 1 second) the current 
decayed with t“1/2, indicating that the initial oxidation step 
probably involved the induction step suggested in section 6.5.1. At 
these higher anodic overpotentials, the rate of 02H diffusion into the 
lattice could not match the rate of Fe (III) formation in the lattice. 
Therefore charge neutrality was not maintained and pyrite oxidative 
lattice decomposition occurred before oxidation of S22- ions at the 
surface could occur as a separate process. Thus a rising current 
transient was not discernable.

At longer times (t > 1 second), the current was found to decay 
inversely with time, as might be expected of an adsorption (oxide 
growth) type process. This would be expected at pH 4.6 for which 
reactions (c) and (d) were the dominant oxidation reactions (Figure 
6.43). However, similar behaviour was observed at pH 0 where oxide 
formation would not be expected from thermodynamic data (see Appendix 
I I ) .  This suggests that partial water oxidation occurred in parallel 
to the bulk oxidative decomposition of pyrite at these longer times, 
and the i-t- 1 relationship was due to 02H" and OH adsorption onto the 
pyrite surface. Therefore at pH 0, even though the pyrite lattice was 
decomposing releasing Fe3+, S042- and H+ into solution. The 
intermediates OH and 02H probably attached themselves to some of the 
Fe ( I I I )  sites at the surface just before dissolution occurred forming 
a meta-stable ferric oxide layer, as was inferred from RSCBE studies 
(see section 6.4.2). If in excess, these species may have promoted 
sulphate formation by oxidising sulphur atoms on the surface before 
they could form a true elemental sulphur phase (see reactions 6.15 and 
6.16; section 6.4.3).

In alkaline solution, the predominance of sulphate and proton 
formation by reaction (d) lowered the interfacial pH sufficiently for 
ferric oxide to dissolve from the surface and reprecipitate away from 
the electrode where the pH was higher. Therefore, the rate of



203.

Time /s

Fig 6.43 Current-time transient for a pyrite electrode at pH 4.6 (0.5 
M CH3C00H + 0.5 M CH3C00Na) pulsed from an "active" rest
potential of -0.055 V to 0.7 V. (-- ) i vs t"1; R =
correlation coefficient.

oxidation was effectively controlled by the diffusion of Fe3+ and H+ 
away from the pyrite surface. Consequently, at pH 9.2 and pH 13 
falling transients, best fitted to an i vs t_ 1 / 2 relationship, were 
observed at intermediate and high anodic overpotentials (see Figures 
6.44 and 6.45).

6.5.3 Current-Time Transients at High Anodic Overpotentials in 
Acidic Solutions

A second critical potential was reached in acidic solutions at high 
anodic overpotentials, above which the current passed through a 
minimum again (i.e. 1.0 V at pH 0 and 0.7 V at pH 4.6).
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Fig 6.44 Current-time transient for a pyrite electrode at pH 13 (0.1 M 
(top) NaOH) pulsed from an "active" rest potential of -0.4 V to 

0.6 V. (-- ) i vs. t-0*5; R = correlation efficient.

Fig 6.45 Current-time transient for a pyrite electrode at pH 9.2 
(bottom) (0.05 M Na2B407) pulsed from an "active" rest potential of 

-0.2 V to 1.2 V. (— ) i vs. t-0,5; R = correlation
efficient.



At pH 0, the current at 1.0 V decayed inversely with time over the 
first 30 seconds; and a charge of 50 mC cm" 2 was passed (see Figure 
6.46). This was thought to be due to the adsorption and deprotonation

Fig 6.46 Current-time transient for a pyrite electrode at pH 0 (1 M 
HC104) pulsed from an "active" rest potential of 0.3 V to
1.0 V. (-- ) i vs. t"1; (-•-•-) i vs. t; Rx = correlation
coefficient for the decaying i vs. t" 1 relationship; R2 = 
correlation coefficient for the rising i vs. t relationship.

of water molecules (see section 6.7). At longer times (t > 30 sec) 
the current increased linearly with time, due to pitting dissolution 
probably resulting from the local pH change produced by reactions (c) 
and (d).

At higher potentials (> 1.0 V), the initial falling currents were best 
described by an i vs t" 1 / 2 relationship suggesting that the rate of 
oxidation was fast enough to be controlled by the diffusion of Fe3+, 
S042" and hydroxy radicals away from the electrode, possibly through a 
meta-stable oxide or sulphur film. The current then passed through a
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minimum, reached in shorter times with higher potentials, before 
increasing due to pitting dissolution. A second current minimum was 
then observed at longer times typical of the overlap of growing pits, 
before rising linearly again and finally reaching a plateau (Figure 
6.47). Similar behaviour was observed at pH 4.6 (Figure 6.48 and 
6.49).

Figure 6.50 shows the charge passed at a stationary pyrite electrode 
in stirred solution after 1500 seconds as a function of potential and 
pH. The high proton yield associated with sulphate formation on 
pyrite (reactions (d) and (f)) and the increasing dominance of this 
reaction with increasing pH, prevented a thick ferric oxide layer 
forming on the pyrite surface, even in alkaline solutions where ferric 
oxide is very insoluble. Therefore, mild passivation was observed on 
pyrite only at pH 9.2 and 13 at high potentials.

6 . 6  Electrode Impedance Measurements

Figure 6.51 shows the imaginary (capacitive and inductive) versus the 
real (resistive) components of impedance for a stationary pyrite 
electrode in stirred deoxygenated 1.0 M HC104 (pH 0), as a function of 
ac perturbation frequency (0.1 Hz - 10 kHz) and electrode potential. 
Behaviour at frequencies < 0.1 Hz was not determined, due to the 
excessive time requirement of carrying out such experiments with a 
non-stationary (i.e. time-dependent) systems such as FeS2. The 
spectra from 0.3 - 1.2 V appeared as capacitive loops in the shape of 
slightly depressed semicircles. The diameters of these semicircles 
decreased with increasing anodic potential and a low frequency 
inductive loop appeared at potentials > 0.9 V (Figure 6.51 B). 
Inspection of the high frequency region of each spectra revealed the 
presence of a second capacitive semicircle (Figure 6.52).

The intercept of high frequency points on the real impedance axis gave 
the sum of the uncompensated solution resistance (Ru ), and FeS2 

electrode plus contact resistance (Rs). Careful positioning of the 
Luggin probe close to the pyrite electrode, and the high conductivity
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Fig 6.47 Current-time transients for pyrite electrodes 
at pH 0 (1 M HC104) pulsed from an "active" 
rest potential of 0.3 V to various anodic 
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Fig 6.48 Current-time transient for a pyrite electrode 
at pH 4.6 (0.5 M CH3COOH + 0.5 M CH3C00Na) 
pulsed from an "active" rest potential of 0 . 0
V to 0.8 V. (-- ) i vs. t-1; (-•-•-) i vs. t;
Rl = correlation coefficient for the decaying 
i vs. t- 1 relationship; R2 = correlation 
coefficient for the rising i vs. t 
relationship.
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Fig 6.49 Current-time transients for pyrite electrodes 
at pH 4.6 (0.5 M CH3C00H + 0.5 M CH3C00Na) 
pulsed from an "active" rest potential of 0 . 0  
V to various anodic potentials.
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Fig 6.51 Impedance spectra (0.1 Hz - 10 kHz) for a
pyrite electrode in 1 M HC104 (pH 0). A) (A) 
0.5 V, (o) 0.9 V; (0 ) covers the whole 
spectrum for 1.1 V. B) (0 ) 1.1 V, (A) 1.2 V.
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Fig 6.52 Impedance spectra for a pyrite electrode in 1M 

HC104 (pH 0) showing the high frequency 
branch. A) 1.1 V; B) 0.5 V.
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of 1.0 M HC104, reduced Rg to < 0.1 G cm2. Furthermore, electrical 
resistivity measurements on the pyrite electrode used to generate the 
impedance spectra presented in Figure 6.51 showed its resistance to be 
approximately 11 2 cm2 (see section 3.2.7). Thus, although the high 
frequency points shown in Figure 6.52 fell on a straight line, which 
if extrapolated back appeared to cut the real impedance axis at zero, 
the impedance spectra at frequencies > 10 kHz must bend down and cut 
the real axis at ~ 11 2 cm2, since the intercept equals Ru plus Rs. 
Measurements at frequencies > 10 kHz was beyond the capabilities of 
the Solartron 1186 Electrochemical Interface used in these 
experiments. However, by extrapolating the low frequency semicircles 
and knowing the approximate high frequency real axis intercept, a 
semi-quantitative estimation of the diameter of the high frequency 
semicircle was possible at each positive potential bias.

Each semicircle in the impedance diagram can be described by an 
equivalent RC network electronic analogue model with double layer 
capacitance (Cdl), charge transfer resistance (Rct) and other kinetic 
parameters relating to adsorption etc. assigned to the various 
electronic components. The simplest model is a parallel network of 
resistance and capacitance with an impedance given by:-

1/z = 1 + j«C (6 .35)
R

The diameter of the semicircle equals the resistance (R), and the 
capacitance (C) is related to the angular frequency at the maximum of 
the semicircle («max) by:-

“ U . X  -  i  ( 6 - 3 6 )

CR

Figure 6.53 shows the capacitance calculated for the high and low 
frequency semicircles; Cx and C2 respectively, plotted against applied 
potential. Cx was approximately independent of potential, having a 
value between 5 and 9 pF cm"2, which suggested the dominance of a 
solid state or semiconductor space charge capacitance (Csc) at these 
frequencies. The low frequency capacitance C2 had a value of 
- 170 pF cm~ 2 at 0.7 V but decreased with increasing potential to
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Fig 6.53 The electrode capacitance of a pyrite electrode in 1 M HC104 

(pH 0) for the high frequency (C:) and low frequency (C2) 
semicircles as a function of potential.

level out at ~ 70 pF cm- 2 at potentials > 1.2 V, a value which 
probably represented the double layer capacitance (Cdl). The higher 
values of C2 obtained at lower potentials suggested the presence of a 
pseudocapacitance or adsorption capacitance (Ca), associated with 
product adsorption, in parallel to the double layer capacitance.

From this it can be seen that a more sophisticated electronic analogue 
model than a 2 component RC network is needed to account for all the 
various RC components mentioned above. In section 6.7 a solid state 
semiconductor mechanism is proposed to account for the oxidation 
behaviour of pyrite. An equivalent circuit which is consistent with 
this mechanism and accounts for the behaviour given above is shown in
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Figure 6.54. Rct̂  and Rct̂  are charge transfer resistances associated

A
c dl

Fig 6.54 Equivalent circuit (A), and complex plane impedance plot (B)
for pyrite oxidation in 1 M HC104 (pH 0). Ru, solution
resistance; R , electrode resistance; R_. , R_. , charge

1
transfer resistances; Ra, adsorption resistance; Csc, space 
charge capacitance * Cdl » double layer capacitance; Ca, 
pseudocapacitance.

with hole injection into solution at the valence band edge and 
electron injection into the conduction band edge respectively. The 
former process results in partial water oxidation whereas the
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latter process is responsible for lattice decomposition. Ra is an 
adsorption resistance.

The diameter of the high frequency semicircle, assigned to Rct^, 
appeared to be independent of potential. This behaviour can be 
explained if it is assumed that for a "pseudo-semiconductor" like 
pyrite, band bending is small and is unaffected by any changes in 
external polarisation potential applied to the electrode (see section 
6.7). Thus the rate of hole injection at the valence band edge, which 
is proportional to the band bending, will also be independent of 
potential.

The relatively high values of capacitance (C2) obtained at low 
potentials for the low frequency semicircle (see Figure 6.53), were 
attributed to the adsorption at the interface of hydroxy species (i.e. 
0Hads, 0ads and 0 2H“adB), formed as a result of the partial water 
oxidation process. When adsorbed, they created a passivating oxygen 
containing layer at the pyrite/solution interface. As the potential 
increased, a point was reached where the conduction band edge was 
lowered below the potential required for pyrite lattice decomposition, 
so the lattice started to oxidise according to reactions (e) and (f). 
These reactions, and the lowering of interfacial pH accompanying 
reaction (f), helped to dissolve and desorb the passive film. The 
desorption process was marked by the appearance of inductive (negative 
capacitance) loops in the impedance spectra at low frequencies (Figure
6.51 B), and the capacitance of the low frequency semicircle C2 (which 
equals Ca + Cdl), approximating to Cdl as Ca tended to zero (Figure 
6.53).

At pH 9.2 the impedance spectra consisted of two semicircles between 
0.6 - 0.8 V, which could be generated by two RC networks in series 
(Figure 6.55). Such behaviour has been observed and modelled1317} for 
passivated metal surfaces. The preferential oxidation of pyrite 
oxidation to sulphate (reaction (d)), rather than sulphur (reaction 
(c)), and the insolubility of ferric oxide at pH 9.2 suggested that 
the impedance spectra between 0.6 and 0.8 V represent a FeS2/oxide (+ 
some sulphur)/solution structure, each interface having an associated
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Fig 6.55 Impedance spectrum (0.1 Hz - 10 kHz) for a pyrite electrode 
in 0.05 M Na2B407 (pH 9.2) at 0.8 V, shoving two semicircles 
generated by two RC networks in series (see Figure 6.56).

capacitance. In Figure 6.56 the high frequency intercept, real axis 
resistance (R), for impedance spectra at pH 0, 4.6, and 9.2 is plotted 
as a function of potential. Subtracting the combined electrode (Rs) 
plus solution (Ru) resistance (11 Q cm2) from R gives the resistance 
associated with the oxide film (Rf) on the surface of pyrite. Figure 
6.56 shows that Rf was negligible at pH 0, but as the pH increased and 
the insolubility of ferric oxide also increased, the film thickened 
and Rf increased to ~ 25 8 cm2 at pH 9.2, which reflected the low 
conductivity of the oxide film.

Over the frequency range studied (10 kHz - 0.1 Hz), the capacitance 
could be calculated for each semicircle only at 0.8 V, since between 
-0.2 and 0.4 V the spectra only approximated to arcs, and at 0.6 V the 
low frequency semicircle was not sufficiently defined to allow a
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Fig 6.56 Real axis, high frequency intercept resistance (R), for 
pyrite at pH 0, 4.6 and 9.2, plotted as a function of 
potential. Ru, solution resistance; Rs, electrode 
resistance; Rf, electrode surface film resistance.

quantitative analysis of capacitance (Figure 6.57). At 0.8 V the 
capacitance of FeS2/oxide interface (Cd̂ ) was 157.6 jjF cm- 2 and that 
of the oxide/solution interface (C^), 7881 yF cm-2. These large 
values of capacitance suggested that the oxide film was probably quite 
porous, especially at the oxide/solution interface, giving a large 
internal surface area and hence large capacitance values. An 
equivalent circuit(364) for the impedance spectra at pH 9.2 is shown 
in Figure 6.58. Cg is the geometrical capacitance of the oxide film 
and is given by:-

Cg = c0 srA/l (6.37)

where £r is the relative permittivity of the oxide film, A is the 
electrode area and 1 is the film thickness.
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Fig 6.57 Impedance spectra (0.1 Hz - 10 kHz) for a pyrite electrode in 
0.05 M Na2B407 (pH 9.2). A) -0.2 to 0.6 V; B) 0.6 to 0.8 V.

6 .7 A Solid State Semiconductor Mechanism for Pyrite Oxidation

There is controversy in the literature as to the nature and mechanism 
of electrochemical reactions on the surface of pyrite, i.e. passive 
film formation and the predominance of sulphate over sulphur formation 
compared with other sulphide minerals, such as CuS and 
Cu2S ( 6 6 ' 78 - 89 ' 136 >. This may be because the influence of solid state 
properties on the electrochemical reactions of pyrite (i.e. energy 
distribution of electronic states and crystal structure) has not been 
attempted previously.
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A

Fig 6.58 Equivalent circuit (A) and complex impedance plot (B) for 
pyrite oxidation in 0.05 M Na2B407 (pH 9.2). Ry, solution 
resistance; Rs, electrode resistance; Rct ,̂ charge transfer 
resistance at pyrite oxide interface; Rf, film resistance;; 
Rct , charge transfer resistance at oxide/solution interface; 
Cg, geometric capacitance of pyrite/oxide interface; , 
differential capacitance of pyrite/oxide interface; Cd^, 
differential capacitance of oxide/solution interface.

Figure 6.59 shows a schematic representation of the electrical double 
layer at the sulphide mineral/solution interface of a simple binary 
sulphide e.g. ZnS or PbS, which exhibit a considerable amount of ionic 
bonding. The sulphide mineral is made up of a lattice of positive 
metal ions and negative sulphide ions. The first solution layer 
adjacent to the mineral is occupied largely by water molecules. The 
locus of the centres of specifically adsorbed ions in this layer 
defines the Inner Helmholtz Plane. Water molecules are asymmetric, 
and hence have a dipole with oxygen atoms orientated towards the metal 
ions, and hydrogen atoms towards the sulphide ions.
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Fig 6.59 Schematic representation of the solid/solution interface for 
a binary sulphide mineral MS (eg ZnS or PbS), shoving the 
orientation of water molecules in the first solution layer 
adjacent to the mineral (IHP = Inner Helmhottz Plane).

However, the electronic structure of ZnS and PbS differs widely from 
that of FeS2. Both ZnS and PbS are diamagnetic semiconductors with 
band gaps of 3.67 eV and 0.4 eV respectively. Simple molecular 
orbital and band models for ZnS are shown in Figure 6.60. The highest 
filled energy band, the valence band, is derived from sulphur 
orbitals. Pyrite is also diamagnetic indicating that the six d 
electrons of Fe2+ must be paired and completely fill the t2g orbitals, 
reflecting the strength of the ligand field due to the disulphide 
anions(34). The bonding of Fe2+ to sulphur in octahedral coordination 
is illustrated in the molecular orbital diagram in Figure 6.61. One 
hybrid sp3 orbital from each of the six sulphurs, derived from
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Zn-S molecular

Fig 6.60 Bonding in ZnS. a) schematic molecular orbital diagram for 
pure ZnS; b) corresponding ZnS band model (34).
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Fig 6.61 Molecular orbital energy .̂̂ rel diagram for pyrite^2\  The effect 
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non-bonding t^^ and antibonding e^*orbitals is also shown.
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sulphur's 3s and 3p orbitals forms, six c bonds with d2sp3 hybrid 
orbitals of the central transition metal ion. The d2sp3 hybrids 
consist of the two eg orbitals (dx 2_ y 2 and dz2), the one 4s orbital 
and three 4p orbitals. The highest filled orbitals, the three t2g 
orbitals (dxy, dyz, dxz) of the transition metal, remain nonbonding 
and apparently do not form n bonds with sulphur's empty 3d 
orbitals(34) • Overlapping of molecular orbitals generates the 
corresponding band model shown in Figure 6.62.

>-
ID
ca

atomic 
orb'i tals

STRUCTURE atomic 
orbitals

Fig 6.62 Schematic band energy model for pyrite. Er, Fermi level;
hatched bands (valence bands) are filled with electrons 
(modified after Bither et al(42))*

Conduction in pyrite occurs when electrons are excited into the band 
formed from eg* orbitals. The important electrochemical difference 
between ZnS and FeS2 is that when electrons are extracted from the 
highest filled energy band of ZnS, polar chemical bonds are broken and 
the metal sulphide decomposes by releasing metal ions and producing a 
film of molecular sulphur. However, when electrons are extracted from
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FeS2, no primary chemical change is to be expected since the t2g 
electrons are considered to be non-bonding(34 *.

An important difference between metal and semiconductor electrodes is 
that in the former, electron exchange with the electrolyte occurs near 
the Fermi level, whereas in the latter, the electron exchange occurs 
at the band edges, which are usually well displaced from the Fermi 
level. Thus electrochemical reactions can occur at significant 
"underpotentials" on semiconductor electrodes compared with metals. 
Attempts to determine the flat-band potential of FeS2 from a.c. 
impedance measurements were unsuccessful, as capacitance-voltage data 
could not be analysed in the form of Mott-Schottky plots, since using 
a simple 3 component series resistor/capacitor equivalent circuit to 
describe the system proved inadequate (see section 6.6). However, 
electrochemical studies on other disulphides; viz WS2 and MoS2, have 
shown that their valence band edges are situated below the redox 
potential of the Fe2+/Fe3+ and 02/H20 couples*308,310*. Thus, 
assuming similar behaviour for the FeS2/H20 interface, the position of 
energy bands for FeS2 in contact with aqueous electrolyte are shown in 
Figure 6.63 A.

6.7.1 Passive Film Formation

When n-type FeS2, with its small band gap (0.9 ev) is illuminated with 
ultra band gap radiation under open-circuit conditions, electron-hole 
pairs are created in the semiconductor by excitation of Fe2+ 
electrons into eg* antibonding orbitals, which constitute the 
conduction band. Since t2g electrons are non-bonding and localised on 
the cations, and the eg* orbitals are only weakly anti-bonding, 
electron-hole pairs are produced without affecting the bonding between 
iron and sulphur at the sulphide surface. A kinetic equilibrium of 
recombination and generation is established:-

hv
Fe ( n ) lattic. ^  Fe (II) h*lattic. + e- (6.38)
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—• — • — • — • — p
FeS2 decomp. 

-------------------Fe3yFe2+
--------0 2 /H 20

Redox systems

n-type FeS2 Electrolyte

Fig 6.63 Position of energy bands and redox energy levels at the 
pyrite/electrolyte interface at pH 0. a) Equilibrium 
condition, no electron photoexcitation; EF, Fermi level; 
hatched valence band is filled with electrons, b) 
Photogeneration of electron-hole pairs results in passive 
film formation; Ess, interbandgap surface states.
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Because the positive hole produced is localised on the cation sites, 
Fe (II) h+l4ttice effectively equals Fe (III)lattice.
Assuming that a small depletion layer and surface states exist at the 
surface of pyrite (309), some of the electrons and holes will react 
with suitable electron-acceptors/donors in the electrolyte before 
recombination occurs. In Figure 6.63 A, the 0 2 /H20 redox potential 
lies above the valence band edge of pyrite, so that photogenerated 
holes arriving at the surface could theoretically oxidise water to 
oxygen. However, it is more likely that hole injection into the 
electrolyte under open-circuit conditions results in partial water 
oxidation, with chemisorption at the valence band edge of the radical 
intermediates of water oxidation/deprotonation Figure 6.63 B) by the 
following reactions:-

H20 + 2h*„lid ^  (0) s d 8  + 2H+ (ahj)

( ° ) . d. + H20 + h*83lid ^  (02 H)ads + H* <akt )

or

2H20 + 2h+solid ^=4 2(0H)ads + 2H+ (ai,)

2(0H)ads + h+selid ^  (02 H)ads + H+ (al,)

Therefore, metal-oxide/hydroxide type groups will form spontaneously 
on the surface of pyrite under open-circuit conditions even in acidic 
media. This could explain why a passive film forms on pyrite under 
open-circuit conditions (see sections 6.2 and 6.3). However, Peters 
and Majima(68) observed that the passive film is not reformed rapidly 
in the presence of ferric ions. This suggests that passive film 
formation is not complete until the electrons excited into the eg* 
orbitals of the conduction band are transferred from the solid to the 
(02 H)ads species on the solution side of the interface by the 
reaction:-

(°2 H)sd s + e' s o l i d a d s H+ (avx)
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The electrostatic attraction between the negatively charged perhydroxy 
radical anions, formed on the solution side of the interface, and the 
positively charged Fe (III) sites in the lattice, would result in the 
layer of hydroxy-type species at the FeS2/solution interface becoming 
more strongly adsorbed at the surface (Figure 6.63 B). This would 
give rise to the passive nature of pyrite under open-circuit 
conditions. Ferric ions in solution would prevent passive film 
formation because they are much faster electron acceptors than oxygen 
or hydrogen peroxide at sulphide surfaces (370). Therefore, peroxide 
radical adsorption would be inhibited. Ferric ions are also known to 
be good catalysts for hydrogen peroxide decomposition (307)' so they 
may also prevent film formation by preventing the formation of 
peroxide radical intermediates.

At first sight the injection of photogenerated electrons from the 
conduction band into the electrolyte may seem improbable, since the 
conduction and valence band edges of semiconductors are bent at the 
electrolyte interface, establishing a potential barrier against the 
transfer of majority carriers into the electrolyte. Thus for an n- 
type semiconductor, a positive space charge layer (also called the 
depletion layer) exists in the semiconductor adjacent to the 
electrolyte, depleted of majority carriers. However, there are two 
reasons why pyrite's depletion layer does not impair electron transfer 
into the electrolyte:-

1) Inevitably, surface states or inter-bandgap states will exist at 
the pyrite/electrolyte interface caused by crystalline imperfections 
and chemical impurities. They provide a pathway for electrons to 
tunnel across the interface, thereby delaying recombination and 
increasing the "lifetime" of electron-hole pairs (Figure 6.63 B).

2) As pyrite has a small band gap (0.9 eV), it will have a high ,
surface concentration of conducting electrons and positive holes (see 
reaction 6.38). Thus, the thickness of the depletion layer and the 
amount of "band bending", will both be small, so that the probability 
of excited electrons being able to surmount the potential barrier will 
be significant.
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For a "pseudo-semiconductor" like pyrite these solid state properties 
allow efficient anodic and cathodic electrochemical activity to be 
developed in the presence of ultra-bandgap radiation. Simultaneously, 
neither the cathodic supply of electrons nor the anodic supply of 
positive holes limit electrochemical reactions, which may occur at 
significant "underpotentials" compared with metals.

Although there is very little literature available about the reaction 
of hydrogen peroxide with metal sulphides (195,196,197)^ pyrite has 
been shown to act as a catalyst for hydrogen peroxide decomposition 
(311), which tends to support this mechanism. Furthermore, 
experiments with other semiconductors have demonstrated that reactions 
such as:-

Me-OH
| (6.39)
S-OH

occur easily on solid surfaces (312). To find out what degradation 
products are formed on the surface of pyrite under open-circuit 
conditions, a pyrite sample was placed in triply distilled water (pH ~ 
6  and not deoxygenated) for 1 hour, then subjected to XPS analysis 
(see section 4.2.6). A fresh surface was prepared initially by in 
situ wet grinding on a steel file, followed by ultrasonic cleaning to 
remove any abraded particles. The Fe2p spectrum (see Figure 6.64) 
suggests that surface iron is present in four forms: pyrite (peak
centred at 707.9 eV), ferrous oxide/hydroxide (709.9 eV), ferric 
hydroxy-sulphate (712.2 eV) and ferric sulphate (713.8 eV), which 
supports the postulated passive film formation mechanism given above.

6.7.2 Pyrite Oxidation

It is generally assumed that for classical semiconductor/electrolyte 
junctions, electrode polarisation does not change the relative 
positions of the energy levels available for electron exchange (i.e.
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Fig 6.64 Fe 2p xps spectrum for pyrite oxidised in aerated triply
distilled water for 1  hour, a) (----) experimental spectrum;
(-- ) fitted curve (least squares), b) (--- ) fitted curve;
(-- ) components of fitted curve.

band edges at the electrolyte interface), whereas for metals the 
available energy levels (ie the Fermi levels) change with 
polarisation. For a "pseudo-semiconductor" like pyrite, with a very 
thin depletion layer, Jaegermann and Tributsch* 309) have argued that
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most of the potential drop will occur through the Helmholtz layer, and 
that the band edges are not fixed at the surface but shift in parallel 
to the bulk band shift (309). Thus, the reactions proposed above to 
explain passive film formation on pyrite under open-circuit 
conditions, can also be used to help explain the nature of pyrite 
oxidation under external polarisation conditions, since band bending 
is postulated to be independent of the external anodic potential 
applied to the electrode.

During pulse experiments at low overpotentials linear rising current­
time transients suggested that a sub-monolayer of sulphur atoms was 
also formed on the surface (see section 6.5.1), before pseudo steady 
state conditions were achieved. However, under equilibrium conditions 
it is unlikely that elemental sulphur is ever formed on pyrite, since 
it is proposed that peroxide radicals are reactive enough to 
chemically oxidise sulphur atoms as they form on the surface producing 
intermediates such as S02H and S2 (0H) 2 (see Figure 6.65 A) by the 
reactions:-

+ ° 2 H,.d5l = S0,H (6.40)

2S,.d5l + 0 2 H,ads) ♦ H+ = S2 (0H) 2  (6.41)

These species are unstable, and would be oxidised further, either 
electrochemically, or chemically (by molecular oxygen or hydrogen 
peroxide) through to sulphate.

On increasing the anodic bias, a potential would be reached at which 
the lowest energy levels of the conduction band were lowered below the 
potential required for pyrite decomposition according to reactions 
(c), (d), (e) and (f) and below the 0 2 /H20 redox couple in the 
electrolyte. Under these conditions, continuous electron injection 
into the conduction band would occur and the anodic current would rise 
sharply (Figure 6.65 B).
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Fig 6.65 Energy level diagram for pyrite oxidation. Band bending is 
assumed to be approximately constant (independent of the 
applied potential). EF, Fermi level; Eappi> externally 
applied anodic potential, a) Small anodic bias; photocurrent 
= dark current, b) Large anodic bias; photocurrent < dark
current.
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The position of the 0 2 /H20 and H+/H2 electrolyte redox couples shift 
to more negative potentials vith increasing pH by -59 mV/pH unit. 
Previous work on metal oxide semiconductors ( 3 1 3 , 3 1 4 1  suggested that 
the conduction and valences band edges move to more negative 
potentials with increasing pH by -59 mV/pH unit as well. This implies 
that the relative positions of the electrolyte 0 2 /H20 and H+/H2 redox 
couples with the semiconductor band edges is pH independent.

However studies on HgS (315), PbCr04 (316), and MoS2 (310), have shown 
that the band edges move by more than -59 mV/pH unit: ~ -90 mV/pH
unit for PbCr04 (316). Assuming FeS2 behaves in a similar manner, the 
conduction band will lie nearer to the 0 2 /H20 redox couple in basic 
media. Thus on increasing the pH, the external anodic bias required 
before continuous electron injection into the conduction band can 
occur, either by water oxidation or pyrite oxidative decomposition, 
decreases. Water oxidation by hole injection from the conduction band 
also becomes more favourable. This suggests that the rate of sulphate 
formation should increase with increasing pH, as expected, due to 
water oxidation and lattice decomposition becoming more favourable. 
Furthermore, faradaic background currents should increase with 
increasing pH. This has been observed in this work (Figures 6 . 8  and 
6.34) previously by Conway et al(135).

6 . 8  Relevance of These Results to Pyrite Flotation

Figure 6 . 6 6  shows a typical flotation recovery curve for pyrite using 
potassium ethyl xanthate as a collector. Although spectroscopic 
(318), electrokinetic (318) and electrochemical < 7 2 , 3 1 9 , 3 2 0 )  

investigations have shown that dixanthogen is the species responsible 
for rendering pyrite hydrophobic, the depression of pyrite in the pH 
range 4.5 - 6 , which cannot be due to a lack of dixanthogen, remains 
unexplained.

Over the last 25 years most flotation researchers have recognised that 
oxygen (or some other oxidising agent) is necessary for thio-type 
collectors to render sulphide minerals hydrophobic. This led to the
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pH

Fig 6 . 6 6  Flotation recovery of pyrite as a function of pH for various 
additions of potassium ethyl xanthate (from Fuerstenau et al 
( 3 1 8  >). (&) 1  x 1 0 - 5 mol dm"3; (•) 2  x 1 0 ~ 5 mol dm-3; (0 )

2  x 1 0 - 4  mol dm-3.

now generally accepted electrochemical theory for the action of thio- 
type collectors on mineral sulphides, first proposed by Salamy and 
Nixon (121). Their hypothesis involved the formation of dixanthogen 
by the anodic oxidation of xanthate ions on the surface of pyrite, 
coupled to the cathodic reduction of adsorbed oxygen, i.e.

Anodic reaction : 2R0CS2" = (R0CS2 ) 2 + 2e (6.42)

xanthate dixanthogen

Cathodic reaction: l/202 + H20 + 2e = 20H" (6.43)

where R is an alkyl hydrocarbon group, usually of length C 2 -C5. Since 
metal sulphides are electronic conductors, electron transfer occurs 
through the solid, and the overall reaction is:-

2ROCS2" + l/202 + H20 = (R0CS2 ) 2 + 20H" (6.44)
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Majima and Takeda(319) and Usui and Tolun(320) favour the above 
mechanism for dixanthogen formation on pyrite. However, Fuerstenau et 
al(318) postulated that the oxidation of xanthate to dixanthogen on 
pyrite was due to either Fe3+ or Fe(OH ) 3 by the reactions

2Fe3+ + 2R0CS2- = 2Fe2+ + (R0CS2 ) 2  (6.45)

2Fe(0H) 3 + 6 H+ + 2R0CS2~ = 2Fe2+ + 6H20 + (ROCS2 ) 2 (6.46)

MOssbauer studies by Sheikh(321) showed that ferric xanthate is formed 
only at pH values < 3.5, unlike on other systems such as lead and 
copper sulphides, due to the greater insolubility of ferric 
oxide/hydroxide at higher pH values. Thus it seems unlikely that 
ferric xanthate plays any role in the flotation behaviour of pyrite.

A criticism of many published electrochemical investigations of 
sulphide mineral/xanthate systems is that they have involved xanthate 
concentrations 2 0  to 1 0 0  times greater than would normally be 
encountered in real flotation systems r 7 * , 1 2 9 , 3 1 9 , 3 2 0 ) f which 
typically use 1 x 10- 5  - 5 x 10~ 5 mol dm-3. Since the current due to 
xanthate oxidation is linearly dependent on xanthate concentration 
under mildly oxidising conditions (i.e. under diffusion control), by 
using a relatively high xanthate concentration, the rate of xanthate 
oxidation has appeared much faster than the rate of sulphide mineral 
oxidation. However, at the lower xanthate concentrations encountered 
in sulphide flotation circuits, the effect of sulphide mineral 
oxidation on the overall hydrophobicity of the mineral and the 
inhibiting effect of mineral oxidation products (metal oxide, sulphur 
etc.) on xanthate oxidation will be much more significant.

Recent electrochemical studies carried out on the pyrrhotite/xanthate 
system ( 3 2 2  ) have shown that the overall hydrophobicity of a 
pyrrhotite electrode surface depends on the relative amounts of 
hydrophobic (dixanthogen)/hydrophilic (ferric oxide) species on the 
surface at a given Eh, pH, and xanthate concentration. Thus, any 
attempt to explain the pyrite recovery vs pH flotation curve should 
consider not only the xanthate oxidation reactions but also the 
sulphide mineral oxidation reactions.
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Using the results from the electrochemical studies presented in this 
chapter for pyrite electrodes in aqueous solutions containing no 
xanthate collectors, and considering this data in relation to an Eh-pH 
diagram which contains all the relevant redox couples for the 
pyrite/xanthate/oxygen system, it is possible to rationalise the 
flotation behaviour of pyrite.

In Figure 6.67 the horizontal line (A) at 0.217 V represents the

fig 6.67
pH

Ew-pH diagram for the pyrite/xanthate/oxygen system shoving 
the redox couples relevant to the flotation behaviour of 
pyrite at 298 K and 10" 5 M solution species. X“, ethyl 
xanthate anion; X,, dixanthogen; Line (B), pyrite flotation 
recovery with 1 0 “* M potassium ethyl xanthate solution (after 
Fuerstenau et al(318)>* Line (C), potential onset of oxygen 
reduction on pyrite (after Biegler et al(186))*
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reversible potential of the xanthate/dixanthogen couple for a 2  x 1 0 - 5  

mol dm- 3  solution of potassium ethyl xanthate (KEX)<365). Line (C) 
represents the potential at which oxygen reduction from an air 
saturated solution commences on the surface of pyrite (> 10 pA cm-2), 
as constructed from the results of Biegler et al(186). Superimposed 
on the Eh-pH diagram is the flotation response of pyrite in a KEX 
solution at the same concentration (Line B - after Fuerstenau et 
al<318)).

At pH values < 2.5 the flotation recovery of pyrite decreased rapidly 
as a result of xanthate ion decomposition according to the reactions

R0CS2- + R0CS2H -► ROH + CS 2  (6.47)
xanthic acid

It can be seen that in the pH range 2 . 5 - 4  the potential onset for 
oxygen reduction occurs at values more positive than both the upper 
stability limit of pyrite and the xanthate/dixanthogen reversible 
potential (Figure 6.67). Hence, in this pH range, a mixed potential 
will operate involving the cathodic reduction of oxygen according to:-

l/202 + 2H+ + 2e = H20 (6.48)

and the anodic oxidation of xanthate ions (reaction 6.42) and the 
mineral itself (reactions (sx) and (t2). Recent work by Pillai and 
Bockris(335) suggests that the reduction of oxygen on pyrite is 
catalysed about forty times in the presence of xanthate. Cyclic 
voltammograms, recorded for pyrite electrodes in the pH range 1 - 4.6 
(see sections 6.4.1 and 6.4.3), suggested that the products of pyrite 
oxidation under mildly oxidising conditions were mainly goethite 
(FeOOH), elemental sulphur, with some sulphate ions. Obviously, the 
elemental sulphur will contribute to the hydrophobicity of pyrite. 
However, Figure 6.67 also shows that in the pH range 2.5 - 4, xanthate 
ions are capable of reducing FeOOH to Fe2+, which leads to the 
formation of dixanthogen by the reaction:-

2Fe00H + 6 H+ + 2ROCS2- = 2Fe2+ + 4H20 + (R0CS2 ) 2 (6.49)
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Thus the flotation recovery of pyrite is high in this pH range because 
dixanthogen can be formed by reaction (6.44) and by reaction (6.49) 
after pyrite oxidation has occurred.

Figure 6.65 shows that the potential onset for oxygen reduction 
converges on the xanthogen/dixanthogen reversible potential with 
increasing pH, indicating that the rate of xanthate oxidation by 
reaction (6.44) will decrease with increasing pH. More importantly, 
the diagram shows that at pH values > 4.2 xanthate ions can no longer 
reduce FeOOH. Thus dixanthogen formation by reaction 6.49 will cease 
and hydrophilic FeOOH will accumulate on the surface of pyrite as a 
result of mineral oxidation, decreasing the overall hydrophobicity of 
pyrite. This explains why there is a sudden decrease in the flotation 
recovery of pyrite in the pH range 4.5 - 6 .

At pH values > 6 , pyrite flotation recovery showed a second maximum of 
~ 70 X recovery at pH 6.5 This was probably due to the increasing 
dominance of sulphate over elemental sulphur formation as the main 
pyrite oxidation pathway under mildly oxidising conditions. 
Voltammograms recorded at pH 7 (see section 6.4.4) showed that at 
potentials > 0.0 V there was evidence for both the formation of FeOOH 
and a more hydrated ferric hydroxide (Fe(0H)3) on the surface of 
pyrite. The high yield of H+ ions accompanying pyrite oxidation to 
sulphate (reaction tx) lowered the interfacial pH sufficiently for 
goethite to partially dissolve, forming soluble ferric species which 
precipitate as Fe(0H) 3 on moving away from the surface as the pH 
increased to its original value.

There are two ways in which the formation of Fe(0H)3, rather than 
FeOOH, can enhance the formation of dixanthogen and hence increase the 
hydrophobicity of pyrite. Firstly, whereas the formation of a 
resistive FeOOH layer (by a solid state mechanism) prevents reaction 
(6.44) from occurring, by blocking the passage of xanthate ions to the 
underlying pyrite surface, the formation of Fe(0H ) 3 by a dissolution- 
precipitation mechanism allows xanthate ions to penetrate through to 
the pyrite surface so that dimerisation can still occur. Secondly,
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Figure 6.67 shows that at pH values <6.5 xanthate ions will reduce 
any Fe(0H ) 3 present by reaction (6.46), which also generates 
dixanthogen. Both these processes will increase the ratio of 
hydrophobic (dixanthogen)/hydrophilic (ferric oxide) species on the 
surface of pyrite, and give rise to the second maximum at pH 6.5 in 
the flotation recovery curve of pyrite.

At pH values > 6.5, the hydrophobicity/flotation recovery of pyrite 
decreases steadily for the following reasons

1. At pH values > 6.5 dixanthogen formation by the reduction of 
Fe(OH ) 3 ceases.

2. At pH values > 8.0 pyrite oxidation and oxygen reduction occur at 
potentials less negative than required for xanthate oxidation. Thus, 
dixanthogen formation by reaction (6.46) is no longer possible and 
only pyrite oxidation (reaction (d)) by dissolved oxygen can occur.

3. From impedance measurements (see section 6 .6 ; Figure 6.56) it was 
clear that the increasing insolubility of ferric oxide/hydroxide with 
increasing pH also increases the resistance/thickness of the 
hydrophilic oxide layer.

4. Dixanthogen decomposition occurs at pH values > 9 according to the 
reaction:-

H20
(R0CS) 2 + OH" ----> R0CS2" + ROH + CS 2 (6.50)

although the kinetics of this reaction is relatively slow (k = 0.24 ± 
0.005 1 mol" 1  sec" 1  at 296 K)<363>.
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CHAPTER SEVEN : ELECTROCHEMICAL STUDIES ON PYRRHOTITE ELECTRODES

7.1 Thermodynamics

Figure 7.1 shows the Eh-pH diagram for pyrrhotite at 298 K calculated 
using the thermodynamic data presented in Table II(ii) (Appendix II). 
Pyrite was excluded from the diagram since the oxidation of pyrrhotite 
to pyrite by a reaction such as:-

pH

Fig 7.1 Potential-pH diagram for the Fe-S-H20 system at 298 K for 
dissolved sulphur and iron activities of 10-4. FeS2 
excluded.
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Fe1_xS = (l-2x)Fe2+ + FeS2 + 2(l-2x)e (bei)

is slow even at 100°C<371). Moreover there is no evidence of pyrite 
formation during the leaching of pyrrhotite(67). Indeed, reactions in 
nature which give rise to pyrite are known to be particularly 
slow*372*.

At low dissolved sulphur activities (typical of solutions initially 
containing no dissolved sulphur on immersion of a pyrrhotite 
electrode), pyrrhotite is unstable at pH values < 5 (Figure 7.1). 
Unlike pyrite (see section 6.1), FeS dissolves non-oxidatively under 
such conditions, the reaction:-

FeS + 2H+ + Fe2+ + H2S (jx)

being favoured.

Under oxidising conditions, iron-rich pyrrhotite (a-FeS) oxidises to 
form an iron-deficient, or sulphur-rich, pyrrhotite phase (shown as 
Fe7S8 in Figure 7.1):—

FeS = (l-x)Fe2+ + FexS + 2(l-x)e (lj)
where x < 1

which becomes unstable with respect to Fe2+ and S042" at more 
oxidising potentials. In alkaline solutions, pyrrhotite oxidises to 
Fe(OH)2 and S042-. However, due to the irreversibility of sulphate 
formation165'134*, it can be expected that pyrrhotite will exhibit a 
meta-stable boundary at more oxidising potentials than those dictated 
by thermodynamic considerations. Thus Fe(0H)3 or FeOOH is more likely 
to be formed than Fe(0H)2.

7.2 Studies on Virgin Pyrrhotite Surfaces

Figure 7.2 shows the effect of in situ grinding to produce a fresh 
mineral surface on the rest potential of hexagonal pyrrhotite
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Time /  minutes

Fig 7.2 The change of rest potential with time (after in situ
polishing) of a pyrrhotite electrode at pH 0 (top) and pH 9.2 
(bottom). (A) commence polishing; (B) finish polishing.
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(Feo>905S) at pH 0 and 9.2. In 1 M HC104 pyrrhotite acquired a rest 
potential of ~ 0.6 V, which was lowered to 0.15 V almost 
instantaneously on abrading the pyrrhotite surface (Figure 7.2 (top)), 
and remained at this value thereafter. In contrast, at pH 9.2 the 
rest potential returned to its pre-abrasion potential after about 15 
minutes (Figure 7.2 (bottom)). This was different from the behaviour 
of pyrite whose rest potential returned to its preabrasion value at 
both pH 0 and pH 9.2, taking only 30 seconds in the latter case (see 
section 6.3).

Cyclic voltammograms of hexagonal pyrrhotite in 1 M HC104 recorded 
before and after in situ abrasion of the electrode surface are shown 
in Figure 7.3. Potential sweeps were commenced in a negative 
direction from the open-circuit potential. On the first negative 
sweep a sharp, narrow cathodic peak (I) was observed at - 0.0 V. On 
subsequent sweeps the peak was shorter, broader and its Ep was shifted 
to more negative potentials. Abrading the electrode surface reduced 
the size of the peak considerably, the charge associated with the peak 
decreasing from 76 mC cm~2 to 9 mC cm-2.

Previous work has shown that the open-circuit dissolution of iron 
sulphides is dependent on the potential of the sulphide surface (see 
section 2.4.3), a cathodic process (associated with peak I) being a 
prerequisite for dissolution. The cathodic process may involve the 
removal of a passivating sulphur film ( 2 0 1 , 2 0 2 , 2 0 5 )  a n c j / o r  dissolution 
of a ferric oxide layer < 2 0 0 , 2 0 4 or it may decrease the non­
stoichiometry of the sulphide to produce an exactly stoichiometric 
compound at the surface, which then dissolves non-oxidatively 
(reaction (lj) and (j ±)) ( 1 4 3 , 2 0 5 , 2 1 0 , 2 1 1 )  # However, since physical 
abrasion of the pyrrhotite surface in 1 M HC104 lowered its open- 
circuit potential into a region where non-oxidative dissolution 
occurs, it seems likely that a layer of sulphur and/or more likely a 
ferric oxide film is responsible for inhibiting the dissolution of 
pyrrhotite. Once the film is removed the open-circuit potential is 
"pinned" at the corrosion potential for the non-oxidative dissolution 
process, the process being comprised of an anodic and a cathodic half­
cell reaction (see section 6.2; reactions 6.1 and (v) respectively).
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Potential  vs SH.E./V

Fig 7.3 Cyclic voltammograms of a stationary pyrrhotite electrode in 
stirred solution at pH 0 (1 M HC104), recorded immediately 
after different surface pretreatments, starting from the rest 
potential, first cycled cathodically then anodically at 100 
rnVs"1. (A) untreated sample; (B) fresh pyrrhotite surface 
produced by in situ abrasion.
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7.3 Cyclic Voltammetry

7.3.1 Anodic and Cathodic Reactions at pH 1 (0.1 M HClO )̂

Cyclic voltammograms of a stationary pyrrhotite electrode in stirred

-0-4 -02 0.0 0.2 0-4 0-6 0.8 1.0
Potential  vs. S.H.EV V

Fig 7.4 The effect of extending the anodic potential scanning limit 
(E^) on cyclic voltammograms of pyrrhotite at pH 1 (0.1 M 
HC104) in stirred solution and a sweep rate of 100 mVs-1.
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process(es) observed in the potential range -0.2 - 0.2 V with pyrite 
were absent in voltammograms of pyrrhotite. This is probably due to 
the different electrochemical reactivities of S22- ions and S2" ions 
in the lattice structures of pyrite and pyrrhotite respectively (135).

