
1

The A d s o r p t i o n  o f  Gold on Carbons

A t h e s i s  s u b m i t t e d  f o r  t h e  d e g r e e  o f  D oc to r  o f  P h i lo so p h y  
o f  t h e  U n i v e r s i t y  o f  London and Diploma of  I m p e r i a l

C o l l e g e .

Raymond Cook B . S c . ( E n g . ) ,  ARSM

D epar tm en t  o f  M e t a l l u r g y  and M a t e r i a l s  S c i e n c e ,  Royal 
Schoo l  o f  Mines, I m p e r i a l  C o l l e g e ,  U n i v e r s i t y  of  London.

1986



2

A b s t r a c t

An i n v e s t i g a t i o n  h as  been  c a r r i e d  o u t  i n t o  th e  
n a t u r e  o f  g o l d  a d s o r p t i o n  from c y a n id e  s o l u t i o n s  by 
a c t i v a t e d  c a r b o n s  and ca rb o n  b l a c k s .

The maximum g o l d  l o a d i n g  c a p a c i t y  o f  t h e  c a r b o n s  a s
d e t e r m in e d  by t h e  Langmuir a d s o r p t i o n  model was shown to
be d e p e n d e n t  on t h e  BET s u r f a c e  a r e a  o f  t h e  a d s o r b e n t ,

- 2w i t h  a g o ld  c o n c e n t r a t i o n  o f  0 .0847  mg.m on a d s o r p t i o n
by ca rb o n  b l a c k s  from c a r b o n a t e  b u f f e r e d  s o l u t i o n .
Reduced g o ld  a d s o r p t i o n  was shown t o  o c c u r  i n  u n b u f f e r e d
s o l u t i o n s  and u s i n g  a c i d  washed c a r b o n s .  The s u r f a c e  a r e a
c o r r e l a t i o n  was s t i l l  o b t a i n e d  however,  w i t h  a g o ld

- 2c o n c e n t r a t i o n  o f  0 .0 3 9 8  mg.m on t h e  c a rb o n  b l a c k s .

A d d i t i o n  o f  ' s p e c t a t o r '  c a t i o n s  t o  a d s o r p t i o n
sy s tem s  was shown t o  i n c r e a s e  g o ld  l o a d i n g  in  th e  o r d e r  

+ 2+ 2+ +H > Ca >Mg > Na . These c a t i o n s  a l s o  lo w ered  th e
m ola r  g o l d : c a t i o n  a d s o r p t i o n  r a t i o s ,  from v a l u e s  a s  h igh  
a s  1 7 .2 5 :1  f o r  a c t i v a t e d  c a r b o n s  from p u r e  KAu(CN)2

s o l u t i o n  to  1 :1  from HAu(CN) 2  s o l u t i o n .  D eo x y gen a t io n  of  
s o l u t i o n s  was a l s o  shown t o  re d u c e  t h e  g o l d : c a t i o n  
a d s o r p t i o n  r a t i o  t o  1 : 1 , b u t  a l s o  r edu ced  g o ld  l o a d i n g .  
The l o a d i n g  was r e s t o r e d  i f  oxygen was added a f t e r w a r d s ,  
b u t  c a t i o n  d e s o r p t i o n  a l s o  o c c u r r e d .

XPS a n a l y s i s  of  lo ad e d  c a rb o n s  showed t h e  a d s o rb e d  
g o ld  t o  be in  t h e  +1 o x i d a t i o n  s t a t e .  N i t r o g e n  was shown
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t o  be a d s o r b e d  in  two s t a t e s ,  a c y a n id e  s p e c i e s  a d s o rb e d  
e v e n l y  o v e r  t h e  t o t a l  s u r f a c e  and a d e c o m p o s i t i o n  p r o d u c t  
o f  c y a n id e  o n ly  a d s o r b e d  on t h e  e x t e r n a l  s u r f a c e .  From 
n i t r o g e n  c o n t e n t s  d e t e r m i n e d  by XPS and m i c r o a n a l y s i s  i t  
was shown t h a t  t h e  g o l d  was p r o b a b ly  a d s o r b e d  a s  a 
m i x t u r e  o f  KAufCN^ and AuCN from p u r e  KAuCCN^ s o l u t i o n .
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c o e f f i c i e n t s  be tw een  p r o p e r t i e s  o f  
a c i d  washed c a r b o n s  and Langmuir
maximum l o a d i n g  c o n s t a n t s  in
c a r b o n a t e  b u f f e r e d  s o l u t i o n .
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u n b u f f e r e d  s o l u t i o n s .
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c o e f f i c i e n t s  be tw een  p r o p e r t i e s  of  
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a c i d  washed c a r b o n s  from u n b u f f e r e d  
s o l u t i o n s .

Gold : p o t a s s iu m  a d s o r p t i o n  r a t i o s  o f  
a c i d  washed c a r b o n s  from u n b u f f e r e d ,  
d e o x y g e n a te d  s o l u t i o n s .

E f f e c t  o f  n i t r o g e n  and oxygen 
a t m o s p h e r e s  on a d s o r p t i o n  o f  g o ld  and 
p o t a s s i u m  by a c i d  washed c a r b o n s  from 
u n b u f f e r e d  s o l u t i o n .

A d s o r p t i o n / d e c o m p o s i t i o n  o f  c y a n id e  
by a c t i v a t e d  c a rb o n s  in  d eo x y g en a te d  
and o x y g e n a te d  s o l u t i o n s .

Gold : c a t i o n  a d s o r p t i o n  r a t i o s  f o r
R2020 a c t i v a t e d  ca rb o n  in  KAuCCN)^ 
s o l u t i o n  w i t h  e x c e s s  c a t i o n s  added a s  
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i Gold : C a t io n  a d s o r p t i o n  r a t i o s  f o r
R2020 a c t i v a t e d  ca rb o n  in
d e o x y g e n a te d  and o x y g e n a te d  KAutCN^ 
s o l u t i o n  w i t h  e x c e s s  c a t i o n s  added a s
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1 Gold and A d s o rb e n t  Carbons

1 .1  Gold

Gold h as  o c c u p ie d  a u n iqu e  p o s i t i o n  i n  h i s t o r y  due 
t o  i t s  r e m a r k a b l e  p h y s i c a l  and c h e m ic a l  p r o p e r t i e s .  Gold 
i s  one o f  o n ly  two p u r e  m e t a l s  e x h i b i t i n g  c o l o u r s  o t h e r  
t h a n  g r e y / w h i t e .  I t  i s  one o f  o n ly  f o u r  m e t a l s  commonly 
found in  t h e  e l e m e n t a l  s t a t e  in  n a t u r e .  A h ig h  d e n s i t y  of

-319 .3 2  g.cm means t h a t  g r a v i t y  c o n c e n t r a t i o n  o p e r a t i o n s  
can  l e a d  t o  s im p le  methods o f  r e c o v e r y  from n a t u r a l  
s t r e a m s  a f t e r  w e a t h e r i n g  o f  d e p o s i t s .  Gold i s  n o t  
c o r r o d e d  by any n a t u r a l l y  o c c u r r i n g  c h e m i c a l s  in  t h e  
a tm o s p h e re  o r  i n  w a t e r ,  and can  t h u s  r e t a i n  i t s  b r i l l i a n t  
y e l lo w  gleam i n d e f i n i t e l y .  I t s  m a l l e a b i l i t y  and d u c t i l i t y  
a l l o w  i t  t o  be b e a t e n  i n t o  v e ry  t h i n  s h e e t s  o r  f i n e  w i r e .

The c o m b i n a t i o n  o f  c o l o u r  and n o b i l i t y  has  l e d  to  
g o l d s  m ajo r  u se  in  o r n a m e n t a t i o n  t h r o u g h o u t  t h e  a g e s .  I t s  
s c a r c i t y  and u n i q u e n e s s  l e d  t o  t h e  d e v e lo p m e n t  of  
c u r r e n c y  by b a r t e r i n g  g o ld  f o r  goods o r  s e r v i c e s .  In 
modern t i m e s  g o l d  h as  found many more u s e s  i n  t h e  f i e l d s  
o f  m e d ic in e ,  d e n t i s t r y  and e l e c t r o n i c s .

The q u e s t  f o r  g o ld  has  l e d  t o  t h e  r i s e  and f a l l  o f  
many g r e a t  e m p i r e s .  I t  i s  b e c a u s e  o f  t h e  w e a l t h  t o  be 
o b t a i n e d  from m in ing  g o ld  t h a t  min ing  methods have had to  
be d e v e lo p e d  i n  o r d e r  t o  r e c o v e r  t h e  more i n a c c e s s i b l e  
o r e s .  A t t e m p t s  t o  m a n u f a c tu r e  g o l d  from o t h e r  s u b s t a n c e s
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e v e n t u a l l y  l e d  t o  t h e  d e v e lo p m e n t  o f  t h e  a r t  and t h e n  
s c i e n c e  o f  c h e m i s t r y .  U l t i m a t e l y  i t  i s  p l a i n  t o  s e e  t h a t  
t h e  l u s t  f o r  g o ld  h as  b ee n  i n s t r u m e n t a l  i n  d e v e l o p i n g  o u r  
modern day c i v i l i z a t i o n .

1 . 1 . 1  H i s t o r y  o f  Gold E x t r a c t i o n

As one o f  t h e  f o u r  n a t u r a l l y  o c c u r r i n g  p u r e  m e t a l s  
found i n  any s i g n i f i c a n t  q u a n t i t y  ( c o p p e r ,  m e t e o r i c  i r o n  
and s i l v e r  b e in g  t h e  o t h e r s ) ,  i t  was n a t u r a l l y  among t h e  
f i r s t  m e t a l s  used by man. Almost a lw ays  found a l l o y e d  
w i t h  s i l v e r ,  i t  was used  e x t e n s i v e l y  f o r  o r n a m e n t a t i o n  
and c u r r e n c y  [ 1 ] .

The n o b i l i t y  o f  m e t a l l i c  g o ld  l e d  t o  p h y s i c a l  methods 
o f  c o n c e n t r a t i o n / e x t r a c t i o n  such  a s  w innow ing ,  s i f t i n g  
and p an n in g  which r e l y  on t h e  h ig h  d e n s i t y  o f  m e t a l l i c  
g o l d .  R i f f l i n g  was a l s o  u s e d ,  o f t e n  c o a t i n g  t h e  b a s e  o f  
t h e  r i f f l e  w i t h  f a t  o r  a n im a l  s k i n s  t o  a i d  i n  t h e  
r e t e n t i o n  o f  t h e  n u g g e t s .  T h e re  i s  a p o s s i b i l i t y  t h a t  t h e  
u se  o f  sh eep  s k i n s  in  t h i s  k in d  o f  o p e r a t i o n  l e d  t o  t h e  
l e g e n d  of t h e  Golden F l e e c e  [ 2 ] .  Gold o r e  mined from 
q u a r t z  v e i n s  c o u l d  a l s o  t r e a t e d  in  t h i s  way a f t e r  
c r u s h i n g .

E a r ly  methods o f  s e p a r a t i n g  g o ld  from b a s e  m e t a l s  
i n c l u d e d  c u p e l l a t i o n  and a m a lg am a t io n ,  rem ova l  o f  s i l v e r  
by t h e  s a l t  and s u l p h u r  p r o c e s s e s  o r  much l a t e r  w i t h  
n i t r i c  o r  b o i l i n g  s u l p h u r i c  a c i d ,  c h l o r i n a t i o n ,  o r
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e l e c t r o l y t i c  p r o c e s s e s  [ 1 , 3 ] .  Amalgamation was a l s o  used  
a s  a method o f  e x t r a c t i n g  g o ld  from o r e s  [ 4 ] .  The o r e  o r  
c o n c e n t r a t e  was g round w i t h  mercury  t o  d i s s o l v e  t h e  g o l d  
and s i l v e r  and form t h e  amalgam. D i s t i l l a t i o n  o f  t h e  
amalgam a l l o w e d  t h e  m ercury  t o  be r e c o v e r e d  f o r  r e - u s e ,  
l e a v i n g  g o l d  and s i l v e r  b u l l i o n .

An a l t e r n a t i v e  method was t h e  f o r m a t i o n  of  s o l u b l e  
A ur ic  C h l o r i d e  (AuCl^) by t h e  a c t i o n  o f  c h l o r i n e  g a s ,  i n  
t h e  p r e s e n c e  o f  m o i s t u r e ,  on t h e  o r e  [ 5 ] .  T h i s  p r o c e s s  
was s u p e r s e d e d  by t h e  d i s s o l u t i o n  o f  g o l d  in  c y a n id e  
s o l u t i o n ,  w i t h  r e c o v e r y  by p r e c i p i t a t i o n  u s i n g  z i n c .

The c y a n i d e  p r o c e s s  h as  re m a in ed  t h e  m a jo r  g o l d  
e x t r a c t i o n  r o u t e  t o  t h e  p r e s e n t  d ay ,  t h o u g h  e n v i r o n m e n t a l  
p r e s s u r e s  may s e e  a change in  t h e  f u t u r e  t o  sy s tem s  u s in g  
a c i d  c h l o r i n e ,  a c i d  t h i o u r e a  o r  ammoniacal  t h i o s u l p h a t e  
l e a c h i n g  p r o c e s s e s  [ 6 ] .

1 .2  C h e m is t r y  o f  Gold

Gold i s  t h e  most  n o b le  o f  t h e  m e t a l s ,  b e in g  th e  o n ly  
one n o t  a t t a c k e d  by e i t h e r  oxygen o r  s u l p h u r  a t  any 
t e m p e r a t u r e ,  and n o t  e a s i l y  a f f e c t e d  by w a t e r  o r  most  
a c i d s  [ 7 ] .  Gold does  r e a c t  w i t h  t e l l u r i u m  a t  h ig h  
t e m p e r a t u r e s ,  and w i t h  a l l  t h e  h a l o g e n s .  In aqueous  
s o l u t i o n s  t h e  p r e s e n c e  o f  an  o x i d i z i n g  a g e n t  and a good 
l i g a n d  f o r  g o l d  i s  needed  f o r  d i s s o l u t i o n .  Thus g o l d  
d i s s o l v e s  i n  aqua r e g i a  t o  g iv e  HAu(Cl)4 , and in  c y a n id e
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s o l u t i o n s w i t h  oxygen o r hydrogen  p e r o x i d e t o  g i v e
Au(CN)2 * Gold h a s t h e e l e c t r o n i c c o n f i g u r a t i o n
(Xe) 4 f 14 5d*^ 6s ^ ,  and has been  shown t o form com plexes
w i t h  s i n g l e  g o l d  a tom s in  t h e  I ,  I I ,  I I I ,  and  V o x i d a t i o n  
s t a t e s .  Of t h e s e  t h e  I and I I I  s t a t e s  a r e  t h e  more 
i m p o r t a n t .  The A u ( I )  com plexes  g e n e r a l l y  form l i n e a r  
s t r u c t u r e s ,  w h e r e a s  t h e  A u ( I I I )  com plexes  a r e  u s u a l l y  
p l a n a r .  The A u ( I I I )  com plexes  a r e  g e n e r a l l y  more s t a b l e  
t h a n  Au(I)  i n  a q u e o u s  s o l u t i o n ,  w i t h  t h e  e x c e p t i o n  o f  t h e  
v e r y  s t a b l e  c y a n i d e  s p e c i e s .

1 .3  A c t i v a t e d  Carbon

S in c e  t h e i r  f i r s t  p r a c t i c a l  use a s  a d e c o l o u r a n t  in  
t h e  F rench  s u g a r - b e e t  i n d u s t r y  , a c t i v a t e d  c a r b o n s  have 
been  used  e x t e n s i v e l y  f o r  t h e i r  p r o p e r t i e s  i n  s e l e c t i v e l y  
a d s o r b i n g  low c o n c e n t r a t i o n s  o f  i m p u r i t i e s  from g a s e s  and 
l i q u i d s  [ 8 ] .  They have been  p roduced  from a wide v a r i e t y  
o f  c a r b o n a c e o u s  m a t e r i a l s ,  f o r  example c o a l ,  p e a t ,  o l i v e  
s t o n e s ,  c o c o n u t  s h e l l s  and bone ,  which a l o n g  w i t h  t h e  
method and c o n d i t i o n s  o f  a c t i v a t i o n  d e t e r m i n e s  t h e  
p h y s i c a l  and c h e m ic a l  s t r u c t u r e  and p r o p e r t i e s  o f  t h e  
a c t i v a t e d  c a r b o n  p ro d u c e d  [ 9 ] .

1 . 3 . 1  M a n u f a c tu r e  o f  A c t i v a t e d  Carbon

A c t i v a t e d  c a r b o n s  a r e  m a n u fa c tu re d  by a two s t a g e  
p r o c e s s  o f  c a r b o n i z a t i o n  and a c t i v a t i o n .
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1 . 3 . 1 . 1  C a r b o n i z a t i o n

C a r b o n i z a t i o n  c o n s i s t s  o f  h e a t i n g  t h e  o r i g i n a l  
c a r b o n a c e o u s  m a t e r i a l  i n  t h e  a b s e n c e  o f  a i r  up t o  
400-600°C .  C o n s i d e r i n g  t h e  c a r b o n i z a t i o n  o f  wood [ 1 0 ] ,  
d r y i n g  o c c u r s  up to  a p p r o x i m a t e l y  170°C, th e n  t h e  
e v o l u t i o n  o f  c a rb o n  monoxide, c a r b o n  d i o x i d e  and a c e t i c  
a c i d .  At a r o u n d  270-280°C t h e  wood s t a r t s  t o  decompose 
e x o t h e r m a l l y  w i t h  th e  p r o d u c t i o n  of  t a r ,  m e th a n o l ,  e t c .  
The c a r b o n  c o n t e n t  o f  t h i s  c a r b o n i z e d  p r o d u c t  i s  
t y p i c a l l y  a b o u t  80 %, d ep e n d in g  on t h e  f i n a l  t e m p e r a t u r e  
and o r i g i n a l  m a t e r i a l .  S t r u c t u r a l l y  t h i s  p r o d u c t  i s  
composed o f  a random a r r a n g e m e n t  o f  g r a p h i t i c  
c r y s t a l l i t e s ,  s e p a r a t e d  by amorphous ca rb o n  p ro d u c ed  by 
t h e  d e c o m p o s i t i o n  o f  t a r .  At t h e  lo w e r  c a r b o n i z a t i o n  
t e m p e r a t u r e s  t a r  may a l s o  be l e f t  i n  t h e  p o r e s  w i t h o u t  
d e c o m p o s i t i o n .  The p r e s e n c e  o f  amorphous c a rb o n  and o t h e r  
p r o d u c t s  o f  c a r b o n i z a t i o n  b l o c k i n g  t h e  p o r e s  r e s u l t s  i n  a 
c a r b o n i z e d  m a t e r i a l  w i t h  a low s u r f a c e  a r e a  and l i m i t e d  
a c t i v i  t y .

1 . 3 . 1 . 2  A c t i v a t i o n

P a r t i a l  a c t i v a t i o n  can  be a c h i e v e d  by removal  o f  t h e  
t a r  by h e a t i n g  in  an i n e r t  g a s .  To p ro d u c e  a h ig h  s u r f a c e  
a r e a  a d s o r b e n t  w i t h  a l a r g e  a d s o r p t i o n  c a p a c i t y  t h e  
c a r b o n i z e d  p r o d u c t  must a l s o  be o x i d i z e d .  A c t i v a t i o n  i s  
t h u s  a c h i e v e d  by h e a t i n g  t h e  c a r b o n i z e d  m a t e r i a l  i n  an
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o x i d i z i n g  a t m o s p h e r e ,  u s u a l l y  s t e a m ,  a i r  o r  c a rb o n  
d i o x i d e ,  r e s u l t i n g  i n i t i a l l y  i n  t h e  o x i d a t i o n  o f  th e  
amorphous c a r b o n .  T h i s  opens  up t h e  c r y s t a l l i t e s  which 
b u rn  p r e f e r e n t i a l l y  i n  a d i r e c t i o n  p a r a l l e l  t o  t h e  b a s a l  
p l a n e  [ 1 1 ] .  T h i s  r e s u l t s  i n  a m i c r o p o r o u s  a c t i v a t e d  
c a r b o n .  I f  o x i d a t i o n  i s  c o n t i n u e d  t h e  number of  
c r y s t a l l i t e s  o r i e n t a t e d  f o r  p r e f e r e n t i a l  o x i d a t i o n  
d e c r e a s e s ,  f u r t h e r  b u r n in g  b e in g  o f  t h e  p o r e  w a l l s  
r e s u l t i n g  i n  t h e  f o r m a t i o n  o f  a more m acroporous  
a c t i v a t e d  c a r b o n .

A d i f f e r e n t  way o f  p r o d u c in g  a c t i v a t e d  c a r b o n  i s  by 
a d d i t i o n  o f  c h e m ic a l  a g e n t s  t o  t h e  s t a r t i n g  m a t e r i a l  
b e f o r e  c a r b o n i z a t i o n  [ 1 0 ] .  These a g e n t s ,  su c h  a s  z i n c  
c h l o r i d e ,  m in im ise  t h e  p r o d u c t i o n  o f  t a r  and t h u s  th e  
f o r m a t i o n  o f  a r e a s  o f  amorphous c a r b o n .  A f t e r  
c a r b o n i z a t i o n  t h e  p r o d u c t  i s  c o o le d  and t h e  a g e n t  
r e c o v e r e d  f o r  r e - u s e  by a c i d  washing  [ 8 ] .  The p o r o s i t y  o f  
t h e  a c t i v a t e d  c a r b o n  p rod uced  in  t h i s  way i s  d e p e n d e n t  on 
t h e  amount o f  a c t i v a t i n g  a g e n t  added .  I f  r e l a t i v e l y  sm a l l  
amounts  a r e  added  a m ic ro p o ro u s  s t r u c t u r e  i s  p ro d u c e d ,  
c o r r e s p o n d i n g l y  l a r g e r  p o r e s  b e in g  formed w i t h  l a r g e r  
a d d i t i o n s .

1 . 3 . 2  P h y s i c a l  S t r u c t u r e  o f  A c t i v a t e d  Carbon

The s k e l e t a l  s t r u c t u r e  o f  a c t i v a t e d  c a r b o n  i s  
e s s e n t i a l l y  a h i g h l y  d i s o r d e r e d  form o f  g r a p h i t e .
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G r a p h i t e  ( f i g u r e  1 . 1 ) ,  w i t h  a d e n s i t y  o f
_ 32 .2 6  g.cm , has  a l a y e r  s t r u c t u r e  o f  t h e  ABAB t y p e ,  t h e  

l a y e r  s p a c i n g  b e in g  0 .3 3 5  nm. The l a y e r  p l a n e s  a r e  h e l d  
t o g e t h e r  by weak Van d e r  Waals f o r c e s .  Each l a y e r  
c o n s i s t s  o f  c a rb o n  bonded in  a p l a n a r  h ex a g o n a l  l a t t i c e ,  
w i t h  a c a r b o n - c a r b o n  bond l e n g t h  o f  0 .124  nm [ 1 2 , 1 3 ] .

A c t i v a t e d  ca rb o n  ( f i g u r e  1 . 2 ) ,  w i t h  an a p p a r e n t
-3d e n s i t y  o f  be tw een  0 .5  and 1 .0  g.cm [ 1 4 ] ,  c o n s i s t s  o f  

many s m a l l  c r y s t a l l i t e s  o r  p l a t e l e t s  [ 1 5 ] ,  o f  an  
e s s e n t i a l l y  g r a p h i t i c  s t r u c t u r e .  The c r y s t a l l i t e s ,  from
2 - 1 0  nm wide  and a ro u n d  1 nm t h i c k ,  a r e  more o r d e r e d  in  
g r a p h i t i z i n g  t h a n  n o n - g r a p h i t i z i n g  a c t i v a t e d  c a r b o n s  
( f i g u r e  1 . 3 ) .  Each c r y s t a l l i t e  t h u s  has  a number o f
p a r a l l e l  g r a p h i t e  l a y e r s .  I t  h as  been  shown t h a t  t h e  
number o f  t h e s e  l a y e r s ,  and t h u s  t h e  t h i c k n e s s  o f  t h e  
c r y s t a l l i t e ,  i s  a f u n c t i o n  o f  t h e  c r y s t a l l i t e  w i d t h  [ 1 6 ] .  
The p l a n a r  c a r b o n - c a r b o n  bond l e n g t h  i s  t h e  same a s  in  
g r a p h i t e  [ 1 7 ] ,  b u t  t h e  l a y e r  s p a c in g  i s  l a r g e r ,  up t o
0 .344  nm f o r  a c o m p l e t e l y  d i s o r d e r e d  a c t i v a t e d
c a rb o n  [ 1 2 ,1 8 ]
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F i g u r e  1 .1  S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  c r y s t a l l i n e  
s t r u c t u r e  o f  g r a p h i t e .

F i g u r e  1 .2  S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  p ro p o sed  
t u r b o s t r a t i c  s t r u c t u r e  o f  a c t i v a t e d
c a r b o n  [ 1 8 ] .
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(a) G r a p h i t i z i n g .

F i g u r e  1 .3  S c h e m at ic  r e p r e s e n t a t i o n s  o f  t h e  c r y s t a l l i t e  
s t r u c t u r e  o f  g r a p h i t i z i n g  and n o n -  
g r a p h i t i z i n g  a c t i v a t e d  c a rb o n s  [ 1 6 ] .
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The d e n s i t y  d i f f e r e n c e  b e tw ee n  g r a p h i t e  and 
a c t i v a t e d  c a r b o n  i s  due t o  t h e  p r e s e n c e  o f  an  e x t e n s i v e  
sy s tem  o f  p o r e s  o f  d i f f e r i n g  s h a p e s  and s i z e s  [ 1 9 , 2 0 ] .
The complex n a t u r e  o f  
c l a s s i f i c a t i o n  d i f f i c u l t ,  
c a t e g o r i z e d  a c c o r d i n g  to  
d im e n s io n  ( r )  such  a s  
w i d t h  [ 1 4 , 2 1 , 2 2 ] : -

M ic r o p o r e s

M esopores

M a cro p o res

t h e s e  p o r e s  makes any 
By c o n v e n t i o n  p o r e s  a r e  
an  assumed c h a r a c t e r i s t i c  

r a d i u s  o r  h a l f  s l i t

r  < 2 nm

2 < r  < 2500 nm

r  > 2500 nm

B ecause  o f  t h e  h i g h l y  p o ro u s  n a t u r e  o f  a c t i v a t e d
c a r b o n s ,  t h e y  have v e ry  h ig h  s u r f a c e  a r e a s ,  

2 - 1500 -  2000 m .g  [ 2 3 , 2 4 ] ,  and l a r g e  p o r e  v o lum es ,  
3 -10 .4  -  2 cm ,g  [ 2 5 ] .  Thus when s t u d y i n g  a c t i v a t e d

c a r b o n s  t h e  p o r e  s i z e  d i s t r i b u t i o n  can  be v e r y  
i n f o r m a t i v e  b e c a u s e  i t  g i v e s  an i n d i c a t i o n  o f  t h e  s i z e  of  
m o le c u le  t h a t  can  be a d s o r b e d .

1 . 3 . 3  S u r f a c e  Chem ica l  S t r u c t u r e  o f  A c t i v a t e d  Carbon

The s u r f a c e  c h e m ic a l  s t r u c t u r e  o f  a c t i v a t e d  c a rb o n  
w i l l  be d e p e n d e n t  on t h e  method and c o n d i t i o n s  o f  
a c t i v a t i o n ,  and i s  u s u a l l y  c a t e g o r i z e d  a c c o r d i n g  t o  t h e  
a c t i v a t i o n  t e m p e r a t u r e .  'H' t y p e  a c t i v a t e d  c a r b o n s  a r e
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a c t i v a t e d  above 500-600°C ,  a d s o r b  a c i d  from s o l u t i o n  and 
c o n t a i n  m a in ly  b a s i c  s u r f a c e  o x i d e  f u n c t i o n a l  
g r o u p s  [ 2 6 ] .  'L '  t y p e  a c t i v a t e d  c a r b o n s  a r e  a c t i v a t e d  a t  
l o w e r  t e m p e r a t u r e s ,  a d s o r b  a l k a l i  from s o l u t i o n  and 
c o n t a i n  m a in ly  a c i d i c  s u r f a c e  o x id e  f u n c t i o n a l  g r o u p s .  
The p r e c i s e  n a t u r e  o f  t h e  s u r f a c e  c h e m ic a l  s t r u c t u r e  of  
a c t i v a t e d  c a rb o n  i s  n o t  f u l l y  u n d e r s t o o d .  Many f u n c t i o n a l  
g r o u p s  have been  i d e n t i f i e d  by d i f f e r e n t  
r e s e a r c h e r s  [ 1 2 , 2 6 - 2 9 ] .  A c id i c  s u r f a c e  o x id e  g r o u p s  
r e p o r t e d  a r e  u s u a l l y  c a r b o x y l i c ,  p h e n o l i c  h y d r o x i d e  and 
q u in o n e  t y p e  c a r b o n y l  i n  c h a r a c t e r .  Normal and 
f l u o r e s c e i n  ty p e  l a c t o n e s ,  c y c l i c  p e r o x i d e s  and 
c a r b o x y l i c  a c i d  a n h y d r i d e s  have a l s o  been  r e p o r t e d  
( f i g u r e  1 .4 A ) .  Much l e s s  i s  known a b o u t  b a s i c  o x id e  
g r o u p s ,  though  G a r t e n  and Weiss [30] p r o p o s e d  t h e  
p r e s e n c e  o f  chromene ty p e  s t r u c t u r e s  t o  e x p l a i n  a c i d  
a d s o r p t i o n  ( f i g u r e  1 .4 B ) .
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Normall a c t o n e
C y c l i c  C a r b o x y l i c  p e r o x i d e  a c i da n h y d r i d e

F l u o r e s c e i nty p el a c t o n e

0N j p  HX C OH O

C arboxy l  P h e n o l i c  Quinone ty p e
h y d ro x y l  c a r b o n y l

(A) A c i d i c  o x id e  g r o u p s  [ 1 2 , 2 6 - 2 9 ] .

Chrome

(B) B a s i c  o x i d e  g ro u p  [ 3 0 ] .  

F i g u r e  1 .4  S u g g e s te d  o x id e

R H

g r o u p s  on t h e  s u r f a c e  o f
a c t i v a t e d  c a r b o n .



1 .4  Carbon Black

I n i t i a l l y  p ro d u c e d  a s  b l a c k  p ig m e n t s  f o r  i n k s ,  t h e  
m a jo r  u se  o f  c a rb o n  b l a c k s  to d ay  i s  a s  r e i n f o r c i n g  a g e n t s  
i n  t h e  r u b b e r  i n d u s t r y  [ 3 1 ] .  O th e r  u s e s  i n c l u d e  p ig m e n t s  
i n  p a i n t s ,  p l a s t i c s  and p a p e r ;  c a rb o n  e l e c t r o d e s ,  d ry  
c e l l s ,  and th e r m a l  i n s u l a t i o n .

1 . 4 . 1  M a n u fac tu re  o f  Carbon Black

Carbon b l a c k s  a r e  made by e i t h e r  d e c o m p o s i t i o n  o r  
p a r t i a l  co m b u s t io n  o f  l i q u i d  and g a s e o u s  h y d r o c a r b o n s  to  
form e l e m e n t a l  c a r b o n  and hydrogen  [ 3 1 ] .  T h i s  p r o d u c e s  a 
c a r b o n  w i t h  a much l o w e r  i m p u r i t y  c o n t e n t  t h a n  a c t i v a t e d  
c a r b o n s  made from p e a t ,  co c o n u t  s h e l l s ,  e t c .

The s t r u c t u r e  and p r o p e r t i e s  o f  a c a rb o n  b l a c k  w i l l  
be d e t e r m i n e d  by t h e  method and c o n d i t i o n s  o f  
manu f a c t u r e .

1 . 4 . 1 . 1  Types o f  Carbon Black

Lampblack was t h e  f i r s t  c a rb o n  b l a c k  p r o d u c e d .  
O r i g i n a l l y  made from r e s i n ,  f a t ,  o r  o i l ,  to d ay  t h e  raw 
m a t e r i a l s  a r e  u s u a l l y  p e t r o l e u m  r e s i d u e s .  These  m a t e r i a l s  
a r e  b u rn ed  in  s h a l l o w ,  open pan s  w i t h  a r e s t r i c t e d  a i r  
s u p p l y .  The a i r b o r n e  r e a c t i o n  p r o d u c t s  p a s s  t h r o u g h  a 
s e r i e s  o f  s e t t l i n g  cham bers  and bag f i l t e r s  w here  th e  
c a r b o n  b l a c k  i s  c o l l e c t e d .
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C h an ne l  b l a c k s  were  p ro d uc ed  a f t e r  t h e  d i s c o v e r y  o f  
o i l ,  b e c a u s e  of  t h e  ab u n d an ce  o f  ch e ap  n a t u r a l  g a s .  The 
g a s  i s  b u rn e d  by a s e r i e s  o f  s m a l l  f l a m e s  which im pinge  
on s t e e l  c h a n n e l s .  Carbon i s  d e p o s i t e d  on t h e  c h a n n e l s ,  
and i s  t h e n  p e r i o d i c a l l y  s c r a p e d  o f f .