When E ^  was extended to potentials in the range E r < E ^  < 0.4 V, two 
cathodic peaks ((II) and (III)) were observed on the reverse scan. 
Although smaller in size, peak (II) occurred at similar potentials 
(~ 0.0 V) and was similar in shape and form to peak (I); the large 
narrow cathodic peak observed on the first negative potential sweep 
from the rest potential (see section 7.2). Peak (III) was broader and 
smaller than peak (II) and became split into two peaks ((Ilia) and 
(Illb)) when E)^ was increased above 0.5 V. Repetitive triangular 
potential scans to increasing E ^  values above 0.4 V resulted in 
decreasing anodic currents on consecutive cycles in the potential 
range 0.4 to 0.8 V. This suggested that a passivating process 
occurred in this potential region.

The anodic current increased sharply at potentials > 0.8 V and a 
fourth cathodic peak appeared on the reverse scan at 0.4 V. In 
addition, as E ^  was extended above 0.8 V, the height of peaks (Ilia) 
and (Illb) increased more rapidly than that of peak (II) so that peak 
(II) became discernible only as a shoulder on peak (Ilia). All the 
cathodic peaks shifted to more negative potentials on increasing E ^  
due to the irreversible nature of pyrrhotite oxidation. Peaks (IV), 
(II) and (Ilia) were unaffected by electrode rotation (see Figure 
7.5), which suggested that, in addition to sulphur, other insoluble 
and/or adsorbed oxidation products were formed on the surface of 
pyrrhotite at pH 1.

The voltammetric behaviour of pyrrhotite described above can be 
interpreted in two ways:-

(i) Metal-Deficient Sulphide Film Formation

It is proposed that at E)^ potentials < 0.4 V the hexagonal pyrrhotite
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Potential  vs S.H.E./V

Fig 7.5 The effect of electrode rotation on cyclic voltammograms of a
pyrrhotite RSCBE at pH 1 (0.1 M HC104). (-- ) stationary
electrode; (-- ) rotated electrode.
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sample (Fe0 905S) oxidised by reaction 7.1, forming a metal-deficient 
sulphide film (MDSF):-

Feo.905S = xFe2+ + Fe(o.9 os-x)S + 2xe (7.1)

where: 0 < x < 0.011, since Fe0 894S represents the lower limit of
iron deficiency in hexagonal pyrrhotite 
(see section 2.1.1.2).

On the subsequent negative going potential scan, peak (II) was 
assigned to the reduction of the MDSF (FeyS) by the following 
reaction:-

FeyS + 2(l-y)H+ + 2(l-y)e = yFeS + (l-y)H2S (7.2)

where: 0.905 < y < 0.894

Elemental sulphur formed electrochemically once the compositional 
range of hexagonal pyrrhotite was exceeded (reaction (7.3)) and/or 
possibly by chemical decomposition of the MDSF (reaction (7.4)).

Feo.9 0 5 S = xFe2+ + Feo. 8 9 4 S + (x-O.Oll)S + 2xe (7.3)

where: x > 0.011

FeyS = yFeS + (l-y)S (7.4)

where: 0.905 < y < 0.894

Sulphur reduction (reaction (v)) was assigned to the broad single 
cathodic peak (III), which occurred between -0.05 and -0.35 V.

At values > 0.4 V the rate of reaction (7.3) increased, depositing 
sulphur which passivated the surface in the potential range 0.4 to 0.8 
V. Also peak (III) split into two, suggesting that sulphur reduction 
then involved a two-step process. Soluble intermediates were probably 
formed during this process since the height of peak (Illb) decreased 
when the electrode was rotated.
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Hodgson and Agar(3311 proposed that the polysulphide S22" is formed as 
an intermediate when pyrrhotite is oxidised to elemental sulphur and 
when the sulphur so produced is reduced to H2S or HS“. In section 
6.4.4 it was argued that the formation of S22- during sulphide mineral 
oxidation is unlikely, especially in acidic media where polysulphide- 
type species are unstable, and sulphide mineral oxidation further 
lowers the interfacial pH (eg reactions (b), (c), (d), (1), (fx) and 
(g1)>. Even in basic solutions S42" and S52- (not S22") are the only 
polysulphide species present in significant quantities1165*. However, 
the formation of polysulphides during sulphur reduction seems a more 
reasonable proposition, since the process consumes hydrogen ions 
(reaction (v)) and hence increases the interfacial pH. Initially, the 
sulphur formed at values < 0.5 V gave rise to a single cathodic 
peak (III) which was not affected by electrode rotation. Therefore, 
this layer was probably reduced in a single step (reaction (v)). 
However, as more sulphur was formed on the positive potential sweep, 
the interfacial pH increased sufficiently on the reverse scan for 
polysulphide formation to occur. Hence peaks (Ilia) and (Illb) 
appeared. The former peak was assigned to the reaction

xS° + H+ + 2e = HSX" (ayx)

and the latter to:-

HSX- + (2x-l)H+ + 2xe = xH2S (azx)

Thus, when the electrode was rotated some of the polysulphide ions 
formed by reaction (ayx) (peak (Ilia)) were dispersed into the bulk 
solution so that less remained at the electrode surface to be reduced 
further to H2S (reaction (az2)). Hence peak (Illb) decreased in size.

At potentials > 0.8 V the iron formed was in the ferric state 
(reactions (hx), (ix) and (gj)) and goethite formation occurred, even 
at pH 1 (section 6.3.1). Thus the cathodic peak at 0.4 V which 
appeared on extending Eŷ  to > 0.8 V was assigned to the reduction of 
geothite by reaction (o).
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(ii) Underpotential Deposition of Ferric Oxide

An alternative explanation of the voltammetric behaviour of pyrrhotite 
is to assign peaks (I), (II) and (IV) to the reduction of ferric 
oxide/hydroxide type species, peak (III) being ascribed to sulphur 
reduction as before.

Earlier work, described in section 7.2, shoved hov abrading the 
surface of pyrrhotite in 1 M HC104 substantially decreased the size of 
peak (I) on the first negative going potential sweep. This suggested 
that the process associated with peak (I) involved the cathodic 
reduction of an insoluble surface film (probably of ferric oxide 
formed by air oxidation), which was responsible for inhibiting the 
non-oxidative dissolution of pyrrhotite. An induction period prior to 
pyrrhotite dissolution has been observed by other workers 
(2 0 0 ,2 0 1 ,2 0 4 ) ancj can explained by assuming that the meta-stable 
ferric oxide film slowly dissolves during this period. Since peaks 
(I) and (II) occurred at the same potential and were similar in shape, 
it seems reasonable to suggest that both peaks were due to the same 
cathodic process. This implied that pyrrhotite oxidised by reactions 
(1) and (zx) at potentials < 0.8 V and pH 1, at which the formation of 
ferric oxide/hydroxide species should not occur according to 
thermodynamic predictions (see Appendix II).

Unlike pyrite, whose semiconductor properties can be invoked to 
explain ferric oxide film formation in acidic solutions, pyrrhotite is 
a good electronic conductor and can be regarded as metallic (see 
sections 2.1.2). The only evidence to support the interpretation 
described above is from studies of the electrochemical behaviour of 
simple and mixed iron (III) oxides using carbon paste electrodes in 1 
M acids (HC1, HC104, H3P04 and H2S04) (336“339>. Chemical dissolution 
of the oxides was relatively slow, the dissolution rate being 
dependent on the type of oxide involved and particle size. A cathodic 
peak due to the electrochemical reduction of the solid ferric oxide 
was observed in the potential range 0.4 to -0.2 V. The shape, 
position and amplitude of the peak was greatly influenced by the 
morphology of the oxide. Sharp peaks, similar to peaks (I) (II) and 
(IV), were obtained when the size distribution of the oxide particles
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was narrow*336). The more hydrolysed the oxide, the more the cathodic 
peak was shifted to positive potentials (337*338>.

Thus peak (IV) was probably due to the reduction of a ferric oxide 
more hydrolysable than that giving rise to peak (I)/(II).

7.3.2 Pyrrhotite RSCBE at pH 0 (1 M HC10.)

Figure 7.6 shows the current-time response of a hexagonal pyrrhotite

potential vs. SHE./ V

Fig 7.6 Cyclic voltammogram of a RSCBE in 1 M HC104 (pH 0), with the 
pyrrhotite working electrode (WE) swept anodically from 0.25 
to 1.3 V, then cathodically to -0.65 V, and the platinum 
collector electrode held at various potentials (E )
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RSCBE to potential cycling in 1 H HC104. The current response at the 
Pt collector electrode for a range of potentials (Ec) is also shown.

Similar to the behaviour of pyrite, the oxidation of pyrrhotite 
apparently produced no Fe(II) species judging by the absence of any 
corresponding collector oxidation current at potentials > 0.8 V. This 
may be because the amount of Fe2+ produced was below the detection 
capability of the RSCBE under these non-steady state conditions. At 
potentials > 0.7 V the main mineral oxidation reactions were (hj) and 
(i2) producing Fe3+, sulphur and S042-. Fe3+ was reduced to Fe2+ by 
reaction (g) at collector potentials < 0.7 V. On sweeping the 
pyrrhotite electrode to negative potentials, any Fe3+ remaining at the 
mineral surface was reduced to Fe2+ giving rise to peak (g) at 0.736 
V. Increasing the rotation rate to 40 Hz dispersed all the Fe3+ ions 
from the mineral surface and the peak disappeared.

At lower potentials (< 0.08 V), the sulphur on pyrrhotite was reduced 
to H2S (reaction (v)), giving a peak at -0.43 V and a shoulder at 
-0.17 V. This suggested that either two forms of sulphur were formed 
during pyrrhotite oxidation, or sulphur was reduced in a two-step 
process (see Section 7.3.1; reactions (ayx) and (az1)). Oxidation of 
the H2S formed was detected at the Pt collector electrode at 
potentials > 1.2 V, confirming H2S and not Fe2+ to be the reacting 
species.

7.3.3 pH 4.6 (0.5 M CH,C00H + 0.5 M CH,C00Na)

The voltammetric behaviour of pyrrhotite in pH 4.6 buffer solution is 
shown in Figure 7.7. Thermodynamics predict that at pH 4.6 pyrrhotite 
oxidises by reaction (za) at potentials > 0.02 V forming goethite and 
sulphur. For E)^ potentials < 0.5 V only one cathodic peak was 
observed on the reverse negative-going potential scan. This was 
assigned to goethite and sulphur reduction (reactions (o) and (v) 
respectively) since both occur in the same potential range.

At E ^  potentials > 0.5 V the anodic current increased rapidly as 
sulphate formation (reaction (ba1)) became the dominant oxidation 
reaction. A second cathodic peak also appeared at 0.2 V due to the
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- 0.8 - 0.4 0.0 0.4 0.8 12 1.6 2.0
Potential  vs S.H.E./V

Fig 7.7 The effect of extending the anodic potential scanning limit 
(E^a) on cyclic voltammograms of pyrrhotite at pH 4.6 (0.5 M 
CH3 COOH + 0.5 M CH 3 COONa) in stirred solution and a sweep 
rate of 100 mV s-1.

reduction of a more hydrated ferric oxide, Fe(0H) 3 (reaction (j)).
This was formed because sulphate formation lowered the interfacial pH 
at the mineral electrode so that ferric oxide started to form by 
dissolution-precipitation, rather than by a solid state mechanism. As
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the rate of sulphate formation increased with increasing potential the 
ferric oxide/sulphur ratio on the surface of pyrrhotite also 
increased. Thus at Ex, potentials > 0.6 V, peaks (o) and (v) became 
distinguishable from one another as the goethite reduction peak (o) 
shifted to more negative potentials and increased in size more rapidly 
than the sulphur reduction peak (v).

Eventually a "limiting current" region was reached between 0.9 and
1.3 V in which pyrrhotite oxidation was inhibited by the ferric oxide 
film formed on its surface, the current at 1.3 V being 25 times lower 
at pH 4.6 than at pH 0. The limiting current also showed no stirring 
rate dependence (Figure 7.8), implying that the passivating oxide film 
had been formed by a solid state reaction and not by dissolution- 
precipitation (cf pyrite; section 6.4.3). On extending Ex, to 1.0 V, 
the charge measured under peaks (j), (v) and (o) was 1.50, 0.99 and 
5.65 mC cm-2 respectively. Assuming cubic close packing and 
neglecting roughness factors, this corresponds to 10, 2 and 37 
monolayers, respectively. Thus the passivating film consisted mostly 
of Fe(III) species, with an outer, easily reduced, hydrated Fe(0H)3 
layer and an inner, less easily reduced, less hydrated FeOOH layer 
with a little interspersed sulphur.

At potentials > 1.4 V, the anodic current increased again (Figure 7.7) 
and there was considerable hysteresis between the current on the 
forward and reverse scans in this region. The upward trend of the 
current after the scan was reversed was probably due to the visible 
growth of hydrated ferric oxide in pits nucleated at the high 
potential. As the pits expanded, they caused the passive film to 
breakdown. A shoulder also appeared on peak (o) at -0.3 V (Figure 
7.7; scan 13 onwards). This may have been associated with a more 
reducable ferric oxide, or sulphur reduction occurring via a two-step 
process (see section 7.3.1, reactions (ayx) and (az^). On the return 
positive scan an anodic current peak was observed at 0.4 V, which 
increased when Ex, was increased above 1.2 V and was slightly 
decreased by stirring the solution (Figure 7.8). The peak was 
assigned to the oxidation of stoichiometric FeS (reaction (zx)) 
precipitated in the proximity of the electrode (reaction (jx)) when 
ferric oxide and sulphur were reduced on the preceding negative-going 
potential sweep.
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Fig 7.8 The effect of electrode rotation on cyclic voltamraograms of a 
pyrrhotite RSCBE at pH 4.6 (0.5 M CH3C00H + 0.5 M CH3C00Na)
(---) stationary electrode; (---) rotated electrode.

There were two reasons why pyrrhotite was passivated by ferric oxide 
at pH 4.6 whereas pyrite (see section 6.3.3) and pentlandite (section 
8.2.1) were not:-

1. More ferric hydroxide/oxide was formed on pyrrhotite than on the 
other two minerals because it has a higher iron content: 50 at. X,
compared with 33.3 at. X and 26.5 at. X for pyrite and pentlandite 
respectively.
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2. At 0.9 V (the onset of passivation for pyrrhotite), sulphate 
formation was the dominant anodic reaction on all three minerals. For 
the sulphate oxidation pathway, the number of moles of H+ produced per 
mole of Fe(0H)3 formed was much greater for pyrite and pentlandite, 
than for pyrrhotite, as shown in Table 7.1.

Table 7.1 Molar HVFe(OH), Ratio for Sulphur and Sulphate Formation 
on Pyrrhotite, Pyrite and Pentlandite

Mineral H+/Fe(0H), molar ratio
Sulphur Formation 
reactions 1, c, e2

Sulphate formation 
reactions glf d, f2

Pyrrhotite 3.0 11

Pyrite 3.0 19

Pentlandite 3.0 17.2

Hence, the interfacial pH was lowered to a greater extent on pyrite and 
pentlandite than on pyrrhotite, leading to the partial dissolution of 
any inhibiting goethite layer formed at lower potentials and the 
oxidation of pyrite and pentlandite by a dissolution-precipitation 
mechanism.

7.3.3.1 Open-Circuit Decomposition of the Passivating Film

In separate experiments the potential of a pyrrhotite electrode in 
stirred solution was held potentiostatically at 0.8 V and 1.0 V for 30 
seconds to grow the passivating oxide film, then interrupted, and the 
open-circuit potential monitored as a function of time. When the 
potential was held in the limiting current region the specularly 
reflective surface of the pyrrhotite electrode darkened before
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a red-brown film of ferric oxide became visible on the surface. On 
open-circuit the film gradually decomposed/dissolved and the 
reflective surface was restored. Typical profiles of the open-circuit 
are shown in Figure 7.9. They were characterised by an arrest in the

Time/mins Time/ mins

Fig 7.9 The decay of open-circuit potential with time at pH 4.6 
(0.5 M CH3C00H + 0.5 M CH3C00Na) observed after 
potentiostatting a pyrrhotite electrode to 0.8 V (left) and 
1.0 V (right) for 30 s then interrupting the current.

potential decay at ~ 0.27 V as the film started to dissolve. The 
potential increased by 20 - 30 mV during this stage before undergoing 
another sharp fall once dissolution was complete.
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The potential arrest at 0.27 V was probably due to a mixed potential 
mechanism being established between the anodic oxidation of pyrrhotite 
according to reaction (e1):-

FeS = Fe2+ + S + 2e (ex)

E = 0.078 + 0.0295 log [Fe2+]

and the cathodic reduction of the passivating oxide film by reactions 
(j) and (o):-

Fe(0H)3 + 3H+ + e = Fe2+ + 3H20 (j)

E = 1.056 - 0.177 pH - 0.059 log [Fe2+]

FeOOH + 3H+ + e = Fe2+ + 2H20 (o)

E = 0.715 - 0.177 pH - 0.059 log [Fe2+]

with the underlying FeS surface acting as a reductant by solution 
contact through pores in the oxide film.

Assuming the Fe2+ concentration was 10"6 mol dm-3, then the reversible 
electrode potentials at pH 4.6 for reactions (e1) and (j) are -0.099 V 
and 0.596 V, respectively. Thus, the "corrosion" potential 
established between 0.27 and 0.29 V provided a negative overpotential 
for the cathodic reaction (j) and a positive overpotential for the 
anodic reaction (e1).

Under the above conditions, the corrosion potential appeared to 
provide no driving force for the cathodic reaction (o) (E(raaction(0),
= 0.255 V). However, assuming sulphate formation (reactions (g^ and 
(ba^) lowered the interfacial pH at the pyrrhotite electrode during 
oxide growth by 0.5 - 1.0 pH units only (see section 7.3.3), the local 
decrease in pH in the pores of the film would have been sufficient to 
shift the equilibrium potential for reaction (o) to potentials



256.

positive of the corrosion potential. Thus reaction (o) probably 
occurred albeit at a slower rate than reaction (j).

There was evidence for this in Figure 7.10 where the potential of a

-0.8 -0A 0.0 0A 08 12
Potential vs. SHE./v

Fig 7.10 Cyclic voltammograms of a stationary pyrrhotite electrode in 
stirred solution at pH 4.6 (0.5 M CH3C00H + 0.5 M CH3C00Na), 
sweeping the potential cathodically from the open-circuit 
potential (Eoc); attained after pulsing the potential 
anodically to 1.2 V for 10 seconds and then leaving the
electrode at open-circuit for (-- ) 0 s, (--- ) 120 s, and

) 300 s.

stationary pyrrhotite electrode in stirred solution was pulsed to 1.2 
V for 10 seconds, and then interrupted. The electrode was then left 
at open-circuit for a given time interval (0, 2 and 5 minutes) before
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sweeping the electrode potential in a negative direction from the Eoc 
value acquired after that time. The cathodic charge under peaks (j) 
and (o) decreased as the time at open circuit was increased; the 
reduction in peak height being greater for Fe(0H)3 (peak (j)) than for 
FeOOH (peak (o)). Peak (v), assigned to sulphur reduction, also 
appeared to decrease in height with time at open circuit. However, it 
was difficult to ascertain whether this was a real effect since peak 
(v) appeared as a shoulder on peak (o). Hence goethite dissolution 
may account for the apparent decrease in the height of peak (v).

7.3.3.2 Pyrrhotite RSCBE Results

Figure 7.11 shows the current-time response of a pyrrhotite RSCBE to 
potential cycling in pH 4.6 buffer solution. No soluble iron species 
were detected at the platinum collector electrode when the potential 
of the mineral electrode was swept in a positive direction. On the 
reverse negative-going scan, the ferric oxide/hydroxide species formed 
anodically were reduced to Fe2+ (peaks (j) and (o) respectively). The 
Fe2+ formed was oxidised at the collector electrode using a potential 
of 1.0 V. At 1.4 V, where H2S is oxidised on Pt, oxygen evolution 
reduced the collector efficiency and consequently the detection 
currents, as shown in Figure 7.10. Therefore it was not possible to 
ascertain from these results whether the shoulder at -0.220 V was due 
to sulphur reduction (reaction (v)) or ferric oxide/hydroxide 
reduction.

7.3.4 Voltammetry in Neutral and Basic Solutions

The limiting anodic current observed in voltammograms recorded at pH
4.6 was also present in stirred solutions at pH 7 (Figure 7.12) and
9.2 (Figure 7.13). At pH 13 (Figure 7.14), an anodic peak was 
observed rather than a limiting current as the passivating effect of 
the oxide layer increased with increasing pH. At pH 7 and 9.2 the 
ferric oxide/hydroxide layer was difficult to remove by cathodic 
treatment due to the low solubility of ferrous ions in alkaline 
solutions (reaction (px) see Figure Il(vii), Appendix II). Thus 
pyrrhotite oxidation was inhibited on subsequent positive
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Ec C.OV

ErAOV

Ec+ U  V

Potential WE. vs. S.HE./v

Fig 7.11 Cyclic voltammogram of a RSCBE in 0.5 M CH3COOH + 0.5 M
CH3COONa (pH A.6), with the pyrrhotite working electrode (WE) 
swept anodically from 0.0 to 1.3 V, then cathodically to -0.6 
V, and the platinum collector electrode held at various 
potentials (Ec).

potential sweeps and the anodic current shifted to more positive 
potentials; the effect being greater at pH 9.2 than at pH 7. At pH 13 
and E^a values > 0.6 V an anodic peak was observed at 0.4 V on the
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- 0.8 “ 0.6 “ 0.4 - 0.2 0.0 0.2 0.4 0.6 0.8 1.0
Potential vs. S.H.E./ V

Fig 7.12 The effect of extending the anodic potential scanning limit 
(E^a) on cyclic voltammograms of pyrrhotite at pH 7 (0.025 M 
KH2P04 + 0.025 M Na2HP04) in stirred solution and a sweep 
rate of 100 mV s"1.

reverse negative-going potential sweep. This probably reflected a 
transformation in the solid state properties of the oxide film from, 
an electronic conductor in the passive state, to an electrical 
insulator in the pre-passive region (340).
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Fig 7.13 The effect of repetitive cycling between 1.0 and -0.7 V at 
100 mV s-1 on the voltammetric behaviour of a stationary 
pyrrhotite electrode in stirred solution at pH 9.2 (0.05 M 
Na2B407).

Stirring the solution had no effect on current-potential profiles and 
no soluble reaction products were observed in RSCBE experiments which 
suggested that all the oxidation reduction reactions involved solid 
species. Assuming FeS formed in preference to HS“, when ferric
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Fig 7.14 The effect of extending the anodic potential scanning limit 
(E^) on cyclic voltammograms of pyrrhotite at pH 13 (0.1 M 
NaOH) in stirred solution and a sweep rate of 100 mV s"1.

oxide and sulphur were reduced in neutral and basic solutions, and 
that the ratio of ferric oxide/sulphur on the surface was > 1, due to 
the predominance of anodic sulphate formation, then the reduction of 
ferric oxide/hydroxide and sulphur probably occurred by reactions (1), 
(Zi), (j) and (o) at pH 7 and by reactions (1), (zx) and (k) at pH 9.2 
and 13. These reactions occur at similar potentials in basic 
solutions and therefore could only be assigned tentatively to the
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voltammetric peaks in Figures 7.12 to 7.14. However, it appeared that 
the cathodic peak assigned to FeS formation (reaction (z1)), on the 
second and subsequent negative-going potential sweeps, was larger on 
pyrrhotite than on pyrite. This was due to less sulphate being formed 
on pyrrhotite, hence the interfacial pH at the surface of pyrrhotite 
was higher, which favoured the precipitation/foxmation of FeS.

7.4 Pulse Voltammetry on Stationary Pyrrhotite Electrodes

7.4.1 pH 0 (1 M HCIO^)

There was no evidence of rising current-tine transients at short 
times, under mildly oxidising conditions as there was for pyrite. 
However, like pyrite, rising transients were observed at high anodic 
overpotentials (> 0.9 V vs- 5-H.E-, see Figure 7-15)-

Fig 7.15 Current-time transients for a stationary pyrrhotite electrode 
held at various anodic potentials in stirred solution at pH 0 
(1 M HC104).
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At each of the potentials shown in Figure 7.15, the falling current 
transients were best fitted to an i vs f 1 relationship, 
characteristic of an adsorption (sulphur growth) type process. At 
0.9 V the current passed through a minimum after ~ 250 s, reached in 
shorter times with higher potentials, before increasing with t1*5 as 
sulphur grew in 3-dimensional pits nucleated in the falling current 
transient region (Figure 7.16). At potentials > 1.0 V a second

Fig 7.16 Current-time transient for a stationary pyrrhotite electrode
held at 0.9 V in stirred solution at pH 0 (1 M HC104). (-- )
i vs t-1; (-•-.-.) i vs t1-5;
R: = correlation coefficient for the i vs t-1 relationship;
R2 = correlation coefficient for the i vs t1-5 relationship.

minimum was observed in current transients due to the overlap of 
growing pits. After these experiments were completed, sulphur was 
clearly visible on the surface of each electrode (see plate 7.1). The 
sulphur had a reddish colouration in regions where dissolving ferric 
ions were diffusing through the sulphur barrier.
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Plate 7.1 Optical photomicrograph of a pyrrhotite electrode after 
oxidation at 1.1 V (vs. S.H.E.) for 1500 s in 1 M HC104.

7.4.2 pH 4.6 (0.5 M CH,C00H + 0.5 M CH.COONa) and pH 9.2 
0105_M_Na2B407)

At pH 4.6 in the potential range 0.5 to 1.3 V, at which a ferric oxide 
film forms on the surface of pyrrhotite (see section 7.3.3), only 
falling current transients were observed (Figure 7.17). These decayed 
according to an i vs t-0-5 relationship (Figure 7.18), which suggests 
that diffusion through the passive oxide film limited the current. At 
potentials > 1.4 V the breakdown of the passive film by pitting lead 
to rising current transients after a long induction period (400 s, 40 
mC cm-2), during which time pits nucleated and grew and the current 
decayed with t-1. Similar behaviour was observed at pH 9.2 (0.05 M 
Na2B407).
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Fig 7.17 Current-time transients for a stationary pyrrhotite electrode 
held at various anodic potentials in stirred solution at pH
4.6 (0.5 M CH3 COOH + 0.5 M CH3 C00Na).

7.4.3 pH 13 (0.1 M NaOH)

At pH 13 the response differed from that observed at pH 4.6 and 9.2. 
In the prepassive region (0.1 to 0.4 V at pH 13), vhere the current
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Fig 7.18 Current-time transient for a stationary pyrrhotite electrode 
held at 1.1 V in stirred solution at pH A . 6  (0.5 M CH 3 C00H +
0.5 M CH3 C00Na). (-- ) i vs t“0-5;
R = correlation coefficient.

was found to increase rapidly in cyclic voltammetry experiments (see 
section 7.3.4, Figure 7.14), rising current transients were observed 
(Figure 7.19). At pH 4.6 and 9.2, the current only decayed with time 
in this region (e.g. between 0.5 and 0.9 V at pH 4.6). In the passive 
region (0.4 to 1.0 V at pH 13) falling transients were observed, as at 
pH 4.6 and 9.2, closely fitting an i vs t- 0 * 5 relationship, but over a 
much longer period of time (1500 s, see Figure 7.20).

7.4.4 Charge vs Time Measurements

Log charge (q) vs potential plots for stationary pyrrhotite electrodes 
in stirred solutions after 1500 seconds are shown in Figure 7.21 as a 
function of pH. At pH 0, log q increased linearly with potential (120 
mV per decade) and there was no evidence of sulphur inhibiting the 
oxidative processes. Plateaux in the log q versus potential plots at



267.

u

Time / s
Fig 7.19 Current-time transient for a stationary pyrrhotite electrode 
(top) held at 0.150 V in stirred solution at pH 13 (0.1 M NaOH).

(-- ) i vs t"1; (-•-•- ) i vs t;
Rx = correlation coefficient for the i vs t- 1  relationship;
R 2 = correlation coefficient for the i vs t relationship.

Fig 7.20 Current-time transient for a stationary pyrrhotite electrode
(bottom) held at 0.6 V in stirred solution at pH 13 (0.1 M NaOH) (-- )

i vs t-0*5; R = correlation coefficient.
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Potential, vs. SHE /  V

Fig 7.21 Anodic charge passed after 1500 s for a pyrrhotite electrode 
as a function of potential and pH.

pH 4.6 and 13 characterised the potential regions in which pyrrhotite 
oxidation was inhibited by ferric oxide film formation, the width of 
the plateau increasing with increasing pH. The amount of charge 
passed before passivation occurred was much greater at pH 13 than at
4.6, because sulphate formation, which has a higher charge requirement 
than sulphur formation, was more dominant at the former pH value.

7.5 Impedance Measurements on Stationary Pyrrhotite Electrodes

Unlike pyrite, ac impedance measurements on pyrrhotite electrodes did 
not reveal a small high frequency capacitive semicircle associated
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with a possible space charge layer (see sections 6 . 6  and 6.7). The 
impedance diagrams for pyrrhotite were characterised by a single, 
slightly distorted, depressed capacitive semicircle at all the pH 
values studied (pH 0, 4.6 and 9.2), the diameter generally decreasing 
with increasing potential. The impedance dispersion, caused by the 
overlapping of one or more capacitive semicircles of slightly 
different time constants, was more pronounced on pyrrhotite than on 
pyrite. More specifically, it prevented any meaningful quantitative 
evalution of equivalent circuit parameters using customary graphical 
methods. The high frequency, real axis intercept was the only 
parameter that could be ascertained from the impedance spectra with 
any real certainty. Since the uncompensated solution resistance (Ru) 
gave a direct measure of the changes in ohmic resistance (Rf) incurred 
when sulphur and ferric oxide films were formed on the electrode 
surface.

Figure 7.22 compares the values of Rf obtained from impedance spectra 
at pH 0, 4.6 and 9.2 as a function of electrode potential. In 
comparison with pyrite, the Rf values for pyrrhotite were found to 
vary quite noticeably with potential.

At pH 0, Rf was negligible (< 0.2 Q cm2) at potentials < 1.1 V, but 
increased with increasing potential to 15 S cm2 at 1.4 V, as a 
resistive, porous layer of elemental sulphur was formed on the 
electrode surface. In contrast, Rf was negligible on pyrite in the 
potential range 0.45 to 1.5 V (see section 6 .6 , Figure 6.56), which 
emphasises the dominance of sulphate formation on pyrite.

At pH 4.6 the resistance increased from 2 2 cm2 at 0.6 V to ~ 10 Q cm2  

in the current limiting region between 0.8 and 1.4 V. This increase 
in Rf was attributed to the passivating ferric oxide/hydroxide/sulphur 
film formed in this potential region. Above 1.4 V, breakdown of the 
passive film was marked by a decrease in R£.

The Rf values at pH 9.2 were much higher (> 14 Q cm2), which reflected 
the decrease in solubility and increased thickness of the ferric oxide
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Fig 7.22 Real axis, high frequency intercept resistance, R (equivalent 
to the surface film resistance, Rf), for pyrrhotite at pH 0,
4.6 and 9.2, plotted as a function of potential.

film in basic solutions. As passivation increased above 0.4 V (see 
section 7.3.4, Figure 7.13) the value of Rf also increased.

The impedance spectra of stationary pyrrhotite electrodes in stirred 
deoxygenated solutions at pH 0, 4.6 and 9.2 are presented in Figures
7.23 - 7.25 as a function of electrode potential. The following 
points are of significance:-

1. At pH 0 a low frequency inductive loop appeared at potentials >
0.9 V. This probably originated from the potential dependence of the 
surface coverage by adsorbed sulphur and/or sulphur-oxygen 
intermediates in the formation of sulphate (Figure 7.23).
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Real impedance ZR / Ohm cm^

7.23 Impedance spectra (0.1 Hz - 10 kHz) for a stationary
pyrrhotite electrode in stirred solution at pH 0 (1 M HC104). 
A) 0.9 to 1.1 V; B) 1.1 and 1.2 V.
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Fig 7.24 Impedance spectra (0.1 Hz - 10 kHz) for a stationary
pyrrhotite electrode in stirred solution at pH 4.6 (0.5 M 
CH 3 COOH + 0.5 M CH 3 C00Na). A) 0.6 to 1.4 V; B) 1.4 and
1.6 V.
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Fig 7.25 Impedance spectra (0.1 Hz - 10 kHz) for a stationary
pyrrhotite electrode in stirred solution at pH 9.2 (0.05 M 
Na 2 B 4 07).

2. In the limiting current region at pH 4.6 (see section 7.3.3), a 
low frequency inductive loop was observed at 1.2 V (Figure 7.24 A). 
However, once the passive film began to break up as a result of 
pitting at potentials > 1.4, the impedance spectra were characterised 
by the appearance of a low frequency Warburg impedance line (Figure
7.24 B). This was interpreted as being due to pyrrhotite oxidation 
becoming diffusion limited in the pits or pores.

3. At pH 9.2 the charge transfer resistence (diameter of the 
semicircles) increased as the electrode potential was increased above 
0.4 V (Figure 7.25). This signified an increase in the passivation of 
pyrrhotite by ferric oxide (see section 7.3.4).
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CHAPTER EIGHT : ELECTROCHEMICAL STUDIES ON PENTLANDITE ELECTRODES

8.1 Thermodynamics

Free energy of formation values for iron-nickel sulphides are not 
available in collections of reliable thermodynamic data. Craig*368’ 
obtained a AG°f value for violarite (FeNi2S4) of -319.66 kJ mol-1 by 
extrapolating high temperature thermodynamic data back to 298 K. 
However, Young*373 ’ critically assessed the evaluation of free 
energies by the method adopted by Craig and claimed that the accuracy 
was "at best" ± 42 kJ. Melling*374’ considered the effect of such an 
error in the free energy value of violarite on its stability domain in 
the Fe-Ni-S-H20 diagram. He found that there was a large effect on 
the stability of violarite with respect to pH and reducing conditions. 
However, under oxidising conditions the effect on stability was much 
smaller, the main contribution to the overall free energy change 
coming from sulphate rather than violarite.

Sajek*369) estimated a theoretical AG°f for pentlandite at 298 K by 
extrapolating high temperature data for the reaction:-

Fe4 5Ni4 5S8 = 4.5 FeS + 1.5 Ni3S2 + 0.25 S2(g) (8.1)

back to 298 K. A value of -751.70 kJ mol-1 was obtained, which was 
adjusted afterwards*369’ to -794.96 kJ mol”1 so as to be consistent 
with the observed stability of pentlandite and its occurrence with 
other iron and nickel sulphides in nature. Other workers have quoted 
AG°f values for pentlaudite that lay either side of this value, 
notably Abramov*69’ (-7T6.18 kJ mol-1) and Thornber*70’ (836.80 kJ 
mol-1).

All the free energy of formation data used to calculate the Eh-pH and 
activity-pH diagrams for the Fe-Ni-S-H20 system is listed in Table 
Ill(iii) (Appendix II). Higher nickel oxides (Ni304, Ni203, Ni02) 
were not considered, since the data for these species is now thought 
to be uncertain* 355’ due to the poor characterisation of these phases. 
Moreover, the solution species HNi02“, considered by Pourbaix*63 ’, is 
no longer thought to exist*355’; this is congruent with the well known 
corrosion resistance of nickel in alkaline solutions*375’.
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Fig 8.1 Potential-pH diagram for the Fe-Ni-S-H20 system at 298 K for 
dissolved sulphur, nickel and iron activities of 1 0 ~4.

The Eh-pH diagram (Figure 8.1) for the Fe-Ni-S-H20 system at 298 K was 
generated for dissolved sulphur, nickel and iron activities of 1 0 ”4. 
Pyrite was omitted from the diagram as its formation by reactions such 
as:-

FeNi2 S4 + Fe2+ = 2FeS2 + 2Ni2+ + 2e (8.2)

was unlikely under the experimental conditions1372* (see section 7.1).

Figure 8.1 shows that at low dissolved sulphur activities pentlandite 
is thermodynamically unstable at pH values < 4. However, it cannot 
dissolve non-oxidatively in the true sense as dissolution must involve 
an increase in the formal oxidation state of the metal atoms from 
< + 2  in the lattice to + 2  in solution.
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Violarite shows a region of stability between pH 3 and 10 which lies 
directly above the stability domain of pentlandite. Therefore, a 
product layer of violarite can be expected to form on the surface of 
pentlandite under mildly oxidising conditions. At more oxidising 
potentials, violarite becomes unstable with respect to Fe2+, Ni2+ and 
S042“ in acidic media, whereas Fe(0 H ) 3 and Ni(0H ) 2 are formed in 
neutral and alkaline solutions.

8.2 Studies on Virgin Pentlandite Surfaces

The effect of in-situ grinding to produce a fresh mineral surface on 
the rest potential of pentlandite at pH 0 and 9.2 is shown in Figure 
8.2. The Eoc versus time responses were similar to those observed for 
pyrite (see section 6.3).

In 1 M HC104 the rest potential of an untreated pentlandite electrode 
was lowered from 0.695 V to 0.127 V on abrading the mineral surface. 
However, when the abrasion treatment was stopped, the rest potential 
increased instantaneously to ~ 0.4 V and then climbed slowly back to 
its pre-abrasion value over the next 30 minutes.

Under non-oxidising conditions, pentlandite and pyrite respond very 
slowly to attack by acids due to the formation of a passivating film 
on their surfaces. Pentlandite dissolves 60 times slower than 
pyrrhotite under the same acid leaching conditions (see section 
2.4.3). Although an inhibiting layer also forms on pyrrhotite it 
dissolves in highly acidic solutions during an "induction period" 
prior to rapid pyrrhotite dissolution(200'201'204'205,. The results 
presented in section 7.2 suggested that the layer formed as a result 
of air oxidation, since it was removed by abrasion under non-oxidising 
conditions and did not reform subsequently. In contrast, abrasion did 
not prevent the open-circuit potential of pentlandite and pyrite 
electrodes returning to high values, which suggested that a passive 
layer formed on these minerals even in deoxygenated solutions. The 
results also suggested that the nature and form of the film formed on 
pyrite differed from that on pentlandite. Untreated pyrite electrodes 
exhibited larger cathodic currents on the first negative-going



278.

Time / mins

Fig 8.2 Change in the rest potential of a pentlandite electrode with 
time (after in situ polishing) at pH 0 (top) and pH 9.2 
(bottom). (A) commence polishing; (B) finish polishing.
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potential sweep from the rest potential than on subsequent sweeps, but 
with no discernable cathodic peak(s) (section 6.3). Current versus 
time curves and charge measurements (section 6.5.1) indicated that the 
passive film was of monolayer thickness. In addition, a mechanism 
involving the semiconductor properties of pyrite was postulated to 
describe its formation (section 6.7). The mechanism proposed that 
partial oxidation/deprotonation of water molecules occurs 
spontaneously at a "clean" pyrite surface, producing hydroxy-species 
which chemisorb onto the mineral surface, causing passivation.

In contrast, a large cathodic peak was observed on the first negative­
going potential sweep with untreated pentlandite electrodes (see 
Figure 8.3 A). The 55 mC cm" 2 of charge associated with the peak 
suggested that the passive layer is several monolayers thick.
Cathodic pretreatment at 0.15 V (Figures 8.3 B and 8.3 C) and in-situ 
abrasion (Figure 8.3 D) were both successful in removing the passive 
layer, although it did reform even in deoxygenated solution if the 
electrode was left at open-circuit for a period of time. There is no 
justification in using a semiconductor-type mechanism to explain why a 
passive film forms on pentlandite because the mineral is metallic in 
nature (see section 3.2.7). However, at pH values < 1 pentlandite is 
a very active electrocatalyst for oxygen reduction, being more active 
than pyrite and only slightly less active than gold (188). Thus, the 
high rest potential acquired at pH 0 (Figure 8.2) may be due initially 
to a mixed potential being established between the anodic process:-

(Fe, Ni)9 S8 = 4.5 Ni2+ + 4.5 Fe2+ + 8 S + 18e [a2]

E = 0.067 + 0.015 log [Ni2+] + 0.015 log [Fe2+]

and cathodic reduction of the trace amounts of oxygen in solution 
(10~ 5 - 10" 3 mol m~3; see section 4.1) by reaction (k6). Hence, a 
passivating layer of "sulphur" was formed, the open-circuit potential 
being too high for it to be removed by reaction (v).
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Fig 8.3 Cyclic voltammograms of a stationary pentlandite electrode in 
stirred solution at pH 0 (1 M HC104), recorded immediately 
after different surface pretreatments, starting from the rest 
potential, first cycled cathodically then anodically at 1 0 0  

mV s"1. (A) no pretreatment; (B) cathodic pretreatment at
0.15 V for 15 s; (C) cathodic pretreatment at 0.15 V for 2 
min; (D) fresh pentlandite surface produced by in situ 
abrasion.
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8.3 Cyclic Voltammetry

8.3.1 Anodic and Cathodic Reactions in Acidic Solutions (pH < 7)

The voltammograms recorded for stationary pentlandite electrodes in 
acidic media (Figure 8.4 (pH 1) and Figure 8.5 (pH 4.6)) were similar

Fig 8.4 The effect of extending the anodic potential scanning limit 
(E\a) on cyclic voltammograms of pentlandite at pH 1 (0.1 M 
HC104) in stirred solutions and a sweep rate of 100 mV s-1.
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Fig 8.5 The effect of extending the anodic potential scanning limit
(E^) on cyclic voltammograms of pentlandite at pH 4.6 (0.5 M 
CH 3 COOH + 0.5 M CH3 C00Na) in stirred solution and a sweep 
rate of 20 mV s-1.

in general shape and form to those observed for pyrite at the same pH 
values (see sections 6.4.1 and 6.4.3). However, the E)^ potential 
required before the reduction of adsorbed/soluble ferric species was 
observed on the reverse scan was much higher on pentlandite (eg 
> 1.1 V at pH 1, compared with > 0.8 V for pyrite). This was probably 
because the amount of ferric species formed at the surface of 
pentlandite, per mole of sulphide oxidised, was less than that formed 
at the surface of pyrite (see section 7.3.3).
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At pH 1 (Figure 8 .A) the products of pentlandite oxidation were Ni2+, 
sulphur, sulphate and mainly Fe3+ (see section 8.3.1.1), formed by 
reactions (b2) and (d2). The sulphate yield and ferric/sulphur ratio 
increased with increasing potential similar to pyrite and pyrrhotite. 
However, in contrast to pyrite and pyrrhotite, the broad cathodic peak 
at -0.1 V, assigned to sulphur reduction (reaction (v)), appeared to 
have no fine structure(s) (shoulders etc) associated with it.

Thornber(70) postulated that pentlandite oxidation proceeds via the 
formation of an intermediate phase, viz violarite (FeNi2 S4, reaction 
(r2)), which then oxidises by reactions (q3) and (r3) to give the same 
final product.

Violarite and pentlandite both have cubic-close packed sulphur 
lattices, so any metal atom depletion of a few monolayers from the 
pentlandite surface could be interpreted as surface alteration to form 
violarite, although the altered layer may not be a true thermodynamic 
phase.

At pH A . 6  (Figure 8.5) the main oxidation reactions were (e2) and 
(f2); forming ferric hydroxy species, Ni2+, S° and S042-. Figures 8 . 6  

and 8.7 show that the anodic oxidation curves for pentlandite 
exhibited a large stirring rate dependence at potentials > 0.6 V, 
where S042- formation (reactions (d2) and (f2)) was the dominant 
oxidation process. Moreover, the effect of stirring increased with 
increasing pH and had a greater effect on the anodic oxidation curves 
for pentlandite than it had on pyrite at similar pH and potential 
values (cf Figure 8.5 with Figure 6.26). This behaviour is typical of 
a dissolution-precipitation reaction (see section 6 .A.3). It would 
appear that sulphate formation lowered the interfacial pH sufficiently 
to solubilise any insoluble ferric oxide/hydroxide layers formed on 
the surfaces of pentlandite and pyrite electrodes at lower 
overpotentials. Hence, Fe3+, Fe(0H)2+ and Fe(0H)2+ ions were released 
into solution and precipitated "near" the mineral electrode surface in 
regions where the pH is relatively high (> 1). (NB. near is taken to
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Potential /V vs. S.H.E.

Fig 8.6 The effect of electrode rotation on cyclic voltammograms of a
pentlandite RSCBE at pH 1 (0.1 M HC104). (---) stationary
electrode; (-- ) rotated electrode.

mean a distance greater than the thickness of the electrical double 
layer). In quiescent solutions, ferric hydroxide reprecipitated on 
the surfaces of pentlandite and pyrite, inhibiting their anodic 
oxidation reactions, which were shifted to more positive potentials. 
However, in stirred solutions, some of the soluble ferric species were
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Fig 8.7 The effect of electrode rotation on cyclic voltammograms of a 
pentlandite RSCBE at pH 4.6 (0.5 M CH3C00H + 0.5 M CH3C00Na)
(---) stationary electrode; (---) rotated electrode.

dispersed into solution and precipitated further away from the mineral 
surfaces than before, so decreasing the inhibiting effect of the 
product layers. As the pH increased and the solubility of ferric 
species decreased, the effect of stirring on the anodic oxidation 
curves for pentlandite and pyrite became more noticeable (cf Figure
8.6 and 8.7). Moreover, since sulphate formation yielded a higher 
H+/Fe(0H)3 product ratio at the surface of pyrite than at the surface 
of pentlandite (see section 7.3.3, Table 7.1), and sulphate formation 
appeared to be the dominant oxidation pathway for pyrite (see section 
6.7), it follows that ferric hydroxide species were more likely to
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inhibit pentlandite oxidation than pyrite oxidation. Consequently, 
the anodic oxidation current of pentlandite exhibited a larger 
stirring rate dependence.

Indeed at pH 4.6, the potential of pyrite could be extended to 2.0 V 
without passivation, whereas with pentlandite at values > 1.3 V, 
the anodic current decreased gradually on consecutive potential cycles 
(Figure 8.8) and the surface of the electrode darkened. Clearly, the

Fig 8.8 Cyclic voltammograms of pentlandite at pH 4.6 (0.5 M CH3C00H 
+ 0.5 M CH3C00Na) in stirred solution. (1) E^, 1.3 V; (2) 
E\a, 1-6 V; (3) 2.0 V.

passive layer formed on pentlandite at high anodic potentials is not 
reduced easily and is different in thickness and/or in nature to the 
passive ferric oxide film formed on pyrrhotite, which was reduced on 
each negative-going potential sweep (see section 7.3.3). Most 
probably the passive layer on pentlandite is a mixed oxide/sulphur 
dielectric film with a higher sulphur content than that formed on 
pyrrhotite at similar potentials, making it more resistive.



287.

8.3.1.1 Pentlandite RSCBE at pH 0 (1 HC10.)

The current-time response of a pentlandite RSCBE to potential cycling 
in 1 M HC104 is shown in Figure 8.9. Once again, no Fe(II) species

Âa ^AC
P o t e n t i a l  vs.  S H E / V

E C+ 1 . 4 V

E C+ 1 . 0 V

E c 0.0 V

Fig 8.9 Cyclic voltammograms of a RSCBE in 1 M HC104 (pH 0) with the 
pentlandite working electrode (WE) swept anodically from 0.25 
to 1.3 V, then cathodically to -0.25 V, and the platinum 
collector electrode held at various potentials (Ec).
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were detected at the platinum collector (held at potentials > 0.8 V) 
when the potential of the mineral electrode was swept in a positive 
direction (see sections 6.4.2 and 7.3.2). At potentials > 0.8 V the 
main pentlandite oxidation reactions were (b2) and (d2) producing 
Fe3+, Ni2+, sulphur and sulphate. Over the range of collector 
potentials (Ec) studied, viz 0.0 - 1.4 V, Ni2+ ions were electro- 
inactive. Thus only Fe3+ ions were detected at the collector 
electrode (reduced to Fe2+ by reaction (g) at Ec potentials < 0.7 V), 
when the mineral electrode was swept to positive potentials.

The pentlandite cathodic peak at -0.1 V, attributed to the reduction 
of anodically formed sulphur, gave rise to an anodic collector current 
response at Ec values > 1.2 V, as a result of H2S oxidation.

8.3.2 Voltammetry in Neutral and Basic Solutions

Voltammograms of pentlandite recorded over the pH range 7 - 1 3  were 
very similar in character, exhibiting an anodic wave/current plateau, 
between 0.4 and 0.6 V, followed by a rapid increase in current on the 
first positive-going potential scan (see Figures 8.10 and 8.12). Both 
features shifted to more negative potentials with increasing pH and 
the anodic wave was observed irrespective of whether the electrode 
potential was initially swept in a negative (Figures 8.10), or 
positive (Figure 8.11 - 8.13) direction from the rest potential.

The Eh/pH diagram for the Fe-Ni-S-H20 system at 298 K (Figure 8.1) 
predicts that at neutral pH values and low anodic potentials 
pentlandite can oxidise to form a surface layer consisting of a 
nickel-rich violarite (FeNi2S4)-type phase mixed with ferric 
oxide/hydroxide (reaction (s2)). As the potential increased, 
violarite oxidised (reactions (m3) and (n3)), giving rise to the 
anodic prewave between 0.4 and 0.6 V. The Ni2+ ions released into 
solution precipitated once their solubility was exceeded (reaction 
(a3)). At pH 7, thermodynamics predicts the solubility of Ni(0H)2 to 
be 10"1-82 mol dm"3 Figure Il(xii) (Appendix II), although the 
experimental results of various workers lie in the range 10"1 to
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Fig 8.10 The effect of repetitive potential cycling between 1.1 and 
-0.8 V at 100 mV s"1 on the voltammetric behaviour of a 
stationary pentlandite electrode in stirred solution at pH 7 
(0.025 M KH2P04 + 0.025 M Na2HP04).

10-5 mol dm-3 (63). In comparison, the solubility of Fe3+ with 
respect to Fe(0H)3 and FeOOH is much lower, viz 10-16-2 and 10-22-9 
mol dm-3, respectively (reactions (ox) and u1)). Thus, the stirring 
rate dependence of the anodic current in the prewave region at pH 7 
(Figure 8.13) was more likely to be due to the anodic dissolution- 
precipitation of Ni(0H)2 rather than of ferric hydroxy species since 
at low anodic overpotentials the interfacial pH was probably not 
lowered sufficiently to solubilise ferric species, except perhaps 
within the pores of the sulphur layer formed during violarite 
oxidation. Although Ni(0H)2 precipitation inhibited the anodic



290.

8.11 The effect of repetitive potential cycling between 1.0 and
(top) -0.8 V at 100 mV s-1 on the voltammetric behaviour of a

stationary pentlandite electrode in stirred solution at pH 
9.2 (0.05 M Na2B407).

8.12 The effect of repetitive potential cycling between 0.6 and 
(bottom) -0.9 V at 100 mV s-1 on the voltammetric behaviour of a

stationary pentlandite electrode in stirred solution at pH 
13.0 (0.1 M NaOH).
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Fig 8.13 The effect of electrode rotation on cyclic voltammograms of a 
pentlandite RSCBE at pH 7 (0.025 H Na2HP04 + 0.025 M KH2P04)
(---) stationary electrode; (---) rotated electrode.

processes and accounted partly for the observed prewave, the molar 
volume change associated with violarite oxidation to sulphur also 
contributed to the decrease in the rate of pentlandite oxidation.
Table 8.1 shows the molar volume changes that occur when one mole of 
sulphide mineral is converted to elemental sulphur and dissolved metal 
ions (assuming metal ion hydroxylation occurs subsequently as a 
separate reaction).

The table shows that pentlandite oxidation to sulphur (reaction (b2)) 
causes a relatively large negative change in the molar volume 
(-22.5%). With such a large shrinkage the sulphur formed anodically 
would be expected to form in a cracked or porous morphology which 
would not prevent further oxidation of the mineral lying underneath. 
Similarly, any anodic surface transformation, or change in the surface 
stoichiometry of pentlandite towards a nickel-rich violarite type 
phase, should not obstruct the passage of dissolving metal ions
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Table 8.1 Volume Changes Associated with Sulphide Mineral Oxidation 
Reactions

1

Mineral Molar Volume 
(cm3)

Pentlandite ((Fe,Ni)9S8)) 160
Pyrrhotite (FeS) 18.5
Violarite (FeNi2S4) 64
Sulphur (S°) 15.5

Reaction Volume Change
m

(b2) (Fe,Ni)9S8 = 4.5Ni2+ + 4.5Fe3+ + 8S + 22.5e -22.5
(r2) (Fe,Ni)9S8 = 2FeNi2S4 + 2.5Fe3+ + 0.5Ni2+ + 8.5e -20
(q3) FeNi2S4 = Fe3+ + 2Ni2+ + 4S + 7e - 3
(hx) FeS = Fe3+ + S + 3e -16

(reaction (r2)). However, the decrease in molar volume associated 
with violarite oxidation to sulphur (reaction (q3)) is quite small 
(-32). Thus assuming a violarite-type intermediate phase was formed 
on the surface of pentlandite, and its subsequent oxidation at low 
anodic overpotentials gave a high sulphur yield, the transport of 
metal ions through the sulphur film formed on violarite would be much 
slower than if pentlandite oxidised directly to sulphur. This might 
explain why an anodic prewave was observed and why the current in the 
prewave potential region exhibited a stirring rate dependence.

At potentials > 0.7 V the current increased rapidly due to the bulk 
oxidation of pentlandite (reactions (g2) and (h2)) and an upward trend 
in the current was observed after the scan was reversed,
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characteristic of a nucleation and growth process. Moreover, on 
subsequent potential cycles the anodic current decreased, though more 
gradually at pH 7 (Figure 8.10) than at pH 9.2 and 13 (Figure 8.11 and 
8.12). Clearly, the surface layer nucleated and grown on the first 
anodic sweep, passivated the surface and was not reduced on the 
reverse negative-going potential scan. This behaviour was similar to 
that observed at pH 4.6 at potentials > 1.3 V (see Figure 8.8), 
where passivation was attributed to the formation of a mixed ferric 
oxide/sulphur film. However, in neutral and basic solutions the 
passive layer was probably composed of a mixed ferric/nickelous oxide 
film due to the predominance of sulphate formation in alkali media.

The S 2p and Ni 2p 3/2 XPS spectra of pentlandite electrodes polarised 
for 10 minutes at 1.0 V in pH 4.6, 7.0 and 9.2 buffer solutions is 
shown in Figure 8.14. The S 2p spectra exhibited a large sulphide 
peak at 162 eV and a smaller sulphate peak at 168 eV. As expected, 
the sulphate peak became more pronounced with increasing pH. At pH
4.6 the S 2p peak at 162 eV was skewed and slightly displaced to 
higher binding energies, indicating that elemental sulphur was also 
present on the surface. At pH 9.2 the sulphide peak was at its most 
intense. Similarly, the Ni 2p 3/2 spectra exhibited a peak at 853 eV, 
characteristic of Ni(0) and/or Ni(II), which became more intense and 
shifted to lower binding energies with increasing pH. In addition, 
the Fe 2p and 0 Is spectra showed that ferric hydroxy and hydroxy- 
sulphate species were also present on the pentlandite surface at each 
pH value.

These results suggested that the level of Ni(II) and sulphide sulphur 
at the pentlandite surface, under oxidising conditions, increases with 
increasing pH, which supports an oxidation mechanism involving the 
formation of a violarite-type intermediate phase. The violarite-type 
phase appeared to be formed even at the relatively high anodic 
potentials used in these experiments, although Thornber's Eh-pH 
diagram for the Fe-Ni-S-H2O(70) system suggests that if the local 
concentration of dissolved Ni2+ ions at the surface is high 
(> 10“4 mol dm-3), e.g. at high anodic potentials, then millerite 
(NiS) may be the intermediate phase formed (reactions (t2) and (u2)).
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Fig 8.14 S 2p and Ni 2p 3/2 XPS spectra of pentlandite electrodes 
polarised for 10 minutes at 1.0 V in pH 4.6, 7.0 and 9.2 
buffer solutions.
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8.4 Pulse Voltammetry on Stationary Pentlandite Electrodes

Figure 8.15 shows the current-time transients recorded in 1 M HC104 on

Fig 8.15 Current-time transients for a stationary pentlandite 
electrode held at various anodic poentials in stirred 
solution at pH 0 (1 M HC104).

pulsing the potential of pentlandite electrode from its rest potential 
to a series of anodic overpotentials. Over the potential range 
studied (0.6 - 1.3 V), the current always decayed initially as a 
function of t-0*5 (Figure 8.16), indicating that the diffusion of
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Fig 8.16 Current-time transient for a stationary pentlandite electrode 
held at 1.0 V in stirred solution at pH 0 (1 H HC104). (A) i
vs t; (B) i vs t-0-5; R = correlation coefficient.
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metal ions away from the electrode surface was rate-determining. At 
potentials > 1.0 V, the i-t data showed a minimum, which was reached 
at shorter times as the potential was increased. The current then 
increased due to the nucleation and growth of sulphur before passing 
through a maximum (Figure 8.15). The time associated with the rising 
portion of the transient was dependent on the overpotential. The 
subsequent current decay was caused by the thickening sulphur layer 
inhibiting further anodic dissolution. Similar behaviour was observed 
at pH 4.6 (Figure 8.17).

Only falling current transients were observed in alkaline solutions. 
When the potential was stepped into the potential region where the 
anodic prewave was observed in cyclic voltammograms, the current 
decayed according to a t-1 relationship, characteristic of an 
adsorption/oxide growth (Ni(0H)2)-type process (Figure 8.18). At 
higher potentials the current decayed as a function of t-0-5, with the 
diffusion of metal ions through a thickening oxide film rate­
determining. Further evidence of this diffusion controlled region in 
alkaline solutions was detected in plots of log charge (q) vs 
potential, where the charge curve levelled out at high anodic 
overpotentials (Figure 8.19).

8.5 Impedance Measurements on Stationary Pentlandite Electrodes

The complex plane impedance spectra (0.1 Hz - 10 kHz) of stationary 
pentlandite electrodes in stirred deoxygenated solutions at pH 0, 4.6 
and 9.2 are presented as functions of potential in Figures 8.20 - 
8.22. In acidic solutions (Figure 8.20 and 8.21), a single semicircle 
was obtained, corresponding to the charge transfer resistance, which 
decreased in size as the anodic potential was increased. At high 
potentials (> 1.0 V), an inductive loop also appeared, indicating that 
an adsorbed sulphur and/or sulphur-oxygen intermediate product layer 
was probably forming on the electrode surface (see section 7.5). In 
addition, the charge transfer semicircles became less depressed which 
allowed capacitance values to be calculated from the imaginary 
impedance maxima by equation (6.36). As expected pentlandite 
exhibited quasi-metallic behaviour. At pH 0, the double layer
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Fig 8.17 Current-time transients for a stationary pentlandite
electrode held at various anodic potentials in stirred 
solution at pH 4.6 (0.5 M CH3C00H + 0.5 M CH3C00Na).

capacitance increased from 13 to 48 pF cm-2 as the potential was 
increased from 1.0 V to 1.2 V. This rise in capacitance was most 
probably due to the nucleation and growth of sulphur in corrosion
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Fig 8.18 Current-time transient for a stationary pentlandite electrode 
held at 0.6 V in stirred solution at pH 9.2 (0.05 M Na2B407). 
(A) i vs t; (B) i vs t-1; R = correlation coefficient.
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P o t e n t i a l  v s  S H E . /  V

Fig 8.19 Anodic charge passed after 1500 s for a pentlandite electrode 
as a function of potential and pH.

pits, which increased the surface area of the pentlandite electrode, 
although the increase may have been caused by an additional pseudo­
capacitance associated with the adsorption of the sulphur product 
layer. At 1.4 V, the double layer capacitance decreased to 
24 pF cm- 2  while the uncompensated ohmic resistance increased from 
0.65 R cm2 at 1.2 V to 1.07 R cm2 at 1.4 V. This was attributed to a 
thickening of the sulphur layer which decreased the double layer 
capacitance by decreasing the reactive surface area of the electrode. 
Similarly behaviour was observed at pH 4.6.

Figure 8.23 shows the variation in uncompensated ohmic resistance (Ru) 
as a function of potential and pH. Over the potential range 
investigated (0.3 - 1.2 V), resistance values were generally low in 
acidic media (< 1 R cm2 at pH 0 and < 2 R cm2 at pH 4.6),
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Fig 8.20 Impedance spectra (0.1 Hz - 10 kHz) for a stationary
pentlandite electrode in stirred solution at pH 0 (1 M 
HC104). (A) 0.3 to 1.0 V; (B) 1.2 and 1.4 V.
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Fig 8.21 Impedance spectra (0.1 Hz - 10 kHz) for a stationary 
pentlandite electrode in stirred solution at pH A . 6  

(0.5 M CH 3 COOH + 0.5 M CH 3 C00Na). (A) 0.3 and 0.6 V; 
and 1.0 V; (C) 1.0 and 1.2 V.

(B) 0.8
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R e a l  i m pe d an c e,  Z R  / Ohm  c m 2

Fig 8.22 Impedance spectra (0.1 Hz - 10 kHz) for a stationary
pentlandite electrode in stirred solution at pH 9.2 (0.05 M 
Na2B407). (A) 0.2 to 0.8 V; (B) 0.8 and 0.9 V.
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Fig 8.23 Real axis, high frequency intercept resistance, R (equivalent 
to the surface film resistance, Rf), for pentlandite at pH 0,
4.6 and 9.2, plotted as a function of potential.

increasing only slightly with increasing anodic overpotential, which 
suggested that the product layer formed on pentlandite (sulphur at pH 
0, sulphur and ferric hydroxide at pH 4.6) was relatively thin.
Similar behaviour was observed with pyrite and can be attributed to 
the lower overpotential requirement for sulphate formation on these 
minerals, in comparison to pyrrhotite, on which sulphur formation was 
dominant even at high anodic potentials (see section 7.4.1 and 7.5).
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At pH 9.2, under mildly oxidising conditions (0.2 V), the impedance 
spectrum exhibited the beginning of a Warburg diffusion line at low 
frequencies (Figure 8.22). This was attributed to the diffusion of 
Fe3+ and Ni2+ ions out through a porous layer consisting of a nickel 
rich violarite-type phase and ferric oxide/hydroxide formed during 
anodic polarisation (reaction (s2)). The Fe3+ ions precipitate out as 
ferric oxide/hydroxide once they reach the surface.

A major change in the Nyquist plot was observed on increasing the 
anodic potential to 0.7 V. Two depressed semicircles were obtained, 
which coincided with the electrode surface becoming covered in a 
brown/grey deposit of ferric/nickelous oxide. Double layer 
capacitance values of 46.4 and 46.9 pF cm-2 were derived (using 
equation (6.36)) from an analysis of the high frequency loops at 0.8 
and 0.9 V. These values were typical of a metal/aqueous solution 
interface and similar to those values obtained in acidic media. 
Capacitance values calculated from the low frequency loops increased 
from 1,933 pF cm-2 at 0.8 V to 2,439 pF cm-2 at 0.9 V, consistent with 
the pseudo-capacitance associated with the nucleation and growth of a 
thickening ferric/nickelous oxide film (reactions (g2) and (h2)).
This was also reflected in values obtained for the total uncompensated 
resistance, which increased from 23 S2 cm2 at 0.8 V to 30 S cm2 at 0.9 
V. Furthermore at 0.9 V, a low frequency inductive loop appeared, 
which suggests that adsorbed sulphur-oxygen species (e.g. S2032- etc.) 
may also have been present in the oxide film.
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CHAPTER NINE: ELECTROCHEMICAL STUDIES ON CHALCOPYRITE ELECTRODES

9.1 Thermodynami cs

Fig 9.1 Potential-pfl diagram for the Cu-Fe-S-H20 system at 298 K for 
dissolved copper, iron and sulphur activities of 10'8,
10-4 and 10"4, respectively(370

The Eh-pH diagram (Figure 9.1) for the Cu-Fe-S-H20 system at 298 K 
calculated from the thermodynamic data presented in Table II(iv) 
(Appendix II) shows that oxidative decomposition paths for
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chalcopyrite in acidic solutions call for H2S as a reactant and FeS2 
as a product, e.g.:-

CuFeS2 + 0.4 H2S = CuFe0 2S0 8 + 0.8FeS2 + 0.8 H+ + 0.8e (9.1)

2CuFeS2 + H2S = Cu2S + 2FeS2 + 2H+ + 2e (9.2)

CuFeS2 + H2S = CuS + FeS2 + 2H+ + 2e (9.3)

However, if H2S is not available as a reactant, i.e. at the low 
dissolved sulphur activities typical of solutions initially containing 
no dissolved sulphur on immersion of an electrode, then these 
reactions cannot occur. Moreover, the slow rate of pyrite 
nucleation/formation<372) (see section 7.1) probably explains why none 
of these reactions have been observed in any of the numerous 
atmospheric or pressure leaching studies that have been carried out on
C h a l c o p y r i  te { ^ 5 3 , 1 5 4 , 1 5 8 , 1 6 8 , 1 6 9 , 1 7 2 —1 7 4 ) (

Also, Figure 9.1 does not adequately predict the kinetic behaviour of 
the oxidation of copper sulphides, which, unlike the iron sulphides, 
produce predominantly elemental sulphur, rather than sulphate(65), as 
the product of oxidation in non-chloride aqueous acid solutions. 
Moreover, a metallic copper stability domain lies above that of 
chalcocite (Cu2S) and is derived from the oxidation of Cu2S to sulphur 
(VI):-

Cu2S + 4H20 = 2Cu° + S042" + 8H+ + 6e (9.4)

However, this reaction requires geological time scales to give rise to 
detectable products< 377 *. To account for the observed kinetic 
behaviour of the oxidation of copper sulphides, Goodenough(376) and 
Woods et al(377) have recently constructed Eh-pH diagrams for the Cu-
S-H20 system which allow for the irreversibility of sulphate 
formation. If sulphoxy species (i.e. sulphur species with oxidation 
states > 0) are excluded from consideration, then Figure 9.2B<376) is 
obtained. The effect is to expand the regions of copper sulphide 
stability to much higher potentials (compare Figure 9.2A and Figure 
9.2B). Covellite (CuS) has a band of meta-stability lying above that
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Fig 9.2 Potential-pH diagrams for the Cu-S-H20 system(376) at 298 K 
for dissolved sulphur and copper activities of:-

(A) 10"6 and 10-4, respectively.
(B) 10-5 and 5 x 10-3, respectively (meta-stable diagram 

excluding sulphur species with oxidation states > 0).
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of Cu2S, hence Cu2S is predicted to oxidise to CuS which in turn 
oxidises to elemental sulphur and Cu2+ ions or Cu0/Cu(0H)2(8), 
depending on the pH. Furthermore, Figure 9.2B shows the copper 
sulphides to be more noble electrochemically than Cu20 and Cu, thus 
predicting that the latter species are not formed as products of 
copper sulphide oxidation in neutral and basic solutions.

9.2 Rest Potential Measurements

Open-circuit potential (Eoc) versus time profiles for chalcopyrite 
electrodes subjected to in situ grinding at pH 0 and 9.2 are shown in 
Figure 9.3. In 1 M HC104, the rest potential was lowered from 0.559 V 
to 0.197 V on abrading the mineral surface. However, when the 
abrasion was stopped the rest potential increased and levelled off at 
ca. 0.46 V after 3 minutes. Similar behaviour was observed at pH 9.2, 
except that the difference between the initial and final rest 
potential was much less (ca. 50 mV).

9.3 Cyclic Voltammetry

9.3.1 Anodic and Cathodic Processes in Acidic Solutions (pH < 7)

Cyclic voltammograms of stationary chalcopyrite electrodes in acidic 
solutions were characterised by an anodic peak or prewave which 
occurred between 0.4 and 0.7 V (Figures 9.4 and 9.5). The prewave was 
observed irrespective of the type of acid electrolyte used or the 
direction of the initial potential sweep. In 0.1 M HC104, the peak 
current decreased on subsequent cycles until a reproducible 
voltammogram was obtained after about five cycles (Figure 9.6A), 
indicating that passivation was occurring to a degree in the prewave 
region; the extent of passivation being dependent on the negative­
going potential scanning limit (E^c) (see section 9.3.1.1).

The main oxidation reactions in the prewave region could be attributed 
to the reactions:-



0 2 4 6 8 10 12 14 16
Time/min

Fig 9.3 Change in the open-circuit potential of a chalcopyrite
electrode with time after in situ polishing at pH 0 (top) and 
pH 9.2 (bottom). (A) commence polishing; (B) finish 
polishing.
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CuFeS2 = CuS + Fe2+ + S + 2e (a4)

E = 0.232 + 0.0295 log [Fe2+]

CuFeS2 = CuS + Fe3+ +' S + 3e (b4)

E = 0.412 + 0.197 log [Fe3+] 

occurring in series with reaction (r4):-

Fig 9.4 Cyclic voltammogram of a stationary chalcopyrite in stirred 
solution at pH 1 (0.1 M H2S04) and a sweep rate of 20 mV s"1.
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CuS = Cu2+ + S + 2e (r4)

E = 0.590 + 0.0295 log [Cu2+]

the latter reaction becoming more significant at high potentials.
On the negative-going potential sweep, a reduction peak was observed 
at 0.35 V in quiescent solution (Figure 9.6A) assigned to the reverse

Fig 9.5 The effect of extending the anodic potential scanning limit 
(E^) on cyclic voltammograms of chalcopyrite at pH 4.6 (0.5 
M CH3C00H + 0.5 M CH3C00Na) in stirred solution and a sweep 
rate of 100 mV s"1.
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of reaction (k4), since stirring decreased the current by dispersing 
the Cu2+ produced by reaction (r4). At lover cathodic potentials the 
reduction of chalcopyrite to bornite (reaction (g5))<179) and sulphur 
reduction (reaction (v)) gave rise to the reduction peak at -0.1 V, 
the latter reaction being reversed at 0.05 V on the subsequent anodic 
sweep, again with stirring dispersing the H2S and decreasing the

_______1 i i » l___ i___ I___ i___ I___ i___ I___ i— I-------------

-0.4 -Q2 0.0 0.2 0.4 0.6 0.8
Potential vs. S.HE./ V

Fig 9.6 Cyclic voltammograms of a chalcopyrite RSCBE at pH 1 (0.1 H 
HC104) and a sweep rate of 100 mV s"1. (A) effect of
electrode rotation; (---) stationary electrode; (---) rotated
electrode. (B) effect of extending the cathodic potential 
scanning limit (E^) on the anodic prevave peak height 
(rotated electrode).
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oxidation peak current. At the cathodic limit (Exc = -0.2 V) 
chalcopyrite reduction to chalcocite (reaction (h5)) could also occur 
(Figure 9.6A).

The presence of Fe2+ at a concentration of 0.1 mol dm-3 in 1 M HC104 
increased the magnitude of the prewave peak only slightly (Figure 
9.7A), consistent with the known irreversible nature of this redox

Fig 9.7

- 0 . 4  0.0 0.4 0.8 1 . 2

Potential vs. SHEjv
Cyclic voltammograms of a chalcopyrite RSCBE in:
(A) 1 M HC104 + 0.1 M Cu S04 + 0.1 M FeS04
(B) 1 M HC1 + 0.1 M CuS04
(----- ) stationary electrode; (--- ) rotated electrode.



316.

system on chalcopyrite(160>. The addition of Cu2+ at the same 
concentration enhanced the magnitude of the peak assigned to reaction 
(k4), supporting the reaction assignment given above. In addition, a 
cathodic peak was observed at 0.2 V due to the reduction of Cu(II) to 
Cu° (reaction (s5); Figure 9.7A). In 1 M HC1 (Figure 9.7B), peak (s5) 
was absent, presumably due to the stability of Cu(I) in chloride 
media; the cathodic peak at 0.1 V being attributable to reaction (k4) 
occurring in parallel with the reduction of Cu2+ to CuCl2“ (reaction 
<u5)).

In separate experiments with ferrous (0.1 mol dm-3) and cupric 
sulphate (0.1 mol dm"3) in 1 M HC1, though in the absence of sulphide, 
the reduction of Cu2+ to CuCl2~ (reaction (u5)) and CuCl2~ to Cu 
(reaction (v5)) on platinum occurred at ~ 0.4 V and 0.08 V, 
respectively (Figure 9.8).

Potential vs. S.H.E/V

Fig 9.8 Cyclic voltammograms of a RSCBE Pt collector electrode in
1 M HC1 + 0.1 M CuS04 + 0.1 M FeS04 (---) stationary
electrode; (-- ) rotated electrode.
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9.3.1.1 The Prevave Process

As so little solid product is formed in the prewave region it cannot 
be identified by X-ray diffraction. However, it has been well 
documented that the initial oxidation of chalcopyrite involves the 
selective dissolution of iron(152'1581; the shorter the time, the 
higher the Fe/Cu molar ratio found in solution; decaying from 4:1 to a 
final value of 2:1(155).

There are several possible mechanisms to explain the anodic prewave 
process:-

(i) Gardner and Woods*175} assigned the prewave process to reaction 
(a4), producing Fe2+, sulphur and covellite (CuS). The latter was 
said to oxidise at potentials above the prewave region to give Cu2+ 
and sulphur by reaction (r4), implying that the prewave process does 
not involve the release of Cu2+ ions into solution. Therefore this 
mechanism fails to explain the Fe/Cu ratio found in solution.

(ii) While others*152'167* have observed the prewave peak, its 
dependence on the cathodic potential limit has not been reported. By 
sweeping the potential to E^c values < -0.2 V (Figure 9.6B), the 
reduction of chalcopyrite occurred (probably by reactions (p5), (g5), 
(h5) and (i5)), leading to the reactivation of the prevave peak at 
0.55 V. The formation of metallic copper by reactions (i5) gave rise 
to a broad oxidation peak at -0.3 V due to the reverse reaction 
occurring in parallel with reaction (t5), producing Cu2S. The 
subsequent anodic peaks observed at 0.4 V and 0.45 V (Figure 9.6B), 
superimposed on the prevave, could then be assigned to the oxidation 
of bornite (reaction (i4)) and chalcocite (reaction (k4)) formed on 
the previous cathodic sweep.

This suggested that the prewave process involved the oxidation of 
copper sulphide phases with a Cu/Fe ratio greater than that of 
chalcopyrite. Thus chalcopyrite oxidation may have proceeded via 
bornite (CuFe0 2S0 8 ~ reaction (g4)) and chalcocite (Cu2S - reaction 
(i4)) to produce covellite (reaction (k4)) by an overall reaction 
(n4)
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CuFeS2  = CuFe0  2 S0  8  + 0 .8Fe2+ + 1.2S + 1.6e (g4)

E = 0.260 + 0.0295 log [Fe2+]

CuFe0  2 S0  8  = 0.5  Cu2S + 0.2Fe2+ + 0.3S + 0 .4e  ( i 4)

E = 0.273 + 0.0295 log [Fe2+]

0.5  Cu2S = 0.5  CuS + 0.5 Cu2* + e (k4)

E = 0.530 + 0.295 log [Cu2+]

Overal l  CuFeS2  = 0.5 CuS + 1.5S + Fe2+ + 0.5  Cu2+ + 3e (n 4)

E = 0.437 + 0.01 log [Cu2+J + 0.02 log [Fe2+]

This mechanism expla ins  the high d isso lved  Fe/Cu r a t i o  and i t s  
f i n a l  value of two, and i s  a l so  c o n s i s t e n t  with the Eh-pH diagram 
shown in Figure 9 .2 ,  which allows fo r  the i r r e v e r s i b i l i t y  of su lpha te  
formation (see  s ec t io n  9 .1 ) .

( i i i )  A l t e r n a t iv e ly ,  the prewave process could re p re se n t  the 
d i s s o l u t i o n  of metal  ions from the minera l  l a t t i c e  leav ing  a m eta l -  

d e f i c i e n t  su lphide  fi lm (CuxFeyS2, where x < 1, y < 1) which i s  formed 
by re a c t io n  ( 1 5) : —

CuFeS2  = ( l -x)Cu2+ + ( l - y ) F e 2+ + CuxFeyS2  + 4 (2 -x -y )e  (15)

Open c i r c u i t  p o t e n t i a l  decay measurements, recorded a f t e r  pu ls ing  the 
p o t e n t i a l  in to  the prewave reg ion ,  showed tha t  a smal l  p o t e n t i a l  
a r r e s t  occurred  a f t e r  -  15 s (F igure  9 .9 ) .  This could be due to the

ga lvan ic  reduc t ion  of the porous m e ta l -d e f i c i e n t  f i lm  by the 
under ly ing ,  una l te red  ch a lc o p y r i t e ,  forming su lphur by the r e a c t i o n : -

CuxFeyS2  = (x+y) CuFeS2  + (2-x-y)S (m5)

XPS s tu d i e s  of cha lcopyr i te  ox ida t ion  in a i r  and a i r - s a t u r a t e d  
s o lu t io n s  by Woods e t  a l (330,379" 381* tend to suppor t  t h i s  mechanism.
In  e a r ly  s tu d ie s* 381}, the sulphur spectrum fo r  an ox id ised  su r face  
was i n t e r p r e t e d  in  terms of th ree  d i f f e r e n t  environments with b inding
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Fig 9.9  O pen-c i rcu i t  p o t e n t i a l  versus  time p r o f i l e s  fo r  a
ch a lc o p y r i t e  e l e c t ro d e  a t  pH 4.6 (0 .5  M CH3 C00H + 0 .5  M 
CH3 C00Na) recorded a f t e r  pu ls ing  to va r ious  anodic p o t e n t i a l s  
fo r  2 0  seconds.

energ ies  c o n s i s t e n t  with the presence of CuS, S and una l te red  
c h a lc o p y r i t e .  This observat ion  appeared to s u b s t a n t i a t e  the 
conclus ions  from previous e lec t rochemical  s t u d i e s (175), tha t  anodic 
o x ida t ion  was represented  by r e a c t io n  ( a 4).
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However, r e a p p r a i s a l  of the sulphur  sp ec t ra  fo r  su r face s  ox id ised  by 
a i r (379) revealed  tha t  they were best  f i t t e d  by one a d d i t i o n a l  double t  
s h i f t e d  by a t  l e a s t  1.7 eV from tha t  of c h a lc o p y r i t e ,  with the s h i f t  
i n c re a s in g  towards 1.9 eV as the exposure time inc reased .  I t  was 
concluded th a t  t h i s  was due to the formation of a copper su lph ide  of 
s to ich iom et ry  c lose  to CuS2  and tha t  in a c id i c  s o lu t io n s  r e a c t io n  ( a 4) 
should be presented  a s : -

CuFeS2  = CuS2  + Fe2+ + 2e (9 .5 )

a lthough the copper content  of the su r face  was l e s s  than exnected from 
the equ iva len t  of re a c t io n  ( 9 . 5 ) (379*380) . The peak i n t e n s i t i e s  were 
c o n s i s t e n t  with a layer  of composit ion Cu0  8 S2(379,380> in d i c a t in g  
th a t  some copper was leached from the sur face  in a d d i t io n  to i ron  
during the prewave process.

( iv )  When a p revious ly  pass iva ted  e l ec t ro d e  was held  a t  i t s  r e s t  
p o t e n t i a l  the  anodic prewave peak was enhanced on the subsequent 
anodic p o t e n t i a l  sweep. The peak curren t  a l so  increased  with the time 
i n t e r v a l  (0 -  80 minutes) between p o t e n t i a l  cyc le s .  However, the 
i n i t i a l  c u r ren t  value obtained with a f r e sh ly  poli shed  e l e c t ro d e  was 
not ach ieved, except by r e p o l i sh in g ,  or extending the cathodic  
p o t e n t i a l  l i m i t  to < -0 .2  V.

The dependence of the anodic prewave peak cu r ren t  on the immersion 
time a t  the i n i t i a l  r e s t  p o t e n t i a l  and the cathodic  p o t e n t i a l  l i m i t  i s  
c o n s i s t e n t  with cha lcopyr i te  decomposition occur r ing  v ia  a 
path invo lv ing  both non-oxidative  and ox ida t ive  d i s s o l u t i o n .  Some 
non-ox ida t ive  decomposition paths ind ica ted  by the thermodynamics 
of Figure 9.1 inc lude  the fo l low ing : -

CuFeS2  + 0.2H+ = CuFe0 2 S0 > 8  + 0 .8Fe2+ + 0.8H2S (9 .6 )

CuFeS2 + 2H+ = CuS + Fe2+ + H2S (9.7)
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However, i f  non-ox ida t ive  d i s s o l u t i o n  produced a non-thermodynamic 
m e t a l - d e f i c i e n t  su lphide  fi lm (dep le ted  in i ron  more than copper),  
the  process  i s  bes t  descr ibed  by the following e q u a t io n : -

CuFeS2  +2xH+ = CuFe( 1 _x)S(2_x) + xH2S + xFe2+ (9 .8 )

the copper - r ich  su lphide  phase being oxid ised on the subsequent p o s i t i v e ­
going p o t e n t i a l  sweep. A l t e r n a t iv e ly ,  F e ( I I I )  could ox id i se  the Cu(I)  to 
Cu(I I )  in  the l a t t i c e  to mainta in  s o l id  s t a t e  e l e c t r o n e u t r a l i t y  on 
d i s s o l u t i o n  of F e ( I I ) : -

Cu*Fe3 +(S 2 " ) 2  = Cu+, j,,, | Cu2 +xFe3+( 2 _x, ) (S 2 - ) 2  + xFe2+(iq) ( z 5)

or,  as suggested by Linge(155), F e ( I I I )  could d i s so lv e  and th ree  
pro tons  e n t e r  the vacant ca t ion  s i t e s  to mainta in  charge n e u t r a l i t y : -

Cu+Fe 3 +(S 2 - ) 2  + 3xH+ = Cu+Fe 3 +( 1 _x)H+3 x(S 2 - ) 2  + xFe3+(aq) ( z a 5)

9 .3 .1 .2  Chalcopyri te  RSCBE a t  pH 0 (1 M HC10,, and 1 M HC1)

Figure 9.10 shows a voltammogram of a cha lcopyr i t e  RSCBE in 1 M HC104  

and the cu rren t  response a t  the Pt c o l l e c t o r  e l e c t ro d e  fo r  a range of 
p o t e n t i a l s  (Ec);  s im i la r  behaviour was observed in  1 M HCl. In 
s ep a ra te  experiments with f e r rous  and cuprous su lpha te  in 1 M HC104, 
though in the absence of su lph ide ,  F e ( I I )  ox ida t ion  and F e ( I I I )  
reduc t ion  were found to be t r a n sp o r t  con t ro l led  a t  p o t e n t i a l s  > 1.0 V 
and < 0.5  V, r e s p e c t iv e ly .  Cu(II )  reduction  to Cu metal occurred a t  
p o t e n t i a l s  < 0.28 V (see Figure 6.22,  sec t ion  6 . 4 . 2 ) .  The 
cha lcopyr i t e  reduc t ion  doublet  a t  0 V was a t t r i b u t e d  to the reduc t ion  
of anod ica l ly  formed sulphur ( r e a c t io n  (v) )  and l a t t i c e  decompostion 
by re a c t io n  (g5),  producing F e ( I I )  and H2 S, which were reox id ised  a t  
the Pt c o l l e c t o r  e lec t ro d e .  The former species  gave r i s e  to the 
cu r ren t  response a t  1.0 V, and both species  were oxid ised  a t  1.4 V.
The main reduc t ion  process a t  the cathodic  p o t e n t i a l  l im i t  was due to 
r e a c t io n s  (h5) and ( i 5), again producing Fe ( I I )  and H2 S, which were 
reox id ised  a t  the Pt c o l l e c t o r  e l ec t ro d e .
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+ 1.4 V 

+ 1.0V 
+ 0.8V 
+ 0.4V

+0.1 V

Fig 9.10 Cycl ic  voltaramogram of a RSCBE in 1 M HC104  (pH 0) with the 
c h a lc o p y r i t e  working e l e c t ro d e  (V.E.)  swept a n o d ic a l ly  from 
0 .0  to 1.0 V, then c a th o d ic a l ly  to -0 .35  V, and the p la tinum 
c o l l e c t o r  e l ec t ro d e  held a t  var ious  p o t e n t i a l s  (Ec).

The ox id a t io n  of cha lcopyr i te  apparen t ly  produced no F e ( I I )  spec ie s  
judging  by the absence of any corresponding c o l l e c t o r  ox ida t ion  
cu r ren t  a t  p o t e n t i a l s  > 0.8 V con tra ry  to tha t  expected from re a c t io n s  
( a 4) ,  (g4) and ( i 4). The two small  ox ida t ion  peaks a t  0 .4  V and 0.45 
V were a s s o c ia t e d  with F e ( I I I )  reduction  a t  the c o l l e c t o r  e l e c t ro d e  
(Ec p o t e n t i a l s  < 0.5 V), prec luding the ox ida t ion  of c h a lc o p y r i t e  by 
r e a c t io n  ( a 4) ,  which would have produced F e ( I I ) .  Thus the following 
r e a c t io n s  may have been invo lved : -



323.

CuFeS2  = CuFe0  2 S0  8  + 0 .8Fe3+ + 1.2S + 2 .4e (h 4)

E = 0.430 + 0.197 log [Fe3+]

CuFe0  2 S0  8  = 0.5 Cu2S + 0 .2Fe3+ + 0.3S + 0 .6e  ( j 4)

E = 0.439 + 0.0197 log [Fe3+J

followed by re a c t io n s  (k4) and ( r 4) g iv ing  r i s e  to the  main o x id a t io n  
peak a t  0.55 V ( r ea c t io n  (b4) ) .  I f  the Pt c o l l e c t o r  e l e c t ro d e  
responses  a t  0.45 V (0.25 mA) and 0.1 V (0.75 mA) a re  taken as being 
due to F e ( I I I )  and ( F e ( I I I )  + Cu(I I ) )  reduc t ion ,  r e s p e c t i v e l y  and 
p ro p o r t io n a l  to the concen tra t ion  of these  spec ies  ( i » e .  t r a n s p o r t  
c o n t r o l l e d ) ,  then approximately equal amounts of copper and i ron  are  
d isso lved  a t  0.58 V, as expected from re a c t io n  (d4) .  However, 
q u a n t i t a t i v e  i n t e r p r e t a t i o n  of the RSCBE r e s u l t s  i s  complicated by the 
voltammetry n e c e s sa r i ly  being non-steady s t a t e ,  un l ik e  the c o l l e c t o r  
e f f i c i e n c y  da ta  (see  Chapter 5).  Also the presence of H2S in s o lu t io n  
may change the behaviour of the Pt c o l l e c t o r  e l e c t r o d e ,  such th a t  mass 
t r a n sp o r t  co n t ro l led  cu rren ts  may not be observed a t  the p o t e n t i a l s  
expected from experiments in the absence of su lph ide ,  which may a l so  
change the a c t i v i t y  of d isso lved  metal  ions ,  before  they can be 
de tec ted  a t  the c o l l e c t o r  e lec t ro d e .

9 .3 .2  Voltammetry in Neutra l  and Basic Solu t ions

In n e u t r a l  and a lk a l in e  s o lu t io n s ,  the decrease in  the s o l u b i l i t y  of 
F e ( I I ) ,  F e ( I I I )  and Cu(II)  spec ie s ,  increased the number of su r face  
transformat ion  re a c t io n s  de tec ted  in the voltammetry, and so 
r e s t r i c t e d  the usefu lness  of the RSCBE. Cyclic voltammograms fo r  
cha lcopyr i t e  recorded over the pH range 7 - 1 3  a re  presented  in 
Figures  9.11 -  9.13.  The anodic p o t e n t i a l  scanning l i m i t  ( E ^ )  was 
extended to much higher values than those used in  previous  s tu d i e s  by 
Gardner and Woods* 1 7 5
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Fig 9.11 The e f f e c t  of extending the anodic p o t e n t i a l  scanning l i m i t  
( E ^ )  on c y c l i c  voltammograms of c h a lc o p y r i t e  a t  pH 7 (0.025 
M KH2 P04  + 0.025 M Na2 HP04) in  s t i r r e d  s o lu t io n  and a sweep 
r a t e  of 100 mV s -1 .

In  c o n t r a s t  to p y r i t e  and p y r r h o t i t e ,  fo r  which su lpha te  formation was the 

dominant ox ida t ion  re a c t io n  in n e u t r a l  and bas ic  s o lu t io n s  (see  
s e c t io n s  6 .4 .5  and 7 . 3 . 4 ) ,  the eq u a l i ty  of anodic and ca thod ic  charges 
observed in the voltammograms for  ch a lco p y r i t e  ind ica ted  tha t  
o x ida t ion  of t h i s  mineral  produced n e g l ig ib l e  q u a n t i t i e s  of su lp h a te .
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Potential vs. S H E /V

Fig 9.12 The e f f e c t  of extending the anodic p o t e n t i a l  scanning l i m i t  
(Ex.) on c y c l i c  voltammograms of c h a lc o p y r i t e  a t  pH 9.2 
(0.05  M Na2 B4 07) in s t i r r e d  s o l u t i o n  and a sweep r a t e  of 

100 mV s " 1.

9 .3 .2 .1  pH 7 (0.025 M KH,P0. + 0.025 M Na, HP0, )

At pH 7 (Figure 9.11) an oxida t ion  peak ( I )  was observed a t  0.15 V on 
the f i r s t  po s i t iv e -g o in g  p o t e n t i a l  scan,  which s h i f t e d  to 0.1  V on 
subsequent anodic p o t e n t i a l  scans.  Gardner and Woods{ 1 7 5 1  observed a 
s i m i l a r  ox ida t ion  peak in  t h e i r  voltammetric s tu d ie s  of ch a lc o p y r i t e  
o x ida t ion  over the pH range 4.6 -  13 and concluded tha t  the r e a c t io n  
g iv ing  r i s e  to the peak in n e u t r a l  and bas ic  so lu t io n s  was:-
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Fig 9.13 The e f f e c t  of extending the anodic p o t e n t i a l  scanning l i m i t
( E ^ )  on c y c l i c  voltammograms of c h a lc o p y r i t e  a t  pH 13 (0 .1  M 
NaOH) in  s t i r r e d  s o lu t io n  and a sweep r a t e  of 100 mV s - 1 .