F u r n a c e  b l a c k s  a r e  ’ p ro d u c ed  by b u r n in g  a g a s  o r  
g a s / o i l  m i x t u r e  in  a s i n g l e  f lam e f u r n a c e .  The c a r b o n  
b l a c k  i s  removed from t h e  f l u e  g a s e s ,  a f t e r  w a t e r  s p r a y  
q u e n c h in g  and f l o c u l a t i o n ,  by c y c l o n e s  and bag f i l t e r s .

Thermal  b l a c k s  a r e  p ro d uc ed  by d e c o m p o s i t i o n  r a t h e r  
t h a n  p a r t i a l  com b u s t io n  o f  g a s e o u s  h y d r o c a r b o n s .  The g as  
i s  p a s s e d  th r o u g h  one  o f  a p a i r  o f  f u r n a c e s  packed  w i t h  
p r e h e a t e d  s i l i c a  b r i c k s .  The c a rb o n  b l a c k  i s  r e c o v e r e d  a s  
i n  t h e  f u r n a c e  b l a c k  p r o c e s s ,  and t h e  w a s t e  g a s ,  which  
h a s  a h ig h  hydrogen  c o n t e n t ,  i s  used  a s  f u e l  t o  h e a t  t h e  
se co n d  f u r n a c e .  C y c l in g  t h e  f u r n a c e s  be tw een  h e a t i n g  and 
c a r b o n  b l a c k  p r o d u c t i o n  e n s u r e s  a c o n t i n u o u s  p r o c e s s .

1 . 4 . 1 . 2  Mechanism o f  Carbon B lack  F o rm a t io n

The mechanism o f  ca rb o n  b l a c k  f o r m a t i o n  by 
d e c o m p o s i t i o n  o r  p a r t i a l  c o m b u s t io n  i s  f a r  from 
c e r t a i n  [ 3 2 ] .  C u r r e n t  t h e o r i e s  p r o p o s e  t h e  i n i t i a l  
p r o d u c t i o n  o f  p o l y a r o m a t i c  m a c ro m o le cu le s  t h a t  n u c l e a t e  
i n t o  s m a l l  d r o p l e t s .  Growth o f  t h e s e  p a r t i c l e s  o c c u r s  by 
a d s o r p t i o n  o f  f u r t h e r  m ac ro m o le cu le s  from t h e  g a s e o u s  
p h a s e ,  o r  c o a l e s c e n c e  o f  s e v e r a l  d r o p l e t s .  P y r o l y s i s  o f
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t h e s e  p a r t i c l e s  r e s u l t s  i n  t h e  f o r m a t i o n  o f  c a r b o n  b l a c k .

1 . 4 . 2  P h y s i c a l  S t r u c t u r e  o f  Carbon B la c k s

Carbon b l a c k s  a r e  p rod uced  i n  t h e  form o f  a g g r e g a t e s  
o f  s p h e r i c a l  p a r t i c l e s  d u r i n g  t h e  co m b u s t io n  
p r o c e s s  [ 3 3 ] .  These  p a r t i c l e s  a r e  composed o f  randomly  
o r i e n t a t e d  s t a c k s  o f  p a r a l l e l  b a s a l  l a y e r  p l a n e s  a b o u t
1 .2  nm t h i c k  and 1 .5  -  2 .0  nm wide [ 3 4 ] .  These  l a y e r  
s t a c k s  a r e  o r d e r e d  on t h e  o u t s i d e  o f  t h e  p a r t i c l e  t o  g iv e  
a s u r f a c e  composed m ain ly  o f  b a s a l  p l a n e s  ( f i g u r e  1 . 5 ) .  
For  p a r t i c l e s  w i t h  a s i n g l e  n u c l e a t i o n  s i t e  t h e  d e g r e e  o f  
o r d e r  d e c r e a s e s  to w a rd s  t h e  c e n t r e  o f  t h e  p a r t i c l e  w i t h  
randomly o r d e r e d  s t a c k e d  l a y e r  p l a n e s ,  s i n g l e  l a y e r  
p l a n e s  and am orphous ca rb o n  in  t h e  c e n t r e  [ 3 4 , 3 5 ] .  For  
p a r t i c l e s  w i t h  s e v e r a l  n u c l e a t i o n  s i t e s  o r d e r  d e c r e a s e s  
to w ard s  t h e  c e n t r e  o f  each  s i t e  w i t h  i n t e r m e d i a t e  
o r i e n t a t i o n  b e tw een  t h e  s i t e s  [ 3 6 ] .

Due t o  t h e  g r e a t e r  d e g r e e  o f  o r d e r  o f  t h e  s t a c k e d
l a y e r  p l a n e s ,  s u r f a c e  a r e a s  a r e  l o w e r  t h a n  i n  a c t i v a t e d

2 -1c a r b o n s ,  g e n e r a l l y  l e s s  t h a n  200 m .g  [ 3 7 ] .

1 . 4 . 3  S u r f a c e  Chem ica l  S t r u c t u r e  o f  Carbon B la c k s

As w i t h  a c t i v a t e d  c a r b o n s ,  many d i f f e r e n t  o x id e  
g ro u p s  have been  d e t e c t e d  on th e  s u r f a c e  o f  c a r b o n  b l a c k .  
The n a t u r e  o f  t h e s e  o x i d e s  i s  d e p e n d e n t  on t h e  
t e m p e r a t u r e  a t  w h ich  f r e s h l y  m a n u fa c tu re d  c a r b o n  b l a c k  i s
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f i r s t  b r o u g h t  i n t o  c o n t a c t  w i t h  g a s e o u s  oxygen [ 3 8 ] .

1 .5  S t r u c t u r a l  M o d i f i c a t i o n s  o f  Carbons  by H e a t - T r e a t m e n t

I t  i s  p o s s i b l e  t o  change t h e  p o r e  and s u r f a c e  
c h e m ic a l  s t r u c t u r e s  o f  a c t i v a t e d  c a r b o n s  and c a r b o n  
b l a c k s  by h e a t - t r e a t m e n t  in  i n e r t  a t m o s p h e r e s .  S u r f a c e  
o x id e  g r o u p s  a r e  removed be tw een  200 and 1500°C a s  c a r b o n  
monoxide ,  c a rb o n  d i o x i d e  and hydrogen  [ 3 1 ] .  H e a t - t r e a t i n g  
above 1300°C r e s u l t s  i n  c r y s t a l l i t e  s t r u c t u r e  
m o d i f i c a t i o n .  The c r y s t a l l i t e s  grow and t u r b o s t r a t i c  
r e g i o n s  a r e  r e a r r a n g e d  i n t o  p r e f e r r e d  o r i e n t a t i o n s .  In 
c a r b o n  b l a c k s  p e r i p h e r a l  c r y s t a l l i t e s  a r e  formed w i t h  
b a s a l  p l a n e s  t a n g e n t i a l  t o  t h e  p a r t i c l e  s u r f a c e  [ 3 4 ] .  
O x i d a t i v e  h e a t - t r e a t m e n t s  up t o  a b o u t  500°C r e s u l t  i n  
p r e f e r e n t i a l  o x i d a t i o n  o f  t h e  l e s s  o r g a n i z e d  a r e a s  o f  
c a rb o n  b l a c k  p a r t i c l e s  t o  l e a v e  a s h e l l  o f  o r i e n t a t e d  
c r y s t a l l i t e s  [ 3 9 ] .



3 5

(a )  S e v e r a l  n u c l e a t i o n  s i t e s .

(b) S i n g l e  n u c l e a t i o n  s i t e

F i g u r e  1 .5  S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  c r y s t a l l i t e  
s t r u c t u r e  o f  ca rb o n  b l a c k s  w i t h  one o r  more
n u c l e a t i o n  s i t e s .
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2 A d s o r p t i o n  o f  Gold by A c t i v a t e d  Carbon

The l u s t  f o r  g o l d ,  e i t h e r  b e c a u s e  o f  i t s  b e a u t y  o r  
v a l u e ,  h a s  l e d  t o  t h e  i n v e s t i g a t i o n  o f  numerous 
n o n - s t a n d a r d  methods o f  p r o d u c t i o n .  Among t h e s e  t h e  most 
w e l l  known i s  t h a t  o f  a lc h em y ,  to  p r o d u c e  g o l d  from b ase  
m e t a l .  A l th o u g h  A r t h u r  C. C l a r k e ' s  view i n  h i s  n o v e l  
' I m p e r i a l  E a r t h '  o f  g e n e t i c a l l y  e n g i n e e r e d  c o r a l  
e x t r a c t i n g  g o l d  t o  make r e e f s  w i t h  i s  f i c t i o n  a t  t h e  
p r e s e n t ,  i t  i s  known t h a t  c e r t a i n  p l a n t s  c o n c e n t r a t e  g o ld  
i n  t h e i r  s y s t e m  [ 4 0 ] ,  and t h a t  m ar in e  sp o n g e s  can a d s o r b  
g o ld  from s e a w a t e r  [ 4 1 ] .

R e s e a r c h  i n t o  t e c h n i q u e s  o f  g e t t i n g  g o ld  from 
s e a w a t e r  i s  i n c r e a s i n g  a s  t h e  more r e a d i l y  m in e a b le  
d e p o s i t s  a r e  b e in g  worked o u t  [ 4 2 ] .  The e x t r a c t i o n  o f  
g o ld  from s e a w a t e r  may w e l l  be a c h i e v e d  u s i n g  s e l e c t i v e  
m i c r o - o r g a n i s m s  o r  a d s o r b e n t s ,  a s  t h e  a l c h e m i s t s  dream 
h as  been  r e a l i z e d  i n  t o d a y s  a to m ic  a g e .  W he the r  o r  n o t  
such  a p r o c e s s  can  be  done  s u c c e s s f u l l y  w i l l  depend  on 
i t s  c o s t  and t h e  demand f o r  g o l d .

2 .1  P r o c e s s  H i s t o r y

I t  h a s  b een  known s i n c e  a t  l e a s t  t h e  s t a r t  o f  t h e  
n i n e t e e n t h  c e n t u r y  t h a t  c h a r c o a l  w i l l  a d s o r b  g o l d  from 
c h l o r i d e  s o l u t i o n s  i n  t h e  m e t a l l i c  s t a t e  [ 4 3 ] .

The f i r s t  r e c o r d e d  use  o f  a c t i v a t e d  c a r b o n  to
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e x t r a c t  g o l d  was i n  a p a t e n t  by D av is  [44 ]  i n  1880. He 
d e s c r i b e d  a method o f  r e c o v e r i n g  g o l d  from a q u e o u s  
c h l o r i d e  s o l u t i o n s .  In  1887 MacArthur and t h e  F o r r e s t  
b r o t h e r s  p a t e n t e d  a p r o c e s s  f o r  d i s s o l v i n g  g o l d  i n  weak 
c y a n id e  s o l u t i o n ,  and l a t e r  a method o f  p r e c i p i t a t i n g  
g o ld  u s i n g  z i n c  [ 4 5 , 4 6 ] .  In  1894 J o h n s t o n  p a t e n t e d  a 
p r o c e s s  f o r  t h e  e x t r a c t i o n  o f  g o ld  u s in g  a c t i v a t e d  c a rb o n  
i n  p l a c e  o f  z i n c  [ 4 7 ] ,  t h e  g o ld  b e in g  r e c o v e r e d  from t h e  
a c t i v a t e d  c a r b o n  by b u r n i n g ,  f o l lo w e d  by s m e l t i n g  o f  t h e  
a s h .  The main d i s a d v a n t a g e  o f  t h i s  p r o c e s s  was t h e  l a c k  
o f  an e f f i c i e n t  method o f  s t r i p p i n g  t h e  g o l d  t h a t  d i d  n o t  
r e s u l t  i n  t h e  d e s t r u c t i o n  o f  t h e  a c t i v a t e d  c a r b o n .  Thus 
i t  was o n ly  u sed  when z i n c  c e m e n t a t i o n  was 
i n e f f i c i e n t  [ 4 8 , 4 9 ] .  I n t e r e s t  i n  t h e  p r o c e s s  was t h e n  
r e k i n d l e d  in  1950 when Zadra [50] r e p o r t e d  u s i n g  a 
c a u s t i c  sodium s u l p h i d e  s o l u t i o n  to  r e c o v e r  t h e  g o l d  from 
t h e  a c t i v a t e d  c a r b o n ,  t h e  g o l d  t h e n  b e in g  r e c o v e r e d  from 
s o l u t i o n  by e l e c t r o l y s i s .  In 1952 he im proved  t h e  method 
by u s in g  a h o t  c a u s t i c  c y a n id e  s o l u t i o n ,  which  r e c o v e r e d  
b o t h  g o l d  and s i l v e r  [ 5 1 ] .  E x t r a c t i o n  o f  g o l d  u s i n g  
a c t i v a t e d  c a r b o n  t h u s  became more econom ic  and c o u l d  be 
used  to  a f a r  g r e a t e r  e x t e n t .

At t h e  p r e s e n t  t i m e ,  o f  t h e  t e n  l a r g e s t  f r e e  w o r ld  
g o l d  p r o d u c i n g  m in e s ,  a l l  i n  S o u th  A f r i c a ,  f o u r  u t i l i z e  
a c t i v a t e d  c a r b o n  a d s o r p t i o n  i n  t h e i r  r e c o v e r y  c i r c u i t s ,  
though  t h e y  a l l  s t i l l  use  z i n c  p r e c i p i t a t i o n  [ 5 2 ] .  In t h e  
U n i ted  S t a t e s  s i x  o f  t h e  t e n  l a r g e s t  g o l d  m ines  u se  
a c t i v a t e d  c a r b o n  a d s o r p t i o n  i n  t h e i r  main g o ld  r e c o v e r y
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o p e r a t i o n .

2 .2  Chemica l  E f f e c t s

2.2.1 £H

The pH o f  t h e  a d s o r p t i o n  medium h a s  been  shown by 
many r e s e a r c h e r s  t o  have a s i g n i f i c a n t  e f f e c t  on b o t h  t h e  
r a t e  o f  g o l d  a d s o r p t i o n  and t h e  e q u i l i b r i u m  c a p a c i t y .  I t  
i s  u s u a l l y  shown t h a t  i n c r e a s i n g  t h e  a c i d i t y  o f  t h e  
s o l u t i o n  c a u s e s  an i n c r e a s e  i n  t h e  r a t e  and c a p a c i t y  o f  
g o l d  l o a d i n g  ( f i g u r e  2 . 1 ) .  In n e u t r a l  and a l k a l i n e  
s o l u t i o n s  t h e r e  i s  l i t t l e  o r  no e f f e c t  [ 5 3 - 5 5 ] .

0 2 4 6 8 10 12
pH

F i g u r e  2 .1  E f f e c t  o f  pH on t h e  a d s o r p t i o n  c a p a c i t y  o f  
a c t i v a t e d  c a r b o n  (f rom McDougal l  e t
a l .  [ 5 3 ] ) .
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D av id so n  e t  a l .  [56]  p r e s e n t e d  s i m i l a r  r e s u l t s  f o r  
t h e  g o l d  c a p a c i t y ,  b u t  showed t h a t  f o r  t h e  g o l d  
a d s o r p t i o n  r a t e  t h e  optimum pH i s  a b o u t  4.