CuFeS2  + 3H20 = CuS + S + Fe(0H) 3  + 3H+ + 3e (p4)

E = 0.507 -  0.0591 pH

However, i f  sulphoxy spec ies  were not formed under mild o x id i s in g  
c o n d i t io n s ,  as the r e v e r s i b i l i t y  of the system sugges ts ,  then 
thermodynamic cons ide ra t ions  p re d ic t  tha t  b o rn i t e  and c h a lc o c i t e  
should form as in te rm ed ia te  phases during the ox ida t ion  of 
c h a lc o p y r i t e  to c o v e l l i t e  (see  s ec t io n  9 .3 .1 .1 ,  mechanism ( i ± ) ) : —
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CuFeS2  + 2.4H20 = CuFe0 >2 S0  8  + 0.8Fe(0H ) 3  + 1.2S + 2.4H+ + 2.4e ( s 4)

E = 0.525 -  O.o591 pH

CuFe0  2 S0  8  + 0.6H20 = 0.5Cu2S + 0.2Fe(0H ) 3  + 0.6H+ + 0.3S + 0 .6e  (u4)

E = 0.534 -  0.0591 pH

Cu2S + 2H20 = CuS + Cu(0H) 2  + 2H+ + 2e (v4)

E = 0.802 -  0.0591 pH

Since the r e v e r s i b l e  p o t e n t i a l  (0.39 V a t  pH 7) fo r  r e a c t io n  (w4) 
coincided c lo se ly  with the onset  of the anodic c u r ren t  g iv ing  r i s e  to 
the  second oxida t ion  peak ( I I ) ,  t h i s  in d ica ted  th a t  peak ( I )  was 
probably a ssoc ia ted  with the formation of c h a lc o c i t e  by the o v e r a l l  
r e a c t i o n : -

CuFeS2  + 3H20 = 0.5  Cu2S + 1.5S + Fe(0H) 3  + 3H+ + 3e (zg5) 

E = 0.527 -  0.0591 pH

r a t h e r  than c o v e l l i t e ,  as Gardner and Woods had claimed e a r l i e r (175) . 
Peak ( I I )  was assigned to c h a lc o c i te  ox ida t ion  ( r e a c t io n  w4),  forming 
c o v e l l i t e ,  which oxidised by r eac t io n  (x4) : -

CuS + 2H20 = Cu(0H) 2  + S + 2H+ + 2e (x4)

E = 0.863 -  0.0591 pH

producing cupr ic -oxide /hydroxide  and elemental  sulphur.
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On the reve rse  negat ive-go ing  p o t e n t i a l  sweep and fo r  va lues  
< 0 .6  V, the charge a ssoc ia ted  with reduc t ion  peaks (IV) and (V) 
approximated to th a t  a ssoc ia ted  with anodic peaks ( I I )  and ( I ) ,  
r e s p e c t i v e l y  (F igure  9 .11) ;  the charge could not be measured 
a c c u r a t e ly  due to peak over lap .  This observa t ion  suggested th a t  peaks 
(IV) and (V) a r i s e  from the reve rse  of r e a c t io n s  (x 4 +w4) and (zg5) ,  
r e s p e c t i v e l y .  Indeed, c u r r e n t - p o t e n t i a l  p r o f i l e s  were i d e n t i c a l  in  
both s t i r r e d  and qu iescen t  s o lu t io n s ,  i n d i c a t in g  th a t  a l l  the 
o x id a t io n / r e d u c t io n  re a c t io n s  involved s o l id  s p e c ie s .

I f  the  r e a c t io n  assignment given above was c o r r e c t ,  then the anodic 
charge fo r  peak ( I I )  should have been 2/3 times t h a t  of peak ( I ) .  
However, the observed charge r a t i o  was much h igher  (Figure  9 .1 1 ) ,  the 
charge fo r  peak ( I I )  (1.86 mC cm-2) being approximate ly  four times 
g r e a t e r  than th a t  fo r  peak ( I )  (0.47 mC cm-2) .  The e x t r a  charge 
a s s o c ia t e d  with peak ( I I )  could not be asc r ibed  to the formation of 
sulphoxy s p ec ie s ,  s ince  the p rocess (e s )  occur r ing  in  t h i s  p o t e n t i a l  
reg ion  were r e v e r s i b l e .  The most p l a u s ib le  exp lana t ion  fo r  the 
d i s p a r i t y  in the observed and expected charge r a t i o  was tha t  the 
ch a lc o p y r i t e  su r face  had a l ready  been p a r t i a l l y  ox id ised  and dep le ted  
in  i ro n  and su lphur  w h i l s t  po l i sh ing  the e l e c t r o d e .  This r e s u l t e d  in  
the formation of Cu2 0/Cu0H on the su r face ,  peak ( i i )  corresponding 
c lo s e ly  with the thermodynamic r e v e r s i b l e  p o t e n t i a l s  fo r  
the o x ida t ion  of e i t h e r  one, or both,  of these  products  ( r e a c t io n s  
(w4 +x4) and ( c 5) ) ;  peak ( I )  being a sc r ibed  to the o x ida t ion  of 
u n a l t e red  ch a lc o p y r i t e .  Since copper in  ch a lc o p y r i t e  occurs in  the 
Cu(I) valence s t a t e ,  t h i s  should help  s t a b i l i s e  Cu(I)  oxide/hydroxide  
on the su r face  of cha lco p y r i t e .

On extending E)^ to p o t e n t i a l s  > 0.6  V the cu r ren t  increased  r a p id ly  
due to the  bulk ox ida t ion  of cha lcopyr i t e  occur r ing  by r e a c t io n s  ( a 5) 
and (b5) ;  a small  anodic wave ( I I I )  being observed a t  0.85 V (F igure  
9 .11 ) .  The decrease  in  i n t e r f a c i a l  pH assoc ia ted  with  su lpha te  
format ion ( r e a c t io n  (b5)) increased  the s o l u b i l i t y  of metal  
ox ide/hydroxide  spec ie s  on the cha lcopyr i t e  s u r f a ce .  Since Cu(0H) 2  i s  
more s o lu b le  than Fe(0H) 3  or  FeOOH (see  Figures I I ( i v ) ,  I I ( v )  and 
I l ( x v i ) ;  Appendix I I ) ,  the net  e f f e c t  was fo r  the s u r fa ce  to become 
dep le ted  in copper and sulphur as the p o t e n t i a l  in c reased .  Thus,
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cathodic  peak (IV),  ass igned to the reduc t ion  of Cu(0H) 2  and su lphur  
by r e a c t io n s  (w4 +x4) and ( c 5) ,  decreased i n i t i a l l y  on in c re a s in g  E)^ 
above 0.6  V, and cathodic  peaks appeared a t  -0 .2  V and -0 .6  V, 
a sc r ibed  to F e ( I I I )  hydroxide reduc t ion  by r e a c t io n s  ( j ) ,  ( z x) and 
(o ) .

Recent XPS s tu d ie s  of cha lcopyr i t e  ox ida t ion  in  a i r - s a t u r a t e d  
s o l u t i o n s (380' 381) ( i . e .  corresponding to the p o t e n t i a l  reg ion  of peak 
I )  have confirmed tha t  f e r r i c  oxide and a copper su lph ide  phase a re  
formed in  n e u t r a l  and bas ic  media. However, the exact i d e n t i f y  of the 
copper su lphide  phase i s  not c l e a r ,  s ince  the i n t e r p r e t a t i o n  of the 
su lphur sp e c t r a  was complicated by the po ss ib le  lo s s  of e lementa l  
su lphur in  the spec trometer vacuum p r i o r  to record ing  the s p e c t r a .  
C o v e l l i t e  and su lp h u r ( 3 8 1  ) , or a copper su lph ide  of s to ich iom et ry  
c lose  to CuS2(380), may have been formed (see  s e c t io n  9 . 3 . 1 . 1 ) : -

CuFeS2  + 3H20 = Fe(0H) 3  + CuS2  + 3H+ + 3e ( z f 5)

with the CuS2  product r e t a in in g  the sulphur l a t t i c e  of the o r i g i n a l  
minera l .

C lear ly  the voltammograms are  not s u f f i c i e n t l y  d i s c r im in a t in g  to 
d i s t i n g u i s h  between a l l  the poss ib le  r e a c t io n s  occur r ing  during 
c h a lc o p y r i t e  ox ida t ion  due to the o v e rp o te n t i a l  requirements  of phase 
t r a n s i t i o n s .  The i n t e r p r e t a t i o n  of the voltammetric 
behaviour given above was based on the assumption tha t  the o x ida t ion  
products  behaved as d e f i n i t e  chemical e n t i t i e s .  However, i f  non- 
thermodynamic phases were formed, such as CuS2, then a ss ig n in g  
r e a c t io n s  to the voltammetric peaks becomes very d i f f i c u l t .

9 .3 .2 .2  pH 9.2 (0.05 M Na,B.0n) and pH 13 (0.1  M NaOH)

Oxidation peaks ( I ) ,  ( I I )  and ( I I I )  were a l so  ev ident in  the 
voltammograms recorded a t  pH 9.2 (Figure 9.12) and pH 13 (F igure  
9 .13) .  However*, the peaks were l e s s  d i s t i n c t  a t  pH 9.2 than a t  pH 7, 
and a t  pH 13, peak ( I )  appeared only on the f i r s t  p o s i t i v e  going scan. 

Furthermore,  a t  pH 9.2 (Figure 9 .12) ,  the anodic cu rren t  decreased 
with each po s i t iv e -g o in g  p o t e n t i a l  scan, even a t  low p o t e n t i a l s  
(< 0 .5  V), in the region where peaks ( I )  and ( I I )  occurred.  Although
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two ca thodic  peaks were observed on the reverse  scan a t  0 . 2  and -0 .25  
V, ass igned to the reverse  of r e a c t io n s  (zh5) and ( z f 5) ,  r e s p e c t iv e ly ,  
or (x 4 +w4) and (zg5),  depending on the ox ida t ion  mechanism chosen 
(CuS2  versus  CuS + S; see s ec t io n  9 . 2 . 2 . 1 ) ,  c l e a r l y ,  not a l l  of the 
mixed su lphur ,  f e r r i c  and cupr ic  oxide/hydroxide product l a y e r  formed 
a n o d ica l ly  was reduced back to cha lco p y r i t e  on the reve rse  n e g a t iv e ­
going scan. That which remained on the su r face ,  i n h ib i t e d  
c h a lc o p y r i t e  ox ida t ion  each time the p o t e n t i a l  was again  swept in the 
p o s i t i v e  d i r e c t i o n .

Peak ( I I I )  occurred in the p o t e n t i a l  region ass igned  to the bulk 
o x ida t ion  of cha lcopyr i t e  by r e a c t io n s  ( a 5) and (b5) and was caused by 
the p a s s iv a t in g  e f f e c t  of the cupr ic  and f e r r i c  oxide/hydroxide 
ox ida t ion  p roducts .  As su lpha te  formation ( r e a c t io n  b5) ,  with i t s  
h igher  charge requirement,  became more dominant with in c reas in g  pH, 
then the peak c u r ren t  a t  which p a ss iv a t io n  occurred a l so  inc reased .
At h igher  p o t e n t i a l s ,  > 0.9 V a t  pH 9.2 (Figure 9.12)  and > 0.5  V a t  
pH 13 (Figure  9 .13 ) ,  the l o c a l  decrease  in  pH caused by the 
predominance of re a c t io n  (b5) was s u f f i c i e n t  to breakdown the pass ive  
la y e r s  and the anodic curren t  increased  once more. The upward trend 
was continued a f t e r  the scan was reversed due to p i t t i n g  d i s s o l u t i o n .

9.4 Pulse  Voltammetry on S ta t iona ry  Chalcopyri te  E lec t rodes

9 .4 .1  pH 0 (1 M HC10J

In a c id i c  media, r i s i n g  cu r ren t - t im e  t r a n s i e n t s  were observed a t  high 
anodic p o t e n t i a l s  (> 1.0 V a t  pH 0) .

Figure 9.14 shows the i - t  t r a n s i e n t  in response to a p o t e n t i a l  s t e p  
from the c h a lco p y r i t e  r e s t  p o t e n t i a l  to 1.1 V. The i n i t i a l  decay 
(< 0.2  s ,  8  mC cm-2) was descr ibed  best  by an i  vs .  t - 0 * 5  

r e l a t i o n s h i p ,  c h a r a c t e r i s t i c  of a d i f f u s i o n a l  p rocess .

This suggested that sulphur, produced by reaction (d4), and possibly

covellite, formed by reaction (b4), were presenting a diffusion
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Time / s

Fig 9.14 Curren t- t ime t r a n s i e n t  fo r  a s t a t i o n a r y  c h a lc o p y r i t e
e l e c t r o d e  held a t  1.1 V in s t i r r e d  s o l u t i o n  a t  pH 0 (1 M
HC104) .  ( ---- ) i vs .  f 0-5; ( - •  — - )  i  vs t 1-5.
Rx = c o r r e l a t i o n  c o e f f i c i e n t  fo r  the i  vs .  t - 0 - 5  

r e l a t i o n s h i p ;
R2  = c o r r e l a t i o n  c o e f f i c i e n t  fo r  the i  v s .  t 1 - 5  r e l a t i o n s h i p .

b a r r i e r  to the d is so lv in g  Cu2+ and Fe3+ ions .  At longer times 
(> 0 . 2  s ) ,  the t r a n s i e n t  was best  f i t t e d  to a i vs .  t 1 * 5  r e l a t i o n s h i p  
as f u r t h e r  sulphur was formed and 3-dimensional p i t s  were nuc lea ted  
and grown. The formation of su lpha te  and pro tons ,  by re a c t io n  ( f 4),  
was probably respons ib le  fo r  the p i t t i n g  behaviour.  At longer t imes,  
the cu r ren t  passed through a maximum presumably due to the over lap  of 
growing p i t s (167) and the f u r th e r  growth of su lphur  by r e a c t io n  (d4).

9 .4 .2  pH 9.2 (0.05 M Na,B.0Q

Ris ing cu r ren t - t im e  t r a n s i e n t s  were a lso  observed in bas ic  s o lu t io n s  
on pu ls ing  in to  the p o t e n t i a l  region where an upward trend in the 
anodic cu r ren t  was de tec ted  in c y c l i c  voltammograms a f t e r  re v e r s in g  
the  scan ( i . e .  > 0.9 V a t  pH 9.2 (Figure 9.12) and > 0.5 V a t  pH 13 
(Figure  9 .1 3 ) ) .
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0 2 4  6 8 10

Time / s
Fig 9.15 Current- t ime t r a n s i e n t  fo r  a s t a t i o n a r y  ch a lco p y r i t e

e lec t ro d e  held a t  1.2 V in s t i r r e d  s o lu t io n  a t  pH 9.2 (0 .05 M
Na2 B4 07).  ( ---- ) i vs t " 1. ( ---- • - )  i  vs.  t .
Rj = c o r r e l a t i o n  c o e f f i c i e n t  fo r  the i  vs .  t - 1  r e l a t i o n s h i p ;
R2  = c o r r e l a t i o n  c o e f f i c i e n t  fo r  the i  vs .  t r e l a t i o n s h i p .

For example, a t  pH 9.2 (Figure 9 .15) ,  the cu rren t  a t  1.2 V was found 
to decay in v e rse ly  with time a t  shor t  times ( t  < 3 s ,
50 mC cm-2), as might be expected of an adsorp t ion  (oxide/growth) type 
of  p rocess ,  probably involving r e a c t io n s  (a5) and (b5).  However, a t  
longer times ( t  > 3 s ) ,  the cu rren t  increased l i n e a r l y  with time due 
to p i t t i n g  d i s s o lu t io n .

9 . A.3 Charge vs. Time Measurements

Figure 9.16 shows the charge passed a t  a CuFeS2  e le c t ro d e  a f t e r
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Fig 9.16 Anodic charge passed a f t e r  1500 s fo r  a cha lcopyr i t e  
e l ec t ro d e  as a func t ion  of p o t e n t i a l  and pH.

1500 s ,  as  a func t ion  of p o t e n t i a l  and pH. As was evident from the 
cy c l i c  voltammetry as a function  of pH ( s e c t io n  9 .3 ) ,  the format ion of 
oxide/hydroxide  phases near the pH of minimum s o l u b i l i t y  of Cu(II )  and 
F e ( I I ) / F e ( I I I )  spec ies ,  caused p a ss iv a t io n ;  hence the low charge a t  
high p o t e n t i a l s  a t  pH 9.2 and the p la teau  fo r  pH 9.2 and 13. At the 
l a t t e r  pH, the formation of the an ionic  metal hydroxy complexes caused 
the s o l u b i l i t y  and hence the cu r ren ts  to be h igher  than a t  pH 9 .2 .

9.5 Impedance Measurements on S ta t iona ry  Chalcopyri te  E lec t rodes

The complex plane impedance s p ec t r a  (0.1 Hz -  10 KHz) of s t a t i o n a r y  
c h a lc o p y r i t e  e lec t ro d es  in s t i r r e d  deoxygenated s o lu t io n s  a t  pH 0 and
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pH 9.2 a re  presented as a function of p o t e n t i a l  in Figures  9.17 and
9.18, r e s p e c t iv e ly .

Real Impedance / kOhm cm̂

Fig 9.17 Impedance spec t ra  (0 .1  Hz -  10 kHz) for a s t a t i o n a r y
c h a lco p y r i t e  e l ec t ro d e  in s t i r r e d  so lu t io n  a t  pH 0 (1 M 
HC104).
(A) 0.3  to 0.6 V; (B) 1.0 and 1.05 V.
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CNI
eLJ

Fig 9.18 Impedance s p e c t r a  (0 .1  Hz -  10 kHz) fo r  a s t a t i o n a r y
c h a lco p y r i t e  e l e c t ro d e  in s t i r r e d  s o l u t i o n  a t  pH 9.2  (0 .05  M 

Na2 B4 07).

At pH 0, the spec t ra  fo r  0.3 -  0.6  V (Figure 9.17)  approximated to 
a rcs  of (depressed)  sem ic i r c le s .  At high p o t e n t i a l s  (> 1.0 V), an 
induc t ive  loop a lso  appeared due to sulphur and/or  sulphur-oxygen 
in te rm ed ia te  products adsorbing on the e l ec t ro d e  s u r face .  Capacitance 
values  c a lc u la te d  from the imaginary impedance maximima by equat ion 
(6 .36)  increased  a t  these  high p o te n t i a l s  from 20 yF cm- 2  a t  1.0 V to 
1050 yF cm- 2  a t  1.3 V (Figure 9 .19) ,  due to the pseudocapacitance 
a s s o c ia t e d  with product adsorp t ion .  However, the formation of porous 
sulphur by reac t io n s  (d4), and poss ib ly  (b4),  caused only a small  
inc rease  in the high frequency i n t e r c e p t ,  r e a l  ax is  r e s i s t a n c e  (R) 
(Figure  9 .20) ,  which ind ica ted  tha t  the product l a y e r  conduc t iv i ty  was 
high.

At pH 9 .2 ,  the R value increased d ram at ica l ly  to 20 — 30 S2 cm2, 
r e f l e c t i n g  the low conduct iv i ty  of the metal oxide/hydroxide phases 
formed by re a c t io n s  such as (a5) and (b5) (Figure  9 .20) .  The 
impedance sp ec t r a  (Figure 9.18) showed evidence of two s em ic i r c le s  a t  
p o t e n t i a l s  > 0 .4  V which could be generated by two RC networks in
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Fig 9.19 Chalcopyri te  e lec t ro d e  capac i tance  a t  pH 0 (1 M HC104) and pH 
9.2 (0.05 M Na2 B4 07) as a func t ion  of p o t e n t i a l .

Potential vs. SH.E.j V

Fig 9.20 Real a x i s ,  high frequency i n t e r c e p t  r e s i s t a n c e ,  R (equ iva len t  
to the su r face  fi lm r e s i s t a n c e ,  Rf ) as a func t ion  of 
p o t e n t i a l  and pH.
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s e r i e s .  This behaviour suggested tha t  the oxide/hydroxide s u r face  
phases produced by re a c t io n s  ( a 5) and (b5),  c r e a t e  a CuFeS2/ox ide  
(+ su lp h u r ) / so lu t io n  s t r u c t u r e ,  each i n t e r f a c e  having an a s s o c ia t e d  
capac i tance  (see  s ec t io n  6 . 6 ).  With inc reas ing  p o t e n t i a l  the 
capac i tance  of the high frequency sem ic i rc le  decreased from q u a s i -  
m e ta l l i c  values  ( t ens  of pF cm-2) a t  low p o t e n t i a l s  to < 1 pF cm- 2  a t  
1.1  V (F igure  9 .19) ,  which poss ib ly  ind ica ted  the dominance of a smal l  
s o l i d  s t a t e  capacitance  in the s e r i e s  sum.
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MINERAL PULP SUSPENSION ELECTRODE STUDIES
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CHAPTER 10: MINERAL PULP SUSPENSION ELECTRODE STUDIES

10.1 In t ro d u c t io n

Most su lph ide  minera ls  a re  rendered f l o a t a b l e  by the adso rp t ion  of 
xan tha te s  as c o l l e c t o r s .  However, there  have been va r ious  r e p o r t s  in 
the l i t e r a t u r e  of c e r t a i n  su lphide  minera ls ,  notably  
c h a l c o p y r i t e ( 175«341“345»350“352) and p y r i t e * 299,342,344" 345' 349* 
being f l o a t e d  in  the absence of c o l l e c t o r s .  Having used mineral  
e l e c t r o d e s  to s tudy the e lec t rochem ica l  behaviour of p y r i t e  and 
c h a lc o p y r i t e  in aqueous so lu t io n s  (Chapters 6  and 9) ,  t h e i r  f l o t a t i o n  
response a f t e r  e lec t rochem ica l  p re trea tment was s tud ied  to c o r r e l a t e  
the s u r fa ce  r e a c t io n s  with "n a tu ra l "  ( i . e .  c o l l e c t o r l e s s )  
hyd rophob ic i ty .

10.2 Chalcopyri te

Figure 10.1 shows the f l o t a t i o n  response of cha lco p y r i t e  (-150 
+106 pm) in 0.025 M NaHC03  + 0.023 M NaOH buf fe r  s o lu t io n  with NaCl 
(1 mol dm-3) used as a background e l e c t r o l y t e  (pH 10 .5) .  F l o t a t i o n  
recovery a f t e r  cond i t ion ing  in the e lec tro-Hall imond tu b e (175) a t  a 
c o n t ro l l e d  p o t e n t i a l  fo r  30 minutes i s  p lo t t e d  as a func t ion  of time 
fo r  d i f f e r e n t  condi t ion ing  p o t e n t i a l s .  The recovery a f t e r  30 minutes 
f l o t a t i o n  i s  shown as a func t ion  of feeder p o t e n t i a l  in Figure 10.2 .  
The r e s u l t s  showed tha t  f l o t a t i o n  recovery increased above a p o t e n t i a l  
of about 0 .0  V and increased rap id ly  above 0.4 V; a t  > 0 .8  V the 
recovery  decreased again .  Sim ilar behaviour was observed a t  pH 9.0  
(0.05 M Na2 B4 0 7  + 1 M NaCl) although the f l o t a t i o n  response was 
s h i f t e d  to s l i g h t l y  more negative  p o t e n t i a l s  (Figure  10 .3 ) .  These 
r e s u l t s  were in  genera l  agreement with those of Gardner and Woods(175* 
who s tu d ied  the f l o t a t i o n  response of ch a lcopyr i te  a t  pH 11 between 
-0 .4  and 0.8 V. Figure 10.4 shows the charge passed a t  the Pt feeder  
e l e c t r o d e  during condi t ion ing  a t  pH 10.5 and constant p o t e n t i a l  in  the 
absence of any minera l .  At p o t e n t i a l s  > 0.8 V the anodic charge 
passed began to inc rease  ra p id ly ,  due to the ox ida t ion  of Cl" ions  in 
the background e l e c t r o l y t e  to CIO", Cl02", C103" and e v en tu a l ly  C1042".
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Flotation time/min

Fig 10.1 Rate of f l o t a t i o n  of cha lcopyr i te  (-150 +106 yin) condit ioned  
a t  d i f f e r e n t  p o t e n t i a l s  in 0.025 M NaHC03  + 0.023 M NaOH +
1 M NaCl buffe r  so lu t io n  (pH 10.5).

With c h a lco p y r i t e  in suspension a net  anodic charge was passed a t
p o t e n t i a l s  > 0.0  V, Figure 10.5. Knowing the weight of sample used
(2 g ) ,  the den s i ty  of the mineral  (pCuFeS„ = 4.2 g cm-3) and by

2
assuming tha t  each p a r t i c l e  was cubic of leng th  equal to the average 
of the s i z e  f r a c t i o n  (-150 +106 ym), the charge passed a t  the feeder  
e l e c t ro d e  per cm2  of mineral  bed was ca lc u la te d .  This i s  a l so  shown 
in Figure  10.5.

The e f f e c t  of condi t ioning  time on f l o t a t i o n  recovery,  charge passed,  
and d is so lved  Cu and Fe a t  a Pt feeder e lec t ro d e  p o t e n t i a l  of 0 .8  V i s
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Fig 10.2 Recovery of cha lcopyr i te  a f t e r  30 minutes f l o t a t i o n  as a 
func t ion  of p o l a r i s a t i o n  p o t e n t i a l  in pH 10.5 b u f fe r  
s o lu t io n .

shown in  Figures  10.6 and 10.7. The f l o t a t i o n  recovery increased  with  
co n d i t ion ing  time and then began to decrease  a t  times > 30 minutes 
(F igure  10 .6) .  The decrease  in recovery appeared to be a s so c ia t e d  
with a decrease  f i r s t l y  in the amount of d is so lved  copper in  s o l u t i o n  
and then in  the amount of d isso lved  i ron  (Figure 10 .7 ) .  This 
suggested tha t  the hydro lys is  of so lub le  F e ( I I ) ,  F e ( I I I )  and Cu(I I)  
spec ie s  to in so lu b le  Fe(0H)2, Fe(0H) 3  and Cu(0H) 2  was r e l a t i v e l y  slow.
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Fig 10.3 Recovery of ch a lcopyr i te  a f t e r  30 minutes f l o t a t i o n  as a
func t ion  of p o l a r i s a t i o n  p o t e n t i a l  in pH 9 .0  b u f f e r  s o lu t io n  
(0 .05 M Na2B407 + 1 M NaCl).

However, a t  pH 10.5 the s o l u b i l i t y  of Fe3+ with re spec t  to Fe(0H)3 i s  

very low ( log  [Fe3+] = -26.66;  r e a c t io n  ( o ^ ) .  Thus i t  seems more 
l i k e l y  th a t  the spec ies  being hydrolysed were F e ( I I )  and Cu(II )  
spec ie s  ( v i z .  Fe2+, Fe0H+, Cu022- and HCu02"; see Appendix I I ) ,  
which have f i n i t e  s o l u b i l i t i e s  a t  pH 10.5.

The most obvious mechanism to account fo r  the hydrophobic ity  assuming 
the o r i g i n a l  cha lcopyr i te  su r face  to be hy d ro p h i l i c ,  i s  the formation 
of  su lphur ,  a known hydrophobic spec ie s ,  on the su r face  of the 
minera l .  However, F in k e l s t e in  e t  a l (344) were unable to e s t a b l i s h  a 
c o r r e l a t i o n  between the amount of sulphur  on the s u r face  and 
f l o t a b i l i t y  fo r  s ev e ra l  su lphide  minera ls  inc lud ing  c h a lc o p y r i t e .
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Fig 10.4 Charge passed a t  Pt feeder e lec t ro d e  in pH 10.5 bu f fe r  
s o lu t io n  as a func t ion  of p o l a r i s a t i o n  p o t e n t i a l  in the 
absence of a mineral  suspension.

Gardner and Woods(175) suggested tha t  the ox ida t ion  r e a c t io n  in 
a l k a l i n e  s o lu t io n  can be represen ted  by equation (p4) to produce CuS, 
Fe(0H)3 and S°. However, iron  oxide/hydroxide lay e r s  a re  h y d ro p h i l i c  
and the re  i s  no evidence to suggest  tha t  CuS i s  n a t u r a l l y  hydrophobic.  
I t  i s  most probable tha t  maximum n a tu r a l  f l o t a t i o n  occurs when the re  
i s  e i t h e r  e lemental  sulphur or an excess of sulphide  in the l a t t i c e  a t  
the m in e ra l / s o lu t io n  in t e r f a c e  ( r e a c t io n  15),  brought about by the 
t r a n s f e r  of copper and iron ions from the l a t t i c e  in to  s o lu t io n .

Two processes  opera te  to inc rease  the hydrophobicity  of the su r f a c e .  
Removal of metal  ions from the f i r s t  few la y e r s  of the mineral  su r f a c e  
reduces  the opportun i ty  fo r  s p e c i f i c  i n t e r a c t i o n  with water molecules .
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Fig 10.5 Charge passed a t  Pt feeder  e lec t ro d e  in pH 10.5 buffe r  
so lu t io n  as a func t ion  of p o l a r i s a t i o n  p o t e n t i a l  with 
cha lcopyr i te  p a r t i c l e s  (-150 +106 pm) in suspension.

At the same time the reduc t ion  of the formal charge on sulphur  
dimin ishes  fu r th e r  any weak i n t e r a c t i o n  between water and su lph ide  
ions .  Indeed, recent XPS s tu d ie s* 380-3 8 1 ’ have ind ica ted  tha t  Fe(0H)3 
and a copper su lphide of s to ich iometry  c lose  to CuS2 are  formed 
( r e a c t io n  z f 5); see s ec t io n  9 .3 . 2 . 1 ) .

The s o lu t io n  ana lys i s  suggested tha t  the m e ta l - d e f i c i e n t  su lph ide  was 
more d e f i c i e n t  in iron than copper a t  maximum f l o t a t i o n  recovery.  
Mossbauer spectroscopy has shown tha t  the copper and i ron  in 
c h a lc o p y r i t e  are  in the Cu(I) and F e ( I I I )  ox ida t ion  s t a t e s (35). A 
c h a r a c t e r i s t i c  of the cuprous ox ida t ion  s t a t e  i s  tha t  Cu(I) has a low 
heat  of hydra t ion  and forms complexes of coord ina t ion  number two, eg 
(CuCl2)“ . Thus Cu(I) ions in a sulphide  l a t t i c e  w i l l  make l e s s  
c o n t r ib u t io n  to the wett ing of the su lphide than C u( I I ) ,  F e ( I I )  or 
F e ( I I I ) .  The conclusion to be drawn from t h i s  i s  tha t  a l though 
a l t e r a t i o n  of the cha lcopyr i te  su r face  s to ich iom etry  to inc rease  the
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Conditioning time at 0.8V (vsS.HE.)/min

Fig 10.6 Charge d en s i ty  for the cha lco p y r i t e  mineral  suspension and 
f l o t a t i o n  recovery a t  pH 10.5 as a func t ion  of cond i t ion ing  
time a t  0 .8  V.

su lph ide /m eta l  ion r a t i o  w i l l  inc rease  hydrophobic ity ,  an in c rease  in 
the C u ( I ) / F e ( I I I )  ion r a t i o  a t  the su r face  w i l l  a l so  help 
s i g n i f i c a n t l y .

The f a l l  in f l o t a t i o n  recovery a t  p o t e n t i a l s  > 0.8 V a t  pH 10.5 
(F igure  10.2) and > 0.6  V a t  pH 9.0 (F igure  10.3) seemed to co inc ide  
with  the ox ida t ion  of Cl" ions in the background e l e c t r o l y t e .  The 
formation of hypoch lo r i te  according to the r e a c t io n  ( 1 0 . 1 ) : -

Cl" + H20 = CIO" + 2H+ + 2e (10.1)
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Conditioning time at 0.8V(vs.SHE)/min ^

Fig 10.7 Dissolved Cu and Fe, plus  charge passed a t  a Pt feeder  
e lec t ro d e  in pH 10.5 bu f fe r  s o lu t io n  a t  a p o l a r i s a t i o n  
p o t e n t i a l  of 0 .8  V with ch a lco p y r i t e  p a r t i c l e s  (-150 +106 pm) 
in  suspension,  as a func t ion  of cond i t ion ing  time.

was the dominant ch lo r ide  ion ox ida t ion  r e a c t io n  a t  pH values  > 9 and 
low cu r ren t  d e n s i t i e s .  Consequently,  ch a lc o p y r i t e  ox ida t ion  occurred 
both e lec t rochem ica l ly  by f e e d e r / p a r t i c l e  con tac t  and chemically  by 
the o x id i s in g  ac t ion  of e lec t ro g e n e ra ted  h y p och lo r i te  ( r e a c t io n s  
(10 .2 )  and (1 0 .3 ) ) .  The e f f e c t  was to in c rease  the r a t e  of 
c h a lc o p y r i t e  ox ida t ion ,  which a t  these  r e l a t i v e l y  high p o s i t i v e  feeder 

p o t e n t i a l s  was l i k e l y  to lead  to su lpha te  formation ( r e a c t io n  (1 0 .3 ) ) .  
This l e f t  a hydrophi l ic  l ay e r  of F e ( I I I )  and Cu(I I)  oxides on the 
s u r fa ce  of  the ch a lcopyr i t e  p a r t i c l e s ,  which reduced t h e i r  
f l o a t a b i l i t y .
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2CuFeS2 + 5C10- + 5H20 = 2Cu(0H)2 + 2Fe(OH)3 + 4S + 5C1" (10 .2)

2CuFeS2 + 17C10" + 9H20 = 2Cu(OH)2 + 2Fe(0H)3 + 4S042~
+ 17C1- + 8H+ (10.3)

10.3 P y r i t e

Figure  10.8 shows the recovery of p y r i t e  (-150 +106 ym) a f t e r  30
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Fig 10.8 Recovery of p y r i t e  a f t e r  30 minutes f l o t a t i o n  as a func t ion  
of p o l a r i s a t i o n  p o t e n t i a l  and p o l a r i s a t i o n  time in pH 9.0 
bu f fe r  s o lu t io n .

minutes f l o t a t i o n  as a function  of feeder p o t e n t i a l  and p o l a r i s a t i o n  
time a t  pH 9.0  (0.05 M Na2B407 + 1 M NaCl). In c o n t r a s t  to 
c h a lc o p y r i t e ,  p y r i t e  exh ib i ted  no inc rease  in f l o t a t i o n  recovery under 
mild o x id i s in g  cond i t ions .  However, a t  cathodic  p o t e n t i a l s  the 
recovery  did inc rease  s l i g h t l y ,  a l though only a f t e r  prolonged 
p o l a r i s a t i o n  ( 1 - 3  hours) .  The i n a b i l i t y  of p y r i t e  to f l o a t  a t  
o x id i s in g  p o t e n t i a l s  was probably due to the presence of a hyd ro p h i l i c  

l a y e r  o f  f e r r i c  oxide/hydroxide on the su r face  of the p y r i t e  
p a r t i c l e s ,  which was reduced to fe r ro u s  hydroxide a t  ca thod ic
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p o t e n t i a l s  ( r e a c t io n  (k ) ) .  The hydroph i l ic  fe r ro u s  hydroxide fi lm 
then d is so lved  slowly ( log  [Fe2+] = -4 .71 a t  pH 9 .0  ( r e a c t io n  (px);  
see s e c t io n  6 .3 .5 ) ,  thereby in c reas in g  the h y d r o p h o b i c i t y / f l o a t a b i l i t y  
of p y r i t e .

Although the hydrophobicity of p y r i t e  increased  under reducing 
cond i t ions  the recovery of p y r i t e  by f l o t a t i o n  was s t i l l  much l e s s  
than th a t  obta ined fo r  ch a lcopyr i te  under o x id i s in g  c ond i t ions .
P y r i t e ' s  poorer hydrophobic ity  may have been due t o : -

( i )  the  slow, or incomplete d i s s o l u t i o n  of fe r ro u s  hydroxide from 
the s u r face  of p y r i t e .
( i i )  d i f f e r e n c e s  in the r e l a t i v e  hydrophobic ity  of the su lphur 
and/o r  m e ta l - d e f i c i e n t  sulphide  l a y e r  on c h a lc o p y r i t e  and the 
cova len t ly  s a tu r a te d  sulphur atoms on an " i ron  o x id e - f r ee "  p y r i t e  
su r fa ce .
( i i i )  feeder  e l e c t r o d e - p a r t i c l e  and/or p a r t i c l e - p a r t i c l e  con tac t  
r e s i s t a n c e s  may have prevented p y r i t e  from a t t a i n i n g  the feeder  e l e c t ro d e  
p o t e n t i a l ,  and hence reduced charge t r a n s f e r .  For example, Figure 10.9 
shows th a t  the charge passed a t  the Pt feeder  e l e c t ro d e  a t  cathodic  
p o t e n t i a l s  increased  only s l i g h t l y  in the presence of a p y r i t e  
suspension .  This suggested th a t  under these  c ond i t ions ,  charge 

i n j e c t i o n  in to  the p y r i t e  p a r t i c l e s  was r e l a t i v e l y  slow and hence
might exp la in  why long p o l a r i s a t i o n  times were requ i red  before  any 
changes were observed in the h y d r o p h o b i c i t y / f l o a t a b i l i t y  of p y r i t e .
( iv )  In  f l o t a t i o n ,  to ensure continuing  con tac t  between p a r t i c l e  
and bubble during l e v i t a t i o n ,  the fo rce  of adhesion generated  over the 
f i n i t e  a rea  of contac t  must exceed any d i s r u p t iv e  fo rce  a s so c ia ted  
with the weight of the p a r t i c l e .  Therefore ,  a l though  reduced p y r i t e  

and ox id ised  cha lcopyr i te  su r face s  might have the same degree of 
hydrophobic ity ,  fo r  a given s i z e  f r a c t i o n ,  the f l o t a t i o n  recovery of 
p y r i t e  would be l e s s ,  because i t  has a h igher s p e c i f i c  g r a v i ty  (pFeS„
= 5.0  g cm-3) than cha lcopyr i te  (pCur#Si = 4.2 g cm-3).

Thus, f u r t h e r  s tu d ie s  were c a r r i e d  out to a s c e r t a i n  whether ( i i i )  
and /or  ( iv )  were responsib le  fo r  the lower f l o t a t i o n  recove r i e s  
obta ined  with  p y r i t e .



349.

10.9 Charge passed a t  Pt feeder e lec t ro d e  a f t e r  30 minutes
p o l a r i s a t i o n  in pH 9.0 b u f fe r  s o lu t io n  as a func t ion  of 
p o l a r i s a t i o n  p o t e n t i a l  in the absence and presence of p y r i t e  
and cha lcopyr i t e  mineral  suspens ions.

10.4 Contact P o te n t i a l  Measurements

To gain  a g r e a t e r  in s ig h t  in to  the charging mechanism of mineral  
p a r t i c l e s  in a pulp /suspension e lec t ro d e  system, con tac t  p o t e n t i a l
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measurements were made using Pt, pyrite and chalcopyrite electrodes to 
simulate the potential changes that occur upon feeder-particle and 
particle-particle contact.

Figures 10.10 and 10.11 show that at pH 9.0 (0.05 M Na2B407 + 1 M 
NaCl) and pH 0 (1 M HC104) chalcopyrite reached the applied potential 
almost instantaneously when contacted either with a Pt or chalcopyrite 
feeder electrode.

Mineral feeder potential vs SHE/V

Fig 10.10 Pt feeder - mineral and mineral feeder - mineral contact 
experiments for pyrite (o,n) and chalcopyrite (A) in pH
9.0 buffer solution. (---) immediate potential after
contact; (-- ) potential after contact for 2 minutes.
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Pt feeder potential vs. SHE/V

Mineral feeder potential vs. SH.E./V

Fig 10.11 Pt feeder-mineral and mineral feeder-mineral contact
experiments for pyrite (o,p) and chalcopyrite (A) in 1 M
HC104 (pH 0). (--- ) immediate potential after contact;
(---) potential after contact for 2 minutes.
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In contrast, the potential of pyrite was generally much less than the 
applied potential, the difference becoming more pronounced at high 
anodic and cathodic potentials, where pyrite did not achieve the 
feeder potential even after prolonged contact (15 minutes). Moreover, 
it was found that the difference between the applied and mineral 
potential was less significant for pyrite-pyrite contacts than for Pt- 
pyrite contacts, especially at cathodic potentials.

Increasing the pressure applied during contact increased the rate of 
change of potential. This suggested that the charging of coarse 
pyrite particles would be more effective than that of fine pyrite 
particles, since the former would have a higher momentum and hence 
would make better contact with the feeder electrode.

Since the results obtained with pyrite were similar both in acid and 
alkaline solutions, the contact resistance cannot be attributed solely 
to the presence of oxides on the surface of pyrite. Differences in 
the work functions of Pt and pyrite at the Pt (metal)/pyrite 
(semiconductor) interface may also contribute to the observed contact 
potential.

These results indicate that in comparison with pyrite the charging of 
chalcopyrite particles, by feeder-particle or particle-particle 
contact, occurs much more readily and might explain why changes in the 
flotation response of pyrite were only observed after prolonged 
periods of polarisation.

10.5 Effect of Particle Size

To study the effect of particle size on the flotation behaviour of 
pyrite and chalcopyrite under oxidising and reducing conditions, 
different size fractions of each mineral were polarised for 30 minutes 
either at 0.6 V, or -0.6 V, and then floated for 30 minutes to 
determine the flotation response. All the tests were carried out at 
pH 9 (0.05 M Na2B407 + 1 M NaCl) both in the presence and absence of a 
frothing (redistilled analar grade n-pentanol) agent, viz amyl 
alcohol, which was added to reduce bubble size and enhance the 
probability of particle-bubble contact.
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Recovery-size curves, in which the recovery from a particular size 
fraction is plotted against the average size of particle in that 
fraction, are presented in Figures 10.12 and Figures 10.13 for pyrite 
and chalcopyrite, respectively.

Average particle size / urn

Fig 10.12 Recovery-size curves for pyrite polarised for 30 minutes in 
pH 9.0 buffer solution prior to flotation. Flotation 
carried out in the absence/presence of amyl alcohol.

All the curves were similar in shape, the tendency to float increasing 
with decreasing particle size as entrainment became the dominant 
recovery method. However, significant differences in flotation 
recovery were observed at a given particle size, depending on the 
mineral type, anodic/cathodic pretreatment, absence/presence of 
frother etc.
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Fig 10.13 Recovery-size curves for chalcopyrite polarised for 30 
minutes in pH 9.0 buffer solution prior to flotation. 
Flotation carried out in the absence/presence of amyl 
alcohol.

To separate the effect of these variables on genuine flotation (bubble 
attachment and levitation) from that of entrainment, it was assumed 
that the recovery curves for oxidised pyrite (0.6 V, no frother) and 
reduced chalcopyrite (-0.6 V, no frother) were due to entrainment 
only. By subtracting these "base-line" curves from those acquired for 
reduced pyrite (-0.6 V) and oxidised chalcopyrite (0.6 V) in the 
absence/presence of frother, recovery curves were obtained which 
reflected real changes in hydrophobicity/floatability brought about 
solely by the electrochemical pretreatment and/or frother addition. 
These are shown in Figures 10.14 and 10.15.
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Fig 10.14 Recovery-size curves for oxidised chalcopyrite (0.6 V, 30 
min polarisation, 30 min flotation) corrected for 
entrainment.

In the absence of frother pyrite and chalcopyrite behaved similarly. 
Electrochemical conditioning caused the greatest enhancement in 
flotation recovery at intermediate particle sizes, the maximum 
recovery occurring at a coarser average particle size for oxidised 
chalcopyrite (~ 100 pm) than for reduced pyrite (~ 70 pm). Although 
electrochemical conditioning was probably more efficient at coarse 
particle sizes, this advantage was outweighed by an increase in the 
degree of hydrophobicity required to overcome gravitational effects 
and so promote high floatability. Therefore the recovery decreased 
with increasing particle size.

The degree of surface oxidation incurred during grinding tended to 
increase with decreasing particle size. Therefore, feeder-particle
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Average particle size / îm

Fig 10.15 Recovery-size curves for reduced pyrite (-0.6 V, 30 min
polarisation, 30 min flotation) corrected for entrainment.

and particle-particle contact resistances were higher for the finer 
size fractions, which meant that charging was less effective. As a 
result the flotation recovery decreased.

Adding frother (15 ppm amyl alcohol) to an electrochemically oxidised 
chalcopyrite surface increased recovery over the entire particle size 
range, the improvement increasing steadily with increasing particle 
size. No significant improvement was observed with reduced 
chalcopyrite (Figure 10.13), except for a a slight increase in recovery 
at particles sizes < 40 ym. In contrast, frother addition increased 
the recovery of both oxidised and reduced pyrite, the increase being 
greater for reduced pyrite surfaces, especially at coarse particle 
sizes (Figure 10.12). At particle sizes < 40 ym, frother addition had 
little effect on pyrite recovery with either type of surface
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pretreatment. These results suggested that amyl alcohol was acting as 
a dipolar collector as well as a frother.

The adsorption of non-ionic molecules, such as alcohols, at the solid- 
liquid interface is maximised at the zero point of surface charge 
(z.p.c.) of the solid(382).

For oxides like Fe203, the surface reactions involved in the 
establishment of a surface charge and the electrical double layer may 
be represented formally as:-

Fe(0H)2+(surface) + H+ ± Fe(OH) 3(surface) (10.4)

Fe(OH) 3(surface) h 2o Fe(OH) 4 (surface) 0H- (10.5)

the z.p.c. of the solid being determined by the pH of the aqueous 
solution for which the activities of adsorbed surface hydroxy species 
(Fe(0H)2+, Fe(0H)4”) are equal. This pH corresponds to the point of 
minimum solubility of the solid(383). The activity-pH diagram for 
Fe(III) species in equilibrium with Fe203 (Figure II(vi); Appendix II) 
shows that the minimum solubility of Fe203 occurs at pH 6.1, although 
the minimum is not sharply defined due to the high concentration of 
undissociated Fe(0H) 3 species. Parks ' 3851 quoted z.p.c. values for a- 
Fe203 ranging from 5.0 to 9.05, the actual value for a particular 
sample being influenced by its source, method of preparation, type of 
pretreatment and the presence of trace impurities.

In contrast, the use of electrokinetic techniques as a means of 
studying the mineral sulphide-solution interface has not received as 
much attention. Healy and Moignard' 3 8 41 carried out a survey of 
previous electrokinetic studies on metal sulphides and reported z.p.c. 
values for pyrite and chalcopyrite of 6 .2-6.9 and 3.0, respectively. 
However, the survey showed that little attention had been given to 
experimental detail. Often no account had been taken of sample 
equilibration and conditioning effects and there had been a lack of 
preventative measures to control sulphide mineral oxidation before or 
during the experiment. Nevertheless, it may be expected that oxidation 
or reduction of a given sulphide mineral surface would shift its 
z.p.c. towards the characteristic z.p.c. of the product layer.
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Table 10.1 The point of zero charge of some metal sulphide and metal 
hydroxide compounds.

Compound z.p.c.

CuFeS2 pH 3(384)

FeS2 pH 6.2-6.913841

Fe(0H) 3 1 s, pH 7.4-8.4(385>

pH 11.3-12.4(385)

Cu (0H)2(s) pH 9.4-10.1(385)

For example, in the experiments described above, carried out at pH 9 under 
oxidising conditions, the formation of metal hydroxide coatings on the 
surfaces of pyrite and chalcopyrite would have increased the z.p.c. values 
of the sulphide minerals towards pH 9 (see Table 10.1) and hence promoted 
the adsorption of amyl alcohol. Moreover, the increase in z.p.c./frother 
adsorption would also be greater for surfaces having a higher ratio of 
Fe(0H) 2 and/or Cu(0H) 2 relative to Fe(0H) 3 (Table 10.1). As Fe(0H) 2 was 
probably the major component on the surface of reduced pyrite, this would 
explain why frother addition increased the recovery of reduced pyrite more 
than that of oxidised pyrite.

10.6 Summary

The results have shown that pyrite is rendered naturally hydrophobic under 
reducing conditions, whereas chalcopyrite is rendered hydrophobic under 
oxidising conditions. The surfaces which generated the natural 
hydrophobicity were probably a sulphur and/or metal deficient sulphide 
layer on chalcopyrite and for pyrite an iron-oxide free surface containing 
covalently saturated sulphur atoms.

Increases in genuine flotation recovery, i.e. no entrainment, due solely to 
electrochemical conditioning}passed through a maximum which occurred at a 
coarser particle size for oxidised chalcopyrite than for reduced pyrite.
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CHAPTER ELEVEN: CONCLUSIONS

1. Voltammetric studies at pH 1 (0.1 M H2S04, 0.1 M HC104) suggested 
that under mild oxidising conditions, anodic scanning potential 
limits (E^a) < 0.9 V, pyrite oxidation occurred mainly by the 
following reaction:-

forming a passivating layer of sulphur on the surface. Although 
charge measurements showed that sub-monolayer quantities of 
sulphur were formed, the fractional monolayer coverage of sulphur 
exceeded the fraction of a monolayer of pyrite reacted, hence the 
sulphur film protected the underlying pyrite surface. Protection 
stopped once the volume of sulphur produced became less than the 
volume of pyrite decomposed. Under the non-steady state 
conditions of cyclic voltammetry experiments, this occurred at 
> 1.0 V and marked the onset of higher anodic currents/ 
decomposition rate, as pyrite oxidation to sulphate (reaction (f)) 
became the dominant decomposition pathway:-

E = 0.394 - 0.063 pH + 0.008 log[S042"] + 0.004 log[Fe3+]

For example, the amount of pyrite oxidised by reaction (f) 
increased from 10% at 0.9 V to 96% at 1.4 V.

2. Cyclic voltammograms of pyrite recorded at pH 0 (1 M HC104) using 
a rotating split cylinder bi-electrode (RSCBE) suggested that 
pyrite oxidation produced no Fe(II) species judging by the absence 
of any corresponding oxidation current at the Pt collector 
electrode when held at potentials (Ec) > 0.8 V. Indeed, soluble 
oxidation products were detected only when the working electrode

FeS2 = Fe3+ + 2S + 3e (e)

E = 0.546 + 0.0196 log[Fe3+]

FeS2 + 8H20 = Fe3+ + 2S042" + 16H+ + 15e (f)
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potential was extended to > 1.0 V. Fe3+ reduction at the 
collector electrode (Ec = < 0.5 V) confirmed that the main mineral 
oxidation reactions were (e) and (f). However, reduction of the 
oxidation product layer (sulphur) gave rise to anodic col)ector 
current responses at Ec potentials of 0.8, 0.9 and 1.0 V, which 
suggested that ferric oxide was also formed on the surface of 
pyrite during oxidation, even though it is thermodynamically 
unstable at pH 0.

3. Electrochemical studies at pH 4.6 (0.5 M CH3C00H + 0.5 M CH3C00Na) 
suggested that, under mild oxidising conditions (< 0.6 V), 
goethite formed spontaneously on the surface of pyrite via a solid 
state mechanism (reaction (s1)):-

FeS2 + 2H20 = FeOOH + 2S + 3H+ + 3e (sx)

E = 0.521 - 0.0591 pH

As pyrite oxidation to sulphate (reaction (tx)) became the 
dominant oxidation process at potentials > 0.6 V:-

FeS2 + 10H20 = FeOOH + 2S042~ + 19H+ + 15e (tx)

E = 0.390 - 0.0749 pH + 0.0078 log[S042"]

the concomitant production of H+ ions sufficiently lowered the 
interfacial pH at the pyrite/solution interface for ferric 
oxide/hydroxide to form by a dissolution-precipition mechanism 
(reactions (e), (f), (o1), (vx) and (w1)), producing Fe(0H)2+, 
Fe(0H)2+ and Fe(0H) 3 at the higher overpotentials.

4. Cathodic conditioning of pyrite at pH 4.6 resulted in the 
formation of oxygen reduction intermediates, which reacted with 
the pyrite surface by a corrosion type process, producing 
Fe(0H) + (ads}, S2(OH) 2 and S2032- species on the mineral surface.
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5. Pyrite oxidation to sulphate became even more favourable on 
increasing the pH from 4.6 to 7 (0.025 M Na2HP04 + 0.025 M 
KH2P04). This resulted in an irreversible loss of sulphur from 
the surface of pyrite, leaving an excess of ferric oxide, even 
under mild oxidising conditions (0.0 V). At 0.8 V, the oxide 
layer consisted of an inner monolayer of goethite and sulphur, 
formed by a solid state mechanism, and a few outer monolayers of 
an amorphous, more hydrated ferric oxyhydroxide (Fe(0H)3), formed 
by a dissolution-precipitation process. Increasing the anodic 
potential above 0.8 V lowered the interfacial pH sufficiently for 
some of the precipitated Fe(0H) 3 to dissolve, forming soluble 
Fe(0H)2+ species (reaction (Wj)).

6 . It is generally assumed that sulphide mineral oxidation to sulphur 
and sulphoxy species (sulphate) occurs by two independent pathways 
and that sulphate is not formed as a result of elemental sulphur 
oxidation due to the high overpotential requirement for this 
reaction(611. However, cyclic voltammograms for pyrite recorded 
at pH 7, suggested that if sub-monolayer quantities of sulphur are 
formed, i.e. sulphur is present as ad-atoms rather than a separate 
thermodynamic phase, sulphur may be oxidised to sulphate at 
potentials > 0.8 V.

7. A charge balance revealed that the reaction accompanying pyrite 
oxidation to sulphur, at potentials < 0.5 V, approximated to a 
3 electron process and was assigned to the reaction:-

FeS2 + 2xH20 = Fe(1_x)̂ ( F e 3+02B-522~)x (S2 2')(i-xi + 3xH+ + 3xe
...(6.33)

This process involved the creridation of Fe(II) to Fe(III) in the 
lattice, and the adsorption and deprotonation of water molecules. 
It did not involve lattice decomposition. The number of electrons 
associated with the reaction accompanying pyrite oxidation to 
sulphur only exceeded 5 when the potential was extended to 0.8 V, 
signifying that sulphoxy species such as S2022- and S2032" were
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being formed as intermediates in the oxidation pathway to 
sulphate.

8 . In alkaline solutions, the predominance of sulphate formation and 
the associated irreversible loss of sulphur from the surface of 
pyrite produced a high oxide/sulphur ratio with ferric oxide the 
dominant surface phase.

9. Once formed, ferric oxide/hydroxide was difficult to remove by 
cathodic treatment due to the low solubility of ferrous ions in 
alkali media (e.g. 10- 5 M at pH 9.2; reaction (Pi)). Studies on 
virgin pyrite surfaces at pH 9.2 showed that after prolonged 
cathodic treatment, monolayers of ferric oxide could be removed 
from the surface of pyrite, presumably due to ferrous oxide 
dissolution. However, an oxide monolayer was always left on the 
surface.

10. The spontaneous formation of a passive film on the surface of 
pyrite, even in acidic solutions, and the predominance of sulphate 
over sulphur formation, was accounted for by considering the solid 
state properties of pyrite and invoking a semiconductor band model 
to explain its electrochemical behaviour.

11. Abrading the surface of a pyrrhotite electrode, while in 1 M 
HC104, lowered its open-circuit potential (Eoc = 0.6 V) into a 
region where non-oxidative dissolution occurred (Eoc = 0.15 V). 
This suggested that a layer of sulphur and/or more likely a ferric 
oxide film was responsible for inhibiting the dissolution of 
pyrrhotite. Once the film was removed the open-circuit potential 
was "pinned" at the corrosion potential for the non-oxidative 
dissolution reaction:-

MS = M2+ + H2S

the process being comprised of an anodic:-
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MS = M2+ + S + 2e 

and cathodic process:-

S + 2H+ + 2e = H2S

12. The voltammetric behaviour of hexagonal pyrrhotite at pH 1 (0.1 M 
HC104) and potentials < 0.8 V suggested that pyrrhotite oxidation 
results either in the formation of a metal-deficient sulphide film 
(MDSF):-

^eo. 905^ ~ xFe2+ + F6 j0>905_X)S + 2xe (7.1)

where: 0 < x < 0.011, since Fe0 894S represents the lower limit of 
iron deficiency in hexagonal pyrrhotite,

or in the underpotential deposition of a meta-stable ferric 
oxide/hydroxide layer (reactions (1 ) and (z1)).

13. RSCBE studies at pH 0 (1 M HC104) suggested that pyrrhotite 
oxidation, like pyrite oxidation, produced no Fe(II) species 
judging by the absence of any corresponding collector oxidation 
current at Ec potentials > 0.8 V. On extending the working 
electrode potential to > 0.7 V, the main pyrrhotite oxidation 
reactions were (h3) and (i1), producing Fe3+, sulphur and S042-. 
Fe3+ was reduced to Fe2+ at collector potentials < 0.7 V, and on 
the reverse negative-going scan, sulphur was reduced to H2S in a 
two-step process (reactions (ay3) and (az1)), the H2S giving rise 
to an anodic collector current at Ec potentials > 1.2 V.

14. In cyclic voltammetry experiments carried out at pH 4.6 (0.5 M 
CH3COOH + 0.5 M CH3C00.Na buffer solution), pyrrhotite oxidised by 
reaction (z:) at E ^  potentials < 0.5 V forming goethite and 
sulphur. On extending E ^  to > 0.5 V, the anodic current 
increased rapidly as sulphate formation (reaction (baL)) became 
the dominant oxidation reaction.
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15. Eventually a "limiting current" region was reached between 0.9 and
1.3 V. In this region, pyrrhotite oxidation was inhibited by a 
passivating ferric oxide film, the current at 1.3 V being 25 times 
lower at pH 4.6 than at pH 0. The limiting current also showed no 
stirring rate dependence, implying that the film had been formed 
by a solid state mechanism and not by dissolution-precipitation.
At an of 1.0 V, the passivating film consisted mostly of 
Fe(III) species, with an outer, easily reduced, hydrated Fe(0H) 3 

layer (about 1 0 monolayers in thickness) and an inner, less easily 
reduced, less hydrated, FeOOH layer (37 monolayers) interspersed 
with a little sulphur ( 2 monolayers).

16. In contrast, ferric hydroxide/oxide species did not passivate the 
surfaces of pyrite and pentlandite in the potential region 0.9 -
1.3 V at pH 4.6, although oxidation was inhibited to an extent. 
There were two reasons for this:-

(i) More ferric hydroxide/oxide was formed on 
pyrrhotite than on the other two minerals because 
pyrrhotite has a higher iron content: 50 at. X, 
compared with 33.3 at. X and 26.5 at. X for pyrite 
and pentlandite, respectively.

(ii) Although sulphide oxidation to sulphate was the 
dominant oxidation pathway for all three minerals, 
the number of moles of H+ produced per mole of 
Fe(0H) 3 formed was much greater for pyrite (19) and 
pentlandite (17.2), than for pyrrhotite (11).
Thus, the interfacial pH was lowered to a greater 
extent at the surfaces of pyrite and pentlandite, 
which allowed ferric hydroxy species to disperse 
and precipitate further away from the surfaces of 
these minerals, hence, decreasing the inhibiting 
effect of ferric oxide/hydroxide on oxidation.
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17. At potentials > 1.4 V, the anodic current increased once more, the 
the upward trend in current continuing after the scan was 
reversed. This behaviour was ascribed to the visible growth of 
hydrated ferric oxide in pits nucleated at the high potential. As 
the pits expanded they caused the passive film to breakdown.

18. The anodic limiting current region was also observed in cyclic 
voltammograms of pyrrhotite recorded at pH 7 and pH 9.2. At pH 13 
an anodic peak was observed, rather than a limiting current, as 
the passivating effect of the oxide layer increased with 
increasing pH. Moreover, stirring the solution had no effect on 
current-potential profiles at these pH values, and no soluble 
reaction products were observed in RSCBE experiments, which 
suggested that all the oxidation reduction reactions involved 
solid species.

19. Pentlandite is thermodynamically unstable at pH values < 4. 
However, in deoxygenated acidic solutions it cannot dissolve non- 
oxidatively in the true sense, like for example pyrrhotite, as its 
dissolution must involve an increase in the formal oxidation state 
of the metal atoms from < +2 in the lattice to +2 in solution. In 
this sense pentlandite was similar to pyrite. Furthermore, like 
pyrite, it was found to have a high positive rest potential in 1 M 
HC104 (0.695 V). This was ascribed to the high electrocatalytic 
activity of pentlandite for oxygen reduction, which allowed a 
mixed potential to be established between the anodic process:-

(Fe,Ni)9S8 = 4.5Ni2+ + 4.5Fe2+ + 8 S + 18e (a2)

and cathodic reduction of the trace amounts of oxygen in solution 
(1 0 - 5 - 1 0 " 3 mol m-3):-

02 + 4H+ + 4e = 2H20 (k6)

Thus, a passivating layer of sulphur was formed, the open circuit

potential being too high for it to be removed by reaction (v).
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20. RSCBE studies at pH 0 (1 M HC104), showed that the products of 
pentlandite oxidation were mainly Fe3+, Ni2+, sulphur and sulphate 
(reactions (b2) and (d2)), and at pH 4.6, ferric hydroxy species, 
Ni2+, sulphur and sulphate (reactions (d2) and (f2)).

21. Cyclic voltammograms for stationary pentlandite electrodes in 
acidic media were similar in general shape and form to those 
observed for pyrite at a given pH value. However, the anodic 
oxidation curves for pentlandite exhibited a larger stirring rate 
dependence at potentials > 0.6 V, due to the greater 
inhibiting effect of the ferric oxide/hydroxide species formed on 
its surface. This behaviour was attributed to sulphate formation 
yielding a lower H+/Fe(0H) 3 product ratio on the surface of 
pentlandite than on pyrite (17.2 versus 19), and sulphide 
oxidation to sulphate being the more dominant oxidation pathway 
for pyrite (see conclusion (16)).

22. Cyclic voltammograms of pentlandite recorded over the pH range 7 - 
13 were very similar in character, exhibiting an anodic 
prewave/current plateau, between 0.4 and 0.6 V, followed by a 
rapid increase in current on the first positive-going potential 
scan. Both features shifted to more negative potentials with 
increasing pH and the anodic wave was observed irrespective of 
whether the electrode potential was initially swept in a negative 
or positive direction from the rest potential. The Eh/pH diagram 
for the Fe-Ni-S-H20 system at 298 K predicted that, at neutral pH 
values and low anodic potentials, pentlandite oxidation occurred 
by the reaction:-

(Fe,Ni)9S8 + 7.5H20 = 2FeNi2S4 + 2.5Fe(0H) 3 + 0.5Ni2+

+ 7.5H+ + 8.5e (s2)

to form a surface layer consisting of a nickel-rich violarite 
(FeNi2S4)-type phase mixed with ferric oxide/hydroxide. Violarite 
oxidised by reactions (m3) and (n3) as the potential increased,
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giving rise to the anodic prevave between 0.4 and 0.6 V. The Ni2+ 
ions released into solution precipitated once their solubility was 
exceeded (reaction (a3)).

23. X-ray photoelectron spectroscopy confirmed that the level of 
Ni(II) and sulphide sulphur at the pentlandite surface increased 
under oxidising conditions and with increasing pH, which supported 
the oxidation mechanism proposed above, involving the formation of 
a violarite-type intermediate phase.

24. Cyclic voltammograms of stationary chalcopyrite electrodes in 
acidic solutions were characterised by an anodic peak or prewave 
which occurred between 0.4 and 0.7 V. The prewave was observed 
irrespective of the type of acid electrolyte used, or the 
direction of the initial potential sweep.

25. RSCBE studies in 1 M HC104, coupled with thermodynamic 
considerations, suggested that the prewave process involved 
initially the oxidation of chalcopyrite to covellite (CuS) and 
sulphur by the reaction:-

CuFeS2 = 0.5CuS + 1.5S + Fe3+ + 0.5Cu2+ + 4e (o4)

with bornite (CuFe0 2S0 8 - reaction (h4)) and chalcocite (Cu2S - 
reactions (j4) followed by (k4)) formed as intermediate phases 
during this stage of the process. At the peak maximum (0.55 V in 
1 H HC104), covellite was oxidised to Cu2+ and sulphur by reaction

<r«>:-

CuS = Cu2+ + S + 2e (r4)

giving an overall reaction:-

CuFeS2 = Cu2+ + Fe3+ + 2S + 5e (d4)
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The RSCBE results indicated that approximately equal amounts of 
copper and iron were dissolved at the peak maximum, as expected 
from reaction (d4).

26. The above interpretation of the prevave process assumed that the 
oxidation products behaved as definite chemical entities.
However, the process may have involved the dissolution of metal 
ions from the mineral lattice producing a non-thermodynamic metal- 
deficient sulphide film, depleted in iron more than copper:-

CuFeS2 + 2xH+ = CuFe(1_x)S(2_x) + xH2S + xFe2+ (9.8)

The film was then oxidised on the first positive-going potential 
sweep. Alternatively, Fe(III) may oxidise the Cu(I) to Cu(II) in 
the lattice to maintain solid state electroneutrality on 
dissolution of Fe(II):-

Cu+Fe3 + (S2 _ ) 2 = C u V - x)Cu2+xFe3+(1_x)(S2- ) 2 + xFe2+(aq)

................(z5)

27. In contrast to pyrite and pyrrhotite, where sulphate formation was 
the dominant oxidation reaction in neutral and basic solutions, 
the equality of anodic and cathodic charges observed in cyclic 
voltammograms for chalcopyrite indicated that oxidation of this 
mineral produced negligible quantities of sulphate.

28. Three anodic peaks, (I), (II) and (III), were observed in cyclic 
voltammograms for chalcopyrite recorded at pH 7, 9.2 and 13. The 
results suggested that the chalcopyrite surface had already been 
partially oxidised and depleted in iron and sulphur whilst

polishing the electrode. This resulted in the formation 
of Cu 20/Cu0H on the surface, peak (ii) corresponding 
closely with the thermodynamic reversible potentials for 
the oxidation of either one, or both of these products 
(reactions (w4 + x4) and (c5)). Peak (I) was ascribed 
to the oxidation of unaltered chalcopyrite by the reaction:-
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CuFeS2 + 3H20 = 0.5Cu2S + 1.5S + Fe(0H) 3 + 3H+ + 3e

.................... (zg5)

Peak. (Ill) occurred in the potential region assigned to the bulk 
oxidation of chalcopyrite by reactions (a5) and (b5), producing 
Fe(0H)3, Cu (0H)2, sulphur and sulphate, and was caused by the 
passivating effect of the metal oxide/hydroxide products.

29. The flotation response of chalcopyrite and pyrite in alkaline 
solutions was studied, after electrochemical conditioning in an 
electro-Hallimond tube, to correlate their surface reactions with 
"natural" (i.e. collectorless) hydrophobicity.

30. Chalcopyrite (-150 +106 pm) was rendered hydrophobic under mild 
oxidising conditions (0.0 to 0.8 V) in pH 10.5 buffer solution 
(0.025 M NaHC03 + 0.023 M NaOH + 1M NaCl), the recovery increasing 
with potential, before decreasing again at potentials > 0.8 V. 
Similar behaviour was observed at pH 9.0 (0.05 M Na2B407 + 1 M 
NaCl), although the flotation response was shifted to more 
negative potentials. Maximum natural flotation was ascribed to 
the formation of sulphur, or a metal-deficient sulphide film with 
a high Cu(I)/Fe(III) ion ratio at the surface. At pH 10.5, the 
fall in flotation recovery at potentials > 0.8 V coincided with 
the electro-oxidation of chloride ions in the background 
electrolyte to hypochlorite. Hypochlorite enhanced the oxidation 
of chalcopyrite to sulphate, leaving a hydrophilic layer of 
Fe(III) and Cu(II) oxides on the mineral surface, which reduced 
floatability.

31. In contrast, pyrite (-150 +106 pm) exhibited no increase in 
flotation recovery under mild oxidising conditions. However, at 
cathodic potentials the recovery did increase after prolonged 
polarisation ( 1 - 3  hours). The inability of pyrite to float at 
oxidising potentials was due to the presence of a hydrophilic 
layer of ferric oxide/hydroxide on the surface of the pyrite 
particles, which was reduced to ferrous hydroxide at cathodic
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potentials. The hydrophilic ferrous hydroxide film then dissolved 
slowly (reaction (px), increasing the hydrophobicity/floatability 
of pyrite.

32. Electrochemical conditioning caused the greatest enhancement in 
flotation recovery at intermediate particle sizes, the maximum 
recovery occurring at a coarser average particle size for oxidised 
chalcopyrite (~ 100 pm) than for reduced pyrite (~ 70 pm).

33. Adding frother (15 ppm amyl alcohol) to an electrochemically 
oxidised chalcopyrite surface increased recovery over the entire 
particle size range, the improvement increasing steadily with 
increasing particle size. No significant improvement was observed 
with reduced chalcopyrite, except for a slight increase in 
recovery at particle sizes < 40 pm. In contrast, frother addition 
increased the recovery of both oxidised and reduced pyrite, the 
increase being greater for reduced pyrite surfaces, especially at 
coarse particle sizes. At particle sizes < 40 pm, frother 
addition had little effect on pyrite recovery with either type of 
surface pretreatment. These results suggested that amyl alcohol 
was acting as a dipolar collector as well as a frother.
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APPENDIX I: Thermodynamics Equations (A separate "pull-out" copy of the
equations listed below is enclosed at the end of the thesis).

(1) Pyrite (FeS,), Pyrrhotite (FeS, (Fe1_vS)) and Sulphur

(a) FeS2 = Fe2+ + 2S = 2e
E = 0.423 + 0.0295 log[Fe2+]

(b) FeS2 + 8H20 = Fe2+ + 2S02" + 16H+ + 14e
E = 0.367 - 0.067 pH + 0.008 log[S02-J + 0.004 log[Fe2+]

(c) FeS2 + 3H20 = Fe(0H)3 + 2S + 3H+ + 3e
E = 0.64 - 0.0591 pH

(d) FeS2 + 11H20 = Fe(0H)3 + 2S02" + 19H+ + 15e
E = 0.412 - 0.0749 pH + 0.0078 log[S02-]

(e) FeS2 = Fe3+ + 2S + 3e
E = 0.546 + 0.0196 log[Fe3+]

(f) FeS2 + 8H20 = Fe3+ + 2S02" + 16H+ + 15e
E = 0.394 - 0.063 pH + 0.008 log[2S02-] + 0.004 log[Fe3+]

(g) Fe2+ = Fe3+ + e
E = 0.771 + 0.0591 log[Fe3+] - 0.0591 log[Fe2+]

(h) Fe2+ + H20 = Fe(0H)2+ + H+ + e
E = 0.914 = 0.0591 pH + 0.0591 log[Fe0H2+] - 0.0591 log[Fe2+]

(i) Fe2+ + 2H20 = Fe(0H)+ + 2H+ + e
E = 1.191 - 0.1182 pH + 0.0591 log[Fe(0H)+] - 0.0591 log[Fe2+]

(j) Fe2+ + 3H20 = Fe(0H)3 + 3H+ + e
E = 1.056 - 0.177 pH - 0.0591 log[Fe2+]

(k) Fe(0H)2 + H20 = Fe(0H)3 + H+ + e
E = 0.271 - 0.0591 pH
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(l) FeS + 3H20 = Fe(OH)3 + S + 3H+ + 3e
E = 0.398 - 0.0591 pH

(m) FeS + 2H20 = FeOOH + S + 3H+ + 3e
E = 0.290 - 0.0591 pH

(n) Fe(OH)2 + FeOOH + H+ + e
E = -0.071 - 0.0591 pH

(o) Fe2+ + 2H20 = FeOOH + 3H+ + e
E = -0.715 - 0.177 pH - 0.0591 log[Fe2+]

(p) Fe2+ + 2H2S = FeS2 + 4H+ + 2e
E = -0.106 - 0.0591 pH - 0.0295 log[H2S] - 0.0295 log[Fe2+]

(q) FeS + H2S = FeS2 + 2H+ + 2e
E = -0.216 - 0.0591 pH - 0.0295 log[H2S]

(r) FeS + HS" = FeS2 + H+ + 2e
E = -0.423 - 0.0295 pH - 0.0295 log[HS"]

(s) Fe = Fe2+ + 2e
E = -0.440 + 0.0295 log[Fe2+J

(t) Fe + H2S = FeS + 2H+ + 2e
E = -0.364 - 0.0591 pH - 0.0295 log[H2S]

(u) Fe + HS- = FeS + H+ + 2e
E = -0.571 - 0.0295 pH - 0.0295 log[HS"]

(v) H2S = S + 2H+ + 2e
E = 0.141 - 0.059 pH - 0.0295 log[H2S]

(v) HS- = S + H+ + 2e
E = 0.065 - 0.0295 pH - 0.0295 log[HS-]

(x) S + H+ + e = HS
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(y) HS + e = HS"

(z) HS" + H+ - H2S log = - 7.00 + pH

(ai) 2S2"lattic# = S22 lattlc# + 2e

(b^ Fe + 2HS" = FeS2 + 2H+ + 4e
E = - 0.497 - 0.0295 pH - 0.0295 log[HS~]

(Ci) Fe + 2H2S * FeS2 + 4H+ + 4e
E - -0.290 - 0.0591 pH - 0.0295 log[H2S]

(dx) H2 = 2H+ + 2e
E « 0.000 - 0.0591 pH - 0.0295 log pH2

(e^ FeS = Fe2+ + S + 2e
E = -0.078 + 0.0295 log [Fe2+]

(f x) FeS + 4H20 = Fe2+ + SO2" + 8H+ + 8e
E = 0.0287 - 0.0591 pH + 0.007 log [S02“] + 0.007 log[Fe2+]

(g^ FeS + 7H20 = Fe(0H)3 + SO2" + 11H+ + 9e
E - 0.372 - 0.072 pH + 0.007 log[S02"]

(hx) FeS = Fe3+ + S + 3e
E = 0.301 + 0.020 log [Fe3+]

(ij) FeS + 4H20 = Fe3+ + SO2" + 8H+ + 9e
E = 0.114 - 0.053 pH + 0.007 log [S02-J + 0.007 log [Fe3+]

(jx) FeS + 2H+ = Fe2+ + H2S
log [Fe2+] = 2.582 - 2 pH - log [H2S]

(kx) FeS2 + 2H+ = Fe2+ + H2S + S
log [Fe2+] = - 9.531 - 2 pH - log [H2S]

(lx) FeS = (l-x)Fe2+ + FexS + 2(l-x)e
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(mx) FexS = xFeS + (l-x)S (x < 1)

(i^) FexS + 2(l-x)H+ + 2(l-x)e = xFeS + (l-x)H2S

(o^ Fe3+ + 3H20 = Fe(0H)3 + 3H+
log [Fe3+] = 4.84 - 3 pH

(p:) Fe2+ + 2H20 = Fe(0H)2 + 2H+
log [Fe2+] = 13.29 - 2 pH

(qx) Fe + 2H20 = Fe(0H)2 + 2H+ + 2e 
E = -0.047 - 0.0591 pH

(rx) Fe(CN)46" = Fe(CN)3- + e
E = 0.46 + 0.0591 log[Fe(CN)g“] - 0.0591 log[Fe(CN)4‘]

(sx) FeS2 + 2H20 = FeOOH + 2S + 3H+ + 3e 
E = 0.521 - 0.0591 pH

(t2) FeS2 + 10H20 = FeOOH + 2S02~ + 19H+ + 15e
E - 0.390 - 0.0749 pH + 0.0078 log [SO2"]

(ux) Fe3+ + 2H20 - FeOOH + 3H+
log [Fe3+] = -1.85 - 3 pH

(vx) FeOH2+ + 2H20 = Fe(0H ) 3  + 2H+ 
log[FeOH2+] = 2.41 -  2 pH

(vx) Fe(OH)2+ + H20 = Fe(OH)3 + H+
log [Fe(0H)2+] = -2.28 - pH

(xx) FeOH2+ + H20 = FeOOH + 2H+
log [FeOH2+] = -3.37 - 2 pH

(yx) Fe(0H)2+ = FeOOH + H+
log [Fe(0H)2+] = -8.06 - pH
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(2 ,) FeS + 2H20 - FeOOH + S + 3H+ + 3e 
E = 0.290 - 0.591 pH

(ab,) FeS + HS“ = FeS2 + H+ + 2e
E = -0.423 - 0.0295 pH - 0.0295 log [HS"J

(ac,) FeS + S2“ + 2e
E = -0.837 - 0.0295 log [S2’]

(ad,) Fe + HS“ = FeS + H+ + 2e
E = -0.571 - 0.0295 pH - 0.0295 log ([HS’J

(ae,) Fe + S2" = FeS + 2e
E = -0.985 - 0.0295 log [S2“]

(af,) Fe = Fe2+ + 2e
E = -0.440 + 0.0295 log[Fe2+]

(agi) S22 (iattic«) = +

(ah,) H20 + 2h+ ^  (0)ad8 + 2H+

(ai,) 2H20 + 2h+ ^  2(0H)ads + 2H+

(aj,) (0)ad8 + (0)#d8 (^ads

<akx) (0).d8 + H20 + h+.olld ^  (02H)ad8 + H-

(al,) 2(0H)ad8 + h+solid ^  (02H)ad8 + fl-

Cam,) FeS2 + 2H20 ̂  FeS2(H02)ad8 + 3H+ + 3e

(an,) FeS2 + 3H20 = Fe(0H)3 + 3H+ + 0.5S2" + 2e

(ao,) FeS2 + 3H20 = Fe(0H)3 + 3H+ + 0.4S|" + 2.2e

(ap,) xS2” = Sx2“ + (2x-2)e when 2 < x < 5



402.

(aqx) S 2~X = xS + 2e (where 2 < x < 5)

( a r : ) S 2" = 2S + 2e

( a s ^ S2" = ^solid + 2 e

( a t ^ s + 4H20 = SO2" + 8 H+ + 6 e
E = 0.357 -  0.0788 pH + 0.0098 log[S02“

(au2) (OH) • ds + (0)*ds (®2®)ads

(av3) (0 2 H) a d 8  + esolid ^  02H ads

(awj) xHS" = Sx2- + xH+ + (2x-2)e

( a x ^ 2 S , .d . ,  + h2 o2  = S2 (OH) 2

(ay i) xS + H+ + 2e = HSX"

( a z ^ HS "X + (2x-l)H + + 2xe = xH2S

(ba i ) FeS + 6H20 = FeOOH + SO2'  + 11H+ + 9e
E = 0.341 -  0.072 pH + 0.007 log[SO2"]

(bb ,) S032'■ + S = S2 032-

(bc^) 4S + 60H" = S2 032- + 2S2“ + 3H20 

(b d ^  12S + 60H- = S2 032" + 2S52" + 3H20 

( b e ^  F e ^ S  = ( l -2 x )F e 2+ + FeS2  + 2 ( l -2 x )e

2. P e n t la n d i te  ( (F e tN i)QSfl) , V io la r i t e  (FeNi,S 4) and M i l l e r i t e  (NiS)

(a 2) (F e ,N i) 9 S8  = 4 .5N i2+ + 4 .5Fe2+ + 8 S + 18e
E = 0.067 + 0.015 log [N i2+] + 0.015 log [F e2+]
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(b 2) (F e ,N i) 9 Sfl *  4 .5 N i2+ + 4 .5Fe3+ + 8 S + 2 2 .5e
E = 0.208 + 0.0118 log [N i2+] + 0.118 log [Fe3+J

(c 2) (F e ,N i) 9 S8  + 32H20 = 4.5Fe2+ + 4.5N12+ + 8S02" + 64H+ + 6 6 e
E = 0.278 -  0.0573 pH + 0.004 lo g IF e2+] + 0.004 lo g [N i2+]

h- 0.072 log [SO2"]

(d 2) (F e ,N i) 9 S8  + 32H20 = 4 .5 N i2+ + 4.5Fe3+ + 8S02“ + 64H+ + 7 0 .5e
E = 0.310 -  0.054 pH + 0.0038 lo g lN i2*] + 0.0038 log [F e3+]

0.0067 log[S02-]

( e 2) (F e ,N i) 9 S8  + 13.5H20 = 4 .5N i2+ + 4.5Fe(OH ) 3  + 8 S + 13.5H+ + 2 2 .5e 
E = 0.265 -  0.0355 pH + 0.0118 log [N i2+]

( f 2) (F e ,N i) 9 S8  + 45.5H20 = 4 .5N i2+ + 4.5Fe(OH ) 3  + 8S02" + 77.5H+
+ 70 .5e

E = 0.0328 -  0.065 pH -  0.0038 lo g [N i2+] + 0.0067 loglSO2” ]

(g2) (F e ,N i) 9 S8  + 22.5H20 = 4.5Ni(0H ) 2  + 4.5Fe(0H ) 3  + 8 S + 22.5H+ + 2 2 .5e 
E = 0.409 -  0.059 pH

(h 2) (F e ,N i) 9 S8  + 54.5H20 = 4.5Ni(0H ) 2  + 4.5Fe(OH ) 3  + 8S02" + 86.5H+
+ 7 0 .5e

E = 0.374 -  0.0725 pH + 0.0067 log[S02-]

( i 2) (F e ,N i) 9 S8  + 22.5H20 + 4.5N100H + 4.5Fe(0H ) 3  + 8 S + 27H+ + 27e 
E = 0.513 -  0.0591 pH

( j 2) (F e ,N i) 9 S8  + 54.5H20 = 4.5N100H -+ 4.5Fe(0H ) 3  + 8S02" + 91H+ + 75e 
E = 0.413 -  0.0716 pH -+ 0.006 loglSO2"]

(k2) (F e ,N i) 9 S8  + 10.5H20 = FeNl2 S4  +3.5Fe(0H ) 3  + 2 .5N i2+ + 4S + 10.5H+
+ 15.5e

E = 0.225 -  0.040 pH + 0.0095 log [N i2+]

(m2) (F e ,N i) 9 S8  + 26.5H20 = FeNi2 S4  + 3.5Fe(OH ) 3  + 2 .5N i2+ + 4S02"
+ 42.5H+ + 39.5e

E = 0.305 -  0.064 pH + 0.0037 log [N i2+] + 0.006 log[S02"]
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(n2) Ni(0H ) 2

E

(o2) Ni + 2H 
E

(p2) NiOOH + 
E

(  q 2 ) ( F e , N i ) ,  

E ;

( r 2) (F e ,N i), 
E :

( s 2 ) (F e ,N i)g

E =

( t 2) (F e ,N i ) 9  

E =

(u2) (F e ,N i ) 9  

E =

(v2) (F e ,N i ) 9  

E =

( w 2) ( F e , N i ) g  

E =

(x2) FeNi2 S4  

E =

= NiOOH + H+ + e 
= 1.033 -  0.0591 pH

,0 = Ni(0H ) 2  + 2H+ + 2e 
= 0.110 -  0.0591 pH

2H20 = Ni0 2 . 2H20 + H+ + e 
= 1.434 -  0.0591 pH

,S8  = 2FeNi2 S4  + 2 .5Fe2+ + 0.5N i2+ + 6 e 
= -0.273 + 0.0246 log(F e2+] + 0.0049 lo g [N i2+]

,S8  = 2FeNi2 S4  + 2 .5Fe3+ + 0 .5N i2+ + 8 .5e  
= 0.034 + 0.017 log[F e3+] + 0.0035 lo g [N i2+]

S8  + 7.5H20 = 2FeNi2 S4  + 2.5Fe(0H ) 3  + 0 .5N i2+ + 7.5H+
+ 8.5e

= 0.118 -  0.052 pH + 0.0035 log [N i2+]

S8  + 13.5H20 = 4 . 5NiS + 4.5Fe(0H ) 3  + 3.5S + 13.5H+ + 1 3 .5e 
= 0.334 -  0.0591 pH

S8  + 2 7 .5H20 = 4 . 5NiS + 4.5Fe(0H ) 3  + 3.5S02" + 41.5H+
+ 2 7 .5e

= 0.436 -  0.089 pH + 0.0075 log[S02"]

S8  + 13.5H20 + 3 .5Ni2+ = 8 NiS + 4.5Fe(0H ) 3  + 13.5H+ + 6.5e 
= 0.519 -  0.123 pH -  0.032 log [N i2+]

S8  + 3H20 = 2NiS + 2S + Fe(OH) 3  + 3H+ + 3e 
= 0.649 - 0.0591 pH

+ 11H20 = 2NiS + 2S02" + Fe(OH) 3  + 19H+ + 15e 
0.415 -  0.0749 pH + 0.0079 log[S02-]

(y 2) NiS = Ni2+ + S + 2e
E = 0.133 + 0.0295 log [N i2+]
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( z 2) NiS + 4H20 = Ni2+ + SO2" + 8 H+ + 8 e
E = 0.308 -  0.0591 pH + 0.0074 log [N i2+] + 0.0074 log[S02-]

(a 3) Ni2+ + 2H20 = Ni(0H ) 2  + 2H+
log [Ni2+] = 12.18 -  2 pH

(b3) NiS + 2H20 = Ni(0H ) 2  + S + 2H+ + 2e 
E = 0.494 -  0.0591 pH

( c 3) NiS + 6H20 = Ni(OH) 2  + SO2’ + 10H+ = 8 e
E = 0.391 -  0.073 pH + 0.0074 log[S02"J

(d3) Fe2+ + 2Ni2+ + 4H2S = FeNi2 S4  + 8 H+ + 2e
E = -0.341 -  0.237 pH -  0.1183 log[H 2 S] -  0.0592 lo g [N i2+]

-  0.0296 log [F e2+]

( e 3) Fe + 2Ni + 4H2S = FeNi2 S4  + 8 H+ + 8 e
E = -0.271 -  0.0591 pH -  0.0295 log[H 2 S]

( f 3) Fe + 2Ni + 4HS" = FeNi2 S4  + 4H+ + 8 e
E = -0 .478 -  0.0295 pH -  0.0295 log[HS-]

(g 3) Ni + H2S = NiS + 2H+ + 2e
E = -0.242 -  0.0591 pH -  0.0295 log[H 2 S]

(h 3) Ni + HS~ = NiS + H+ + 2e
E = -0.449 -  0.0295 pH -  0.0295 log[HS"]

( i 3) (F e ,N i) 9 Sa + 16H+ = 4 .5Ni2+ + 4.5Fe2+ + 8 H2S + 2e
E = -0.529 + 0.4733 pH + 0.133 log[N i2+] + 0.133 log [F e2+]

+ 0.236 log[H 2 S]

( j 3) 4.5Fe + 4 . 5Ni + 8 H2S = (F e ,N i) 9 S8  + 16H+ + 16e
E = - 0 .3 2 2  -  0.059 pH -  0.0295 log[H 2 S]

(k 3) 4.5Fe + 4.5Ni + 8 HS” = (F e ,N i) 9 S8  + 8 H+ + 16e
E = -0.529 -  0.0295 pH -  0.0295 log[HS-]



406.