2 . 2 . 2  F o r e i g n  C a t i o n s

The p r e s e n c e  of  f o r e i g n  o r  ' s p e c t a t o r '  c a t i o n s  i n  
t h e  a d s o r p t i o n  medium h a s  been  shown t o  l e a d  t o  f a s t e r  
r a t e s  and  i n c r e a s e d  l o a d i n g  c a p a c i t y  [ 5 3 , 5 4 , 5 7 ] .  The 
e f f e c t i v e n e s s  o f  t h e  d i f f e r e n t  c a t i o n s  s t u d i e d  h a s  been  
g iv e n  a s  [54]

2+ . 2+ v T.+ . _ • + .Ca > Mg > H > Li > Na > K

and [57]

Ba2+ > Ca2+ > Mg2+ > Cs+ > K+ > Li +

The r e a s o n  f o r  t h e s e  e f f e c t s  i s  u s u a l l y  g i v e n  a s  
a d s o r p t i o n  o f  a Mn + (Au( CN)^)n complex where  Mn+ i s  t h e  
c a t i o n  a d d e d .  C o n s i d e r i n g  t h e  a d d i t i o n  o f  H+ i o n s  t o  t h e  
s o l u t i o n ,  a p o s s i b l e  e x p l a n a t i o n  f o r  t h e  d i f f e r e n c e  i n  
r e l a t i o n s h i p s  be tw een  pH and g o l d  l o a d i n g  r e p o r t e d  i s  
a p p a r e n t .  McDougall  e t  a l .  [53]  i n  d e t e r m i n i n g  pH e f f e c t s  
m a i n t a i n e d  t h e  r e q u i r e d  pH by a d d i t i o n  o f  a c i d  o r  a l k a l i  
d u r i n g  a d s o r p t i o n ,  T su c h id a  [57] d i d  n o t .  E x p e r im e n t s  
have shown t h a t  i n  a c i d  s o l u t i o n  HAufCN^ i s  a d s o r b e d
[ 5 8 ] ,  t h i s  would r e s u l t  i n  an i n c r e a s e  i n  pH. I f  t h e  pH 
i s  m a i n t a i n e d  by f u r t h e r  a d d i t i o n  o f  a c i d  we would e x p e c t
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a c i d  s o l u t i o n s  t o  l e a d  t o  a d s o r p t i o n  o f  s i g n i f i c a n t l y
g r e a t e r  am ounts  of  g o l d  t h a n  n e u t r a l  o n e s .  T h i s  i s
b e c a u s e  t h e  r e l e v a n t  c a t i o n  c o n c e n t r a t i o n  i s  c o n s t a n t .  In
a l k a l i n e  s o l u t i o n s  t h i s  pH change would n o t  o c c u r  a s
a n o t h e r  c a t i o n  i s  a d s o r b e d ,  and t h e  c o n c e n t r a t i o n  o f  t h i s
c a t i o n  would be re d u c e d  by a s i m i l a r  amount a s  t h e  g o l d .
Thus by m a i n t a i n i n g  a s e t  a c i d  pH g o l d  a d s o r p t i o n  w i l l  be
i n c r e a s e d  s i g n i f i c a n t l y  due t o  t h e  r e l a t i v e l y  i n c r e a s e d
c a t i o n  c o n c e n t r a t i o n .  An i n t e r e s t i n g  e x p e r i m e n t  would  be

2+c o n t i n u o u s  m o n i t o r i n g  o f  Ca c o n c e n t r a t i o n s  ( f o r  
e x a m p l e ) ,  w i t h  a d d i t i o n  o f  c a l c iu m  s a l t s  t o  keep  i t  
c o n s t a n t .

2 . 2 . 3  T e m p e ra tu re

The a d s o r p t i o n  o f  g o l d  i s  an e x o t h e r m i c  p r o c e s s ,  
w i t h  an  a c t i v a t i o n  e n e r g y  o f  1 0 .9  k J .m o le   ̂ [ 5 5 , 5 9 ] .  
H ig h e r  g o l d  l o a d i n g s  o c c u r  a t  l o w e r  t e m p e r a t u r e s ,  b u t  t h e  
e f f e c t  on a d s o r p t i o n  r a t e s  i s  s m a l l  w i t h  o n ly  a s l i g h t  
i n c r e a s e  a t  h i g h e r  t e m p e r a t u r e s .

2 . 2 . 4  F r e e  Cyanide

The p r e s e n c e  of  f r e e  c y a n id e  i n  s o l u t i o n  l e a d s  t o  a 
r e d u c t i o n  i n  b o t h  t h e  r a t e  and amount o f  g o ld  a d s o r p t i o n  
t h a t  i s  u n a f f e c t e d  by t h e  pH [ 5 5 , 5 7 ] .  Low c o n c e n t r a t i o n s  
have a g r e a t e r  e f f e c t  due t o  t h e  p r e s e n c e  o f  s i g n i f i c a n t  
q u a n t i t i e s  o f  c a t i o n s  from t h e  c y a n i d e  s a l t  a t  h i g h e r  
c o n c e n t r a t i o n s .
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2 . 2 . 5  Oxygen and  N i t r o g e n

When n i t r o g e n  i s  b u b b le d  t h r o u g h  s o l u t i o n s  d u r i n g  
a d s o r p t i o n  t h e r e  i s  a r e d u c t i o n  in  t h e  e x p e c t e d  amount o f  
g o l d  a d s o r b e d  b u t  no change i n  t h e  i n i t i a l  r a t e  [ 5 7 , 5 9 ] .  
W ith  a i r  o r  oxygen  t h e r e  i s  no change i n  e i t h e r  t h e  r a t e  
o r  amount o f  g o l d  a d s o r b e d .

2 . 2 . 6  P a r t i c l e  S i z e

Using s m a l l e r  p a r t i c l e  s i z e  a c t i v a t e d  c a r b o n s  
r e s u l t s  i n  an  i n c r e a s e  i n  t h e  r a t e  o f  a d s o r p t i o n ,  b u t  t h e  
c a p a c i t y  f o r  g o l d  i s  u n a l t e r e d  [ 5 5 ] .

2 .3  P h y s i c a l  E f f e c t s

Due t o  t h e  complex s t r u c t u r e  o f  a c t i v a t e d  c a r b o n ,  
l i t t l e  r e s e a r c h  a p p e a r s  t o  have been  u n d e r t a k e n  to  r e l a t e  
l i q u i d  p h a s e  a d s o r p t i o n  to  p o r e  s i z e  d i s t r i b u t i o n  o r  
s u r f a c e  c h e m ic a l  s t r u c t u r e .  D avidson  [24]  m easured  t h e  
F r e u n d l i c h  K v a l u e ,  pH, a s h  c o n t e n t ,  m e th y le n e  b l u e  
number, i o d i n e  number and s u r f a c e  a r e a  o f  tw en ty  f o u r  
c o m m e r c ia l ly  a v a i l a b l e  a c t i v a t e d  c a r b o n s .  A s t a t i s t i c a l l y  
s i g n i f i c a n t  l i n e a r  c o r r e l a t i o n  be tw een  K and  pH s u g g e s t e d  
t h a t  g o ld  a d s o r p t i o n  was f a v o u r e d  by a c t i v a t e d  c a r b o n s  
c o n t a i n i n g  b a s i c  o x i d e  f u n c t i o n a l  g r o u p s .  No s i g n i f i c a n t  
c o r r e l a t i o n s  b e tw e e n  K and s u r f a c e  a r e a s ,  m e th y le n e  b lu e  
number (a m e a su re  o f  t h e  a b i l i t y  t o  a d s o r b  l a r g e  
m o le c u le s )  o r  t h e  i o d i n e  number ( a n o t h e r  m easure  o f
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s u r f a c e  a r e a )  w ere  i n d i c a t e d .  Thus t h e  p o r e  s i z e  
d i s t r i b u t i o n  a p p e a r e d  to  have l i t t l e  e f f e c t  on g o ld  
a d s o r p t i o n .  I t  must  be s t r e s s e d  t h a t  t h e  a c t i v a t e d  
c a r b o n s  c h o s e n  w ere  p ro d uc ed  from s e v e r a l  s t a r t i n g  
m a t e r i a l s  and w ere  a c t i v a t e d  u n d e r  d i f f e r e n t  c o n d i t i o n s ,  
t h u s  any c o m p a r i s o n  be tw een  them may be  s u b j e c t  t o  a 
l a r g e  d e g r e e  o f  e r r o r .

2 .4  S e l e c t i o n  o f  A c t i v a t e d  Carbon

The s e l e c t i o n  o f  an a c t i v a t e d  c a r b o n  f o r  a g o ld  
e x t r a c t i o n  o p e r a t i o n  must  t a k e  i n t o  a c c o u n t  many f a c t o r s .  
As w e l l  a s  b e i n g  an  e f f i c i e n t  a d s o r b e n t  f o r  g o l d ,  t h e  
a c t i v a t e d  c a r b o n  must  be r e a d i l y  s t r i p p e d  (o f  g o ld )  
w i t h o u t  s e r i o u s l y  i m p a i r i n g  i t s  a d s o r p t i o n  a b i l i t y .  A 
h ig h  a t t r i t i o n  r e s i s t a n c e  i s  a l s o  n e c e s s a r y  t o  r e d u c e  
g o l d  l o s s e s  i n  f i n e s .  The k i n e t i c s  o f  a d s o r p t i o n  a r e  a l s o  
v e r y  i m p o r t a n t .  The optimum c o n d i t i o n s  b e i n g  h ig h  g o ld  
l o a d i n g s  i n  s h o r t  t i m e s  l e a v i n g  v e r y  d i l u t e  g o ld  
s o l u t i o n s .  In g e n e r a l  ea ch  e x t r a c t i o n  p l a n t  must  t e s t  a 
s e l e c t i o n  o f  a c t i v a t e d  c a r b o n s  t o  ch oose  t h e  one  most  
s u i t e d  f o r  i t s  n e e d s .

2 .5  E x t r a c t i o n  P r o c e s s e s

T h e re  a r e  numerous p o s s i b l e  f low s h e e t s  c u r r e n t l y  
a v a i l a b l e  t o  p r o d u c e  an  e f f i c i e n t  g o l d  e x t r a c t i o n  p l a n t  
u t i l i z i n g  a d s o r p t i o n  o n to  a c t i v a t e d  c a r b o n .  However some
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u n i t  o p e r a t i o n s  a r e  common to  a l l  f l o w s h e e t  o p t i o n s .

2 . 5 . 1  A d s o r p t io n  o f  Gold

A d s o r p t i o n  n o r m a l l y  t a k e s  p l a c e  i n  e i t h e r  a column 
o r  t a n k  c o n t a i n i n g  a c t i v a t e d  c a r b o n  p a r t i c l e s .

In c a r b o n - i n - c o l u m n  a d s o r p t i o n  t h e  upward f low  o f  
l i q u o r  c a u s e s  a bed e x p a n s i o n  o f  a round  35 %, p r o v i d i n g  
s u f f i c i e n t  m ix ing  f o r  e f f i c i e n t  a d s o r p t i o n  [ 6 0 - 6 2 ] .  The 
l i q u o r  must  be c l e a r  t o  p r e v e n t  b l o c k i n g  o r  c a r r y - o v e r  o f  
l o a d e d  a c t i v a t e d  c a r b o n ,  and i s  t h u s  o f t e n  u sed  in  
h e a p - l e a c h i n g  c i r c u i t s .  I t  i s  p o s s i b l e  t o  u se  a s i n g l e  
column o r  a s e r i e s  o f  s e v e r a l .  Loaded a c t i v a t e d  c a r b o n  i s  
removed a t  r e g u l a r  i n t e r v a l s ,  o r  when t h e  b a r r e n  s o l u t i o n  
r e a c h e s  a p r e d e t e r m i n e d  g o l d  c o n c e n t r a t i o n .  F r e s h  
a c t i v a t e d  c a r b o n  i s  l o a d e d  i n t o  t h e  end o f  t h e  a d s o r p t i o n  
c i r c u i t ,  and t h u s  a d v a n c e s  t h r o u g h  th e  s y s t e m .

The c a r b o n - i n - p u l p  p r o c e s s  u t i l i z e s  a d s o r p t i o n  t a n k s  
w here  t h e  a c t i v a t e d  c a r b o n  and th e  p u l p  a f t e r  g o ld  
l e a c h i n g  a r e  a g i t a t e d  t o g e t h e r  d u r i n g  a d s o r p t i o n  [ 6 3 - 6 7 ] .  
The s i z e  o f  t h e  a c t i v a t e d  ca rb o n  p a r t i c l e s  u sed  i s  l a r g e r  
t h a n  t h e  p a r t i c l e  s i z e  o f  t h e  s o l i d s  c o n t a i n e d  i n  t h e  
p u l p  t o  a l lo w  i n t e r s t a g e  s c r e e n i n g .  A s e r i e s  o f  t a n k s  a r e  
u s e d ,  t h e  f low o f  a c t i v a t e d  ca rb o n  and l i q u o r  i s  
c o u n t e r c u r r e n t ,  w i t h  i n t e r s t a g e  s c r e e n i n g  t o  r e t a i n  t h e  
l o a d e d  a c t i v a t e d  c a r b o n ,  which  i s  p e r i o d i c a l l y  moved by 
a i r l i f t i n g  p u lp  from one t a n k  t o  a n o t h e r .  F r e s h  a c t i v a t e d
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c a r b o n  i s  added  to  t h e  f i n a l  t a n k .

I t  i s  a l s o  p o s s i b l e  t o  combine t h e  l e a c h i n g  and 
a d s o r p t i o n  s t e p s  u s i n g  c a r b o n - i n - l e a c h  o p e r a t i o n s .  Thus 
i n s t e a d  o f  i n i t i a l l y  l e a c h i n g  t h e  o r e  t o  p ro d u c e  a p u lp  
c o n t a i n i n g  d i s s o l v e d  g o l d ,  t h e  a c t i v a t e d  c a rb o n  and o r e  
a r e  added  s i m u l t a n e o u s l y  t o  t h e  l e a c h  s o l u t i o n .  T h i s  
r e s u l t s  i n  a c a p i t a l  s a v i n g  i n  l e a c h i n g  e q u ip m en t  o v e r  
t h e  c a r b o n - i n - p u l p  p r o c e s s  a s  t h e  number o f  a g i t a t i o n  
t a n k s  can  be r e d u c e d  [ 6 7 ] .

2 . 5 . 2  E l u t i o n  o f  Gold

Up t o  1950 t h e  o n ly  e f f i c i e n t  method o f  r e c o v e r i n g  
g o l d  from lo a d e d  a c t i v a t e d  c a r b o n  i n v o l v e d  b u r n i n g  t h e  
a c t i v a t e d  c a rb o n  and s m e l t i n g  t h e  a s h .  T h i s  p r o c e s s  was 
c o s t l y  due t o  t h e  d e s t r u c t i o n  o f  t h e  a c t i v a t e d  c a r b o n .  
Then Zadra  [ 5 0 ,5 1 ]  d e v e lo p e d  an e f f i c i e n t  method o f  
e l u t i n g  t h e  g o ld  t o  a l lo w  r e - u s e  o f  t h e  a c t i v a t e d  c a r b o n .  
At p r e s e n t  t h e r e  a r e  s e v e r a l  methods a v a i l a b l e .

2 . 5 . 2 . 1  Zadra P r o c e d u re

T h i s  method c o n s i s t s  o f  t r e a t i n g  t h e  l o a d e d  
a c t i v a t e d  c a r b o n ,  a t  a t m o s p h e r i c  p r e s s u r e ,  w i t h  a b o i l i n g  
s o l u t i o n  o f  1 % sodium h y d r o x id e  and 0 . 1  % sodium 
c y a n i d e .  Used i n  c l o s e d  c i r c u i t  w i t h  e l e c t r o l y t i c  c e l l s  
i t  h a s  been  shown t o  be p o s s i b l e  t o  s t r i p  g o l d  f rom 8400 
t o  140 g . t o n n e  * a c t i v a t e d  c a r b o n  i n  50 h o u r s  [ 6 3 ] .
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2 . 5 . 2 . 2  AARL P r o c e d u r e

D eveloped  by t h e  A ng lo -A m er ican  R e s e a r c h  
L a b o r a t o r i e s ,  t h i s  method can  be c o n s i d e r e d  a s  an 
im proved  Zadra p r o c e s s .  The lo a d e d  a c t i v a t e d  c a r b o n  i s  
p r e t r e a t e d  w i t h  a s o l u t i o n  o f  1 % sodium h y d r o x i d e ,  
10 % sodium c y a n i d e .  E l u t i o n  t h e n  f o l l o w s  u s i n g  h o t ,  
d e i o n i z e d  w a t e r  [ 6 8 , 6 9 ] .  The p r o c e s s  g i v e s  99 % g o l d  and 
98 % s i l v e r  r e c o v e r y  i n  14 h o u r s  a t  90°C from an 
a c t i v a t e d  c a r b o n  lo a d e d  w i t h  2900 g . t o n n e  * g o l d  and 
64 g . t o n n e  * s i l v e r .  S h o r t e r  e l u t i o n  t i m e s  o f  a b o u t  3 
h o u r s  can  be a c h i e v e d  u s i n g  p r e s s u r i z e d  e l u t i o n  a t  125°C.

2 . 5 . 2 . 3  O r g a n ic  P r o c e d u r e s

The a d d i t i o n  o f  20 % e t h a n o l  o r  m e th ano l  t o  Z a d r a ' s  
s o l u t i o n  o f  1 % sodium h y d r o x i d e ,  0 . 1  % sodium c y a n i d e ,  
r e s u l t s  i n  99 % g o ld  and s i l v e r  r e c o v e r y ,  from an 
a c t i v a t e d  c a r b o n  a s s a y i n g  6600 g . t o n n e  * g o l d  and 
1000 g . t o n n e   ̂ s i l v e r ,  i n  6 h o u r s .  E l u t i o n  i s  a t  80°C 
u n d e r  a t m o s p h e r i c  p r e s s u r e  [ 7 0 ] .