(13) NiS + 2H+ = H2S + Ni2+
log[N i2+] = 0.2712 -  2 pH -  log[H 2 S]

(m3) FeNi2 S4  + 3H20 = Fe(0H ) 3  + 2Ni2+ + 4S + 3H+ + 7e 
E = 0.354 -  0.0253 pH + 0.0169 log [N i2+]

(n3) FeNi2 S4  + 19H20 = Fe(0H ) 3  + 2Ni2+ + 4S02" + 35H+ + 31e
E = 0.357 -  0.067 pH + 0.0038 log [N i2+] + 0.0076 log[S02"]

(o3) FeNi2 S4  + 7H20 = Fe(0H ) 3  + 2Ni(0H ) 2  + 4S + 7H+ + 7e 
E = 0.560 -  0.0591 pH

(p3) FeNi2 S4  + 23H20 = Fe(0H ) 3  + 2Ni(OH) 2  + 4S02" + 39H+ + 31e 
E = 0.403 -  0.0744 pH + 0.0076 logfSO2' ]

(q3) FeNi2 S4  = Fe3+ + 2Ni2+ + 4S + 7e
E = 0.314 + 0.0084 log[Fe3+] 0.017 log [N i2+]

( r 3) FeNi2 S4  + 16H20 = Fe3+ + 2Ni2+ + 4S02" + 32H+ + 31e
E = 0.347 -  0.061 pH + 0.0019 log[F e3+] + 0.0038 lo g [N i2+]

+ 0.0076 loglSO2"]

3. C halcopyrite  (CuFeS, ), Bornlte  (Cu^FeS,,) ,  C halcoc ite  (Cu, S) and 
C o v e l l i te  (CuS)

<a4) CuFeS2  = CuS + Fe2+ + S + 2e
E = 0.232 + 0.0295 log [F e2+]

(b4) CuFeS2  = CuS + Fe3+ + S + 3e
E = 0.412 + 0.0197 log[Fe3+]

(c 4) CuFeS2  = Cu2+ + Fe2+ + 2S + 4e
E = 0.411 + 0.0148 log[Cu2+]

(d4) CuFeS2  = Cu2+ + Fe3+ + 2S + 5e
E = 0.483 + 0.0118 log[Cu2+] + 0.0118 log[F e3+]
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( e 4) CuFeS2  

E

( f 4) CuFeS2  

E

(g 4) CuFeS2  

E

(h 4) CuFeS2  

E

( i 4) CuFe0>2;
E

( j 4) CuFe0  2I 
E

(k 4) 0 .5 Cu2S
E

(14) CuFeS2  

E

(m4) CuFeS2  

E

(n4) CuFeS2  = 
E

(o4) CuFeS2  = 
E :

(p4) CuFeS2  h 
E :

+ 8H20 = Cu2+ + Fe2+ + 2S02" + 16H+ + 16e 
= 0.371 -  0.0591 pH + 0.004 loglCu2+] + 0.004 lo g [F e2+]

+ 0.0074 log[SO2' ]

+ 8H20 = Cu2+ + Fe3+ + 2S05- + 16H+ + 17e 
= 0.394 -  0.0556 pH + 0.0035 log[Cu2+] + 0.0035 log [F e3+] +

0.007 log[SO2"]

= CuFe0  2 S0  8  + 0 .8Fe2+ + 1.2S + 1.6e 
= 0.260 + 0.0295 log [F e2+]

= CuFe0  2 S0  8  + 0 .8Fe3+ + 1.2S + 2.4e 
= 0.403 + 0.0197 log [F e3+]

S0 B  = 0.5Cu2S + 0 .2Fe2+ + 0.3S + 0 .4e  
= 0.273 + 0.0295 log [F e2+]

50  8  = 0.5Cu2S + 0 .2Fe3+ + 0.3S + 0 .6e  
= 0.439 + 0.020 log [F e3+]

= 0.5CuS + 0.5Cu2+ + e 
= 0.530 + 0.0295 log[Cu2+]

+ 3H20 = Cu2+ + Fe(OH) 3  + 2S + 3H+ + 5e 
= 0.540 -  0.0355 pH + 0.0118 log[Cu2+]

f 11H20 = Cu2+ + Fe(0H ) 3  + 2S02" + 19H+ + 17e 
= 0.411 -  0.0661 pH + 0.007 log [SO2"] + 0.003 log[Cu2+]

= Fe2+ + 0 .5  Cu2+ + 0.5CuS + 1.5S + 3e 
= 0.437 + 0.01 log[Cu2+] + 0.02 log [F e2+]

= Fe3+ + 0 . 5CuS + 0.5Cu2+ 1.5S + 4e 
= 0.456 + 0.0074 log[Cu2+] + 0.0148 log [F e3+]

h 3H20 = CuS + Fe(0H ) 3  + S + 3H+ + 3e 
= 0.507 -  0.059 pH
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( r 4) CuS = Cu2+ + S + 2e
E = 0.590 + 0.0295 log[Cu2+]

( s 4) CuFeS2  + 2.4H20 = CuFe0 >2 S0 8  + 0.8Fe(0H ) 3  + 1.2S + 2.4H+ + 2 .4e  
E = 0.525 -  0.0591 pH

( t 4) CuFeS2  + 7 .2H20 = CuFe0 - 2 S0 > 8  + 0.8Fe(0H ) 3  + 1.2S02" + 12H+ + 9.6e 
E = 0.399 -  0.0739 pH + 0.0074 log[S02~]

(u4) CuFe0  2 S0  8  + 0 . 6H20 = 0.5Cu2S + 0.2Fe(0H ) 3  + 0.6H+ + 0.3S + 0 .6e  
E = 0.534 -  0.0591 pH

(v4) CuFe0  2 S0  8  + 1.8H20 = 0.5Cu2S + 0.2Fe(0H ) 3  + 0.3S02" + 3H+ + 2.4e 
E = 0.401 -  0.0739 pH + 0.0074 log[S02~]

(v4) Cu2S + 2H20 = CuS + Cu(0H) 2  + 2H+ + 2e 
E = 0.802 -  0.0591 pH

(x4) CuS + 2H20 = Cu(0H) 2  + 2H+ + S + 2e 
E = 0.863 -  0.0591 pH

(y4) CuS + 6H20 = Cu(0H) 2  + SO2" + 10H+ + 8 e
E = 0.484 -  0.0739 pH + 0.0074 log [SO2"]

(z 4) Cu2+ + 2H20 = Cu(0H) 2  + 2H+ 
log[Cu2+] = 9 . 2 - 2  pH

(a 5) CuFeS2  + 5H20 = Cu(0H) 2  + Fe(0H ) 3  + 2S + 5H+ + 5e 
E = 0.649 -  0.0591 pH

(b 5) CuFeS2  + 13H20 = Cu(0H) 2  + Fe(0H ) 3  + 2S02" + 21H+ + 17e 
E = 0.443 -  0.073 pH + 0.007 log[S02"]

(c 5) Cu20 + 3H20 = 2Cu(0H) 2  + 2H+ + 2e 
E = 0.748 -  0.0591 pH
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(d5) 2CuS + 2H+ + 2e = Cu2S + H2S
E = 0.082 -  0.0591 pH -  0.0295 log[H 2 S]

( e 5) 2CuS + H+ + 2e = Cu2S + HS"
E = -0 .110  -  0.0295 pH -  0.0295 log[HS"]

( f 5) 2Cu + H20 = Cu20 + 2H+ + 2e 
E = 0.472 -  0.059 pH

(g5) CuFeS2  + 2.4H+ + 0 .8e  = CuFe0 2 S0>a + 0.8Fe2+ + 1.2H2S
E = -0 .29  -  0.177 pH -  0.0591 log[Fe2+] -  0.088 log[H 2 S]

(h 5) 2CuFeS2  + 6 H+ + 2e = Cu2S + 2Fe2+ + 3H2S
E = -0 .22  -  0.177 pH -  0.0591 log[F e2+] -  0.089 log[H 2 S]

( i 5) CuFeS2  + 4H+ + 2e = Cu + Fe2+ + 2H2S
E = -0 .260 -  0.118 pH -  0.0591 log[H 2 S] -  0.0295 log [F e2+J

( j 5) CuFeS2  + 2H+ = CuS + Fe2+ + H2S
log [F e2+] = 3.05 + log[H 2 S] + 2 pH

(k5) CuFeS2  + 4H+ + 4e = Cu + Fe + 2H2S
E = -0 .321 -  0.0591 pH -  0.0295 log[H 2 S]

(1 5) CuFeS2  = ( l-x )C u 2+ + ( l - y ) F e 2+ + CuxFeyS2  + 4 (2 -x -y )e

(m5) CuxFeyS2  = (x+y)CuFeS2  + (2-x-y)S  (x < 1, y < 1)

(n5) 2CuFeS2  + 7H20 = Cu20 + 2Fe(0H ) 3  + 4S + 8 H+ + 8 e 
E = 0.626 -  0.0591 pH

(o5) 2CuFeS2  + 23H20 = Cu20 + 2Fe(OH) 3  + 4S02" + 40H+ + 32e 
E = 0.425 -  0.0739 pH + 0.0074 log[S02-]

(p5) CuFeS2  + (4-2z)H+ + (2x+2y+2z)e = CuxFeySz + ( l-x )C u 2+
+ ( l - y )F e 2+ + (2- z )H2S
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(q 5) Cu+ = Cu2+ + e
E = 0.153 + 0.0591 log[Cu2+] -  0.0591 log[Cu+]

( r 5) Cu = Cu+ + e
E = 0.520 + 0.0591 log[Cu2+]

( s 5) Cu = Cu2+ + 2e
E = 0.337 + 0.0295 log[Cu2+]

( t 5) Cu + H2S = Cu2S + 2H+ + 2e
E = -0.305 -  0.0591 pH -  0.0295 log[H2S]

(u5) Cu2+ + 2C1" + e = CuCl2~
E = 0.409 + 0.118 log[C l- ] + 0.0591 log[Cu2+]

-  0.0591 log[CuCl2 -]

(v5) CuCl2- + e = Cu + 2Cl“
E = -0.036 -  0.118 log[C l-] + 0.0591 log[CuCl2- ]

(w5) 5Cu2S = 5Cu1 8 S + Cu2+ + 2e

(x5) 3Cux 8S = 4Cul : S + Cu2+ + 2e

(y5) lO C u ^ S  = lOCuS + Cu2+ + 2e

(z 5) Cu+Fe3+(S2-) 2 = Cu+(1_x)Cu+xFe3+(1_x)(S2-) 2 + xFe2+(aq)

(z a 5) Cu+Fe3+(S2-) 2 + 3xH+ + xe = Cu+Fe3+( 1_x,H+3x(S2- ) 2 + xFe2+(aq)

(zb5) Cu20 = 3H20 = 2HCu02" + 4H+ + 2e
E = 1.783 -  0.118 pH + 0.0591 log[HCu02- ]

(z c 5) Cu2S + H20 = Cu20 + S + 2H+ + 2e 
E = 0.917 -  0.0591 pH

(zd5) Cu(0H)2 = HCu02- + H+
log [HCu02~] = -17.52 + pH
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(z e 5) Cu + 2H20 = Cu(0H)2 + 2H+ + 2e 
E = 0.609 -  0.591 pH

( z f 5) CuFeS2 + 3H20 = CuS2 + Fe(0H)3 + CuS2 + 3H+ + 3e

(zg5) CuFeS2 + 3H20 = 0.5Cu2S + 1.5S + Fe(0H)3 + 3H+ + 3e 
E = 0.527 -  0.0591 pH

(zh5) CuS2 + 2H20 = Cu(0H)2 + 2S + 2H+ + 2e 

( z i 5) CuFeS2 + 3Cu2+ + 4e = 2Cu2S + Fe2+
E = 0.709 + 0.044 log[Cu2+] + 0.015 log [F e2+]

(4) P la t inum (P t)

(a6) PtSx + 2xH+ + 2xe = Pt(H2S)x

(b6> PtS2 + 2H20 = PtO2 + 2S + 4H+ + 4e

(=6) P t s 2 + 8H20 = PtO2 + 2S02" + 16H+ + 16e

(d6) Pt(H 2S)X = P t s x + 2xH+ + 2xe

(« .) Pt + H2S = PtS + 2H+ + 2e
E = -0 .3  -  C1.0591 pH -  0.0295 log[H2S]

( f 6) PtS + H2S = P t s 2 + 2H+ + 2e
E = -0 .01  - 0.0591 pH -  0.0295 log[H2S]

( s 6) Pt + H20 = PtO + 2H+ + 2e
E = 0.980 -  0.0591 pH

(h6) PtO + H20 = P t02 + 2H+ + 2e 
E = 1.045 -  0.0591 pH
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( i 6) PtS2 + H20 = PtO + 2S + 2H+ + 2e

( j 6) Pt----(S203) ads + 5H20 = 2S024- + 10H+ + Pt + 8e

(k6) 2H20 = 02 + 4H+ + 4e
E = 1.229 -  0.0591 pH - 0.0148 log p02
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APPENDIX I I  : E^-pH and A ctiv ity-pH  Diagrams 

1. S-H, 0 System

Table I I ( i ) Free en erg ies  of formation d a ta  fo r  sp ec ie s  in  the S-H,0 System 
a t  298 K (Source : r e f .  (355))

Species AGj/kJ mol-1 Species AGj/kJ mol-1

H20 - 2 3 7 . 1 7 8 so2 3 0 0 . 7 0 8
H+ 0 h 2s o 3 - 5 3 7 . 9 0
0H- - 1 5 7 . 2 9 3 HS0,- - 5 2 7 . 8 1
H2s (g, - 3 3 . 5 6 s o 32; - 4 8 6 . 6
h 2s - 2 7 . 8 7 S205 - -7 9 1
HS" 1 2 . 0 5 s 2o « 2- - 9 6 6
s 2- 8 6 . 3 1 SO 2 1 _ 1 - 3 7 1 . 0 8
S 2“ 7 9 . 5 H 2s 64 - 7 4 4 . 6 3
S 2“ a 3_
S 2-

7 3 . 6
6 9 . 0

h s o 4
S04?-

- 7 5 6 . 0 1
- 7 4 4 . 6 3

S52- 6 5 . 7 S2° 8 2" - 1 1 0 0 . 4
S203 - 5 1 8 . 8 h 2s 2o 8 - 1 1 0 0 . 4
S5062' - 9 5 6 . 0 S (orthorhombic) 0
s 4o 62- - 1 0 2 2 . 2
S2042- - 6 0 0 . 4
h s 20 4- - 6 1 4 . 6
h 2s 2o 4 - 6 1 6 . 7
S30 6 2- - 9 5 8
s ° 2 ( g , - 3 0 0 . 1 9 4
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pH

Fig II(i) Potential-pH diagram for the S-H20 system at 298 K 
with a dissolved sulphur activity of 1 0"3(361).
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Fig II(ii) Potential-pH diagram for the S-H20 system at 298 K 
with a dissolved sulphur activity of 1 0“3,361). 
Sulphur (VI) species excluded.

Fig Il(iii) Potential-pH diagram for the S-H20 system at 
298 K with a dissolved sulphur activity of 
1 0 - 3(36i sulphur-oxygen compounds
excluded.
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2. Fe-H,0 and Fe-S-H,0 Systems

Table II(ii) Free Energies of Formation Data for Species in the Fe-H,0 
and Fe-S-H-,0 Systems at 298 K (Source : Ref. (355))T

Species AGJ/kJ mol- 1 Species AG®/kJ mol' 1

FeS2 (pyrite) -166.9 H,0 -237.178
Fe7S8 (s-rich -748.5 H+ 0
pyrrhotite)
FeS (iron-rich -100.4 OH- -157.293
a-pyrrhotite)
Fe2+ -91.5 H2S -27.87
Fe3+ -16.7 HS- 12.05
Fe022" -301 S2“ 86.31
^e2^3(s) -743.608 S0„2- -744.63
^e3^4(s) -0105.359 HS04- -756.01
FeOH+ -277.4 S (orthorhombic) 0
FeOH2+ -229.41
Fe(0H)2+ -438.1
FeOOH(s) -490
HFe02" -376.4
Fe(OH)2(s, -486.6
Fe(OH) 2 -441.0
Fe(0H)3(s, -705.535
Fe(0H) 3 -660
Fe(OH)3" -605.1
Fe(OH)4" -842.2
Fe(OH)42- -769.9
Fe2(0H)22+ -47.27
Fe 0
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Fig II(iv) Activity-pH diagram at 298 K for Fe(III) species

in equilibrium with Fe(OH)3(9).
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I____I_____I X  I__!____*__ >d____ 1 M ____ 1 !____ !___I

0 2 4 6 8 10 12 14
pH

Fig II(v) Activity-pH diagram at 298 K for Fe(III) species
in equilibrium with Fe(00H)(s).
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Fig II(vi) Activity-pH diagram at 298 K for Fe(III) species

in equilibrium vith Fe203(s).
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0 2 4 6 8 10 12 14

PH

Fig Il(vii) Activity-pH diagram at 298 K for Fe(II^ species
in equilibrium with Fe(0H)2(8).
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Fig Il(viii) Potential-pH diagram for the Fe-H20 system at
298 K considering Fe, Fe(OH) 2 and FeOOH as 
solid species*1*6*.
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Fig II(ix) Potential-pH diagram for the Fe-S-H20 system at
298 K for dissolved sulphur and iron activities of
10"4.
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Fig II(x) Potential-pH diagram for the Fe-S-H20 system at
298 K for dissolved sulphur and iron activities of
10-4. FeOOH excluded.
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Fig II(xi) Potential-pH diagram for the Fe-S-H20 system at
298 K for dissolved sulphur and iron activities of
10“4. FeS2 and FeOOH excluded.



3. Ni-H,0 and Fe-Ni-S-H,0 Systems

Table Il(iii) Free Energies of Formation D a t a  f o r  Species in the Ni-H,0
and Fe-Ni -S-H,0 Systems at 2 9 8  K (Source : ;Ref (355), unless
stated otherwise).

Species AG°/kJ mol" 1 Species AGj/kJ mol- 1

(Fe,Ni)9S8 (pentlandite) -794.96(369 ) Fe(0H)3- -605.1
FeNi2S4 (violarite) -318.82(368) Fe(0H)4" -842.2
NiS (millerite) -74.06(367) Fe(OH),2- -769.9
Ni2+ -46.4 H20 -237.178
Ni(0H)2(s, -453.1 H+ 0
Ni(OH)+ -232.0(69 ’ OH” 157.2
Ni(0H) 3 -541.8 H,S -27.8
Ni 0 HS" 12.03

S2" 86.3
FeS (iron-rich -100.4 SO,2- -744.63
a-pyrrhotite)
Fe2+ -91.5 h s o 4- -756.01
Fe3+ -16.7 S (orthorhombic) 0
FeOH+ -277.4
FeOH2+ -229.41
HFe02" -376.4
Fe(OH) 2 -441.0
Fe(OH) -486.6
Fe(0H)2+ -438.1
Fe(OH)3(s, -705.54
Fe(0H) 3 -660
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Fig Il(xii) Activity-pH diagram at 298 K. for Ni(II) species 
in equilibrium with Ni(0H)2(s).
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Fig Il(xiii) Potential-pH diagram for the Ni-H20 system at
298 K with a dissolved nickel activity of 10“4.



428.

Fig Il(xiv) Potential-pH diagram for the Ni-S-H20 system
at 298 K for dissolved sulphur and nickel

, activities of 10”4.



Fig II(xv) Potential-pH diagram for the Fe-Ni-S-H20 system 
at 298 K for dissolved sulphur, nickel and iron 
activities of 1 0 -4.

Fe(O
H

)
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4. Cu-H,0 and Cu-Fe-S-H?0 Systems

Table II(iv) Free Energies of Formation Data for Species in the Cu-H,0 and
Cu-Fe-S-H,0 Systems at 298 K (Source : Ref. (355), and Ref. (69)
for CuFeS, and Cu^FeS^).

Species AGj/kJ mol- 1 Species AGJ/kJ mol- 1

CuFeS2 (chalcopyrite) -178.66 Fe(0H) 2 -441.0
Cu5FeS4 (bornite) -353.13 Fe(0H)3(s) -705.54
Cu2S (chalcocite) -87.6 Fe(0H) 3 -660
CuS (covellite) 
Cu

-53.2
0 . 0

Fe(0H)3~ -605.1

Cu+ 50.3 Fe(0H)4- -842.2
Cu2+ 65.7 Fe(0H)42- -769.9
Cu20 (s) -148.1 H,0 -237.178
CuOj s| 
Cu (0H) 2 , s1

-134.0 H+ 0
-359.5 OH" -157.293

HCuO,“ 
Cu02 2~

-258.9 H,S -27.87
-183.9 HS- 12.05

CuS04(s) -663.0 s2- 86.31
CuS04 .h 2o (s , -916.4 SO,2- -744.63
Cu S04 .5H20(s) 
FeS2 (pyrite) 
FeS (iron-rich 
a-pyrrhotite) 
Fe2 +
Fe3+
FeOH+
FeOH2+
HFe02"
Fe(0H)2(s)
Fe

-1880.0
-166.9
-100.4

-91.5
-16.7
-277.4
-229.41
-376.4
-486.6

0 . 0

S (orthorhombic) 0 . 0
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Fig Il(xvi) Activity-pH diagram at 298 K for Cu(II) species 
in equilibrium with Cu(OH),.. (---) or CuO, .
( ___) (3 70 ) * ' 8 ' (s)
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Fig Il(xvii) Potential-pH diagram for the Cu-Fe-S-H20 system
at 298 K for dissolved copper, iron and sulphur
activities of 10“8, 10"4 and 10-4, respectively(370 }•
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APPENDIX III: Computer Programs

1. PCT (Program to analyse current-time transients)
00100 PROGRAM P C T (IN P V T .0 U T P U T .D A T A I.M T A 2 .T A P E 6 2 .T A P E 5 » 1M JU T .
001 t0 *T A P € 6 *0 U T P U r,T A P C ,<', D A TA l• TAP69"DATA2) ..................
00120 D IM ENSIO N ) W R A Y  (100) .YARRAYM 00) . X T l f t H d O O ) . IELEC T(2 >  . X T (100) ,C (10 0 )
00130 D lfC H S IO N  Y IR  (100) .Y $  (100) .X T IM ES  (100) .R X ( 2 1 ) . YP (100) .0  (100)
001*10 CHARACTER U » ( 2 1 ) « 3 0
00150 DATA L A 6 ( 1 ) / ' l * T 3 * ) 0 ) . ] 5  / S EC S 3 -3 0 J.3 5  V
00160 DATA LA B (2 ) ,L A 6 ( f )  .L A f l ( l l )  .L A 6 ( 2 0 ) / 1 * 't * T  /  SECS .  , ,  /
0 0170  DATA L A B (3) .L A B (9) .L A B (15) .L A B  ( 2 1 ) / I * * I * T 3 13 .3 5  /  SECS313.35 '/
00180 DATA LA B  (1)  .L A B  (10) .L A B  (16) .L A B (2 2 )/ H * ‘ l *T 3 2  / SECS32 V
00190 DATA LA B (S ) . L A S ( I D  .L A S (17) .L A B  (23) / I *  't *T 3  3 /  S EC S )3 V
00200 DATA L A 6 f 7 ) / ' l v£ ) P 3 ') T  / E W 3 -3 S 3 E 3 Q S  V
00210 DATA L A B ( 1 3 > / 'C * T ] - } 1  ✓  SEC S3-3! V
00220 DATA L A B ( 1 9 ) / 't *T 3 0 3 .3 5  t  SECS303.35 V
00230 R E A D f t .l O )  I  E L E C T
002*10 10 FORMAT Q A IO )
00250 R E A 0 ( 1 ,» )  R ES  1 S T ,A R E A ,P O T ,P H  
00260 N LM "1
00270 20 R E A D ( 1 . * , E N D "30) XARRAY (N U K ). YARRAY(NUK)
00280 YARRAY (HUM) "YARRAY (H U »  /  (RES 1ST*AREA)
00290 N U H -N U H tl 
00300 GOTO 20 
00310 30 f U M C M - l  
00320 M t I T E ( 9 . »  IE L E C T
00330 5 F O R M A T ( 1 H I ./ ./ ./ .2 S X . 'CURRENT /  T i f t  1CA SIR E1C N TS MADE ON A  '.2 A 1 0 )
003HO M I T E  ( 9 ,1 5 )
00350 15  FO R M A T(25 X. *--------------------------------------------------------------------------------------------------------------
0 0 3 6 0 **)
00370 HR I 7 E  (9 ,2 5 ) PH
00380 25 F O R M A T ( / ./ .3 1 X . 'ELECTRODE .'A PH ' . F 5 . 2 .  '  B UFFER S O LU T IO N ')
00390 M U T E  (9 .3 5 )
00100 35 FORMAT ( 3 1 X . ' ------------------------------------------------------------------  •
0 0 110  M U T E  (9 .1 5 )  POT
00120 1 5  FORMAT (✓ ./ .3 1 X .  'P O TEN TIA L •  \ F 6 . 3 .  '  V  V S . S * ' / . / . / )
00130 M U T E  (9 ,5 5 )
0 0 110  55 FO R M A T (10 X . ' I ---------------------------------------------------------------------- -------------------------------------
001504—— -------------- ------------------------------------- 1 •)
00160 M U T E  (9 .5 6 )
0 0 170  56 FORMAT (10 X . *1  \ 3 9 X , ' I  ' .5 0 X . ' I ')
00180 M I T E  (9 .5 7 )
00190 5 7  FO R M A T (10 X , * I ' , 1 1 X ,  'TIM E /  S ' .2 0 X .  ' I ' . I O X ,  'CURRENT D EN S ITY  I /  MA C M -« *
0050042 * t H X ,  * 1 ' )
00510 M I T E  (9 .5 6 )
00520 M I T E  (9 .5 5 )
00530 M I T E  (9 .5 6 )
00510 DO 1 0  1 - t .N L H
00550 M I T E  (9 .7 5 ) XARRAY (J) .YARRAY (I)
00560 7 5  F O R H A T d O X , ' I ' , 1 1 X . F l l . 5 , 1 9 X ,  ' I  ’ . 2 1 X .F 8 .3 .2 1 X ,  ' I  *)
00570 M I T E  (9 ,5 6 )
00580 1 0  CONTINUE 
00590 M I T E  (9 ,5 5 )
00600 C A L L  S T M T  (2)
00610 L " 0
00620 DO 50 M T > 1 ,2 1  
00630 L " L 4 l
00610 I F  ( L .G T .2 1 )  GOTO 391
00650 G O T O ( 6 0 ,8 0 ,9 0 ,8 0 ,9 0 ,8 0 ,9 0 ,8 0 .9 0 ,8 0 ,9 0 ,8 0 .9 0 ,8 0 ,9 0 .8 0 ,9 0 ,8 0 .9 0 .8 0 ,
0 0 6 6 0 4 9 0 ,8 0 .9 0 ,8 0 ). I  
00670 60 C A L L  R O T ( 0 .5 .1 .0 ,* 3 )
00680 GOTO 70
00690 80 C A L L  P L O T ( 1 0 .0 .0 .0 .- 3 )
00700 GOTO 70
0 0 7 !0  90 C A L L  fC M A G E
00720 C A L L  P LO T  ( 0 .5 ,1 .0 .- 3 )
00730 7 0  G O TO ( 1 0 0 ,1 3 0 ,IS O . 1 6 0 ,1 7 0 .2 9 0 .1 8 0 .1 3 0 .1 5 0 .1 6 0 ,1 7 0 ,2 9 0 ,1 1 2 .1 3 0 ,
0 0 7 1 0 4 1 5 0 ,1 6 0 .1 7 0 ,2 9 0 .1 *1 .1 3 0 ,1 5 0 ,1 6 0 ,1 7 0 ,2 9 0 )  , L
00750 tO O  NOPTS-O
00760 R 2 " 0 .0
0 0 770  1 10  N0PTS"N0PTS4l
00780 X T N C H  (HOPTS) " 1 .0 /  (SORT (XARRAY (NOPTS)) )
00790 Y I R  (NOPTS) "YARRAY (HOPTS)
00800 I F  <HOPTS43.£O.NUH> GOTO 1 11
00810 I F  ( Y A R R A Y « 0 P T S *3 ).IE .Y A R R A Y (N O P T S ))  GOTO 110
00820 1 1 1  F T —0 .5
00830 GOTO 120
00810 1 1 2  HOPTSH)
00850 R 2 " 0 .0
00860 l t 3  NOPTS"MOPT5«t
00870 X T D C H N 3 P T S }"1 .0 /X A R R A Y (N O P T S >
00880 Y I R  (NOPTS) "YARRAY (NOPTS)
00890 I F  0 C P T S 4 3 .E 0 .N U H ) GOTO 115
00900 I F  (Y A R R A (Y 0 C P T S 4 3 ).U . YARRAY (HOPTS)) GOTO 113
00910 1 1 5  F T " - 1 . 0
00920 GOTO 120
00930 13 1 HOPTS-O
00910 R 2 " 0 .0
00950 133 N0PTS"H 0PTS4t
00960 X W g H ff C P TS) "SORT (XARRAY (HOPTS))
00970 Y I R  (NOPTS) "YARRAY (HOPTS)
00980 I F  <NOPTS43.EO.NUK> GOTO 136
00990 I F  (YARRAY  ffC P T S » 3 ). L £ . YARRAY (HOPTS)) GOTO 133
01000 136 F T - 0 .5
0 10 10  GOTO 120
01020 130 F T - 1 .0
01030 GOTO 110
0 10 10  150 F T " ! . 5
01050 GOTO 110
01060 160 F T " 2 .0
0 10 70  GOTO 110
01080 170  F T - 3 .0
01090 G OTO 110
0 110 0  IS O  N0PT$"O
O H I O  R 2 - 0 .0 ___
0 11 2 0  190 N O P T S M C P T S fl
0 } J30 I F  O H R R A Y ffC PTS ) .G T . 10 0 .0 ) X T IN E H (H O P T S ).0 .0
o » « o  g o t o  191
0 115 0  X T P € H  ffC P TS ) " EX P  ( M .0 »  (XARRAY (H OPTS)))
0 116 0  19 1 Y I R  ffC PTS ) "YARRAY 1H0PTS)
0 1 1 7 0  I F  0 C P T S 4 3 .E 0 .N UH) GOTO 120

O J H O  i?® ^  O C T I J t H .Y I R .f C P T S .L .F T .A O .A l .R )nl mmi vl tv
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02250 IF (YP(IX) .IT .0.0) GOTO 3a0
02260 GOTO 320
02270 330 TP(IX)-0.0
02280 320 CONTINUE
02230 GOTO 390
02300 310 DO 350 IX-l.NUH
02310 IF (XARRAY (DO. GT. 100.0) YP(lX)-AO
02320 IF (XARRAY(DO.GT.IOO.O) GOTO 311
02330 YP (IX) -AO* (At* (E)P (-1.0* (XPRRAY (IX)))))
02390 311 IF (TP(DO .LT.O.O) GOTO 360
02350 GOTO 350
02360 360 TP(IX)*0.0
02370 350 CONTINUE
023S0 GOTO 390
02390 315 DO 316 IX*!.NUN
02900 TP(DO-AO*(A1«(1.0/XARRAY(IX)))
02910 IF (YP(IX).IT.0.0) TP(IX)*0.0
02920 316 -CONTINUE
02930 GOTO 390
02990 362 DO 363 IX-l.NUH
02950 YP (IX) -AO* (Al* (SORT (XARRAY (IX))))
02960 IF (TP (IX) .IT .0.0) YP(IX)*0.0 
02970 363 CONTINUE
029*0 390 CALL LIIC (XARRAY.YP.NUH. 1,0.0)
02990 IF (IRUS.E0.3) R2-0.0 
02500 IF (IRU5.E0.3) GOTO 371 
02510 A-(«.0*TP(NUH*2))*TP(NUH*1)
02520 DO 370 IX-l.NUH
02530 TP (IX) -60* ®1* (XARRAY (DO **FT))
02590 IF (TP(IX) .LT.O.O) TP(IX)*0.0 
02550 IF (TP(IX).GT.A) TP(IX)*A 
02560 370 CONTINUE
02570 CALL LINE (XARRAY.YP.NUM, 1,0,0)
025*0 DO 372 IX-l.NUH
02590 IF (L.E0.12) GOTO 379
02600 IF Q..EQ.1S) GOTO 381
02610 IF (L.E0.29) GOTO 387
02620 VI-AO* (Al* (1.0/SGRT (XARRAY (IX))))
02630 IF (VI.LT.O.O) VI*0.0 
02690 GOTO 376
02650 379 IF (XARRAIY(IX) .GT. 100.0) V!*AO 
02660 IF (XARRAY(DO.GT.IOO.O) GOTO 377 
02670 VI-AO* (Al* (E)P (-1.0* (XARRAY (IX)))))
026*0 377 IF (VI.LT.O.O) Vl-0.0 
02690 GOTO 376
02700 381 V1-A0*(A1*(1.0/XARRAY(D0>)
02710 IF (VI.LT.O.O) Vl-0.0 
02720 GOTO 376
02730 3*7 VI-AO* (Al* (SORT (XARRAY(IX))))
02790 IF (VI.LT.O.O) Vl-0.0
02750 376 V2-60* <Bl*(XARRAY(IX)**FT))
02760 IF (V2.LT.O.O) V2-0.0 
02770 TP (IX) -V1*V2 
027*0 372 CONTINUE
02790 CALL LUC (XARRAY.TP.NUH. 1.0.0)
02*00 371 CALL INTENSE (20)
02*10 CALL PLOT (0.0.8.0,3)

.02*20 CALL PLOT (*.0,8.0,2)
02*30 CALL PLOT (8.0.0.0.2)
02190 CALL ZmOL (0.5.10.5.0.2*. 1ELECT.0.0.20)
02*50 CALL 2TW0L (0.5,10.0,0.28. '1<P*0TENTIAL «V /  -VS. <St€’.0.0.27) 
02*60 CALL NUMBER (7.0.10.0.0.28.POT.0.0,3)
02*70 CALL ZmOL ( 5 . 0 , 9 . 5 . 0 . 2 8 , 0 . 0 . 5 )
02SS0 CAU NLr«£Rf7.0.9.5.0.2S.PH.0.0.1)
02*90 CALL 2YW0L (0 .5 ,9 .0 ,0 .2 8 .'l«fil - '.0 . .6 )
02900 CALL NUMER (1.8 .9 .0 ,0.28.R1.0.0.9)
02910 CALL ZTMCL (9.0.9.0,0.28. *1<R2 - '.0 .0 ,6 )
02920 CALL NUMER (5.3.9.0.0.28.R2.0.0.9)
02930 0(1)-0.0 
02990 XT(U-0.0  
02960 C(1)-0.0 
02960 C2-0.0 
02970 OHIN-O.O 
029*0 P3-0.000001
02990 PS-((A0aP3)«(Al*ALOG(P3)))*(-1.0)
03000 DO 550 IX-l.NUH 
03010 IF (L.E0.12) GOTO 530 
03020 IF Q..E0.18) GOTO 590 
03030 IF (L.E0.29) GOTO 595
03090 C (IX* 1) •  (AO*XARRAY(IX)) * (2.0*A1* (SORT (XARRAY (IX))))
03050 IF (C(IX* 1) .LT.C (IX)) C(IX«l)-CdX)
03060 GOTO 535
03070 530 IF (XARRAY(IX) .GT. 100.0) C(IX*t)-(AO*XARRAY(DO)*Al 
03010 IF (XARRAY(IX).GT. 100.0) GOTO 531
03090 C (IX* 1) -  (AO*XARRAY(DO )♦ ( ( - ! .0*A1) * IVP (-1.0* (XARRAY (IX))) )t*Al 
03100 531 IF (C(IX*1).LT.C(IX>) C(IX«1)-C(!X)
03110 GOTO 535
03120 590 C (IX* 1) -  (AO*XARRAY(DO) ♦ (Al* (ALOG (XARRAY(1)0))) *P5 
03130 IF (C(IX«1).LT.C(IX)) C(IX*1)-C(IX)
03190 GOTO 535
03150 595 C (IX* 1) ■ (AO*XARRAY (IX)) ♦ ( (Al * (XARRAY (DO **l. 5)) / 1.5)
03160 IF (C(IX*1) .LT.C(IX)) C(IX«1)-C(IX)
03170 535 IF (IRUS.E0.3) GOTO 596
031*0 C2- «0*XARRAY(IX)) ♦ ((51/ (FT*1.0)) * (XARRAY (IX) ** (FT* 1.0)))
03190 P-0O*(81*(XAflRAY(DO**FT))
03200 IF (P.LT.O.O) C2-0.0 
03210 IF (OHIN.NE.O.O) GOTO 596 
03220 0HIN-A*S(C2)
03230 596 Q(IX*1)-C(!X*1)*C2*0HIN 
03290 XTHX«1)-XARMY(1X)
03250 550 CONTINUE 
03260 CAU fCMAAGE 
03270 CAU PLOT (0.5,1.0,-3)
032*0 CAU SCALE Off.8.6.NUH*l. 1)
03290 CAU SCALE (0,*.0.NUH*1.1)
03300 CAU AXIS (0 ..0 ..*  '.90 .8 .0 .
03310*90.0.0 MM*2> ,0 (NUM*3))
2IH 2 S5M: '-o - s .1-0.0.21. -kchjhulative charge <o /  • o c - 3 2 \OJljMiA.O.lD
03390 CAU AXIS ( 0 . .0 . . ' ',-9 0 .8 .0 .
03350*0.0.XT (NUH*2) ,XT (NUM*3))
2132 $2+ flB flL«42A.'2:!'#-2l«,|*T,n* ' secs'.o.o.in)03370 CAU LINE (XT.O.NUH*!. l .0 M
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03390 DO 600 IX -l .N U M  
03HOO I F  I L . E 0 . 1 2 )  GOTO 610 
03*<10 I F  ( L .E O .  18) GOTO 620 
03*120 I F  f L . E 0 . 7 1 ) GOTO 626
03*130 C ( I X *  1) •  (A O *X A R R A Y (IX )) *  (2 . 0* A 1 *  (SORT (XARRAY ( I X ) ) ) )
03*1*10 I F  f C ( I X M ) . L T . C a X ) )  C ( I X * 1) - C ( I X )
03*150 GOTO 630 '
03*160 610 I F  OWRRAIY(IX) .G T . 100. 0) C ( I X * 1) •  (A0*XARRAY ( I X ) ) * A 1 
03*170 I F  (X A R W Y IIX ) .G T . 100. 0) GOTO 611
03*1 *0  C (IX « t>  •  (A O *X A R R A Y (IX )) ♦ < ( - 1 . 0* A 1) *  <EW ( - 1 . 0 *  (XAftRAY ( I X ) ) ) ) )  «A l 
03*190 6 11  I F  ( C ( I X * 1) .L T .C ( I X > )  C ( I X * 1> - C (IX )
03500 GOTO 630
03510 620 C ( I X * 1) ■ (A0*XARRAY ( I X ) ) ♦ ( A l*  (F L O G (X A R R A Y (IX )) ) )  *P 5 
03520 I F  ( C ( I X * 1) . L T . C ( I X ) )  C ( I X t l ) - C d X )
03530 GOTO 630
035*10 625 C ( I X M ) •  (A0 *X A R R A Y (IX ))♦ ( ( A l *  (XAftRAY(IX) * * l . 5) )  / 1 . 5)
03550 I F  ( C ( I X * l ) .L T .C ( I X > )  C ( I X *  1) - C ( IX)
03560 630 0 ( I X * 1) » C I I X * 1>
03570 600 CONTINUE
035*0 C A LL L I N E  O C T .O .N U H *t . 1 . 0 , 0)
03590 O H IM -O .O  
03600 DO 700 I X * I .N U H
03610 C2*  ®0*XARRAIY ( I X ) ) ♦ (( 8 1 / ( F T *  1 . 0))  *  (XAftRAY (IX ) * *  (F T * 1 . 0) ) )
03620 P - 60*  (8 1 *  (XARRAY (IX ) * * F T ) )
03630 I F  ( P . L T . 0 . 0) C2 - 0 .0  
03610 I F  (0N I N . I C . 0 . 0) GOTO 666 
03650 G H IN -A 6 S(C 2>
03660 666 0 ( I X * 1) - C 2 *G H IN
03670 700 CONTINUE
036*0 C A L L  L I T E  OCT.O.NUM +1 . 1 . 0 . ) )
03690 220 C A LL P LO T  (0 . 0 . 8 . 0 . 3)
03700 C A LL P L O T  ( * . 0 . 8 . 0 . 2)
03710 C A LL P L O T  ( * . 0 . 0 . 0 . 2) _
03720 C A L L  Z Y M O L  (0 . 5 . 10 . 5 . 0 . 2 8 . I E L E C T .0 . 0 . 20)
03730 C A LL Z Y W O L  (0 . 5 . 10 . 0 . 0 . 2 8 ,  , l« P *O T E N T IA L  <V 
037*10 C A L L  N U K E ft  ( 1 . 0 , 10 . 0 . 0 . 2 8 .P O T .0 . 0 . 3)
03750 C A L L  ZYMBOL (5 . 0 . 9. 5 , 0 . 2 8 . " I ' P - H " . 0 . 0 , 5)
03760 C A U  NUMBER(7 . 0 . 9 . 5 . 0 . 28. P H .0 . 0 . 1) ,  „
03770 I F  ( L . E 0 . 6 . 0R . L . E 0 . 1 2 . O R . L . E O . 18 . O R . L . E 0 . 2M) GOTO 390 
03780 C A LL ZYHBCL (5 . 28 . 9 . 0 . 0 . 2 8 . "1 <R • ' . 0 . . 5)
03790 C A U  N U M E R  (7 . 0 . 9 . 0 . 0 . 28. R . 0 . 0 .H )
03800 GOTO SO
03810 390 C A U  Z Y » 0L  (0 . 5 . 9 . 0 . 0 . 2 8 . "i«ftl  - ' . 0 . . 6)
03820 C A U  N M E R  ( 1 . 8 . 9. 0 . 0 . 28. R 1 . 0 . 0 . 1 )
03830 C A LL ZY1B O L  ( H .0 . 9. 0 . 0 . 2 8 . ' 1 <R2 -  ' . 0 . 0 . 6)
038*10 C A U  T U B E R  (5 . 3 . 9 . 0 . 0 . 28.R 2 . 0 . 0 .H )
03850 I F  ( L .E O .  6. O R . L . E O . 1 2 . 0R . L . E O .  18 . O R .L .£0 . 2*1) IRUS-0  
03860 50 C O N TIN LE 
03870 391 C A U  ETB LO T 
03880 STOP 
03890 O f )
03900 SUBRCUTITC R E G R E S S (X A R R A Y .Y A R R A Y .N .L .F T .A 0 . A 1 .R )
03910 DIM ENSION XARRAY Q O .  YARRAY <N>
03920 SUTW -O.O 
03930 SUMY-0 .0  
039HO SU C O T-O .O  
03950 S(JtttS-0 .0  
03960 SUHYS-0 .0  
03970 Y S - O .O  
03980 X Y - 0 .0  
03990 X S - 0 .0
OHOOO I F  ( L . E O . 6 . C R . L . E 0 . 1 2 . O R . L . E O . 18 . O R . L . E 0 . 2M) GOTO 60 
0H010 WRITE (9 , 5)
0M02O 5 FORMAT ( I X . / . / .  ' ----------------------------------------------------------------------
0*1030* ------------------------------------------------ ')
0*10*10 M U T E  (9 . 15)
0*1050 15 FORM AT( / . / ,  25X . '£0U ATIO N  OF THE L I N E  Y  -  AO ♦ A l  X ')
OH060 I F  ( L .E O .  1 . 0R . L . E 0 . 7 . 0R . L . E 0 . 13 . 0R . L . E 0 . 19) GOTO 10 
0H070 M U T E  (9, 2S)

•V S . < S F E ’ . 0 . 0 . 2 7)

Y  •  CURRENT D EN S IT Y  I - I O  /  MA C H * * - 2 ")

Y  -  CURRENT D EN S IT Y  I / MA C T t**-2 ')

S E C S ** \ F * 1 . 1)

0*1080 25 F 0R M A t ( / ./ .30X .  *M £ftE 
0*1090 GOTO 20 
OH 100 10 M U T E  (9. 35)
OH 110  35 F O R M A T ( / ./ .30X , "WHERE 
OH 120 20 I F  ( L . E O . 7 ) GOTO 30 
OH 130 M U T E  (9 .H 5) F T ,F T  
0H 1H0 H5 F O R M A T (/ .37X .  "X - T * *  " , F H . l .  "
OH150 GOTO HO 
OH 160 30 M U T E  (9. 55)
OH 170  55 F O R M A T (/ .37X .  "X •  £ »> (-T >  / E » » (- S E C S )  ")
OH 1 *0  HO M U T E  (9 . 65) N
0H 19O  g ^ F O R H A T Y / ./ .S O X . "T U B E R  OF DATA POINTS •  " . 1 5 . / . / )

0H2 1O 75  FORMAT ( 10X ,  .......................................................................................................................................................
0H220* — .................. ..................................................................................................................... I •>
0H230 M U T E  (9 . 85)

0H25O S l T E d f e ™ ’  ^  , , 2 ° X ’  ' *  ' " 20X" ' l ' " 20X" ’ • 20X' ’ "20X"
0H26O 95 FO R M AT(10X .  T . I O X ,  " X " .9X .  " I ’ . I O X ,  " Y " ,9X .  T . 9X .  " X * X " .8X .  " I "  
0H2 70 * 9X , * X * Y , . * X .  "I " , 9X . " Y * Y \ 8X . " I ') ."
OH280 M U T E  (9 .  * 5)
OH290 M U T E  (9 . 75)
OH300 M U T E  (9 . 85)
0H 31O 60 DO 50 l - l . N  
OH320 S U m -S U m « X A M M Y (!>
OH330 S UfY-SUM Y*YARRAY (I)
OH3HO Y S -  (Y A R R A Y (I)) * * 2 .0  
OH350 X Y -X A R R A IY (I)*Y A R R A Y (I)
04360 I F  O OTWAN U )  .£ 0 . 0 . 0) X S -0 .0  
OH370 I F  (X A A A A ffd ) .£ 0 . 0 . 0) GOTO 61 
OH 3 *0  X S -  OMRRAN ( I ) ) * » 2 .0  
OH390 61 S U « Y * S l K O r * X Y  
OHHOO s u m s -$ u m s « x s  
OHHIO SUN YS-SUNTS*YS
0HH20 I F  ( L . E O . 6 . O R .L .E O .  12 . 0R . L . E 0 . 18. 0R . L . E 0 . 2H ) GOTO 50



437

OHM20 IF  7 . . E 0 . 6 . 0 R . L . E O .  1 2 .0 R .I .E Q .1 8 .0 R .I .E 0 .2 H )  GC7C = :
OHM30 M I T E  (9 .10 5 ) X A R R A Ytl) .Y A R R A Y (I) .X S .X Y .Y S
OMMMO 105 FO R M A T O O X . ’ I \ 2 X .G I M .5 . 3X. ' I  \ 3 X .G 1 M .3 .3 X . I \  •>:.G .H . t .
0HM50«3X. ’ I \ 3 X .G 1 M .6 .3 X . ' I  \ 3 X .G 1 M .6 .3 X . * 1 ')
0MM60 M I T E  19.85)
0MH70 50 COffTIMUe „  _
0MM*0 I F  ( 1 . .E 0 .6 .0 R .I .E O .  1 2 .0 R .L .E O .  1 8 .0 R .L .E 0 .2 H )  GOTO 70 
OHM90 M I T E  (9 .7 5 )
OH500 M I T E  ( 9 .1 1 5 )  S i m
0M510 115  F O R M A T C / ./ ./ .2 5 X . ‘ SUM X  •  \ G IH .5 >
0H520 M I T E  (9 .12 5 ) S IH Y
0H530 125 FORMAT ( / ./ .2 5 X , 'SIM  Y  • \ G 1 H . 3 )
0H5H0 M I T E  (9 .13 5 ) SIW(S
0M550 135 FORMAT ( / . / . 2 5 X . ’ SIM (X*X ) •  \ G 1 M .6 )
0H560 M I T E  ( 9 .1H5) SIKH Y
OM570 l H 5 F 0 R M A T ( / ,/ .2 S X . ’ SIM (X*Y ) •  ' .G 1 H .6 )
0H580 M I T E  ( 9 .1M8) SIHYS
0H590 1 H I F O R M A T (/ ./ .2 5 X . 'SIM  (Y *Y ) •  \ G I M .6 )
OH600 70  A 0 » ( (S IK Y *S IK H S ) -  ( S l W * $ i m > ) /  ( (N * SIJKHSJ -  ( S IH < **2 .0 ))
0H610 A l » ( ( W * S i m Y ) - ( S i m * S l H Y ) ) / ( ( M * S i r C < S ) - ( S i m * * 2 .0 ) )  ,  A
0H62O R «  ( « *S IK < Y >  -  < S IK H *S IH Y )) /SORT ( ( 7 1 * SIKHS) -  ( S « m * * 2 ) ) *  ( (N*SUMYS) *  (S IW Y **2 .0 
0H6304)))
0H6H0 I F  ( I .E 0 . 6 . 0 R . I . E 0 . 1 2 . 0 R . I . E O . 1 8 . 0 R . I . E 0 . 2 H )  GOTO 80
0H65O M I T E  (9 .15 5 ) AO
OH660 155 FORMAT ( / ./ ./ .3 3 X .  ’ AO •  * .G I H .6 )
OH670 M I T E  (9 .16 5 ) A1
0H680 165 FORM AT( / ./  . 3 3 X »*A l •  \ G I H .6 )
0H690 I F  ( l . E O . 7 )  GOTO 1 7 7  
0M700 M I T E  (9 .1 7 5 )  A 0 .A 1 .F T

0H 710  175  F O R M A T ( / ./ .2 2 X . ’ EQUATION 
0H720 GOTO 179

I ■ , 1G 1M .6 . * ♦ ’ .G I H .6  T * *  ' , F H .  1)

I  ■ \ G 1 M .6 . * ♦ ' .G I H .6 .  L V ( - T )  •)
0H730 1 7 7  M I T E  (9 .1 7 8 )  A O .A t  
0H7M0 178  FORMAT ( / ./ .2 2 X .  ’ EQUATION 
0H750 1 79  M I T E  (9 .18$ ) R 
0H760 185 FORMAT ( / ,/ ,9 X ,  ’ CORRELATION C O E F F IC IE N T  R -  \F6 .M >  
0 H770 M I T E  (9 .19 5 )
0H780 195 F O R M A T !/ ./ . 1 0 X . '***********************************1 
0 > ( 7 9 0 « ( u n n m m t t t t n t m t M t m i m m m m t t t t t i t t t t ') 
OH800 80 RETURN 
0H810 END



2. FRAM (Program to control the Solartron Frequency Response 
Analyser (FRA)).

C O Tf ICLRATION S 0 (O R IG ). 1 .  2

1 C A L L " I D E N T " .0 .0
5 C LEA R 2 5 0 :G k A P H 1 :C A L L * W I T E 8 " .2 , 1 .3 .2  
7  ? Q * 1  (17) :R£M MO PAGING
10 DIM FR  (200) .2 R  (200) .2 1  (200) .R R ( 1 7 )  ,C C  (17) .M C I (15) .MC (15)
13 C F-3 :R £ M  D EFA U LT  C O T flG  
15 P I - 3 . 1*1159265 
20 R EAD M . S Y l . F O *
25 FO R I-O TO *.H :R £ A D N C S  ( I)  ,M C (I) .‘ N EXT
26 FOR I - I T 0 1 5 :R E A D  R R ( I ) :r C X T
28 FO R  I- 1 T 0 1 5 :R E A D  C C ( I ) :r C X T  .
29 FO R  I- 0 T 0 1 5 :C C ( I ) - C C C I ) / 1 E 1 2 :I C X T
30 Y-30:GO S U B 210 0
35 PR IN T-S W ITC H  OM SCLARTROM (  LOAD DATA DISC TO DRIVE A . . “
HO I f f V T T O  CONTINUE TY P E < R > * :R 1  
H5 GOSUB685O.-F1LES0 
H8 GOSUB HO3 0 :REM F I L E S
50 GOSUB 8 0 0 0 :M C ( 4 )f C ( 4 )« W :R £ N  PARAM
51 ON BREAK GOTO100 
55 GOSUB 10 0 0 :REM IDEN T/RUN 
60 P R IN T -F R A N  C O T fL E T E "
7 0  F I L E S 3 : C A L L - « I T E 8 * . 2 . 1 . 3 . 2  
80 R S - G E T S O
82 I F  R I - - T -  OR R 4 - T "  TH EN  G0SUB7000 
8H I F  R 1 - - P *  OR R I - - P "  TH EN  GOSUB7500 
86 I F  R * - " R -  OR R J - " R "  TH EN  GOTOH5
88 I F  R * - - » ‘  TV EN  ER A S E F 0 » : P R I N I F 0 8 | " " F I L E  ERASED*:GOTO80 
90 EN D
100 GOSUBHIOO G0T070
800 DATA -FR EQ U EN C Y  RESPONSE ANALYS IS V I .  1C . ( O  CDW 1«TO
801 DATA -F R A  V l . l C "
8OH DATA " L S T : '
805 DATA FM AX. 1 E H .F M I N ,l .D F L I N .  1 0 0 .D F L 0 G .l .V O U T .O .O l
806 DATA B I A S .2 .K B D ,2 ,S m ,H i S H C ,3 ,R S l .8 ,M 0 f € .0 .C H ,3 .D M .l .D L Y .l ^ I N T .l
12 2  2 S 2 2 l 2 i • U 1 10 0 8 0 .2 2 0 5 0 .4 72 0 0 ,100300. i l h o o . H68HOO. 98SE3. 2 . 0HE6. 4 . 5M5E6
808 DATA 2 5 .2 5 .2 5 .2 5 ,2 5 ,2 5 ,2 5 ,2 5 ,2 5 .2 5 ,2 5 ,2 5 .2 5 .2 5 ,2 5  
1000 REM IDEN T/RUN
1005 I F  F O * © - L S T : “  THEN I N V T L A B E L ?  (Y/N> " i R *
10 0 7 I F  R * « - N -  OR R * » ”  T>CN G0TO1O25 
10 10  I F  D T 8 -” D € N W # > U n )A T E : " :D T «
10 15  I l f U T - T I M E : - :T I I :I f # V T " S A r f> L E  " .S A *
1020 Ir P U T  "COM POSITION " i C O ^ W U T  "ELECTRODES * : E L *
J ° 2 1  If f y T 'S A M P L E  LEN G TH  (O O  " , L E 1 :  I f f U T - S A f f L E  AREA (CM 2) " , ( * 1  
1022 i r f V T - C E L L  A T H O S » C R E " j A T I :n « V T T E » f E R A T lJ R £ - :T W
1024 i S S - S S r k S ^ r S 11^  < P F,’ , 0 t £ , : I F C X S , 0 “ ’  THEN C X S * - C X S * t - E - 1 2 ' : I f f V T  -EXC ES S  CCTCUCTANCE O H ) ) - 5GXSI
1025 IF R I-O T > £ N irfv f- M E A S U a iN S  RESISTOR (O M S) " :R R  (0)
10 2 7  I F  RR (0) o o  T V EN  I f f V T  "TCASURING CAPACITOR (PF) " :C C  (0) :C C (0 )- C C (0 )/ 1 E 1 2  
1030 I T f V T  -C O T f IG U R A TIO N  ( I F  HOT 3 > " j C F S :I F  C F * o — THEN C F - V « .( C F * )
1035 I F  C F-o O  AND C F o l  A ft) C F o 2  ATC C F « 3  T>€N GOTO 1030 
1040 I F  C F X *  ATf) R R (0 )*tf  THEN COT01025 
1045 I F  P-N’O J -O  T V EH  J H - 1  
110 0  REM RUN
1 10 2  P R IN T  "PR O G R A M IN G  SCLARTRCN":
110 5  GOSUB5225:GOSUB5500:REN PROGRAM SOL
110 6  I F  R R (0 )- 0  ATC C F -0  T>CN GOSUB9000: GOSUB9500
1 1 0 7  i r f V T " « C R »  TO  CCNTOftJE” iRS
110 8  P F - 8 :  I F R I o O T V C m i - 1
1 1 1 0  N R -O :G R A P H lrG O S U B  5250: REN S IN G LE 
1 1 1 5  GOSUB5020:REM C E T  RESULTS 
112 0  REM O C C X  FOR O F F  
1 1 2 2  E N - !
112 5  X A -8 :W -4 8 :X D -0 :C O S U 6 6 0 0 0
} } »  I F > ^ < > 0 T > O (  GOSUB 5 2 5 0 :EN -0 : REM S IN G LE
113 5  GOSUB 5 4 0 0 :R EN  CALC
113 6  F R ( N W - F R : 2 R ( r « - a i : 2 I M O - 2 I : f « - I M T f f C * l )
1 1 3 7  I F  1 0 2 0 0  T V EN  E N ~ l:G O S U B 5 2 2 5 :R £ H  O FF
113 8  P R IN T  F R .2 R .2 I
1 14 0  GOSUB 2000: R EN  GRAPHICS 
1 14 5  I F  NOT E N  TH EN  1 1 1 5  
115 0  GOSUBHIOO:REM  SAME 
116 0  R ETURN 
2000 REM GRAPHICS 
2005 IF 2 R O O R 2 1 > O T t€ N  RETURN

GOTD20202 0 15  P L O T  X « 2 .Y « 6 . 2 :  RETURN
2020 G R APH 1:PF-PF/2:G O SU B 5 15 0 :G O SU B 220 0
2100  R E N  1 : : 21 - 21  <P0): G0SUB2005: f€ X T :R ETU R N

2 1 1 0  IC JtfH R ETU R N ^  * * * *  :P L O T X ,Y ,A S C ( M I D i < H * ,P ,l) )  :X -X + 2 :IF X > 7 8 T > £ fC < -0 :Y -Y -2
2200 REM BORDER

£25 ,L " 2  1 2  S - 2 J  j ; * 2 . | .  1 4 3 :P L0 T  L * 2 .5 8 .1 4 3 :r C X T  
2300 R fT U R N 2 70 19 '’  P t 0 T  ° ' L * 3*1 9 l :P L 0 T  7 8 ,L * 3 .1 9 1 :f C X T  
4000 R E N  F I L E S  
4005 REM CHANGE D IS K  
H OJO F I L E S 3 :f i£ H  a O S E  OUTPUT F I L E  
4 0 15  P R  I  N T  " F I L E  " « F 0 * i "  CLOSED"

ho* SSSiSBB D* ai RI* * ‘ *** l#iH we*
4090 REM  E N T R Y  T O  CHANGE F I L E

w3 & ‘f5,T5iSS«8!».{S 3 -"“ ,a !<are « «$ 5  {rtcu.ro.

$  J g B F P M & p n  « l»

(  3 (D EFAULT



1 1 1 2  I F  MC($)®© THEM P R I N T ^ - B I A S .- .- M C G )
1 1 1 3  P R I N T * : "C FG . a:S TR *(C F>
H U M  I F  R £ * ® a*T V E N  P R I N T * : "REM. M S *
* t l l 5  I F  S A * ® ”  TVEM P R I N T * :aI B N ,a:$ A *
1 1 2 0  I F  B T * ® ”  T>£M P R I N T * :" D T E .a:D T *
1 1 2 5  I F  T I * ® ”  TV EN  P R I M T *« n ,I M . ' : T I I
1 1 2 6  I F  R I - 0  1}€M  P R I N T * : *R $ T ." :S T R *< R R (0 )>  :P R IM T *: " C S T ," ; STR1 ICC TO))
1 1 2 7  I F  O S * ® ”  TV EN  P R l M T *:*C X S ,a:O C S S :P R IN T *s  " G X S ." :G X S *
113 0  I F  C O *® ”  TVEM P R I N T * :- C O N ,a:C O *
H I3 5  I F  a * ® ”  TVEM P R I N T ^ - E L E .- . - E L *
1 1 3 6  I F  I E * ® ”  THEM P R I N T * : * L E N . a: L E *
1 1 1 0  I F  P R * ® " -  T H E M .P R IN T *: aA R £ . a:AR#
1 1 1 1  I F  T V * ® ”  TVEM P R I N T * : T E H .  a:T M *
1 1 1 2  I F  A T * ® ”  THEM P R I N T * :• A T M ,* :A T *
1 1 1 3  I F  H C M )® 0  T V C N P R IN T *:"V LT ,*;S T R *< M C C M > ) E L S E  P R I N T * :- V L T .D E F "
3111 p R w r * « * * . m r
1 1 1 5  FOR 1 -0  TO N R - l
1 W  0 P ( l ) « f R ( I )  :0 P ( 2 ) * 2 R ( I )  : 0 P ( 3 W I  (I)
’ 1 1 1 *  FO R  P -1T O 3
H H  PO«P> ■ ( L E F T *  (S TR * (OP (P> ) . » ■ " - " )
1 15 0  O P t0 )> ftI< 2 fTS C S TR S (aP < P > ), a £ N ( S T R I ( O P ( P ) )) - P O (P > - l> )
1 1 5 2  fC X T P
J I 5 3  P R IN T  • 1 0 . 0 P * U ) : * , - s 0 P » ( 2 > : \ * ; 0 P * f 3 >
1 15 5  t E X T I
1 16 0  P R I N T * : * E T X . a:S A S :a * ; TM *
1 1 6 5  RETURN
5000 REM COLLECTION /CALCULATIO NS
5005 GOSUB 5250:REM S IN G LE
5006 C A L L " H A I T " . 1
5 00 7 C A L L  "HA I T " .  1
5010 C A L L aT E S T a. 2 , l , 2 , 5 , VPRACRCB5):  I F  B 5 ® 1 GOTO 5010:REM  WAIT 
5015 RETURN
5020 REM ENTRY
5025 GOSUB S0 10 :R £ H  MATT
5027 REM SAVE S>C£P S TATE _
5 02 1 M A > «:> ft> 1S :X D -0 :G C K U B 6 0 0 0 :S *X D  
5030 D>135:F-H:GOSUB6630:FR<>D
5035 GOSUB 5100
5010 D -  6 5 :F *l:G 0 S U B 6 6 1 0 :A X « D *W
5 011 D> 6 9 :F " 1 :G Q S U 6 6 6 10 :6 X « D *W
5 012 D » 1 2 9 :F - l :G 0 S l*6 6 9 0 :A Y « D *W
5013 D M 3 3 :F » 1 :G Q S U 6 6 6 1 0 :B Y » D *W  
5 0 11 I F  M C (1)® 0  TH EN  GOSUB5050 
5015 RETURN
5050 REM T E S T  V X .V X  
5053 VX"SOR <AX*AX*BX*6X )
5055 V R - ( V X / W > / N C ( 1 > :I F  A B S I1- ( V R * W ) ) : M  THEN P R IN T  "VOLTAGE L E V E L  AT X
5060 I F  V R *(0 .5 / W >  TV€M P R IN T a*Q C C K  C C rtC C T IC N S *"
5062 VY»SflR CRY*AY*8Y *B Y J
5061 I F  (V Y / W )® 1 0  THEM P R IN T  S P C (6) 1 a*V 0LTAGE A T Y - * : ( W / W ) , " V O L T S ** 
5066 I F  ( V Y / W » 1 1  TVEM I f f V T  "MEASUREMENT I W A L I D aiR I
5075 RETURN 
5100 REM T E S T  R
5105 D -19 2 :F-1:G O $ U B 6 6 3 0 :R £ M  READ P.ftV X)
5 110  I F  ( K O 9 & A T 0  R I< t5  THEM GOSUB9600:GOSUB5200:GOSUB5000:GOT05!00 
5 116  X A -f:M t> 16 :X D -S N :G 0 S U B 6 0 0 0 :R EM  R ELE A S E HOLD 
5120 R R "R R (R I):C C *C C (R 1>
5130 GOSUB5150:GOSUB2IOO
5 11 0  RETURN
5150 REM L A B E L  R S .C S
5160 R S a T C ^ S T R S C R R } :S S a " " :C $ » " C S " « S T R « (C O
5165 H * 4 t « S I « C S
5 170  X » 2 :Y *5 5
5190 RETURN
5200 R B I HOLD
5205 X * » S : X D - ! : * t -  16.-GOSUB6000 
5210 I F J t H O T T E N K —»1:LL-5 2 0 0 :G 0 S U B 9 0 3 0  
5215 RETURN 
5225 REM O FF
5230 X A > l:X D -0 :K *t6 :G 0 S U B 6 0 0 0  
5235 IFVOHOTVENER—Vff:U -5 2 2 5 :G O S U B 9 0 3 0  
5210 RETURN 
5250 REM S IN G LE
5255 X A > U :X D -2 :» *1 6 :G 0 S U B 6 0 0 0  
5260 IF»»«© TV€NER—» 1 :  L L -5 2 5 0 : GOSU89030 
5265 RETURN 
9X6 m j f i c f s
5305 P R IN T -S TA T S  W T  Y E T  A M A ILA fiL£ *:R ETU R N  
5100 REM CALCS
9105 REM Y / X  •  A  ♦ J B :  2  SO ■ RR ♦ JR X  
9 1 10  REM C E L L  IS  Y .  G B E R A T O R  IS  XZjw m  u ti wtwiw 1
5120 REM C C Tf IGURATICM S E L E C T .
9 12 2  I F  C F«0  TV€M A S - M H ffs B S - B X -B Y :
5 12 1 I F  C F *1  TVEM A S - A Y :B S - « Y :
9126 I F  C F *2  TH EN  A S - *T -A X :B S > « Y - fiX : 
9 1 2 1  I F C F - 3  THEM A S - *Y :B S - e Y :A U - A X : 
9130 STOP
5 11 0  A B » A S *A S *B S *B S  
9 f1 5  A A -  « V * A S 4 « M B S ) / *6  
9150 B B * « P 8 U - « M t 8 W »
5155 O M * P I « F R : * « « R « I ) : C C - C C f l l I >  
9 W O  G S -l/ «R :Q S -< »P C C :S S -G S *C S *O S *O S
5 170  * •  AAMAI BB* B I  
9 17 5  « •  B M M m o

ALM lY  ;  BO>5Y: GOTO 5 110  
A O -A X -A Y :S U -e X -«Y :G O T 0 5 M 10  
A O N « :  B U -6 X: GOT0511O 

B I> BX:G O T0 9 I10

im r n £ JKWm
^ S S S iS S S M * ,'" '!

15 .̂-,=  ̂ l,fcS S ,eoie»uwi»e-ei 

i S  Iffiw^ounm
g 3 : X > W C  (5 ):)Q »1B :G O S U B O O O O  

g S  E 5  »50SUB6000:fEXTwS g f l ^ llTO5*,̂ * {*fr,W«*-l>JCOSUB6000:rEXT 
6000 RIM MBYTE

I S " :  ( V X / W ) ; " V O L T S *"



440 ♦

6010 REM E N T R Y - W K O O E : XA-ADDRESS 
6020 REM XD -D ATA
6030 REM E X I T -  ERROR I F  W  -V E  
60H0 REM X D -D ATA
6050 REM
6060 REM 0 £ C X  ADDRESS
6070 I F  X A -2  7>€M6100
6080 I F  XAA251 OR XA<6 T>£H > W -1:R £ T U R N
6030 REM O C O C  DATA
6100 I F  X D »2 5 1 OR X D O  TVEM » * - 2 :R £ T U R N
6 110  I F  » H 3 2  THEM 6160
6120 I F  » t - 1 6  Th EN  15-XD :G 0 T06 160
6130 I F  » 1 - 0  T t£ N  > »*15 -XD :G O T 0 6 16 0
6 110  I F  ) M - 1 8 . T « H  6160
6150 » H - 3 : R E T I R N
6160 X E -0
6 170  CAU.n*nE8-f2.1.1.»1:CALL-WnE8,.2.1.0,255-XA
6180 C A L L " M I T E 8 * .2 .1 .3 .0 :G O S U B 5 0 0 7 :C A L L * H R I T E 8 * .2 .1 . 3 , 1:G0SUB5006
6130 C A LL "R EAD S” ,  2 , 1 ,2 ,V A R A D R  000
6200 I F  1 0 0 12 7  7TC N  62$0
6210 X E - * * l : I F X E > 3 T } O W * - 1 : R £ T U R N
6220 GOTO 6 170
6230 I F  » H 3 0  TVCM RETURN
6210 X P -X X / 1 6 :X > 1 5 -O a > -IK T O a » > *1 6 :R £ T V J R N
6250 B€M Q ®  OF I06 YTE
6260 REM 10 - I t # V T  l  OUTPUT 8 D IG IT S
6275 REM EN TR Y  M K C C C XAHttORESS
6 2 1 )  K M  XD CO-7) -D A T A  ( - I N H I B I T S )
6230 REM S E T  X D ( 0 - 7 ) - 0  * € N  R E A D IN G !!
6300 REM E X I T  XD (0 -7 ) -D A TA
6310 R EN  SAVE
6320
6330 F 0 R X I -0 T O 7 : IF X D  0(1) — 1THEN6370 
6310 » X D O < I )
6350 GCSUB6000:  1F)M<0THENER—) M :1 1*6 3 5 0 : GOSUB9030 
6360 X D O U ) - X D :) t t - ft <
6370 X A - X A *8 :f € X T  
6380 R ETU R N : REM E l f)  OF 10 
6330 REM OUTFORM I I
6100 REM E N T R Y : I K ® . TO BE OUTPUT TO SOL 
6 1 10  REM F - F U C T I O N  -  " -
6|J20 REM X A ^ U N C T IO N  ADDRESS (NOS)
6^30 REM E X I T :  D FORMATTED IN  XD (0 -7)
6 110  REM F"ERROR CODE
6150 ON F  GOTO 6180.6530.6550 
6160 REM FM AX: FM IN j DF L I N  
6 170  REM NORM ALISE 
6180 E H )
6130 IF D > « 10  T V EN  D -D *0 . l :E - E * l :G C T 0 6 1 9 0
6500 I F  D *1  T K N  D -D « 1 0 : E -£ -l:G O T 0 6 5 0 0
6510 GOTO 6530
6520 REM D E L T A  F  LOG
6530 D - D * 0 - l :£ —5 :G 0 T 0  6590
6510 REM V O LTS  OUTPUT
6S60 E H )
6560 I F I X l  AT® E > - 2  THEN D - D * 1 0 :E - E - l :G O T O  6560 
6570 D - D » 0 .1 : E - € - l  
6680 REM F O R M T
6530 F 0 R X I - 0 T 0 3 :X T - I N T ( D ) :X D ( X I ) - X T
6600 D - 1 0 * ( D - X T )  :f C X T
6610 X D (1 > -0 :X D (5 )- 0 :X D < 6 > — l :X D ( 7 ) - € « 1
6620 M K ):G O S U B 6 2 6 0 : RETURN
6630 REM END O F OUTFORM
6610 REM U E O R H
6650 REM E N T R Y : NOS ADDRESS IN  D 
6660 REM F-FORM AT
6670 REM EXIT: DATA IN  D 
6680 F O R X l - O T 0 7 :X D O ( I ) - O :r C X T  
6630 )M -3 2 :X A -D :G 0 S U B 6 2 6 0 :D -0  
6700 ON F  GOTO 6 72 0 .6 75 0 .6 8 10 .6 8 3 0  
6 710  REM A i B i R i B IA S  
6720 F 0 R X I H ) 7 D $ :D - D *1 0 *X D (X I) :N E X T  
6730 D - D *1 0 *  0®  (7) -3 ) :GOTO6770 
6 710  REM LOGR
6750 F 0 R X I-O T O 5 :D > D *t0 4 X D < X I):r€ X T :D -D *0 .0 0 1  
6760 REM S IG H  6 CM.
6 770  IF X D  (6) -10 R X D  (6) -5TVCND— D 
6780 IF X D C 6 )-K )R X D C 6 )-5 T > C ff— 1 
6730 RETURN 
6800 REM T H ET A  R M IA H S
6810 F O R D tK T 0 7 :D -D *1 0 « X D ( lX >  :l € X T :D - D * 0 .0 0 1 : RETURN 
6820 REM FREQUENCY
6830 F O R X I -O T O 3 :D - D *1 0 « X D (X I)  :f € X T :D - D * 1 0 *  (XD (7) - 7 ) : RETURN 
6810 REM 6 ®  O F ITFORM 
6850 REM SETPORT
6860 C A L L aM H T E 8 a.2 .1 .1 ,U : R £ T U R N  
6870 REM PROGRAM SOL LATCH 
6880 X > 1 :M -2 :G O S U 6 6 3 2 0  
6830 F0RXAP6TO3:GOSUB6320:t€XT 
6300 F0 R X A -U T0 15 :G 0 S U B 6 3 2 0 :1C X T  
6310 RETURN
6320 5 0 H 16 :X D -V A L (M ID * ( M C t.X J . 1 ))  : X > X M : I F X > 3 0 R X > 8 T > € N O X J + l  
6330 GOSUB6000: IF ftH O T H E IC R —)M :LL-6 320:GOSUB3030 
6310 RETURN 
7000 REM T E *> S E T
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7000 REM T D 9 S E T  
7005 R EH  
7 0 10  P R IN T
7 0 15  IN P U T -T E M E R A T U R E  (DEG O  " :T A I
7020 T A  •  IN T  M A L  ( T A M ) :  GOSUB 710 0  .  — ,
70 25  I F  T K «0  T V E H  P R IN T  T A *  * C 0 U T  OF « * * £  t  • , ; 310
7030 I F  TKo T A T K H  P R IH T -C A N N O T  S c . ;7 A * i _  PJ-EASE RETRY : G v .C  . - U
70HO S 2 c t » « S 5 ) ! ^ * - ^ W m 4 - t !S|i F W N t 7p ^ T w IN T ‘ SETTIMG C C fflR T E D  A T " ;T A » :* C " : E N D  
7050 GOTO 7 0 10
7 10 0  R E N  CRC T P P S E T  _ _
7 1 0 1  R E N  E N T R Y  T A  ■ T E *>  REQUIRED
7 1 0 2  R E N  E X I T  T K  ■ T E H »  S ET
7 10 3  R EH  ERRORS:
7 10 H  f i S  ^ T K  • • i T B f O W O F  RANGE

7 1 1 0  IF T A M 0 0 0  OR T A «0  T K H  TK— l :R £ T l » C L S E  T K « 0 !0 U T 1 7 9 .1 5  
7 12 0  IFTA"OT>CHGQSUB 73 0 0 : RETURN ^
7 13 0  X T S - S T R S C I N T C T A ) ) : » . - t E N O a » - l : W «
7 1  HO X T i H E F T *  ( - O O O O - .H - N J  ♦RIGHTl O C T I . N J ____
7200 F C R X I - 1 H H : » « I : X > Y I A L « I D * 0 ( T 1 , X I , 1 ) )  :T K «T K *10 + X D  
7 2 1 0  F0 R X J-0 T O 3  _
7220  I F ) » « > e i > £ K B - ) a » B :» < - 3 2 E L S E ) 0 < - 0  
7230 ) A r ) § / 2
72H0 OUT 1 7 I .) 0 < :C f l L L " W n E 8 " ,2 1 l ,3 ,H O 6 H :C A L L - W l I 7 E 8 " .2 ,l ,3 .) Q <
725 0  7 C X T :N B ( T :C A L L - M l I 7 E 8 - .2 ,i ,3 .1 2 8 :C A L L * V R I T E 8 * .2 ,1 ,3 ,0  
7 2 7 0  OUT 1 7 1 . 1 2 1 : OUT 1 7 8 .0
728 0  R ETU R N  ___
7300 R E H  CRC R E S E T7 3 10  F 0 R X I - 0 T 0 1 5 : C A U * W m 3 \ 2 . 1 . 3 . 6 M : C A U " W I T E 8 % 2 ,1 . 3 . 0 : I O 7 . C ^ ,W : 7 E 8 , , . 2 . i . 3 . l 2 S : C A U ,7 * : 7 : 3 ,\ 2 .1 .3 .0 :T K - 0 :R E 7 U L N
73 20  R EH  E W  O F CRC T E M S E T  
7500 P R IN T
7520 P R I N T T W E R A m j R E  PROGRAM ING O P T IO N -:P R IN T  
75H0 I f * U T " I N I T I A L  T E M E  RATURE": TA  
7560 I f f V T *  F I N A L  T E W * 0A T J R £ - j T8
7 5 70  I F  TA P IO O O  OR TBM CCv 'H E N  P R IN T  D E M E R A T I R E S  >1000 *C  NOT A L L C M i:'-G O T O 7 5 H 0  
7580 U W r T C A T I N S  RATE * C / * I N “ sW  
7 5 8 7  I F  « - 0  TH EN  G0TO7580 
7590 P R IN T
7600 P R IN T -R U N  H I U .  T A te *iA 6 S  (IN T  f (TB-TA) *  (1/H? ♦ 1 / 6 0 )))  s -MINUTES OK Y ? "
7620 R S *G E T S (*0 )
76 2 5  I F  R S o - V  AT® R * ® - r  T>€N G0T075H0 
7630 R M B O O O / M : SR*$GN (TB-TA)
7650 FO R  T A -T A  TO  TB S TEP SR 
7660 R * * G E T K * O . R »
7 6 7 0  I F  R S - - S "  OR R S - 'S *  T H IN  GOTOT5MO 
7680 GOSUB 710 0
7690 P R IN T  C H R S ( 1 2 ) |-  T - - ; T A : - * C -
7700 r c x r
7800 RETURN 
8000 R E N  SETTIN G S  
3002 P R I N T : 7 : 7
3005 I f f U T D E F A U L T  SETTINGS (Y/tO * : R *
3010 I F  R * » - Y -  OR R * - "  THEN RETURN 
3015 R EH  EN T R Y
3020 P R IN T -E N T E R  FU N C T IO N . V A L U E . (END WITH BLANC L i f t )  *
3025 I N V T R l . V f :  I F  R * - ” THEN RETURN 
3030 FOR 1 -0  T O  1H
3035 I F  R S - N C K D I T C N  ON M l  GOTO 8 10 0 .8 10 0 .8 10 0 .8 15 0 .8 2 0 0 .8 2 3 0 .8 9 5 0 .8 9 5 0 .8 9 5 0 .8 9 5 0 .8 9 5 0 .8 9 5 0 .8 9 5 0 .8 2 5 0 .8 2 5 0  
SOHO r E X T :G O S U B  S800:GOT08025 
3100 R EH  F N A X .F H I N .D F L 1 N  
8105 W A A L  (V I)  *
8 110  IF V > 9 *» J6 3 C R V « 1 E -M T > € N  GOSUB 8900 E L S E  M C ( I ) - V  
8 11 5  GOTO S025 
8150 R E N  D FLO G  
8155 W * L ( V »
£}60 8900 E L S E M C ( I ) - V8165 GOTOB025 
8200 R E N  V O LTS  OUT 
8205 W A A L  (V I)
8210 I F  V > 9 .9 9 0 R V *0 .0 0 1T V EN  GOSUB 8900:GOT08025 
8 215 I F  V »11T P W » N T :? - V  -  ' i V , *  V O LTS *
8225 N C (D -V :G O T 0 B 0 2 5  
8230 R E N  B IA S  R E JE C T
|2 3 5  I F V A L J V M - O  T JC H  H C ( I ) - 0  E L S E  N C ( I ) - 2
82H0 GOTOB02S
8250 R E N  IN T E G / D E LA Y
| 2 | 5  V - V R L M J ^ I F  W O  TV EN  H C (I)» 0 :G 0 T 0  8025 
825 7 I F  I a 13  T I E N  1 ^ V * I 0 .0  
8260 V *IN T « .O G (V > « O .H 3 H 2 H t0 .5 )
8 2 «  I F  V> 3 0 R  V «0  7> € H  GOSUB 8900 E L S E  H C ( I ) - V  
8270 GOTO 1025 
8800 R E N  ERROR RECOVERY 
8805 P R I N T -V A L ID  FUNCTIONS A R E :"
8 *1 0  F 0 R I ^ T 0 5 :P R W T  H C S ( I ) , - : - , : f C X T  
8820 PRINTNC S ( 1 3 ) ,  ■; “ jNCS (1H) :P R IN T "P L  
8825 RETURN
8900 PR I N T  -ER R H -:R E T V R N  
8950 P R IN T -O P T IO N  NO T A V A IL A B L E *
8955 GOTDB025 
9000 R E N  IN CREASE RN 
9010 P R IN T  -IN C R E A S IN G  R N *
9020 C A U T « n a - . 2 . l . 3 . 8 : F 0 R  L - 0 T 0 1 5 0 :f € X T :C A L L * H l I T E 8 \ 2 .1 .3 .0  
9030 R I H i l t l  
90H0 RETUR N  
9500 R E H  S E T T IN G  UP 
9505 P R IN T ___
9510 P B D f r W C C T  CEL L  -  X .-C E U .:Y :G £ N - 
9615 P R O f T H M  S E T T IN G  RM TO H I N .- O C C X !*
9520 C J U j 2 « n E * - .2 .1 .3 .H :F 0 R L - O T O 1 5 0 O :r C X T : C A a - l « I T E 8 “ . 2 . 1 .3 .09525 K T U 9 1
9600 IN P U T *IN C R EA S E RS TYP E « H  V A L U E *iR l  
9610 I F  R l ® 0  TH EN  R R S D - R 1  
9620 RETURN

: P R IN T -P LE A S E  RETRY



3. LISTN1 (Program to plot complex plane impedance 
obtained from FRA).

spectra using data

10 REM L I S T N
: 0  T E X T  .-P R IN T  CH R I f 1 7) ,-REll
1 0  P R IN T  C H R K 1 2 ) :R E M  C L E F R  S CPct.'i
60 P R 1 N T 1 I S T N  P L O T T IN G  PROGRAM N .B .W U S S I 1 9 - 1 ..............
80 C L E A R  1 0 0 0 : P I - 3 . 1115 92 6 5
100 D EF F N I  tO> •  I N T  ( 1 0 *  I * 0 * 0 .5 )  / 1 0 ‘  I
120 DEF F M . (L) *0 .1 3 1 2 9 1 1 5 *1 0 5 ( 1 )
1 10  D E F  FN O  (0) - 1 0 *  IN T  ( F N l  (0 ))
160 DEF F I P  ( P ) -V A L  (S T R I (FN I (P /FN O  ( P ) ))  4 " E - .S T R I  <INT ( F M  (P) >) ■
IS O  D E F  F N S ( S ) - S G N ( S ) * F f P ( F 6 S ( S > >
200 DIM F  1200) .E R  (200) .2 1  (200) .X X  (200) ,Y Y (2 0 0 )  . A *  (20) . B *  (20) . C l  (20) .X ( 2 0 0 )  .Y ( 2 0 0 )
2 10  G O SUB 70 0 :R£ M  S T R IN G  R EA D IN G
260 I O - 0 :G O S I B  5 0 0 :REM F IL E N A M E
280 G O S L e 1 0 0 0 :REM F I L E F E A D  R EA D
300 G O S U B 2 0 0 0 :R EM  F I L E F E A D  P R IN T
320 G O SUB 30 0 0 ;REM  I I P U T  C O R R .FA C TO R S
3 10  GOSUB35O0:REH F I L E R E A D IN G  DATA
360 R P L I-" 2 P L O T " :R £ M  F I R S T  P L O T  2 *
380 G O TO  1 0 6 0 :REM  OUANT/MODE S E L E C T IO N
500 REM  F I L E H flK I , t , M m t , , < M » m » » » » » « * » » « » « » » » »
520 6 » - * B : - : R E M  D E V IC E
510 IN PU T "WHICH F I L E  " ; F I :  IF  F I - "  TV£ N  END 
560 I F  L O O K U P ( 8 I 4 F I 4 - .S O L " ) — I T H E N  GOTO6S0 
580 P R IN T  "WHICH S ID E  O F DISC A .B .C .D  ?’
600 B I - G E T * ( » 0 )
620 I F  L O C M J P ( 8 t 4 F l 4 - .S O L " ) — 1 7> € N  GOTO630 
'1 0  P R IN T -D IR EC T O R Y  OF S O LARTRON F I L E S : '  " P  B * « ' * . S O L " : ?  

rO GOT0500 
RETURN

“ 0 REM READ DATA*********************x x *t '! «txxxxxxxxx
720 FOR N -0  TO 17.-READ A l  (N> .C l  (N) :I € X T
7 10  REM
760 REM
780 RETURN
300 REM DATA
320 DATA •  I D N \ 'S A M P L E  : "
S30 DATA -C O M *. "COMPOS IT  I ON 
810 DATA - E L E - .  "ELECTRODES : ’
850 DATA -A TM ". " C E L L ATMOS
360 D A T A  - T E H * . -T EM P ER A T U R E : -
870 DATA - D T E - .- D A T E
880 DATA - T I M * .- T I M E
890 DATA -C F G -.-C O r P IG L R A T IO N :’
900 DATA -V L T - .-V O L T A G E
910 DATA - 8 I A - .- C E L L  BIAS : *
920 DATA " L E N *.'S A M P L E  LEN GTH : ’
930 DATA -A R E - .'S A M P L E  « J E A  : '
910 DATA - C S T ' . ' C  STANDARD : '
950 DATA - R S T ' .- R  STANDARD : "
960 DATA - C X S - .- C  EXCESS (PF):’
970 DATA - G X S - .- G  EXCESS (MHO): '
980 DATA * L B L \  'GRAPH LA B EL : *
990 DATA -R EM '.-R EM A R K S  : *
1000 REM F IL E H E A D  R £ A D I N G * * * * * * * * * * * * * * * * * * * * * * x x x x x x x x x x x x x x x x x x  
1020 B F I - B I t F I f ' . S O L *
1010 OPEN B F *
1060 I f P U T « : A I . B *
1080 I F  B I- - S T X - T V E N  GOT01M60 
1100 I F  A I - - C F G - 7 1 C N  C F -V A L (B I)
1120 FOR N-0. TO 19
1110  I F  A I - A t f f O  TJ-EN B I ( N ) - B I
1150 f€XT:G O T0 10 6 0"♦B*(0) / '  -461(1)4- '461 (3) 4- -461 (2)
1180 RETURN
2000 REM F IL E H E A D  P R IN T z z z z z z z z z x x x x x x x x z x z z x x z x z x x z z x x z x x x z x x z
2020 T E X T
2 0 10  F O R  N - 0  TO  1 7
2060 P R I N T *  1 0 ,C *  (TO :B !( N >
2080 f C X T  
2380 R E T U R N
3000 REM  C O R R EC T IO N  F A C T O R S * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  ............................ .... „ „
3 0 10  I F  B * ( 1 9 ) o "  T>€N C X -V A L  ( 8 1 ( 1 1 ) )  E L S E  IM PUT’ EX C ES S  C A P A C IT A N C E (P F) - : C I ^ C X - C I N / 1 E 1 2  
3060 I F  B *  ( l 5 ) o * -  T H E N  G X -V A L  (61 ( 1 5 ))  E L S E  I F  C I N o O  T>€N IM PUT’ EX C E S S  CONDUCTANCE (MHO) ’ :G X  
3080 L E - V A L  ® * ( 1 0 )  ) : A R - V A L ( B * ( U ) ) :  1 - 2  .  „  _
3 10 0  I F  L E o O  AND A R o O  T>€N L A - F N S  (VAL (B t ( 1 0 ))  / V A L  ( B * ( 1 1 ) ) )  :P R I N T “L / A  ( 1 / 0 0  : ~ s LA  E L S E  IM P U T’ G EOM . FA C TO  
3 12 0  I F  L A P O  T F E N  L A - F N S  (LA ) E L S E  L A - 1  
3 1 1 0  R ET U R N
3500 REM  F I L E R E A D I N G * * * * * * * * * * * * * * * * * * 1 * 1 * * * * * * * * * * * * * * * * * * *
3520 O N  E O F  GOTO 3760
3 510 I M P U T * : A I . B I . C I
3560 A - V A L  (AS) :B - V A L  (B t) :C - V A L  (C l)
3580 R EM  C O R R EC TIO N S  L / A .C X S .G X S
3600 W - 2 * P I * A
3620 D -8 *® 4 C *C
3 6 10  B - ( 8 / D - G X  ) * L A
3660 C -  (C /D -C X *V O  * L A
3680 D - 6 * 8 « C * C
3 70 0  F  (K) - A : Z R  (M3 - B / D : 2 1 <M) -C / D  
3 72 0  I F  As>0 T W N  M W H l 
3 7 1 0  G O T0 3 5 10  
3 76 0  R ET U R N
lO O O  REM  Q U A N T IT Y  S E L E C T I O N * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
1 0 2 0  L R P t - R P L I
10 10  IN P U T-Q U A N TITY  TO BE PLO T T ED ’ : R P L I
1 0 6 0  O N  ERRO R
10 8 0  I F  R P L I - —T 1 C N  RUN 1 0
1 0 9 0  I F  R P L I - - 6 '  T H E N  GOT0260
1 1 0 0  L H I - L E F T I  ( R P L I .  1)
1 1 1 0  R H I - R I G H T I  ( R P L I .L E N  ( R P L I ) - 1 )
1 1 6 0  I F  L H I - ' S -  T H E N  G O S U B 5 0 0 0 :G 0 70 10 10
16 0 0  R EM  C A L C U L A T I O N S * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
16 2 0  F O R  MH> T O  M - l
1 6 1 0  W *- 2 * P I * F ( N > :2 R - 2 R < N > :2 I - 2 I ( N >
1 6 6 0  I F  L E F T !  ( R P L I .  i l - ' E T I C N  X X ( N ) - 2 R :Y Y ( N > —  2 I:G O T O T S 1 0  
16 8 B  M I - 2 R * H : « —  2 I * H
1 7 0 0  I F  L E F T !  ( R P L I . 1 ) - ” M - T H E N  3 0 ( (N ) -M R :Y Y (N ) -M I .G O T O 18 10
1 7 2 0  2 Z - Z R * 2 R * 2 1 * 2 I  : Y R -2 R / 2 2  : Y I — 2 1 / 2 2
1 7 1 0  I F  L E F T I ( R P L I . 1 ) - - Y T H E N  # < ( N > - Y R :Y Y ( N > - Y I  .G C T 0 1 S 1 0
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S P - Y 0 * 1 .5