The Murdoch d e s o r p t i o n  p r o c e d u r e  c o m p r i s e s  an 
i n i t i a l  wash w i t h  80 % a c e t o n i t r i l e  i n  w a t e r .  E l u t i o n ,  
w i t h  40 % a c e t o n i t r i l e ,  1 % sodium c y a n id e  and 0 .2  % 
sodium h y d r o x i d e ,  a t  70°C g i v e s  > 90 % g o l d  r e c o v e r y  i n
8 -10  h o u r s  [ 7 1 ] .  A m a jo r  a d v a n t a g e  o f  t h i s  p r o c e s s  i s  
t h a t  a b o u t  80 % o f  t h e  g o l d  can  be r e c o v e r e d  i n  t h e  f i r s t
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bed volume o f  e l u a n t ,  t h u s  g i v i n g  h i g h l y  c o n c e n t r a t e d  
g o l d  s o l u t i o n s  f o r  e l e c t r o l y s i s .

2 . 5 . 3  A c t i v a t e d  Carbon R e g e n e r a t i o n

D uring  t h e  a d s o r p t i o n  s t a g e  t h e  a c t i v a t e d  ca rb o n  
a d s o r b s  s m a l l  q u a n t i t i e s  o f  o r g a n i c  and i n o r g a n i c  
i m p u r i t i e s .  These  must  be removed i f  t h e  g o l d  a d s o r p t i o n  
c a p a c i t y  i s  t o  be m a i n t a i n e d .  A f t e r  e l u t i o n  t h e  a c t i v a t e d  
c a rb o n  i s  f e d ,  w i t h  an a p p r o x i m a t e l y  50 % m o i s t u r e  
c o n t e n t ,  i n t o  a h o r i z o n t a l  r o t a r y  k i l n  a t  650°C. Steam 
g e n e r a t i o n  c r e a t e s  a p o s i t i v e  p r e s s u r e ,  e x c l u d i n g  a i r  
from t h e  k i l n .  The d i s c h a r g e d  r e g e n e r a t e d  a c t i v a t e d  
c a r b o n  i s  e i t h e r  w a t e r  quenched  o r  a l l o w e d  t o  c o o l  i n  a i r  
b e f o r e  r e t u r n  t o  t h e  a d s o r p t i o n  c i r c u i t  [ 6 2 , 7 2 , 7 3 ] .

2 . 5 . 4  E l e c t r o w i n n i n g

The e l u a t e  from t h e  d e s o r p t i o n  s t a g e  i s  c i r c u l a t e d  
t o  e l e c t r o l y t i c  c e l l s  c o n t a i n i n g  s t a i n l e s s  s t e e l  s c r e e n  
a n o d e s  and s t a i n l e s s  s t e e l  wool c a t h o d e s  [ 6 3 ] .  
E l e c t r o l y s i s  can  be c o n t i n u o u s  o r  b a t c h ,  t h e  b a r r e n  
s o l u t i o n  b e i n g  r e c y c l e d  to  t h e  d e s o r p t i o n  s t a g e .  The g o ld  
and s i l v e r  v a l u e s  a r e  r e c o v e r e d  from t h e  c a t h o d e  by 
s m e l t i n g ,  u s u a l l y  a f t e r  an i n i t i a l  a c i d  wash .

C a t i o n  ex c h an g e  membranes have b ee n  u sed  in  an 
a t t e m p t  t o  im prove c u r r e n t  e f f i c i e n c y  by s e p a r a t i n g  t h e  
a n o d i c  and c a t h o d i c  r e a c t i o n s  [ 4 9 ] .
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Anode r e a c t i o n ,

4 OH 0 2 + 2 H20  + 4 e (2 .1 )

C athode  r e a c t i o n s

2 e + 2  H20 = H2 + 2 OH (2 .2 )

e + Au(CN) 2 = Au + 2 CN ( 2 .3 )

The im provem ent  i n  c u r r e n t  e f f i c i e n c y  i s  s m a l l  and 
i s  u s u a l l y  n e g a t e d  by t h e  c o s t  o f  t h e  membranes.

2 . 6  Mechanism o f  Gold A d s o r p t io n

In t h e  f i r s t  d e t a i l e d  s tu d y  o f  g o l d  a d s o r p t i o n  i n  
1913, Green b e l i e v e d  KAu(CN) 2 was r e d u c e d  by wood 
c h a r c o a l  and g o l d  p r e c i p i t a t e d  i n  t h e  m e t a l l i c  s t a t e  
[ 7 4 ] .  Only 5 . 6  % o f  t h e  a d s o r b e d  g o ld  c o u l d  be  r e c o v e r e d  
by e q u i l i b r a t i o n  o f  t h e  lo a d e d  c h a r c o a l  w i t h  a s o l u t i o n  
o f  KCN. Vacuum d e g a s s i n g  e x p e r i m e n t s  s u g g e s t e d  t h e  
p r e s e n c e  o f  a d s o r b e d  g a s e s  i n  t h e  wood c h a r c o a l ,  
p r e d o m i n a n t l y  o x y g e n ,  ca rb o n  monoxide,  c a r b o n  d i o x i d e ,  
hydrog en  and n i t r o g e n .  These g a s e s  a p p e a r e d  t o  be h e l d  i n  
two s t a t e s .  L o o se ly  h e l d  g a s e s  were  e v o l v e d  e i t h e r  s lo w l y  
a f t e r  m a n u f a c t u r e  o f  t h e  c h a r c o a l  d u r i n g  e x p o s u r e  t o  a i r ,  
o r  by vacuum d e g a s s i n g  a t  up t o  200°C. Removal o f  t h e s e  
g a s e s  had no e f f e c t  on t h e  a d s o r p t i o n  e f f i c i e n c y  o f  th e  
c h a r c o a l .  The more f i r m l y  bound g a s e s  w ere  e v o l v e d  a f t e r
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p r o l o n g e d  e x p o s u r e  t o  a i r ,  o r  by vacuum d e g a s s i n g  a t  up 
t o  500°C. The rem o v a l  o f  t h e  f i r m l y  bound g a s e s  r e s u l t e d  
i n  a l a r g e  d ro p  i n  a d s o r p t i o n  e f f i c i e n c y ,  and  i t  was t h u s  
t h o u g h t  t h a t  t h e s e  g a s e s  were  r e s p o n s i b l e  f o r  t h e  
r e d u c t i o n  p r o c e s s .  Of t h e  two r e d u c i n g  g a s e s  found  c a rb o n  
monoxide was removed i n  g r e a t e r  ab u n d an ce  t h a n  h y d r o g e n .  
Thus t h e  mechanism p r o p o s e d  was t h e  r e d u c t i o n  o f  KAufCN^ 
by s t r o n g l y  a d s o r b e d  c a r b o n  monoxide ( p o s s i b l y  hydrogen  
a l s o ) ,  and p r e c i p i t a t i o n  o f  m e t a l l i c  g o l d  i n  t h e  p o r e s  o f  
t h e  c h a r c o a l .

In  an  a t t e m p t  t o  u n d e r s t a n d  why c a r b o n a c e o u s  
d e p o s i t s  i n  g o l d  o r e s  w ere  l e a d i n g  t o  r e d u c e d  e x t r a c t i o n  
e f f i c i e n c i e s  by c y a n i d a t i o n ,  Fe ld tm ann  [75] i n  1914 found 
t h a t  s i g n i f i c a n t ,  b u t  n o t  t o t a l  r e c o v e r y  o f  a d s o r b e d  g o ld  
c o u ld  be  a c h i e v e d  w i t h  a l k a l i n e  s u l p h i d e  s o l u t i o n s .  The 
r e s u l t a n t  wash s o l u t i o n  was a l s o  shown t o  c o n t a i n  
s i g n i f i c a n t  q u a n t i t i e s  o f  cyanogen .  A d s o r p t i o n  o f  
m e t a l l i c  g o ld  was d i s c o u n t e d  due to  low g o l d  r e c o v e r y  by 
c y a n i d e  w ash ing  o f  l o a d e d  c h a r c o a l s ,  and  no v i s i b l e  
m e t a l l i c  p r e c i p i t a t e  s e e n  on m i c r o s c o p i c  e x a m i n a t i o n .  
N ot ing  a l s o  t h e  e f f e c t  o f  a d s o r b e d  c a r b o n  monoxide on 
g o ld  a d s o r p t i o n ,  F e ld tm a n n  p ro p o sed  t h a t  t h e  a d s o r b e d  
s p e c i e s  was a c o m b i n a t i o n  o f  a u r o c y a n i d e ,  cyan og en  and 
c a r b o n  monoxide t e r m e d  ‘ c a r b o n y l  a u r o c y a n i d e ' ,  w i t h  a 
p o s s i b l e  fo rm u la  o f  A u C N . C O . ( C N ) I n  t h e  d i s c u s s i o n  
which  f o l l o w e d  t h e  p r e s e n t a t i o n  o f  t h e  r e p o r t  P i c a r d  
p r o p o s e d  t h a t  NaAufCN^ c o u ld  r e a c t  w i t h  oxygen p ro d u c ed  
from a d s o r b e d  s p e c i e s  t o  form i n s o l u b l e  a u r o c y a n i d e  and
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sodium c y a n a t e :

NaAu(CN) 2 + (O) = AuCN + NaCNO ( 2 . 4 )

T h is  would a l s o  a c c o u n t  f o r  t h e  f o r m a t i o n  o f  
c y a n a t e ,  and t h e  d e l e t e r i o u s  e f f e c t  o f  f r e e  c y a n i d e  on 
g o ld  a d s o r p t i o n  n o t e d  by Fe ld tm ann ,  a u r o c y a n i d e  b e i n g  
s o l u b l e  i n  c y a n i d e .  To e x p l a i n  p a r t i a l  d i s s o l u t i o n  o f  t h e  
a d s o r b e d  g o l d  i n  a l k a l i n e  s u l p h i d e  s o l u t i o n s ,  P i c a r d  
p ro p o s e d  t h e  f o l l o w i n g  r e a c t i o n :

3 AuCN + Na2S = NaCNS + NaAu(CN) 2 + Au2 ( 2 . 5 )

With no f r e e  c y a n i d e  p r e s e n t  t h i s  would g i v e  one  
t h i r d  g o l d  r e c o v e r y ,  b u t  Fe ld tm ann  had r e p o r t e d  two 
t h i r d s  r e c o v e r e d  w i t h  j u s t  sodium s u l p h i d e  s o l u t i o n .

Also i n  t h e  d i s c u s s i o n  T r e w a r th a - J a m e s  p o i n t e d  o u t  
t h a t  i f ,  a s  F e ld tm an n  r e p o r t e d ,  c a r b o n a c e o u s  d e p o s i t s  
a d s o r b e d  g o l d  up t o  a maximum l o a d i n g ,  t h i s  may be due t o  
a p h y s i c a l  p r o c e s s .  A d s o r p t i o n  o c c u r r i n g  o n to  t h e  
p a r t i c l e  s u r f a c e s  u n t i l  t h e y  a r e  c o m p l e t e l y  c o a t e d .  
R e s t o r a t i o n  o f  a d s o r p t i o n  c a p a c i t y  o c c u r r i n g  when t h e  
s p e c i e s  was d e s o r b e d .

In 1917 Edmands [48]  d o u b te d  F e l d t m a n n ' s  i d e a  o f  
g o l d  b e in g  p r e c i p i t a t e d  a s  AuCN.CO.(CN)2 , s i n c e  f o r m a t i o n  
o f  t h i s  compound would r e q u i r e  1 mole o f  f r e e  c y a n i d e  p e r  
mole o f  g o l d  p r e c i p i t a t e d .  A l though  f r e e  c y a n id e  was
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shown t o  be a d s o r b e d  by c h a r c o a l ,  t h e  amount was much 
l e s s  t h a n  p r e d i c t e d ,  and was s e e n  t o  be u n r e l a t e d  t o  g o l d  
a d s o r p t i o n .

N o t in g  t h e  f o r m a t i o n  o f  a d d i t i o n  p r o d u c t s  o f  
KAu (CN) 2  (KCN.AuCN.X2 where  X=C1, Br ,  I . ) ,  Edmands 
p r o p o s e d  t h e  f o r m a t i o n  o f  KCN.AuCN.CO on t h e  c a r b o n  
s u r f a c e ,  w i t h  HCN.AuCN.CO in  a c i d i c  s o l u t i o n s .

In  t h e  d i s c u s s i o n  which f o l l o w e d ,  Rose t h o u g h t  t h a t
t h e  a c t i v e  a g e n t  in  c h a r c o a l  was l i q u e f i e d  c a r b o n
monoxide .  A l l e n  d o ub te d  G r e e n ' s  [74]  t h e o r y  o f  a d s o r b e d
c a r b o n  monoxide b e in g  r e s p o n s i b l e  f o r  g o l d  a d s o r p t i o n .  I t
was n o t e d  t h a t  Rhead [76] c o n c l u d e d ,  a f t e r  s t u d y i n g  t h e
c o m b u s t io n  of  c h a r c o a l ,  t h a t  i n i t i a l l y  a complex C Ox y
decomposes  on h e a t i n g  and e v a c u a t i o n  t o  l i b e r a t e  c a rb o n  
monoxide and c a rb o n  d i o x i d e .  S i n c e  t h i s  c a r b o n  monoxide 
was o n ly  formed a t  h igh  t e m p e r a t u r e  and re d u c e d  p r e s s u r e ,  
i t  seemed u n l i k e l y  t h a t  i t  c o u l d  be h e l d  r e s p o n s i b l e  f o r  
g o l d  a d s o r p t i o n .  Commenting on F e l d t m a n n ' s  [75]
a s s u m p t i o n  t h a t  w ash ing  g o ld  lo a d e d  c h a r c o a l  removed t h e  
a d s o r b e d  g o l d ,  l e a v i n g  p r e c i p i t a t e d  g o l d ,  i t  was known 
t h a t  a d s o r b e d  s p e c i e s  c o u l d  o n ly  be washed o f f  w i t h  
' e x t r e m e  d i f f i c u l t y ' ,  so t h e  g o l d  r e c o v e r e d  was more 
l i k e l y  s im p ly  h e l d  in  s o l u t i o n  in  t h e  p o r e s  o f  t h e  
c h a r c o a l .  F u r t h e r  p r o o f  o f  t h i s  c o u ld  be found i f  t h e  
a d s o r b e d  and p r e c i p i t a t e d  v a l u e s  were c o r r e l a t e d  w i t h  t h e  
e q u i l i b r i u m  g o l d  c o n c e n t r a t i o n  in  s o l u t i o n  u s i n g  t h e  
e m p i r i c a l  F r e u n d l i c h  a d s o r p t i o n  i s o t h e r m .  The c o r r e l a t i o n
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w i t h  p r e c i p i t a t e d  g o l d  i s  s i g n i f i c a n t ,  b u t  n o t  w i t h  
a d s o r b e d  g o l d .  A l l e n  t h u s  p r o p o s e d  t h a t  g o l d  was a d s o r b e d  
w i t h o u t  c h e m i c a l  c h a n g e ,  by an e q u i l i b r i u m  p r o c e s s  which  
a g r e e s  w i t h  t h e  F r e u n d l i c h  a d s o r p t i o n  i s o t h e r m .  The 
e q u i l i b r i u m  was s a i d  t o  be d e p e n d e n t  on t h e  s u r f a c e  
t e n s i o n .  Thus by a l t e r i n g  t h e  s u r f a c e  t e n s i o n  o f  t h e  
s o l u t i o n ,  t h e  e q u i l i b r i u m  c o u ld  be a f f e c t e d .  T h i s  was 
t h o u g h t  t o  be  why g o l d  c o u ld  be r e c o v e r e d  from c h a r c o a l  
by s u l p h i d e  s o l u t i o n s .

In  1923 W i l l i a m s  [77]  a n a l y s e d  t h e  a s h e s  o f  b u r n t ,  
g o ld  l o a d e d  c h a r c o a l  and  d i s c o v e r e d  l a r g e  q u a n t i t i e s  o f  
c a lc iu m  s a l t s ,  b u t  v e r y  s m a l l  am oun ts  o f  sod ium .  The 
a d s o r b e d  s p e c i e s  was t h u s  t h o u g h t  t o  be  A ufC N ^ b u t  no 
m en t io n  was made o f  t h e  c o r r e s p o n d i n g  c a t i o n  a d s o r b e d .

McKee and H or ton  [ 7 8 ] ,  i n  1925 a l s o  n o t e d  t h e  change 
i n  c o l o u r  o f  c h a r c o a l ,  s e en  by Green [ 7 4 ] ,  on l o a d i n g  
g o ld  from d i l u t e  a u r o c y a n i d e  s o l u t i o n ,  i n d i c a t i n g  th e  
a d s o r p t i o n  o f  m e t a l l i c  g o l d .  In  more c o n c e n t r a t e d  
s o l u t i o n s  t h e y  a l s o  p r o p o s e d  t h a t  some g o l d  was a d s o r b e d  
a s  an i o n  o r  m o l e c u l e .

In  1927 G ro s s  and S c o t t  [79] showed t h a t  s u r f a c e  
t e n s i o n  d o e s  n o t  a f f e c t  g o ld  a d s o r p t i o n .  In  a c i d i c  
s o l u t i o n s  t h e  e f f i c i e n c y  o f  p i n e  c h a r c o a l  t o  a d s o r b  g o ld  
was i n c r e a s e d ,  and t h i s  a d s o r b e d  g o l d  was more r e a d i l y  
r e c o v e r e d  by KCN. T h i s  s u g g e s t s  t h a t  from a c i d i c  s o l u t i o n  
t h e  a d s o r b e d  s p e c i e s  i s  w ho l ly  o r  p a r t l y  AuCN.
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I t  was n o t e d  t h a t  on g r a d u a l  h e a t i n g ,  a l k a l i n e  
a u r o c y a n i d e s  p a s s  t h r o u g h  a r a n g e  o f  c o l o u r s  -  p i n k ,  r e d ,  
deep  b r o w n / p u r p l i s h  r e d ,  t o  l e a v e  m e t a l l i c  g o l d .  
A uro cy an id e  t u r n s  g r e e n  on h e a t i n g ,  t h e n  b rown, and 
f i n a l l y  m e t a l l i c  g o l d  i s  l e f t .  H e a t in g  g o l d  l o a d e d  p i n e  
c h a r c o a l  gave c o l o u r s  i n d i c a t i n g  a l k a l i n e  a u r o c y a n i d e ,  a s  
d i d  t h e  r e s i d u e s  p ro d u c e d  by e v a p o r a t i o n  o f  s o l u t i o n s  
o b t a i n e d  a f t e r  h o t  w a t e r  w ash ing  o f  t h e  l o a d e d  c h a r c o a l .  
T h i s  s u g g e s t s  t h a t  i n  n e u t r a l  s o l u t i o n  AuCN i s  n o t  
a d s o r b e d .  U n f o r t u n a t e l y  t h e y  d i d  n o t  r e p e a t  t h e s e  t e s t s  
u s in g  c h a r c o a l  l o a d e d  from a c i d i c  s o l u t i o n .

Using p u r e  s o l u t i o n s  o f  KAu(CN)2 , t h e y  showed t h a t  
p o t a s s i u m  and b i c a r b o n a t e  were  l e f t  i n  s o l u t i o n  a f t e r  
g o ld  a d s o r p t i o n .  The s o l u t i o n s  o b t a i n e d  by h o t  w a t e r  
w ash ing  o f  t h e  l o a d e d  c h a r c o a l  d i d  n o t  c o n t a i n  enough 
p o t a s s i u m  t o  a c c o u n t  f o r  KAu(CN)2 , b u t  t h e r e  was 
s u f f i c i e n t  c a l c i u m .  Thus t h e y  p ro p o s e d  t h a t  f o r  p i n e  
c h a r c o a l  t h e  a d s o r p t i o n  e q u a t i o n  was:

2 KAu (CN) 2 + Ca(OH) 2 + 2 CC>2 = Ca(Au(CN) 2 ) 2 + 2 KHCC>3

( 2 . 6 )

The c a l c i u m  o x i d e  was c o n t a i n e d  a s  an  i m p u r i t y  i n  
t h e  c h a r c o a l ,  and c a r b o n  d i o x i d e  had b ee n  shown by 
Green [74]  t o  be i m p o r t a n t .

Fo r  s u g a r  c h a r c o a l s  t h a t  c o n t a i n  l i t t l e  o r  no 
c a l c iu m  i m p u r i t i e s ,  t h e y  showed t h a t  t h e  c o l o u r  change
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o b t a i n e d  on h e a t i n g  l o a d e d  c h a r c o a l  d i d  n o t  o c c u r  u n l e s s  
i t  was t r e a t e d  w i t h  c a l c iu m  o x i d e .  Thus i f  c a l c i u m  i s  n o t  
p r e s e n t  t h e y  p r o p o s e d  a d s o r p t i o n  o f  HAufCN^:

G a r t e n  and Weiss [80]  w ere  t h e  f i r s t  t o  s u g g e s t  a 
r e a c t i o n  w i t h  a s p e c i f i c  s u r f a c e  f u n c t i o n a l  g r o u p .  In 
1957 t h e y  p r o p o s e d  t h a t  i n  a l k a l i n e  s o l u t i o n ,  any 
chromene s i t e s  w i l l  be o x i d i z e d  t o  c h r o m e n o l s .  Exchange 
o f  h y d r o x y l  w i t h  a u r o c y a n i d e  i o n s  a t  t h e  ca rb o n ium  io n  
s i t e  t h e n  o c c u r s  ( e q u a t i o n  2 . 8 ) .  However t h e y  o f f e r e d  no 
e x p l a n a t i o n  f o r  i n c r e a s e d  a d s o r p t i o n  o b t a i n e d  from a c i d i c  
s o l u t i o n s .

In  1968 Kuz 'minykh and T y u r in  [58]  s t u d i e d  t h e  
change i n  c o n c e n t r a t i o n  o f  i o n s ,  i n  s o l u t i o n ,  when 
d e - c a l c i f i e d  b i r c h  c h a r c o a l  was added  t o  s o l u t i o n s  o f  
KAu (CN) 2  a c i d i f i e d  w i t h  HC1. They c o n c lu d e d  t h a t  t h e  form 
o f  t h e  a d s o r b e d  complex was d e p e n d e n t  on t h e  pH o f  
s o l u t i o n .  HAu (CN>2 b e i n g  a d s o r b e d  from a c i d  s o l u t i o n ,  
KAu (CN) 2  f rom n e u t r a l  o r  a l k a l i n e  s o l u t i o n .

D av idson  [54]  r e p o r t e d  on t h e  e f f e c t s  o f  ' s p e c t a t o r '

KAu( CN) 2 + H20 + C02 = HAu(CN)2 + KHCC>3 ( 2 . 7 )

2 + KHC03 
( 2 . 8 )

c a t i o n s  i n  s o l u t i o n  on g o l d  a d s o r p t i o n  i n  1974. I t  was
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shown t h a t  an  i n c r e a s e  i n  t h e  r a t e  and c a p a c i t y  o f  g o l d  
a d s o r p t i o n  o c c u r s  i n  a c i d i c  s o l u t i o n s ,  and by t h e  
a d d i t i o n  o f  sodium o r  c a l c iu m  i o n s .  The d i f f e r i n g  e f f e c t s  
o f  t h e  s e v e r a l  c a t i o n s  was t h o u g h t  t o  be  due t o  t h e  
s t a b i l i t y  o f  t h e  a u r o c y a n i d e  complex fo rm ed ,  and was 
g i v e n  t o  be i n  t h e  o r d e r :

Ca2+ > Mg2+ > H+ > L i + > Na+ > K+

The d e c r e a s e  i n  a d s o r p t i o n  i n  a l k a l i n e  s o l u t i o n  was 
c o n s i d e r e d  a s  b e in g  due t o  c o m p e t i t i o n  be tw een  
a u r o c y a n i d e  and h y d r o x id e  a n i o n s  f o r  a d s o r p t i o n  s i t e s .

R eco v e ry  o f  a d s o r b e d  g o ld  by e l u t i o n  w i t h  d e i o n i z e d  
w a t e r  was shown to  be improved g r e a t l y  a f t e r  a sodium o r  
p o t a s s i u m  c a r b o n a t e  p r e t r e a t m e n t .  Acid w ash ing  t h e  l o a d e d  
a c t i v a t e d  c a r b o n  g r e a t l y  r e d u c e d  t h i s  e f f e c t ,  b u t  i t  was 
shown t h a t  t h e  a d d i t i o n  o f  p o t a s s i u m  h y d r o x id e  t o  t h e  
p r e t r e a t m e n t  r e s t o r e d  i t .  For  l o a d i n g s  from p o t a s s i u m  
a u r o c y a n i d e  s o l u t i o n ,  a c a l c iu m  c h l o r i d e  t r e a t m e n t  
r e s u l t e d  i n  l i t t l e  g o l d  r e c o v e r y  b e i n g  o b t a i n e d  by 
e l u t i o n  w i t h o u t  c a r b o n a t e  p r e t r e a t m e n t .

T hese  e l u t i o n  r e s u l t s  s u g g e s t e d  t o  D av idson  t h a t  i f  
c a l c iu m  i s  n o t  p r e s e n t  i n  s o l u t i o n  t h e n  HAufCN^ was 
a d s o r b e d  i n  a c i d i c  o r  a l k a l i n e  s o l u t i o n ,  C a f A u f C N ^ ^  
b e i n g  a d s o r b e d  i f  c a l c iu m  i s  p r e s e n t  i n  n e u t r a l  o r  
a l k a l i n e  s o l u t i o n .  However, i f  a d s o r p t i o n  o f  HAufCN^ 
from n e u t r a l  o r  a l k a l i n e  s o l u t i o n s  o f  KAufCN^ o c c u r s
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t h e n ,  a s  i n  t h e  c a s e  o f  a c i d  w a sh in g ,  p o t a s s i u m  h y d r o x id e  
would be  n ee d ed  w i t h  t h e  c a r b o n a t e  p r e t r e a t m e n t  t o  o b t a i n  
t h e  r e c o v e r y  r e p o r t e d  by e l u t i o n .

The e f f e c t  o f  t h e  c a r b o n a t e  p r e t r e a t m e n t  was t h o u g h t  
t o  be ex change  o f  t h e  c a t i o n  a d s o r b e d  w i t h  g o l d  w i t h  
p o t a s s i u m :

2 HAu ( CN) 2 + K2C03 = 2 KAu(CN) 2 + H2CC>3 ( 2 . 9 )  

Ca(Au( CN)2 ) 2 + K2C03 = 2 KAu(CN) 2 + CaC03 ( 2 .1 0 )

In 1978, Dixon e t  a l .  [59] n o t e d  t h a t  i f  n i t r o g e n  i s  
b u b b le d  t h r o u g h  t h e  s o l u t i o n s  d u r i n g  a d s o r p t i o n ,  t h e r e  i s  
a s i g n i f i c a n t  d r o p  in  e q u i l i b r i u m  g o l d  l o a d i n g ,  b u t  
l i t t l e  change i n  t h e  i n i t i a l  r a t e .  Oxygen was shown t o  
have no e f f e c t .  I n c r e a s e d  a d s o r p t i o n  a t  low pH was 
t h o u g h t  t o  be due  t o  t h e  f o r m a t i o n  o f  p o s i t i v e  s i t e s ,  
t h u s :

C O + Ho0 = C + 2 OH ( 2 .1 1 )x 2 x

E v id en c e  f o r  t h i s  t h e o r y  was t h e  r e l e a s e  o f  
h y d r o x id e  by a c t i v a t e d  ca rb o n  i n  aq u e o u s  s o l u t i o n .

Cho and P i t t  [81] s t u d i e d  t h e  a d s o r p t i o n  o f  g o ld  and 
s i l v e r  c y a n i d e s ,  and  i n  1979 n o t e d  t h a t  t h r e e  t i m e s  a s  
much g o ld  a s  s i l v e r  i s  a d s o r b e d .  From t h i s  t h e y  co n c lu d e d  
t h a t  a d s o r p t i o n  was e l e c t r o s t a t i c  i n  n a t u r e ,  s i n c e  t h e
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l a r g e r  a u r o c y a n i d e  i o n  w i l l  be more e a s i l y  s t a b i l i z e d  i n  
t h e  e l e c t r i c a l  d o u b l e  l a y e r .

In 1980 McDougal 1 ,  e t  a l .  [53]  u sed  X -ray  
p h o t o e l e c t r o n  s p e c t r o s c o p y  t o  d e t e r m i n e  t h e  b i n d i n g  
e n e r g i e s  o f  e l e c t r o n s  i n  t h e  a d s o r b e d  g o l d  s p e c i e s .  They 
found t h a t  t h e  b i n d i n g  e n e r g y  was be tw een  t h o s e  e x p e c t e d  
f o r  m e t a l l i c  g o ld  o r  KAu(CN)2 r and was n o t  s i g n i f i c a n t l y  
a f f e c t e d  by ' s p e c t a t o r '  c a t i o n s  o r  c y a n i d e  i n  s o l u t i o n .  
Thus t h e y  c a l c u l a t e d  t h a t  t h e  a d s o r b e d  s p e c i e s  had a mean 
o x i d a t i o n  s t a t e  o f  0 . 3 .  A n o th e r  p o s s i b l e  s p e c i e s  a d s o r b e d  
was AuCN w i t h o u t  r e d u c t i o n .  However, t h e y  w ere  u n a b le  t o  
d e t e r m i n e  t h e  A u(I )  b i n d i n g  en e rg y  f o r  AuCN and t h u s  
c o u l d  n o t  show w h e t h e r  o r  n o t  t h i s  s p e c i e s  was a d s o r b e d .

Measurement  o f  n i t r o g e n  c o n t e n t s  o f  l o a d e d  a c t i v a t e d  
c a r b o n s ,  by m i c r o a n a l y s i s ,  i n d i c a t e d  i n s u f f i c i e n t  
n i t r o g e n  i s  a d s o r b e d  t o  a c c o u n t  f o r  Au(CN)2 , and a t  h ig h  
l o a d i n g s  t h e  m o la r  Au:N r a t i o  a p p r o a c h e s  1 : 1 .  As i t  was 
r e p o r t e d  t h a t  no f r e e  c y a n i d e  c o u ld  be  d e t e c t e d  i n  
s o l u t i o n  a f t e r  t h e  a d s o r p t i o n  t e s t s ,  i t  was t h o u g h t  t h a t  
t h e  a c t i v a t e d  c a r b o n  was a c t i n g  a s  a c a t a l y s t  f o r  t h e  
o x i d a t i o n  o f  CN~ t o  NH^, and t h a t  t h e  NH^ was b e i n g  l o s t .

The mechanism o f  a d s o r p t i o n  was p r o p o s e d  t o  c o n s i s t  
o f  2 s t e p s .

(1) I n i t i a l  a d s o r p t i o n  o f  Mn + (Au(CN)2 ) , (where  Mn+ i s  
K , Na , H , o r  Ca^+ ) t h e  c a t i o n  a d s o r b e d  b e i n g  t h e
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one w hich  forms a complex w i t h  t h e  l o w e s t  s o l u b i l i t y .

(2)  R e d u c t i o n  o f  t h e  a d s o r b e d  s p e c i e s  t o  form e i t h e r  a 
c l u s t e r  compound c o n t a i n i n g  g o ld  i n  t h e  0 and +1 

o x i d a t i o n  s t a t e s ,  o r  a s u b - s t o i c h i o m e t r i c  a u r o c y a n i d e  
p o ly m e r  (AuCN)x c o n t a i n i n g  some m e t a l l i c  g o l d .