9790 IF  L E F T !  ( R P L I . I ) •  " Y 'T H E N  >.\(N> -Y R : YY (N> -v ]
9760 K I —YR/H : VR-YI/W
9780 I F  L E F T !  f R P L i . 1! -  “K 'T V E N  X X  (tC -K R : Y Y  (N) —
9800 GOSUB9700: GOTO! COO 
9890 P L O T 7 5 .0 .S T R I (N> :N E X T  
9860 X Q -0 :Y O -0 :F O R  P -0  TO M -l 
9880 IF  X O «»<  (P) T>€N XO -> X <P>
9900 I F  Y tX Y Y  (P) TVEN Y O -Y Y  (P)
9920 f€ X T P
9990 I F  XO/75>YO/50 TVCfi S P-XO  E LS E  
9960 S C - l :X S - 0 :Y S - 0  
9980 GOSUB5000.-GOT09000
5000 REM PLO T S E L E C T I O N * * * * * * * * * * * * * * 1 * * * * * * * * * * * * * * * 1 * * * * * * * * 1
5020 I F  R IG H T ! ( R P L I .9 )  - “PLOT*7V£NGOSUB5290
5090 I F  R IG H T I ( R P L I . 5) • ’ PRINT'THENGOSUBTOOO
5060 I F  R IG H T I ( R P L I .9 )  ■‘ FLOG'TVENGOSUiOEOO
5080 I F  RIGHTI ( R P L I .9) •'FLIN *T > € N M S U B 8 8 0 0
5100 I f  R IG H T I ( R P L I .9 ) - " L I S T ,TV€NSOSU585O0
5120- I F  RIGHTI ( R P L I.9 )  ••H IFTH TEN G O S U B 73 0 0
5190 I F  R IG H T I ( R P L I .9) ■’ C A LE ’ T>€NGOSUB7500
5160 I F  R IG H T I ( R P L I .9) •■DRFH'THEICOSUB9000
5180 I F  R IG H T I (R P L I .9 )  - " f  ILE"TVENGOSUB8000
5190 I F  R IG H T I ( R P L I .6 ) -"DRAMJJ*T>€NGOSUB12000
5200 PR IN T:P R IW T R P L liS P C (2 ) :L B I:$ P C (2 )  ;B K 1 6 )  rPRIN T
5220 RETURN
5290 S F -S P :R E M  S E T  SF
5500 REM Pt.OT| u n , t n , , ( , , , , , , , , u u , , , n u t x t t , > , , t  
5520 GOSUB9520: G0SUB9560 
5530 T -0
5590 I - 1 : I F  S O l O  T>CM 1 -2  
5560 FOR P -0  TO M -l
5580 X -  00< (P> *7 5 / S F -3 *X S )  *S C : Y -  (YY (P) *7 5 / S F  -  3*YS) *SC
5600 I F  X «0  OR X>75 T>€M GOTO 5680
5620 I F  Y —6 OR Y>50 TVEN GOTO 5680
5690 I F  Y «0  AND Y > -3  THEM GOTO 5680
5660 P L 0 T X » 2 .Y f 6 .2
5665 X ( T ) - X X ( P )  :Y ( T ) - Y Y  (P)
5668 T P - T
5670 T -T 4 1
5680 N EX T  P
5720 GOSUB6000:RETURN
6000 REM X  A X IS  L A B E L S * * * * * * * * * * * * * * * * * * * * * * * * * * 1 * * * * * * * * * * * * *
6020 FOR P -0  TO 1
6090 0 P - ( ( P *7 5 / S C *X S * 3 ) * S F ) / 7 5
6060 GOSUB 6300:REM S . C . E .
6080 X - P *  (8 0 -2 *L E N  (O P I)) :  Y -5
6100 P LO T X .Y .O P I
6 110  VP <P) -V A L  (Q PD
6120 f€XTP
6190 FOR P -0  TO 1
6160 O P - ( (P *S 0 /S C *Y S *3 ) *S F )  /75
6180 G0SUB6300:R£M S . C . E .
6200 X - 0 :Y - 7 « P * 5 0  
6220 P LO T  X .Y .O P I  
6230 YP (P) -V A L  (OPS)
6290 f€ X T P  
6260 RETURN
6300 REM STRING C H A R . E L I M I N A T I O N * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
6320 REM ENTRY Q P .E X I T  O P !
6390 Q S S -“ ":R E M  I N I T I A L I S E  
6360 I F  G P X O  TVEN C P - f  NS (OP)
6380 O P S -S T R I (OP)
6900 FOR 0 - 1  TO LEN (0P 8)
6920 OS-MIDS ( O P I .0 ,1)
6990 I F  0 S -"  "  OR O S - V  THEN 0 1 - " "
6960 O S S - Q S S « O S :fC X T :O P I-O S I:Q S I-“ “
6980 RETURN
6500 REM F L O G * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
6520 GOSUB9520: GOSUB9600 
6590 P L O T 7 0 .5 , "LO G  F "
6560 FOR P H ) TO M -I
6580 X - 6 0 - 1 0 * F H .( F ( P ) ) :Y - S C * Y Y ( P ) * 5 0 / Y 0
6600 I F  M I D S ( R P L S .2 .3 ) - 1 0 G ’  T>€N IF  Y>0TV£N Y -5 0 « K  ‘  (F N . (YY (P>/YO) > E L S E  GOT06700
6620 I F  X «0  OR X>79 TVEN GOT06700
6690 I F  Y « - 6  OR Y>50 TVEN GOT06700
6660 I F  Y<0 AT® Y P -3  TVEN GOT06700
6680 P LO T  X ,Y « 6 .2
6700 N EX T  P
6720 I F  M ID I ( R P L I . 2 .3 ) - " L O G *  TV EN  RETURN 
6790 GOSUB6300:R£M S . C . E .
6760 X - O :Y - 5 7 :P L O T X .Y .0 P S  
6780 RETURN
7000 REM P R I N T I N G * * * * * * * * * * * * * * * *
7020 PR !N TER 3 :R EM  ANADCX P RINTER 
7090 L N U L L 1 2 .3 2  :REM  MARGIN 
7060 P R IN M 2
70*0 PRINT*2,*FILE :":CHIS(19) iFI;CHRI(l5)
7100 PRINT*2 
7120 I0-2:REM PRINTER 
7190 GOSUB1500 
7180 REM
7200 10 - 0 :REM SCREEN 
7220 L P R IN T O ftS (1 2 )
7290 L N U L L  0 :R EM  NO MARGIN 
7260 RETURN
7280 GRAPH1:GRAPH0: RETURN 
7300 REM S H I F T I N G * * * * * * * * * * 1 
7320 FO R  P -5 T0 70  S T E P 3 :P L 0 T P .5 . 0 : T E X T  
7390 P R I N T :i r * V T " X - S H I F T  < - (MAX 2 5 ) ';X S  
7350 I f f V T - Y - S H I F T  *  (MAX 1 5 ) - | Y S :Y S —YS 
7360 R P LS -LR P S  
7380 X S -IN T O tS )
7900 GOTOSOOO
7500 REM S C A L I N G * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

i m n n t t i i n n i t t

im m m t t m n t in u n
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7520 P R IN T
75*10 U P V T -S C A L IN G  FACT0P’ ;SC 
7550 R P L * - L R P *
75 10  I - 0 :S C - F N S ( S O  
7600 GQT05000 
1000 R£H CREATIN G 
1020 R ES ET
W HO P t W • ♦ " .P L T "  .  ,  .  _  .
I960 P R IN T -C R EA T IN G  P LO TTIN G  DATA F I L E : " : P L *
W W  I I P V T -S P E C IF Y  A LTER N A TIV E N A f E ’ sR L*
*1 0 0  I F  R L * o «  TV EN  P L * - R L »
*1 2 0  I F  L E F T * ( R I G H T * ( P L * .M ) . 1 ) « * . T I E N  P L * - P L * « ' . P L T '
*I H 0  PR IHTSPC(26 ) i P L *
*1 6 0  FOR P H ) TO  2000:NEXT _
* 1 W  P R IN T -S P E C IF Y  TYPE OF PLO T F I L E  REQUIRED___f o e r T B 1 -  .  cno
*2 00  P R I N f P  FOR C O IP LE X  PLO T : R FOR R EA L SPECTRUM! FOR IMAG S PEC TR IN  ;6  FOR 
*2 2 0  P * - G E T I ( *0 >
*2*10 C R E A T E P L *
(260 QUOTE *1 0  
* 2 * 0  FO R  P - 0  TO  M -!
*300 I F  p * - - p -  OR p * - - p -  rs ;« - ■  • t* n  p R W T *to .» < (p >  . y y (P>
(320 I F  P * - " R "  OR P * - " R *  ^  P l »  i *  OR P * « '8 "  t >£N P R I N T * 1 0 .F M  <F <P)) .M ( P )  
* « 0  I F  P * - M -  OR P » - - I -  OR P 4 - - 6 -  OR P * - * 8 "  T K N  P R l N T * lO .F f i .< F  (P>> .YY<P> 
(360 IC X T  P*3w aosc
IHOO QUOTE * 1 0 .0  
m 2 0  P R IN T ER *!. 1 
M t O  RETURN 
*500 REM L I S T IN G  
*5 1 0  T E X T : PR I  NT 
*5 2 0  G0SIB2000
*530 FOR P - 0 T 0 3 :P R I N T * I 0 :K X T  ^  ,  .  .  ,  .
*5 1 0  P R I N T 'I O  •  F R E 0 .’ .S P C ( 3 ) ;L E F T * ( R P L * .l )  t “R “ .S P C ( 2 ) « V i L E F T » ( R P L * . l )  « * I / *  
S 5 W  FO R  P H )  TO  H - 1 :P R I N T * I 0 .F  (?) .»C (P >  ,YY<P>
*6 0 0  NEXTP 
*6 2 0  RETURN
9000 REM DIMMING G R A P H S * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
9020 P R IN T E R S . 1 : REM H> PLOTTER
90HO LP R IN T  C H I *  (3) j * I N i  1P 8 2 0 ,8 0 0 ,10 12 0 .6 (0 0 iS C O ,100 0 0 ,0 ,6 0 0 0 i ”
9060 I F  XQ/25>YO/15 TVCN P f - X Q  E L S E  P f - Y O *  25/15 .
9010 P LM P F/f N O ( P f) :  I F  P 1 X - 2 .5  T>CN P P - 2 .5 E L S E I F  P lX - 5  THEN P P -5  E L S E  P P - t 2 .5  
9100 PCMfNO (PF) :P f- P P *F N O  (PF)
9120 S F * P f  :<SOSUB5500
91H0 P R IN T :P R IN T -P L O T T E R : LOHER L E F T  A H ) UPPER R IG H T OK?*
9160 I F  G E T t ( * 0 ) > - Y ’  THEN GOSUB10500:G0SUBU020 
9 1 W  RETURN 
9500 REM
9520 G R A P H 1 :P L O T 0 .5 .2 0 7 :L IN E  7 S .5 .2 0 7 :P L O T  0 .5 S .2 0 ? :L I I E  7 * .5 8 .2 0 7  
95HO RETURN
9560 P LO T 0 .6 .2 S 5 :L I N E  0 .5 8 .2 S 5 :P L O T 7 S .5 S .2 5 5 :L I? C 7 l .6 .2 S 5  
9 5 W  RETURN
9600 FOR P - 0  TO  6:PL<JT 1 0 *P .5 .5 M -P :I C X T  
9620 RETURN
9700 REM V f L I D  F U N C T I O N S * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
9 710  P R I N T C H » ( 1 2 )
9720 P R IN T -V A L ID  FUNCTIONS ARE HADE FROH A  P R E F I X : ?
9 710  T E X T
9760 P R I N T - Y  FOR ADM ITTANCE*
9 7 *0  P R I N T * 2  FOR IMPEDANCE"
9 *0 0  P R I N T - K  FOR PERM ITTANCE’
9 *2 0  P R I N T - N  FOR MODULUS*
9 *9 0  P R IN T
9(6 0 P R IN T "FO LLO H ED  BY A  S U F F I X :-  
9 *9 0  P R IN T
9900 P R I N T - P L O T  FOR C O P L E X  P LA T E P L O T - 
9920 P R I N T * F L O G  FOR LOGARITHMIC SPECTUM’
10020 P R I N T - L I S T  FOR L I S T IN G  ON SCREEN’
10010 P R I N T * DRAM FOR CRANING ON P L O T T ER ’
10050 P R IN T -D R A M JJ FOR DRAMING ON J J  P LO T T ER ’
10060 P R I N T - F I L E  FOR P LO T T IN G  F I L E *
100 *0  P R IN T -P R IN T  FOR P R IN T IN G  DATA"
10100 P R IN T
10120 P R IN T -O T H ER  FUNCTIONS A R E : * : ?
10 110  P R IN T -S H IF T  FOR COTPLEX PLO T S H IF T - 
10160 P R IN T -S C A LE  FOR P LO T N O T I F I C A T I O N '
1 0 1 W  P R I N T * *  FOR ADDING tCM F I L E -  
10190 P R IN T  
10200 RETURN
10500 REM P LO T T IN G  DATA ON P L O T T E R * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
10520 L X - 0 :L Y - 0  
10510 L P R I N T - S H .,  •
10560 FO R  P - 0  TO  H - l
10 5 W  X -  OW V) /P F-XS /2 5 ) * S C * 1 E 1 : X -  IN T 00
10600 Y -  (Y Y  (P) /P f-Y S / 2 5 ) *S C * 1 E 9 : Y -  IN T  (Y)
10620 IF A6SOWJ0-10 AND A6S (Y-LY) <20 TIEN GOTO 10710 
10610 I f  X«»*OO OR Y«-gQO OR X>10000 OR Y>600© DEN G0H10710 
10660 LPRINT-PA-rSTR*00 , ’ . -,STR*(Y) i*t *
106 W  F L " I N T C 2 0 * F H .( F ( P ) ) » 0 .5 ) / 2 0
10700 IF A6S(FL-INT(FL*.5))*.025 DEN LPRINT-CP0.0iL8%FLiCHRI(3)10720 L X - X » L Y * Y  w v . v i w r r u w m w
10710 PRINT F <P> ,# < (P ) ,Y T ( P )
10760 fEXT 
107*0 LFRWrSNi-
1212 2 I f  S ^ ^ . 2 ® L P « I f<T- P A 1 0 3 ( ) O .W O « D I 0 .1 ,lJ | - ,- S H I F T  X . Y - ’ s X S ;’ . 1
1 2 2 2  1}° i  LP R IM T^ > ° < X ) .1 0 0 0 i D I 0 .1 tL 6 f - S C A L I N > - ! S C , 0 « * a 3 J  , 0 * 1lOS'tV ICC IVIQ1
11000 REM L A B E L L IN G  G R P H n * t t * f n n * s m m m n t a s t m n t t n t i  
11020 1 -2 :R E M  DEC P O IN T 
110 10  FO R  P-0T0 5  
11060 FO R  P - 0  TO 1
H O W  IP R W T T A O .O iP D iP A lO O O O .0 .1 0 0 0 0 .6 0 0 0 ,0 ,6 0 0 0 .0 ,0 «P U «’
1110 0  f E X T
1 11 2 0  FO R  P - 0  TO 5
1 1 1 1 0  0 > H .2 *P / S C « X S / 2 5 ) *P F )
1116 0  I F  0 -0  TH EN 0 * - *  0 *  E L S E  0 4 -S T R t (FNS C O )
1112 1FRIHT-PA*iS7R»12£3*P) iS T R * f O ) ,", -«- X T , C P - 1 . - l i L 6 - | 0 * « a * *  (3)1 1 2 v v  F C U r

BOTH SPECTRA’

:P R IN T » IO

: Y S t O P *  *13 3 1 O P *  (3) i *D  
(3) i "D I« ’
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11220 FO R  P - IT 0 3
112*10 L P R I N T T A " ;  "100 0 0": S TR I (2 E3 *P > : “ ; Y T ; M C X T P  
11260 FOR P -IT 0 9
11280 L P R ir fT - P A " :S T R » n 5 - P ) *2 E 3 ) s * .6 0 0 0 s X T i#:fC X T P
11300 FO R  P«0  TO 3
11320 0 - « ( .2 * f 3 * P ) / S O Y S / 2 5 ) * P f )
113*10 I F  0 -0  TVCfl 0 I - "  0 *  E LS E  O l-S T R I (FNS (0))
11360 L P R IN T -P A O . " jS T R I ( (3-P) *2E3> : - ^ i C P - S . O i L B ' s O l i C W *  (3) 
11380 K X T P
11*100 L P R IN T " P A -3 0 0 .6 2 0 0 ; S 1 . 3 . .  5 ; CPO1 . 1  s 1 8 * ;  L E F T *  < R P l*.  V  ; '
1 1120 LP R 1N T  S P C cS );6 *  life) :Q -R *(3 3  ; " S 1 , " ___
t l l l t  REM LP R  IN T "P A - 800.7000! L6 C FG . “  * OF * CHR* 13)
11*160 I F  0 ( 0 0  TVCN L P R IN T -P A 5 0 0 .70 0 0 i L B " :" C X S « * :C X * 1 E l2 s C H l*  
11*180 I F  C X o O  THEM LP R lN T "P A 3 70 0 .70 0 0 t L B G X S - * :G X ;C H l»  (3) 
11500 I F  L A o l  T>fM  LP R IN T " P A 6 9 0 0 .70 0 0 :L B L/A “ " :L A i C W *  (3) 
11520 LP R IN T -P A IO O O O .7000«L B V - " :B *  (8) :CHR*(3>
11590 RETURN 
12000 C A L L " I D E N T " .0 .0  
12010 C A L L  " ) K ) O E " , 1 . 1  
12015 T E X T
12020 P R IN T  "  P LO T T IN G  PROGRAM P L O T l*
12030 P R IN T
120*10 P R IN T  -S C A LE •  O O H N .YM JIO  TO O O K W .Y M W  ■
12050 P R IN T -F O R  SAME SCALE ON X  AND Y  A X ES ’
12060 P R I N T - L E T  » 1 A X  •  1 .2 S *Y H A X ’
12070 P R IN T
12080 P R IN T  -S E T  X Y  RECORDER TO 5V /100 W T 
12090 P R I N T - C O t t C a  GRAPHICS BOARD W IT H '
12100 P R IN T -O A O O A T A ) TO Y  ON CHART RECORDER"
12 110  P R IN T *0 8  (YDATA) TO X  ON CHART RECORDER"
1212 0 PR I  N T  "P EN /2 TO P E N  L I F T  ON CHART RECORDER-
12130 P R IN T
12190 P R IN T
12150 V - . 5
12160 P R IN T
12 170  P R IN Ti2iso imjTmQ¥n.iiatmmscs
12190 IN P U T -O R IEN T A T IO N  d  FOR X  A X I S .7  FOR Y A X IS ) " iO O  
12200 IT « > U r-H O R D (S )-|S *
12210 I F  L*»"Y "G O T 0 12 9 6 0
12219 YPC1>«YPC0> ♦ <YP I l l - Y P  fO) > * 1 . 2
12215  P R IN T  - » H N » - .» » ( 0 >
12216 P R IN T  - Y M lft» - ,Y P (0 )
1 2 2 1 7  P R IN T  - M * * , ) F ( 1 )
12218 P R IN T  " Y H A X - \ Y P ( 1 >
12219  W U T - S C A L E  OK Y / H " « Z * : I F  2*><*N"G0T012230
12220 W U T - T Y P E  W I N .Y H I N .» W .Y n A X " j * > ( 0 >  .YP<0> ,H > (1>  .Y P ( l>  
12230 C A LL "? fftO T ",  l . O . O .O
12290 IN P U T -I F  P LO TTER  IS  ZEROED TYP E R ETU R N "iE
12250 C A U - » L O T - .  1 . 0 . 0 . 1
12260 1 N P U T " A « S  Y / N - | A X I
12270 I F  A X * - * N -  G0T012320
12280 C A L L " H .I I € " .  1 ,2 0 9 7 .0 .3
12290 C A U - X L W e * .  1 .2 0 9 7 .- 1 6 3 8 .3
12300 C A L L - H . H C " . t . 0 .- 1 6 3 8 .3
12310 C A L L " K .I f £ " ,  1 ,0 . 0 , 1
12320 C A L L ” X P L O T * . l .O .O .O
12330 FOR > 0  TO ff>
12390 X - I N T  (2 0 9 7* ( «  W) - » >  (0)) /  O P  (1) -#> ( 0 » >  >
12350 Y - I N T  (-1 6 3 8 * ( (Y  (J> -Y P  (0) )  /  (TP (1) -Y P  (0) > >)
12360 a > ( C S *3 .3 3 3 * V )
12370 C A L L " X S E T "  l .O .C X .O O  
12380 C A L L -X S P E E D - ,5  
12390 C A L L T O V J T "  l . X . Y . O  
12900 C A L L - H A I T - .S O  
12910 C A LL "X C H A R ".l.V A R A D R (S *>
12920 IC X T  J
12930 I l f U T I A B E L  GRAPH Y / N " : L *
12990 I F  L» -"Y "G O T D 12 18 0  
12950 RETURN
12960 C A L L " W L O T * .l .O .O .O
12970 I W U T T C V E  PEN  TO D ESIRED  P O S IT IO N  AND TYP E R ETU R N " i E 
12975 C X > (C S *3 .3 3 3 *V )
12980 C A L L -X S E T "  1 .0 .C X .0 0  
12990 C A L L " X S P E E D " ,5  
12500 C A L L W .O T -  l . O . O . O  
12510 C A L L K A I T - .5 0
12520 C A LL "X C H A fi-,l.V A R A D R  (SI)
12530 GOTO 12930

F I L E :  ’ .-L8I 

(3)



APPENDIX I; Thermodynamic Equations

N

(1) Pyrite (FeS,)> Pyrrhotite (FeS, (Fe,_vS)) and Sulphur
(a) FeS2 = Fe2+ + 2S = 2e

E = 0.423 + 0.0295 log[Fe2+]

(b) FeS2 + 8H20 = Fe2+ + 2S0^“ + 16H+ + 14e
E = 0.367 - 0.067 pH + 0.008 log[S02"] + 0.004 log[Fe2+]

(c) FeS2 + 3H20 = Fe(0H)3 + 2S + 3H+ + 3e 
E = 0.64 - 0.0591 pH

(d) FeS2 + 11H20 = Fe(0H)3 + 2S02" + 19H+ + 15e 
E = 0.412 - 0.0749 pH + 0.0078 log[S02"]

(e) FeS2 = Fe3+ + 2S + 3e
E = 0.546 + 0.0196 log[Fe3+]

(f) FeS2 + 8H20 = Fe3+ + 2S02" + 16H+ + 15e
E = 0.394 - 0.063 pH + 0.008 log[2S02"] + 0.004 log[Fe3+]

(g) Fe2+ = Fe3+ + e
E = 0.771 + 0.0591 log[Fe3+] - 0.0591 log[Fe2+]

(h) Fe2+ + H20 = Fe(0H)2+ + H+ + e
E = 0.914 = 0.0591 pH + 0.0591 log[FeOH2+] - 0.0591 log[Fe2+]

( i ) Fe2+ + 2H20 = Fe(0H)+ + 2H+ + e
E = 1.191 - 0.1182 pH + 0.0591 log[Fe(0H)+] - 0.0591 log[Fe2+]

(j) Fe2+ + 3H20 = Fe(0H)3 + 3H+ + e
E = 1.056 - 0.177 pH - 0.0591 log[Fe2+]

00 Fe(0H)2 + H20 = Fe(0H)3 + H+ + e 
E = 0.271 - 0.0591 pH

1.



(ra) FeS + 2H20 = FeOOH + S + 3H+ + 3e 
E = 0.290 - 0.0591 pH

(n) Fe(0H)2 + FeOOH + H+ + e
E = -0.071 - 0.0591 pH

(o) Fe2+ + 2H20 = FeOOH + 3H+ + e
E = -0.715 - 0.177 pH - 0.0591 log[Fe2+]

(p) Fe2+ + 2H2S = FeS2 + 4H+ + 2e
E = -0.106 - 0.0591 pH - 0.0295 log[H2S] - 0.0295 log[Fe2+]

(q) FeS + H2S = FeS2 + 2H+ + 2e
E = -0.216 - 0.0591 pH - 0.0295 log[H2S)

(r) FeS + HS" = FeS2 + H+ + 2e
E = -0.423 - 0.0295 pH - 0.0295 log[HS“]

(s) Fe = Fe2+ + 2e
E = -0.440 + 0.0295 log[Fe2+]

(t) Fe + H2S = FeS + 2H+ + 2e
E = -0.364 - 0.0591 pH - 0.0295 log[H2S]

(u) Fe + HS- = FeS + H+ + 2e
E = -0.571 - 0.0295 pH - 0.0295 log[HS“]

(v) H2S = S + 2H+ + 2e
E = 0.141 - 0.059 pH - 0.0295 log[H2S]

(v) HS- = S + H+ + 2e
E = 0.065 - 0.0295 pH - 0.0295 log[HS“]

(x) S + H+ + e = HS

(1) FeS + 3H20 = Fe(0H)3 + S + 3H+ + 3e
E = 0.398 - 0.0591 pH

2.



(y) HS + e = HS"

(z) HS~ + H+ = H2S l0S " ( H ^ -  = ' 7-00 + PH

(ax) 2S2“ _ C 2- 
X a t t i c i  ~ X a t t i c *  +

(bx) Fe 4■ 2HS" = FeS2 4  2H+ 4  4e
E = - 0.497 - 0.0295 pH - 0.0295 log[HS“]

<*i> Fe 4 2 H2S fe FgSj 4  4H+ 4  4e
E = -0.290 -- 0.0591 pH - 0.0295 log[H2S]

(dx) H2 = 2H+ + 2e
E = 0.000 - 0.0591 pH - 0.0295 log pHi

(ea) FeS = Fe2+ + S + 2e
E = -0.078 hh 0.0295 log [Fe2+]

<*x> FeS + 4H20 = Fe2+ 4 SO2” 4 8H+ 4  8e
E = 0.0287 -- 0.0591 pH 4 0.007 log [SO2"] 4 0.007 log[Fe2+]

(gx) FeS 4- 7H20 = Fe(0H)3 + SO2" + 11H+ 4 9e
E = 0.372 - 0.072 pH 4  0.007 log[S02-]

(hx) FeS = Fe3+ 4- S + 3e
E = 0.301 4- 0.020 log [Fe3+]

(ix) FeS 4 4H20 = Fe3+ 4  SO2" 4 8H+ 4 9e
E = 0.114 - 0.053 pH 4 0.007 log [SO2"] 4 0.007 log [Fe3+]

(jx) FeS 4 2H+ = Fe2+ 4  h 2s
log [Fe2+] =: 2.582 - 2 pH - log [H2S]

(kx) FeS2 4 2H+ =  Fe2+ 4  H2S 4  S
log [Fe2+] =: - 9.531 - 2 pH - log [H2S]

dx) FeS =  (l-x)Fe2+ 4 FexS 4 2(l-x)e

3.



(i^) FexS + 2(l-x)H+ + 2(l-x)e = xFeS + (l-x)H2S

(o^ Fe3+ + 3H20 = Fe(OH)3 + 3H+
log [Fe3+J = 4.84 - 3 pH

(px) Fe2+ + 2H20 = Fe(0H)2 + 2H+
log [Fe2+] = 13.29 - 2 pH

(q3) Fe + 2H20 = Fe(0H)2 + 2H+ + 2e 
E = -0.047 - 0.0591 pH

<rx) Fe(CN)g~ = Fe(CN)3- + e
E = 0.46 + 0.0591 log[Fe(CN)3"] - 0.0591 log[Fe(CN)|"]

(sx) FeS2 + 2H20 = FeOOH + 2S + 3H+ + 3e 
E = 0.521 - 0.0591 pH

(t3) FeS2 + 10H20 = FeOOH + 2S02“ + 19H+ + 15e
E = 0.390 - 0.0749 pH + 0.0078 log [SO2']

(u3) Fe3+ + 2H20 - FeOOH + 3H+
log [Fe3+] = -1.85 - 3 pH

(vx) FeOH2+ + 2H20 = Fe(0H)3 + 2H+ 
log[FeOH2+] = 2.41 - 2 pH

(w3) Fe(0H)2+ + H20 = Fe(OH)3 + H+
log [Fe(0H)2+] = -2.28 - pH

(x3) Fe0H2+ + H20 = FeOOH + 2H+
log [FeOH2+] = -3.37 - 2 pH

(y3) Fe(0H)2+ = FeOOH + H+
log [Fe(OH)2+] = -8.06 - pH

(iV FexS = xFeS + (l-x)S (x < 1)

4.



(ab,) FeS + HS“ = FeS2 + H+ + 2e
E = -0.423 - 0.0295 pH - 0.0295 log [HS“]

(ac,) FeS + S2“ + 2e
E = -0.837 - 0.0295 log [S2~]

(ad,) Fe + HS" = FeS + H+ + 2e
E = -0.571 - 0.0295 pH - 0.0295 log ([HS“]

(ae,) Fe + S2_ = FeS + 2e
E = -0.985 - 0.0295 log [S2“]

(af,) Fe = Fe2+ + 2e
E = -0.440 + 0.0295 log[Fe2+]

(z,) FeS + 2H20 = FeOOH + S + 3H+ + 3e
E = 0.290 - 0.591 pH

(ag,) s 2 ~a 2 ( l a t t i c a ) “ ^ ^ ( a d s ) + 2e

(ah,) h2o + ;2h+ ^ ( O ) a d s  + 2H+

(ai,) 2H20 + 2h+ ^  2(0H)ads, + 2H+

(ajx) ( 0 ) . d , + ( 0 ) a d s  ( ® 2 ) ads

(ak,) « » a d s + h2o +  ^ + s o l i d T4 ( ° 2H ) a d s  + H+

(al,) 2(0H)a,ds +  ^ s o l i d (02H)ads + H+

(am,) FeS2 + 2H20 <r> FeS,(H02).d. + 3H+ + 3e

(an,) FeS2 + 3H20 = Fe(0H)3 + 3H+ + 0 .5SV' + 2e

(ao,) FeS2 + 3H20 = Fe(0H)3 + 3H+ + 0.4S2-■ + 2.2e

(ap,) xS2" = s*2- ¥ (2x-2)e when 2 < x: < '

5.



(aq3) Sx2- = xS + 2e (where 2 < x < 5)

(arx) S22" = 2S + 2e

(asi) S2 = Ssolid + 2e

(atj) S + 4H20 = SO2" + 8H+ + 6e
E = 0.357 - 0.0788 pH + 0.0098 log[S02-]

(aUl) (0H)ads + (0)ada ^  (02H)ads

(avx) (02H)ads + esolid ^  02H ads

(awx) xHS" = Sx2" + xH+ + (2x-2)e

(aXj) 2S(ada, + H202 = S2(0H)2

(ayx) xS + H+ + 2e = HSX-

(azx) HSX- + (2x-l)H+ + 2xe = xH2S

(ba3) FeS + 6H20 = FeOOH + S02“ + 11H+ + 9e
E = 0.341 - 0.072 pH + 0.007 log[S02"]

(bbj) S032~ + S = S2032“

(bc^) 4S + 60H" = S2032" + 2S2" + 3H20

(bd^ 12S + 60H“ = S2032" + 2S52" + 3H20

(be^ Fe1_xS = (l-2x)Fe2+ + FeS2 + 2(l-2x)e

2. Pentlandite ((Fe,Ni)aSa), Violarite (FeNi,S,,) and Millerlte (NiS)

(a2) (Fe,Ni)9S8 = 4.5Ni2+ + 4.5Fe2+ + 8S + 18e
E = 0.067 + 0.015 log[Ni2+] + 0.015 log[Fe2+]

6.



<b2)

<c2)

(d2)

<e2)

( f 2)

(g2)

(h2)

( i2>

(j2)

(k2)

( m 2)

(Fe,Ni)9S8 + 32H20 = 4.5Fe2+ + 4.5Ni2+ + 8S02" + 64H+ + 66e
E = 0.278 - 0.0573 pH + 0.004 log[Fe2+] + 0.004 log[Ni2+]

+ 0.072 log[S02“l

(Fe,Ni)9S8 + 32H20 = 4.5Ni2+ + 4.5Fe3+ + 8S02" + 64H+ + 70.5e 
E = 0.310 - 0.054 pH + 0.0038 log[Ni2+] + 0.0038 log[Fe3+]

+ 0.0067 log[SO2-]

(Fe,Ni)9S8 + 13.5H20 = 4.5Ni2+ + 4.5Fe(0H)3 + 8S + 13.5H+ + 22.5e 
E = 0.265 - 0.0355 pH + 0.0118 log[Ni2+]

(Fe,Ni)9Sg + 45.5H20 = 4.5Ni2+ + 4.5Fe(0H)3 + 8S02" + 77.5H+
+ 70.5e

E = 0.0328 - 0.065 pH - 0.0038 log[Ni2+] + 0.0067 log[S02"]

(Fe,Ni)9S8 + 22.5HZ0 = 4.5Ni(0H)2 + 4.5Fe(0H)3 + 8S + 22.5H+ + 22.5e 
E = 0.409 - 0.059 pH

(Fe,Ni)gSg + 54.5H20 = 4.5Ni(0H)2 + 4.5Fe(0H)3 + 8S02" + 86.5H+
+ 70.5e

E = 0.374 - 0.0725 pH + 0.0067 log[S02-]

(Fe,Ni)9Sg + 22.5H20 + 4.5NiOOH + 4.5Fe(OH)3 + 8S + 27H+ + 27e 
E = 0.513 - 0.0591 pH

(F e ,N i)gSg + 54.5H20 = 4.5NiOOH + 4.5Fe(0H)3 + 8S02“ + 91H+ + 75e 
E = 0.413 -  0 .0716 pH + 0.006 log[S02"]

(Fe,Ni)9S8 + 10.5H20 = FeNi2S4 +3.5Fe(0H)3 + 2.5Ni2+ + 4S + 10.5H+
+ 15.5e

E = 0.225 - 0.040 pH + 0.0095 log[Ni2+]

(Fe,Ni)9Sg + 26.5H20 = FeNi2S4 + 3.5Fe(0H)3 + 2.5Ni2+ + 4S02“
+ 42.5H+ + 39.5e

E = 0.305 - 0.064 pH + 0.0037 log[Ni2+] + 0.006 log[S02~]

(Fe,Ni)9S8 = 4.5Ni2+ + 4.5Fe3+ + 8S + 22.5e
E = 0.208 + 0.0118 log[Ni2+] + 0.118 log [Fe3+]

7.



(n2) Ni(OH)2 = NiOOH + H+ + e
E = 1.033 -  0.0591 pH

(o 2) Ni + 2H20 = Ni(0H)2 + 2H+ + 2e 
E = 0 .110  -  0.0591 pH

(p 2) NiOOH + 2H20 = Ni02.2H20 + H+ + e 
E = 1.434 -  0 .0591 pH

(q2) (F e fN i ) 9S8 = 2FeNi2S4 + 2 .5Fe2+ + 0 .5N i2+ + 6e
E = -0 .273  + 0.0246 lo g [F e2+] + 0.0049 lo g [ N i2+J

( r 2) (F e ,N i) gS, = 2FeNi2S4 + 2 .5Fe3+ + 0 .5 N i2+ + 8 .5 e
E = 0.034 + 0.017 log [F e3+] + 0.0035 lo g [N i2+]

( s 2) (F e ,N i)9S8 + 7.5H20 = 2FeNi2S4 + 2.5Fe(0H)3 + 0 .5 N i2+ + 7.5H+
+ 8 .5 e

E = 0.118 -  0.052 pH + 0.0035 lo g [N i2+]

( t 2) ( F e ,N i)9S8 + 13.5H20 = 4.5NiS + 4.5Fe(0H)3 + 3.5S + 13.5H* + 1 3 .5e 
E = 0.334 -  0.0591 pH

(u2) (F e ,N i)gS8 + 27.5H20 = 4.5NiS + 4.5Fe(0H)3 + 3.5S02" + 41.5H+
+ 2 7 .5e

E = 0.436 -  0 .089 pH + 0.0075 log[S02-]

( v 2) (F e ,N i)9S8 + 13.5H20 + 3 .5N i2+ = 8NiS + 4.5Fe(0H)3 + 13.5H+ + 6 .5 e  
E = 0.519 -  0 .123 pH -  0 .032 lo g [N i2+]

( v 2) (F e ,N i)9S8 + 3H20 = 2NiS + 2S + Fe(OH)3 + 3H+ + 3e 

E = 0.649 -  0.0591 pH

(x 2) FeNi2S4 + 11H20 = 2NiS + 2S02~ + Fe(OH)3 + 19H+ + 15e 

E = 0.415 -  0 .0749 pH + 0.0079 log[S02"]

(y 2) NiS = Ni2+ + S + 2e
E = 0.133 + 0.0295 lo g [N i2+]

8.



(a 3) N i2+ + 2H20 = Ni(0H)2 + 2H+
lo g  [Ni2+] = 12.18 -  2 pH

(b3) NiS + 2H20 = Ni(0H)2 + S + 2H+ + 2e 
E = 0.494 -  0.0591 pH

( c 3) NiS + 6H20 = Ni(0H)2 + SO2" + 10H+ = 8e

E = 0.391 -  0 .073 pH + 0.0074 log[S02"]

(d 3) Fe2+ + 2Ni2+ + 4H2S = FeNi2S4 + 8H+ + 2e
E = -0 .341  -  0 .237 pH -  0 .1183 log(H2S] -  0 .0592 lo g [ N i2+]

-  0.0296 log [F e2+]

( e 3) Fe + 2Ni + 4H2S = FeNi2S4 + 8H+ + 8e
E = -0 .271  -  0 .0591 pH -  0.0295 log[H2S]

( f 3) Fe + 2Ni + 4HS" = FeNi2S4 + 4H+ + 8e
E = -0 .478  -  0 .0295 pH -  0.0295 log[HS-]

(g 3) Ni + H2S = NiS + 2H+ + 2e
E = -0 .242  -  0.0591 pH -  0.0295 log[H2S]

(h3) Ni + HS" = NiS + H+ + 2e
E = -0 .449  -  0.0295 pH -  0.0295 log[HS-]

( i 3) (F e ,N i)9S8 + 16H+ = 4 .5 N i2+ + 4 .5Fe2+ + 8H2S + 2e
E = -0 .529  + 0.4733 pH + 0.133 lo g [N i2+] + 0.133 lo g [F e 2+]

+ 0 .236 log[H2S]

( j 3) 4.5Fe + 4.5Ni + 8H2S = (F efN i)9S8 + 16H+ + 16e
E = - 0 . 3 2 2  -  0 .059 pH -  0.0295 log[H2S]

(k 3) 4.5Fe + 4.5Ni + 8HS“ = (F e ,N i)9S8 + 8H+ + 16e
E = -0 .529  -  0 .0295 pH -  0 .0295 log[HS“ ]

(z2) NiS + 4H20 = Ni2+ + S02“ + 8H+ + 8e
E = 0.308 - 0.0591 pH + 0.0074 log[Ni2+] + 0.0074 log[S02"]

9.



(m3) FeNi2S4 + 3H20 = Fe(0H)3 + 2Ni2+ + 4S + 3H+ + 7e 

E = 0.354 -  0.0253 pH + 0.0169 lo g [N i2+]

(n3) FeNi2S4 + 19H20 = Fe(0H)3 + 2Ni2+ + 4S02" + 35H+ + 31e
E = 0.357 -  0 .067 pH + 0.0038 lo g [N i2+J + 0.0076 log [S 02- ]

( o 3) FeNi2S4 + 7H20 = Fe(0H)3 + 2Ni(0H)2 + 4S + 7H+ + 7e 
E = 0.560 -  0.0591 pH

(p3) FeNi2S4 + 23H20 = Fe(0H)3 + 2Ni(0H)2 + 4S02" + 39H+ + 31e 
E = 0.403 -  0.0744 pH + 0.0076 log [S 02“ ]

(q3) FeNi2S4 = Fe3+ + 2Ni2+ + 4S + 7e

E = 0.314 + 0.0084 log [F e3+] 0.017 lo g [N i2+]

( r 3) FeNi2S4 + 16H20 = Fe3+ + 2Ni2+ + 4S02“ + 32H+ + 31e
E = 0.347 -  0.061 pH + 0.0019 lo g [F e3+] + 0.0038 lo g [N i2+]

+ 0.0076 log[S02"I

3. Chalcopyrite (CuFeS, ) ,  Bornite (Cu F̂eS )̂ > C halcocite (Cu, S) and 
C o v e l l i t e  (CuS)

( a 4) CuFeS2 = CuS + Fe2+ + S + 2e
E = 0.232 + 0.0295 log [F e2+]

(b4) CuFeS2 = CuS + Fe3+ + S + 3e
E = 0.412 + 0.0197 log [F e3+]

( c 4) CuFeS2 = Cu2+ + Fe2+ + 2S + 4e
E = 0.411 + 0.0148 log[Cu2+J

(d4) CuFeS2 = Cu2+ + Fe3+ + 2S + 5e
E = 0.483 + 0.0118 log[Cu2+] + 0 .0118 log [F e3+]

(13) NiS + 2H+ = H2S + Ni2+
log[Ni2+] = 0.2712 - 2 pH - log[H2S]

10.



( e 4) CuFeS2 
E

( f 4) CuFeS2 
E

(g 4) CuFeS2 
E

(h4) CuFeS2 
E

( i 4) CuFe0 2I 
E

( j 4) CuFe0 2: 
E

(k4) 0 .5 Cu2S
E

(1 4) CuFeS2 
E

(m4) CuFeS2 
E

(n4) CuFeS2 
E

(o 4) CuFeS2 
E

(p4) CuFeS2 
E

+ 8H20 = Cu2+ + Fe2+ + 2S02" + 16H+ + 16e 
= 0.371 -  0.0591 pH + 0.004 log[Cu2+] + 0.004 lo g [F e 2+]

+ 0.0074 log[SO2"]

+ 8H20 = Cu2+ + Fe3+ + 2S02" + 16H+ + 17e 

= 0.394 -  0 .0556 pH + 0.0035 log[Cu2+] + 0.0035 lo g [F e 3+] +
0.007 log[SO2"]

= CuFe0 2S0 8 + 0 .8Fe2+ + 1.2S + 1 .6e  
= 0.260 + 0.0295 log[F e2+]

= CuFe0 2S0>8 + 0 .8F e3+ + 1.2S + 2 .4e  
-  0 .403 + 0.0197 log [F e3+]

Soe  = 0.5Cu2S + 0 .2Fe2+ + 0.3S + 0 .4 e  
= 0.273 + 0.0295 log [F e2+]

S0 8 = 0.5Cu2S + 0 .2Fe3+ + 0.3S + 0 .6e  

= 0.439 + 0.020 log[F e3+]

= 0.5CuS + 0.5Cu2+ + e 
= 0.530 + 0.0295 log[Cu2+]

+ 3H20 = Cu2+ + Fe(0H)3 + 2S + 3H+ + 5e 
= 0 .540 -  0 .0355 pH + 0.0118 log[Cu2+]

+ 11H20 = Cu2+ + Fe(0H)3 + 2S02" + 19H+ + 17e 

= 0.411 -  0.0661 pH + 0.007 lo g  [SO2"] + 0.003 log[Cu2+]

= Fe2+ + 0 .5  Cu2+ + 0.5CuS + 1.5S + 3e 

= 0.437 + 0 .01 log[Cu2+] + 0 .02 log [F e2+]

= Fe3+ + 0.5CuS + 0.5Cu2+ 1.5S + 4e 
= 0.456 + 0.0074 log[Cu2+] + 0.0148 lo g [F e3+]

+ 3H20 = CuS + Fe(0H)3 + S + 3H+ + 3e 
= 0.507 -  0 .059 pH

11.



( s 4) CuFeS2 + 2.4H20 = CuFe0>2S0>8 + 0.8Fe(0H)3 + 1.2S + 2.4H+ + 2 .4 e  
E = 0.525 -  0.0591 pH

( t 4) CuFeS2 + 7 . 2H20 = CuFe0 2 S0 8  + 0.8Fe(0H)3 + 1.2S0$" + 12H+ + 9 .6 e  
E = 0.399 -  0.0739 pH + 0.0074 log[S02“J

(u4) CuFe0-2S0 8 + 0.6H20 = 0.5Cu2S + 0 .2Fe(0H )3 + 0.6H+ + 0 .3S + 0 .6 e  
E = 0.534 -  0.0591 pH

(v 4) CuFe0>2S0>8 + 1.8H20 = 0.5Cu2S + 0.2Fe(0H)3 + 0 .3S02" + 3H+ + 2 .4 e
E = 0.401 -  0.0739 pH + 0.0074 log [S 02-]

(w4) Cu2S + 2H20 = CuS + Cu( 0H)2 + 2H+ + 2e 
E = 0.802 -  0 .0591 pH

(x 4) CuS + 2H20 = Cu(0H)2 + 2H+ + S + 2e 
E = 0.863 -  0.0591 pH

( y 4) CuS + 6H20 = Cu( 0H)2 + SO2" + 10H+ + 8e
E = 0.484 -  0.0739 pH + 0.0074 lo g  [S02” J

( z 4) Cu2+ + 2H20 = Cu(0H)2 + 2H+ 
log[Cu2+] = 9 . 2 - 2  pH

(a 5) CuFeS2 + 5H20 = Cu(0H)2 + Fe(0H)3 + 2S + 5H+ + 5e 

E = 0.649 -  0.0591 pH

(b5) CuFeS2 + 13H20 = Cu(0H)2 + Fe(0H)3 + 2S02" + 21H+ + 17e 
E = 0.443 -  0.073 pH + 0.007 log[S02"]

( c 5) Cu20 + 3H20 = 2Cu( 0H)2 + 2H+ + 2e 

E = 0.748 -  0.0591 pH

(r4) CuS = Cu2+ + S + 2e
E = 0.590 + 0.0295 log[Cu2+]

12.



( e 5) 2CuS + H+ + 2e = Cu2S + HS"
E = -0 .110  -  0.0295 pH -  0.0295 log[HS~]

( f 5) 2Cu + H20 = Cu20 + 2H+ + 2e 
E = 0.472 -  0.059 pH

(g 5) CuFeS2 + 2.4H+ + 0 .8 e  = CuFe0 2S0>8 + 0 .8Fe2+ + 1.2H2S
E = -0 .2 9  -  0.177 pH -  0.0591 lo g [F e2+J -  0.088 log[H2S]

(h5) 2CuFeS2 + 6H+ + 2e = Cu2S + 2Fe2+ + 3H2S
E = -0 .2 2  -  0 .177 pH -  0 .0591 lo g lF e 2+] -  0 .089 log[H2S]

( i 5) CuFeS2 + 4H+ + 2e = Cu + Fe2+ + 2H2S
E = -0 .260  -  0 .118 pH -  0 .0591 log[H2S] -  0 .0295 lo g [F e2+]

( j 5) CuFeS2 + 2H+ = CuS + Fe2+ + H2S
log [F e2+] = 3 .05 + log[H2S] + 2 pH

(k5) CuFeS2 + 4H+ + 4e = Cu + Fe + 2H2S
E = -0 .321  -  0.0591 pH -  0 .0295 log[H2S]

(15) CuFeS2 = ( l-x )C u 2+ + ( l - y ) F e 2+ + CuxFeyS2 + 4 ( 2 -x - y )e

(ra5) CuxFeyS2 = (x+y)CuFeS2 + (2 -x -y )S  (x < 1, y < 1)

(n5) 2CuFeS2 + 7H20 = Cu20 + 2Fe(0H)3 + 4S + 8H+ + 8e 

E = 0.626 -  0.0591 pH

(o 5) 2CuFeS2 + 23H20 = Cu20 + 2Fe(0H)3 + 4S02" + 40H+ + 32e 

E = 0.425 -  0.0739 pH + 0.0074 log[S02~]

(p5) CuFeS2 + (4-2z)H+ + (2x+2y+2z)e = CuxFeySz + ( l -x )C u 2+
+ ( l - y ) F e 2+ + (2-z)H2S

(d5) 2CuS + 2H+ + 2e = Cu2S + H2S
E = 0.082 - 0.0591 pH - 0.0295 log[H2S]

13.



( r 5) Cu = Cu+ + e
E = 0.520 + 0.0591 log[Cu2+]

( s 5) Cu = Cu2+ + 2e
E = 0.337 + 0.0295 log[Cu2+]

( t 5) Cu + H2S = Cu2S + 2H+ + 2e
E = -0 .305  -  0 .0591 pH -  0.0295 log[H2S]

(u5) Cu2+ + 2C1“ + e = CuCl2“
E = 0.409 + 0.118 log (C l- ] + 0.0591 log[Cu2+]

-  0 .0591 log[CuCl2 - ]

(v 5) CuCl2“ + e = Cu + 2C1-
E = -0 .036  -  0 .118 log (C l- ] + 0.0591 log[CuCl2- ]

(w5) 5Cu2S = 5Cux 8S + Cu2+ + 2e

(x 5) 3Cux 8S = 4Cux XS + Cu2+ + 2e

( y 5) 10Cux XS = lOCuS + Cu2+ + 2e

( z 5) Cu+Fe3+(S2~ )2 = Cu+(1_x)Cu+xFe3+, X_x, ( S2-) 2 + xFe2+(aq)

(z a 5) Cu+Fe3+(S2-) 2 + 3xH+ + xe = Cu+Fe3+(1_x)H+3x(S2- ) 2 + xFe2+(aq)

(zb5) Cu20 = 3H20 = 2HCu0 2" + 4H+ + 2e
E = 1.783 -  0 .118 pH + 0.0591 log[HCu02- ]

( z c 5) Cu2S + H20 = Cu20 + S + 2H+ + 2e 
E = 0.917 -  0.0591 pH

(q5) Cu+ = Cu2+ + e
E = 0.153 + 0.0591 log[Cu2+] - 0.0591 log[Cu+]

(zd5) Cu( 0H)2 = HCuOj" + H+
lo g  [HCu02- ] = -17 .52  + pH

14.



( z e 5) Cu + 2H20 = Cu(OH)2 + 2H+ + 2e 
E = 0 .609 -  0 .591 pH

( z f 5) CuFeS2 + 3H20 = CuS2 + Fe(0H)3 + CuS2 + 3H+ + 3e

(z g 5) CuFeS2 + 3H20 = 0.5Cu2S + 1.5S + Fe(0H)3 + 3H+ + 3e 
E = 0.527 -  0.0591 pH

(zh5) CuS2 + 2H20 = Cu( 0H)2 + 2S + 2H+ + 2e

( z l 5) CuFeS2 + 3Cu2+ + 4e = 2Cu2S + Fe2+
E = 0.709 + 0 .044 log[Cu2+] + 0 .015 lo g [F e2+]

(4) Platinum (Pt)

( a 6) PtSx + 2xH+ + 2xe = Pt(H2S )x

(b6) PtS2 + 2H20 = Pt02 + 2S + 4H+ + 4e

( c 6) PtS2 + 8H20 = Pt02 + 2S02" + 16H+ + 16e

(d6) Pt(H2S)x = PtSx + 2xH+ + 2xe

( e 6) Pt + H2S = PtS + 2H+ + 2e
E = - 0 .3  -  0.0591 pH -  0.0295 log[H2S]

( f 6) PtS + H2S = PtS2 + 2H+ + 2e
E = -0 .0 1  -  0.0591 pH -  0.0295 log[H2S]

(g6) Pt + H20 = PtO + 2H+ + 2e 
E = 0 .980 -  0.0591 pH

(h6) PtO + H20 = Pt02 + 2H+ + 2e 

E = 1.045 -  0.0591 pH

15.
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( i 6) PtS2 + H20 = PtO + 2S + 2H+ + 2e

( j 6) Pt -  (S203) ads + 5H20 = 2S024-  + 10H+ + Pt + 8e

(k6) 2H20 = 02 + 4H+ + 4e
E = 1.229 -  0.0591 pH -  0.0148 lo g  pQ

1

16.