T s u c h id a  e t  a l .  [82]  m easured  t h e  a d s o r p t i o n  o f  g o ld  
and  c a t i o n s  from s o l u t i o n  o n to  a c i d  washed a c t i v a t e d  
c a r b o n ,  and i n  1982 n o t e d  t h a t  a t  pH < 10 t h e  m o la r  Au:K 
a d s o r p t i o n  r a t i o  was 2 . 5 : 1 ,  and t h a t  t h e  a d d i t i o n  o f  f r e e  
c y a n i d e  had no e f f e c t .  At h i g h e r  pH t h e r e  was s e e n  to  be 
an  i n c r e a s e  i n  p o t a s s i u m  l o a d i n g ,  b u t  no change w i t h  g o ld  
u n l e s s  f r e e  c y a n i d e  was p r e s e n t ,  when g o ld  l o a d i n g s  were  
r e d u c e d .  They a l s o  n o t e d  t h e  r e l e a s e  o f  h y d r o x id e  d u r i n g  
a d s o r p t i o n  which  was more p ro n o u n c ed  a t  h ig h  l o a d i n g s .  
Thus t h e i r  mechanism i n v o l v e d  d e c o m p o s i t i o n  o f  Au(CN) 2 t o  
i n s o l u b l e  AuCN and f r e e  c y a n i d e  ( e q u a t i o n  2 . 1 2 ) .  The 
c y a n i d e  i s  o x i d i z e d  t o  c y a n a t e  ( e q u a t i o n  2 . 1 3 ) ,  c a rb o n  
d i o x i d e  and  ammonia a r e  t h e n  formed by h y d r o l y s i s  
( e q u a t i o n  2 . 1 4 ) .  I n c r e a s e d  c a t i o n  a d s o r p t i o n  a t  pH>10 was 
t h o u g h t  t o  be  due t o  f o r m a t i o n  o f  a n i o n i c  s i t e s .

lOH + Au(CN)2
( 2 . 1 2 )

2 CN + O2 2 CNO ( 2 .1 3 )

CNO + 2 H2 0  = NH3 + C 0 2 +OH ( 2 . 1 4 )
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In l a t e r  r e p o r t s  d u r i n g  1984 T s u c h id a  e t  a l .  [ 5 7 ,8 3 ]  
r e p o r t e d  t h a t  f r e e  c y a n i d e  r e d u c e s  g o l d  a d s o r p t i o n  a t  a l l  
pH v a l u e s ,  b u t  f o r  h ig h  c y a n id e  c o n c e n t r a t i o n s  t h i s  d rop  
i s  l o w e r .  T h i s  was assumed to  be due t o  t h e  h ig h  c a t i o n  
c o n c e n t r a t i o n ,  t h o u g h  i t  was a l s o  shown t h a t  t h e  e f f e c t  
o f  ' s p e c t a t o r *  c a t i o n s  i s  n e g l i g i b l e  below pH 6 , and t h a t  
t h e  m o la r  g o l d r c a t i o n  a d s o r p t i o n  r a t i o  i s  a lw a y s  g r e a t e r  
t h a n  1 : 1 .  I n c r e a s e d  c a t i o n  a d s o r p t i o n  i n  a l k a l i n e  
c o n d i t i o n s  was t h o u g h t  to  be due t o  t h e  p r e c i p i t a t i o n  o f  
c a l c iu m  and magnesium c a r b o n a t e s ,  t h e  c a r b o n a t e  b e in g  
formed by d e c o m p o s i t i o n  o f  c y a n i d e .

High t e m p e r a t u r e  e v a c u a t i o n  o f  a c t i v a t e d  c a r b o n  was 
shown t o  r e s u l t  i n  a d ro p  in  a d s o r p t i o n  c a p a c i t y ,  b u t  t h e  
m o la r  Au:K a d s o r p t i o n  r a t i o  was 1 : 1 .  Gold a d s o r p t i o n  
c o u l d  be  r e s t o r e d  by b u b b l in g  oxygen t h r o u g h  t h e  
s o l u t i o n ,  t h u s  s u g g e s t i n g  t h a t  c h e m iso rb e d  oxygen was 
i n v o l v e d  i n  t h e  a d s o r p t i o n  mechanism. They p r o p o s e d  a 
s t r u c t u r e  c o n t a i n i n g  chromene,  c a r b o x y l ,  and p h e n o l i c  
h y d r o x y l  o r  q u in o n e  t y p e  c a r b o n y l  g r o u p s  t o  e x p l a i n  t h e i r  
mechanism w hich  c o n s i s t e d  o f  i n i t i a l  i o n i c  a d s o r p t i o n  o f  
Au (CN) 2  and K+ a t  oxonium and c a r b o x y l a t e  . s i t e s  
r e s p e c t i v e l y  ( f i g u r e  2 . 2 ) .  The A ufC N ^ io n  i s  t h e n  
c h e m i c a l l y  bonded by n u c l e o p h i l i c  s u b s t i t u t i o n ,  and 
o x i d i z e d  by any q u in o n e  g r o u p s  t o  g i v e  AuCN, c a r b o n a t e  
and ammonia, l e a v i n g  t h e  oxonium io n  t o  a l l o w  f u r t h e r  
a d s o r p t i o n .
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F i g u r e 2 . 2  Mechanism o f  g o ld  a d s o r p t i o n  p r o p o s e d  by
T s u c h id a  e t  a l .  [83]
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2 . 6 . 1  C o n c l u s i o n s

I t  can  be s e e n  t h a t  many r e s e a r c h e r s  have s t u d i e d  
t h e  phenomenon o f  g o l d  a d s o r p t i o n  by a c t i v a t e d  c a r b o n s  
and c h a r c o a l s .  From t h e s e  s t u d i e s  s e v e r a l  i m p o r t a n t  f a c t s  
have been  o b t a i n e d .

(1) H e a t - t r e a t m e n t  o f  a c t i v a t e d  c a rb o n  o r  c h a r c o a l  a t  
t e m p e r a t u r e s  i n  e x c e s s  o f  200°C i n  i n e r t  a t m o s p h e r e s  
r e s u l t s  in  a s i g n i f i c a n t  r e d u c t i o n  i n  g o l d  a d s o r p t i o n .  
T h i s  can be r e s t o r e d  t o  t h e  o r i g i n a l  l e v e l  i f  oxygen  
i s  b u b b le d  t h r o u g h  s o l u t i o n s  d u r i n g  a d s o r p t i o n .

(2) The a d s o r b e d  s p e c i e s  can  be p a r t i a l l y  r e c o v e r e d  by 
KCN. A l k a l i n e  KCN o r  s u l p h i d e  s o l u t i o n s ,  o r g a n i c  
s o l v e n t s ,  and c a r b o n a t e  p r e t r e a t m e n t s  can  im prove t h i s  
r e c o v e r y .

(3) Under normal  c o n d i t i o n s  t h e  amount o f  c a t i o n  a d s o r b e d  
i s  much l e s s  t h a n  t h a t  o f  g o l d .  D e o x y g e n a t io n  o f  
a c t i v a t e d  c a r b o n  and s o l u t i o n s  r e s u l t s  i n  e q u i m o l a r  
g o l d  and c a t i o n  a d s o r p t i o n .

(4) A d d i t i o n  o f  c a t i o n s  t o  t h e  a d s o r p t i o n  medium t e n d s  t o  
i n c r e a s e  t h e  c a p a c i t y  and r a t e  o f  g o l d  l o a d i n g ,  
d e p e n d in g  on t h e  c a t i o n  and i t s  c o n c e n t r a t i o n .

(5) A d d i t i o n  o f  f r e e  c y a n i d e  r e d u c e s  g o l d  a d s o r p t i o n  up to  
a c e r t a i n  c o n c e n t r a t i o n ,  t h e n  t h e  e f f e c t  i s  r e d u c e d .
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( 6 ) The r e a c t i o n  i s  e x o t h e r m i c .

A l th o u g h  many t h e o r i e s  a s  t o  t h e  a d s o r p t i o n
mechanism have been  p u t  f o r w a r d ,  t h e y  can  be c l a s s i f i e d  
i n t o  4 main g r o u p s .

(1) R e d u c t io n  t o  m e t a l l i c  g o l d .  The o b s e r v a t i o n s  by
Green [ 7 4 ] ,  and McKee and H or ton  [78]  o f  m e t a l l i c  g o ld  
on l o a d e d  c h a r c o a l s  have n e v e r  b ee n  c o r r o b o r a t e d  by 
modern s t u d i e s .  McDougall e t  a l .  [53]  c o u l d  n o t
d i s c o u n t  AuCN a s  b e in g  r e s p o n s i b l e  f o r  t h e i r  XPS 
r e s u l t s .  Thus t h e r e  i s  v e r y  l i t t l e  e v i d e n c e  t o  s u p p o r t  
t h i s  t h e o r y .

(2) A d s o r p t i o n  o f  i n s o l u b l e  AuCN. S u p p o r t  f o r  t h i s  t h e o r y  
comes from t h e  i n a b i l i t y  t o  r e c o v e r  t h e  a d s o r b e d  g o ld  
by w ash ing?  l i t t l e  o r  no a d s o r p t i o n  o f  c a t i o n s  from 
s o l u t i o n ?  p r e s e n c e  o f  d e c o m p o s i t i o n  p r o d u c t s  o f  
c y a n i d e  i n  s o l u t i o n ?  i n c r e a s e d  a d s o r p t i o n  i n  a c i d  
s o l u t i o n ?  r e d u c e d  a d s o r p t i o n  w i t h  f r e e  c y a n id e  
p r e s e n t .  T h i s  t h e o r y  c a n n o t  e x p l a i n  t h e  r e c o v e r y  o f  
g o l d  o b t a i n e d  by e l u t i o n  w i t h  w a t e r  a f t e r  a c a r b o n a t e  
p r e t r e a t m e n t .

(3) A d s o r p t i o n  o f  Mn + (Au(CN)2 )n - I n i t i a l l y  p r o p o s e d  t o  
e x p l a i n  why c a t i o n s  d i d  n o t  a d s o r b  e q u i m o l a r  w i t h  
g o l d ,  i t  i s  assumed t h a t  s u f f i c i e n t  i m p u r i t i e s  a r e  
c o n t a i n e d  w i t h i n  t h e  a c t i v a t e d  c a r b o n  t o  a c c o u n t  f o r  
t h e  d i f f e r e n c e .  The i n c r e a s e  i n  a d s o r p t i o n  s e e n  on
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a d d i t i o n  o f  e x c e s s  c a t i o n s  t o  s o l u t i o n  was a l s o  
t h o u g h t  t o  be due t o  f o r m a t i o n  o f  t h e  more i n s o l u b l e  
a u r o c y a n i d e  compounds. A prob lem  w i t h  t h i s  t h e o r y  i s  
t h a t  a c i d  washed a c t i v a t e d  c a r b o n s  t h a t  c o n t a i n  v e ry  
low l e v e l s  o f  c a t i o n s  a s  i m p u r i t i e s  a l s o  f a i l  t o  
a d s o r b  e q u i m o l a r  g o l d  and c a t i o n s .

(4) Ion exchange  o f  K+ a n d / o r  A u fC N ^ .  To a c c o u n t  f o r  th e  
e f f e c t  o f  s u r f a c e  o x id e  g r o u p s  i t  i s  assumed t h a t  t h e  
g o ld  and c a t i o n  s p e c i e s  a d s o r b  a t  s e p a r a t e  s i t e s ,  o r  
t h a t  Au(CN)^ a d s o r b s  a t  c a t i o n i c  s i t e s  and t h e  c a t i o n  
i s  l e f t  i n  s o l u t i o n .  The d e l e t e r i o u s  e f f e c t  o f  f r e e  
c y a n id e  i s  assumed t o  be due to  c o m p e t i t i o n  be tw een  
t h e  two a n i o n s .  I n c r e a s e d  a d s o r p t i o n  in  a c i d  s o l u t i o n  
c o u ld  be due t o  t h e  f o r m a t i o n  o f  more c a t i o n i c  s i t e s ,  
b u t  t h e  h y d r o x i d e  r e l e a s e d  on f o r m a t i o n  o f  t h i s  s i t e  
c a n n o t  be d e t e c t e d  w i t h  c e r t a i n t y  due t o  t h e  n a t u r a l  
b u f f e r i n g  c a p a c i t y  o f  th e  a c t i v a t e d  c a r b o n s  u se d .
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3 S t r u c t u r a l  E f f e c t s  on Gold A d s o r p t io n

3 .1  I n t r o d u c t i o n

C o n s i d e r i n g  t h a t  a c t i v a t e d  c a r b o n s  have been  known 
t o  a d s o r b  g o l d  from c y a n i d e  s o l u t i o n  s i n c e  t h e  end o f  th e  
l a s t  c e n t u r y  [ 4 7 ] ,  i t  seems r e m a r k a b le  t h a t  l i t t l e  
e v i d e n c e  h as  been  o b t a i n e d  f o r  t h e i r  s t r u c t u r a l  and
s u r f a c e  c h e m ic a l  i n f l u e n c e  on a d s o r p t i o n .

S t u d i e s  o f  t h e  s t r u c t u r a l  e f f e c t s  on a d s o r p t i o n  of  
o r g a n i c  and i n o r g a n i c  m o le c u le s  has  shown t h a t  many
a d s o r b a t e s  w i l l  n o t  be a d s o r b e d  i f  t h e  p o r e s  in  t h e  
a d s o r b e n t  a r e  t o o  s m a l l  [ 8 ] .  T h i s  i s  n o t  a g e n e r a l  r u l e  
however,  and i t  i s  t h o u g h t  t h a t  p o r e  s h a p e s  and t h e
p r e s e n c e  o f  s p e c i f i c  ' a c t i v e  s i t e s '  f o r  d i f f e r e n t
m o le c u le s  may a l s o  p l a y  a p a r t .

The aim o f  t h i s  c h a p t e r  i s  t o  t r y  and g a i n  some 
u n d e r s t a n d i n g  o f  t h e  r e l a t i o n s h i p s  be tw een  t h e  s t r u c t u r e s  
of  a d s o r b e n t  c a r b o n s  and t h e i r  c a p a c i t y  t o  a d s o r b  g o l d .  A 
s i m i l a r  s t u d y  by D av idson  e t  a l .  [24]  u se d  25 d i f f e r e n t  
a c t i v a t e d  c a r b o n s  i n  an  a t t e m p t  t o  c o r r e l a t e  t h e i r  
a d s o r p t i v e  c a p a c i t y  f o r  g o ld  w i t h  such  p r o p e r t i e s  a s  a s h  
c o n t e n t ,  i o d i n e  number ,  m e th y len e  b l u e  v a l u e ,  s u r f a c e  
a r e a  and s l u r r y  pH. A c o r r e l a t i o n  b e tw ee n  a d s o r p t i v e  
c a p a c i t y  and s l u r r y  pH was o b se rv ed  and was t h o u g h t  t o  be 
due to  t h e  p r e s e n c e  o f  o x id e  g ro u p s  on t h e  s u r f a c e  o f  th e  
a c t i v a t e d  c a r b o n s .  The m ajo r  prob lem  o f  a s tu d y  such  a s



6 4

t h i s  i s  t h e  v a r i a n c e  i n  p o r e  s t r u c t u r e s  b e t w e e n  a c t i v a t e d  
c a r b o n s  p r o d u c e d  from d i f f e r e n t  s t a r t i n g  m a t e r i a l s ,  and 
by m a n u f a c t u r e r s  u s i n g  d i f f e r e n t  a c t i v a t i o n  methods  and 
c o n d i t i o n s .  In t h i s  s t u d y  t h e  e f f e c t s  o f  s u c h  d i f f e r e n c e s  
have been  m in i m i z e d  by u s i n g  commer ci a l  c a r b o n  b l a c k s  
whose s t r u c t u r e s  a r e  more r e g u l a r  t h a n  a c t i v a t e d  c a r b o n s ,  
and which can be s i m p l y  m o d i f i e d  by h e a t - t r e a t m e n t s .

3 .2  E x p e r i m e n t a l  P r o c e d u r e s

3 . 2 . 1  M a t e r i a l s

P o t a s s i u m  d i c y a n o a u r a t e  ( I )  u s e d  i n  t h i s
i n v e s t i g a t i o n  was o b t a i n e d  from Johnson M a t t h e y  C h e mi ca l s  
L t d .  A l l  o t h e r  c h e m i c a l s  were  o f  AR g r a d e .

Four  c ommer c i a l  a c t i v a t e d  c a r b o n s  and f o u r  c a r b o n  
b l a c k s  were o b t a i n e d .  N o r i t  R2020 and S u t c l i f f e  Speakman 
607 a c t i v a t e d  c a r b o n s  and Black P e a r l s  71 and 1300 c a r b o n  
b l a c k s  were  p r o v i d e d  by t h e  BP R e s e ar c h  C e n t r e ,  S un bu ry ;  
N o r i t  R2520 a c t i v a t e d  c a r b o n  by N o r i t ,  N e t h e r l a n d s ;  
P i c a  G210 AS a c t i v a t e d  c a r b o n  by P i c a ,  F r a n c e ;  Black 
P e a r l s  1100 and Vulcan  XC-72 c a r b o n  b l a c k s  by Cabot
Carbon L t d . , E l l e s m e r e  P o r t .

N o r i t  R2020 and R2520 a r e  e x t r u d e d ,  p e a t  b a s e d  
a c t i v a t e d  c a r b o n s ;  P i c a  G210 AS and SS 607 a r e  
g r a n u l a t e d ,  c o c o n u t  s h e l l  b a s e d  a c t i v a t e d  c a r b o n s ;  BP71 
i s  a p e l l e t e d  c h a n n e l  b l a c k ;  BP1100, BP1300 and
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Vulcan XC-72 a r e  p e l l e t e d  f u r n a c e  b l a c k s .

P r i o r  t o  a d s o r p t i o n  t e s t s  t h e  a c t i v a t e d  c a r b o n s  were  
g round  t o  a -4 20  +75 pn s i z e  r a n g e .  The c a r b o n  b l a c k s
were  n o t  g ro und  due t o  t h e i r  v e r y  low m e c h a n i c a l  s t r e n g t h  
and p a r t i c l e  s i z e s  o f  from 13 t o  30 nm.

BP1300 c a r b o n  b l a c k  was n o t e d  t o  have a r e l a t i v e l y  
h i g h  v o l a t i l e  c o n t e n t  compared t o  t h e  o t h e r  c a r b o n  
b l a c k s ,  and an a c i d i c  s l u r r y  pH [ 8 4 ] .  T h i s  was l a t e r  
found t o  be due t o  a s p e c i a l  a f t e r - t r e a t m e n t  g i v e n  by 
C a b o t .  The n a t u r e  of  t h i s  t r e a t m e n t  was n o t  d i s c l o s e d ,  
b u t  i t  i s  l i k e l y  t o  i n c l u d e  a c i d  w a s h i n g .

3 . 2 . 2  S o l u t i o n s

Gold s o l u t i o n s  were p r e p a r e d  i n  1 o r  2 l i t r e  b a t c h e s  
by d i s s o l v i n g  a known amount  o f  KAufCN^ i n  d i s t i l l e d  
w a t e r .  Fo r  c a r b o n a t e  b u f f e r e d  s o l u t i o n s  a c c u r a t e  amounts  
o f  ^ 2 ^ 2  and NaHCO^ w er e  d i s s o l v e d  w i t h  t h e  KAufCN^/  
g i v i n g  a s o l u t i o n  pH o f  10 ( 0 . 0 2 5  M Na2C0 3 ,
0 .0 2 5  M NaHC03 ) .

3 . 2 . 3  S o l u t i o n  A n a l y s i s

S o l u t i o n s  were a n a l y s e d  f o r  g o l d ,  sodium,  c a l c i u m  
and magnesium u s i n g  a P e r k i n - E l m e r  Atomic A b s o r p t i o n  
S p e c t r o p h o t o m e t e r  i n  a b s o r p t i o n  mode. P o t a s s i u m  c o n t e n t s  
were  d e t e r m i n e d  i n  e m i s s i o n  mode.
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P r o b le ms  were o r i g i n a l l y  found w i t h  t h e  s t a b i l i t y  of  
g o l d  c h l o r i d e  s t a n d a r d  s o l u t i o n s  o f  low c o n c e n t r a t i o n s  (1 

and 2 ppm Au) when k e p t  i n  p o l y t h e n e  b o t t l e s .  S t o r a g e  o f  
t h e  s o l u t i o n s  i n  amber  g l a s s  b o t t l e s  e l i m i n a t e d  t h e  
e f f e c t ,  g i v i n g  r e p r o d u c i b l e  a b s o r p t i o n  v a l u e s  f o r  s e v e r a l  
months .  The p o t a s s i u m ,  sodium,  c a l c i u m  and magnesium 
s o l u t i o n s  d i d  n o t  d e t e r i o r a t e  a p p r e c i a b l y  w i t h  t i m e ,  and 
were a l l  k e p t  i n  p o l y t h e n e  b o t t l e s .

3 . 2 . 4  Carbon Bl ack  H e a t - T r e a t m e n t s

The c a r b o n  b l a c k s  were  h e a t - t r e a t e d  u n de r  n i t r o g e n  
a t  500,  1000,  1500,  2000,  and 2400°C.  The 500 and 1000°C 
h e a t - t r e a t m e n t s  were c a r r i e d  o u t  u n d e r  a n i t r o g e n  
a t m o s p h e r e  u s i n g  a h o r i z o n t a l  t u b e  f u r n a c e .  Samples  o f  up 
t o  100  ml were  p l a c e d  i n  an a l u m i n a  b o a t  and p o s i t i o n e d  
i n  t h e  p r e v i o u s l y  mapped o u t  ho t  zone  o f  t h e  f u r n a c e  so 
t h a t  t h e  maximum t e m p e r a t u r e  v a r i a t i o n  from t h e  c e n t r e  t o  
t h e  end o f  t h e  b o a t  was 20°C. The f u r n a c e  t u b e  was p u r g e d  
w i t h  oxygen f r e e  n i t r o g e n  t h r o u g h o u t  t h e  d u r a t i o n  o f  t h e  
t r e a t m e n t .  The n i t r o g e n  was a l s o  p a s s e d  t h r o u g h  an oxygen 
t r a p  t o  r e d u c e  oxygen l e v e l s  t o  below 1 ppm. A f t e r  
r e a c h i n g  t h e  r e q u i r e d  t e m p e r a t u r e  t h e  f u r n a c e  was 
s w i t c h e d  o f f  and a l l o w e d  t o  c o o l  t o  room t e m p e r a t u r e  
o v e r n i g h t .  The n i t r o g e n  f low was c o n t i n u e d  u n t i l  t h e  
c a r b o n  b l a c k  was removed from t h e  f u r n a c e  a t  room 
t e m p e r a t u r e .

H e a t - t r e a t m e n t s  a t  1500,  2000,  and 2400°C were  done
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a t  t h e  BP R e s e a r c h  C e n t r e  u s i n g  an  A s t r o  I n d u s t r i e s  
v e r t i c a l  g r a p h i t e  e l e m e n t  r e s i s t a n c e  f u r n a c e .  Samples  o f  
up t o  150 ml,  c o n t a i n e d  i n  a g r a p h i t e  c o n t a i n e r ,  w ere  
p urged  w i t h  n i t r o g e n  d u r i n g  t h e  c o u r s e  o f  t h e
h e a t - t r e a t m e n t .  The t e m p e r a t u r e  o f  t h e  s amp le  c o n t a i n e r  
was measured t h r o u g h  a s i g h t  t u b e  u s i n g  an  o p t i c a l  
p y r o m e t e r .  A f t e r  a t t a i n i n g  t h e  r e q u i r e d  t e m p e r a t u r e  t h e  
f u r n a c e  was s w i t c h e d  o f f  and a l l o w e d  t o  c o o l  t o  room 
t e m p e r a t u r e  i n  a r o u n d  2 h o u r s .

3 . 2 . 5  Pore  S i z e  D i s t r i b u t i o n s  and S u r f a c e  A rea s

BET s u r f a c e  a r e a s  and p o r e  s i z e  d i s t r i b u t i o n s  o f  
a c t i v a t e d  c a r b o n s  and c a r b o n  b l a c k s  w er e  d e t e r m i n e d  a t  
t h e  BP R e s e a r c h  C e n t r e  from n i t r o g e n  a d s o r p t i o n  i s o t h e r m s  
a t  78 K.

Pore  s i z e  d i s t r i b u t i o n s  were c a l c u l a t e d  from t h e  
a d s o r p t i o n  i s o t h e r m s  a c c o r d i n g  t o  t h e  method o f  C r a n s t o n  
and I n k l e y  [ 8 5 ] .  T h i s  method a s s u m e s  c a p i l l a r y  
c o n d e n s a t i o n  a s  t h e  n i t r o g e n  a d s o r p t i o n  mechanism.  T h i s
can o nl y be s t r i c t l y  a p p l i e d  - t o p o r e s  o f  > 2 . 5  nm i n
d i a m e t e r , a s i n  s m a l l e r  p o r e s t h e  c o n c e p t  o f t h e
f o r m a t i o n of a m e n i s c u s  c a n n o t be v a l i d a t e d  when t h e
p o r e s  a r e o n l y  a few n i t r o g e n m o l e c u l e s  w i d e . F o r
m i c r o p o r e  s i z e  d i s t r i b u t i o n s  t h e  V-t  p l o t  method was use d  
which d o e s  n o t  assume c a p i l l a r y  c o n d e n s a t i o n .  b u t  
c o n s i d e r s  t h e  t h i c k n e s s  o f  t h e  a d s o r b e d  l a y e r s  [ 8 6 ] .
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F i g u r e  3 . 1  Model o f  a d s o r p t i o n  o f  l o n g  c h a i n  
h y d r o c a r b o n s  o n t o  b a s a l  g r a p h i t e  p l a n e s  [ 8 7 ] .

B a s a l  p l a n e  s u r f a c e  a r e a s  were  c a l c u l a t e d  from t h e  
h e a t  o f  a d s o r p t i o n  o f  n - d o t r i a c o n t a n e  from h e p t a n e  i n  a 
f low m i c r o c a l o r i m e t e r .  Edge ( p o l a r )  a r e a s  were  c a l c u l a t e d  
from t h e  h e a t  o f  a d s o r p t i o n  o f  n - b u t a n o l .  The a d s o r p t i o n  
o f  t h e s e  two compounds from h e p t a n e  h a s  b ee n  shown t o  
c o r r e s p o n d  t o  two d i f f e r e n t  mechanisms [ 8 7 ] .  For  
n - d o t r i a c o n t a n e  ( n - C ^ ) /  a d s o r p t i o n  f rom n - h e p t a n e  i s  
t h o u g h t  t o  be  due t o  t h e  f i t  o f  h ydr og e n  atoms a t t a c h e d
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t o  one s i d e  o f  t h e  z i g - z a g  h y d r o c a r b o n  c h a i n ,  w i t h  t h e  
c e n t r e s  o f  t h e  h exagons  formed from t h e  c a r b o n  a toms in
t h e  b a s a l p l a n e s of  t h e a d s o r b a t e  ( f i g u r e  3. 1 ) . The
a d s o r p t i o n of n - b u t a n o l from n - h e p t a n e  i s  due t o t h e
a t t r a c t i o n of t h e p o l a r g r o u p s  on t h e  s u r f a c e o f t h e
a d s o r b e n t .

3 . 2 . 6  S l u r r y  pH

The b u f f e r i n g  pH o f  a c t i v a t e d  c a r b o n  and c a r b o n  
b l a c k  s l u r r i e s  were  d e t e r m i n e d  by a d d i n g  0 .5  g s a m p l e s  t o  
50 ml o f  d i s t i l l e d  w a t e r  i n  125 ml s t o p p e r e d  f l a s k s  and 
a g i t a t i n g  f o r  24 h o u r s  a t  25°C b e f o r e  f i l t r a t i o n  t h r o u g h  
Whatman 1 f i l t e r  p a p e r .  The r e s u l t s  o f  3 d e t e r m i n a t i o n s  
were  used  t o  o b t a i n  a mean v a l u e .

3 . 2 . 7  Acid Washing

The c a r b o n  b l a c k s  and a c t i v a t e d  c a r b o n s  were  a c i d  
washed w i t h  1 M h y d r o c h l o r i c  a c i d .  Samples  o f  10 g were  
added  t o  250 ml s t o p p e r e d  f l a s k s  w i t h  200 ml o f  a c i d .  The 
f l a s k s  were  l e f t  a t  room t e m p e r a t u r e  f o r  2 - 3  d a y s ,  w i t h  
o c c a s i o n a l  s h a k i n g .  The s l u r r i e s  were  d e c a n t e d  and t h e  
w a s h i n g s  a n a l y s e d  f o r  sodium,  p o t a s s i u m ,  c a l c i u m ,  and 
magnesium by a t o m i c  a b s o r p t i o n / e m i s s i o n  s p e c t r o s c o p y .  
S u c c e s s i v e  wa sh es  were  c a r r i e d  o u t  u n t i l  t h e  c a t i o n  
i m p u r i t y  c o n t e n t s  o f  t h e  w a s h i n g s  c o u l d  n o t  be a c c u r a t e l y  
d e t e r m i n e d  by a t o m i c  a b s o r p t i o n .  T h i s  r e q u i r e d  from 7 t o
9 w a s h e s .
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Fo r  r emova l  o f  e x c e s s  a c i d  h e l d  i n  t h e  p o r e s  o f  t h e  
c a r b o n s  t h e  method o f  s o a k i n g  t h e  c a r b o n  i n  b a t c h e s  o f  
d i s t i l l e d  w a t e r  [57]  was found t o  be  i n e f f i c i e n t ,  
r e q u i r i n g  many washes  b e f o r e  a s i g n i f i c a n t  d r o p  i n  t h e  
r e s u l t i n g  s o l u t i o n  pH was o b s e r v e d .  A b e t t e r  method found 
was t h e  u se  o f  a s o x h l e t  a p p a r a t u s  t o  g i v e  c o n t i n u o u s  h o t  
co n de ns ed  v a p o u r  w a s h e s ,  w i t h  t h e  v a p o u r  formed from t h e  
w a s h i n g s .  The s o x h l e t  was h i n gs  were  d e c a n t e d  a t  weekly  
i n t e r v a l s ,  u n t i l  t h e  r e s u l t a n t  s o l u t i o n  pH was > 5. T h i s  
u s u a l l y  r e q u i r e d  from 3 t o  6 weeks .

3 . 2 . 8  Gold A d s o r p t i o n  I s o t h e r m s

A p r e l i m i n a r y  s e r i e s  of  e x p e r i m e n t s  u s i n g  a c t i v a t e d
c a r b o n s  and c a r b o n b l a c k s i n d i c a t e d t h a t a
p s e u d o - e q u i l i b r i u m  was o b t a i n e d a f t e r  an 18 hour
a d s o r p t i o n  t e s t .  I t  was n o t  p o s s i b l e  t o a l l o w t r u e
e q u i l i b r i u m  t o  be a t t a i n e d  b e c a u s e  t h i s  would have t a k e n  
t o o  much t i m e .  R e s u l t s  s u g g e s t e d  e q u i l i b r i u m  had n o t  
o c c u r r e d  d u r i n g  a 6 day t e s t ,  b u t  t h e  d r o p  i n  g o l d  
c o n c e n t r a t i o n  b e t w e e n  18 h o ur s  and 6 d a y s  was 3 % 
compared t o  20  % w i t h i n  t h e  f i r s t  18 h o u r s .

T h i s  method was a d e q u a t e  f o r  t h e  c a r b o n  b l a c k s ,  b u t  
f o r  t h e  a c t i v a t e d  c a r b o n s  t h e r e  was a l a r g e  d e g r e e  of  
s c a t t e r  i n  t h e  r e s u l t s  and i t  was d e c i d e d  t o  a l l o w  1 week 
f o r  e a c h  a d s o r p t i o n  t e s t .

A l l  18 hour  e q u i l i b r a t i o n s  u s i n g  c a r b o n  b l a c k s  were
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c a r r i e d  o u t  u s i n g  125 ml s t o p p e r e d  f l a s k s ,  i n t o  whi ch  was 
weighed  a g i v e n  amount  o f  c a r b o n  b l a c k ,  u s u a l l y  f rom 0 . 1  

t o  0 . 5  g .  The f l a s k s  were  p u t  i n  an  oven a t  105°C f o r  two 
h o u r s  t o  d r y  t h e  c a r b o n s ,  b e f o r e  r e - w e i g h i n g .  100  ml o f  
p o t a s s i u m  a u r o c y a n i d e  s o l u t i o n  o f  from 10 t o  100  ppm g o l d  
c o n c e n t r a t i o n  was added  t o  t h e  f l a s k ,  and t h e  s l u r r y  
m a i n t a i n e d  a t  25°C i n  a G r a n t  t h e r m o s t a t i c a l l y  c o n t r o l l e d  
o s c i l l a t i n g  w a t e r  b a t h .  At t h e  end o f  t h e  t e s t  t h e  s l u r r y  
was f i l t e r e d  t h r o u g h  Whatman 1 f i l t e r  p a p e r  u s i n g  a 
Buchner  f u n n e l ,  and t h e  f i l t r a t e  c o l l e c t e d  f o r  a n a l y s i s .  
The l o a d e d  c a r b o n  b l a c k  was r i n s e d  w i t h  d i s t i l l e d  w a t e r  
and d r i e d  a t  105°C f o r  two h o u r s .

Fo r  t h e  week l o n g  a d s o r p t i o n  t e s t s  u s i n g  a c t i v a t e d  
c a r b o n s  550 ml s t o p p e r e d  f l a s k s  were  u s e d ,  i n t o  whi ch  was 
added 500 ml o f  p o t a s s i u m  a u r o c y a n i d e  s o l u t i o n .  Due t o  
t h e  l a r g e r  a d s o r p t i v e  c a p a c i t y  o f  t h e  a c t i v a t e d  c a r b o n s ,  
s o l u t i o n  c o n c e n t r a t i o n s  o f  from 10  t o  200  ppm g o l d  were  
u s e d .  A weighed amount  o f  d r i e d ,  ground a c t i v a t e d  c a r b o n ,  
t o g e t h e r  w i t h  a m a g n e t i c  s t i r r e r  b a r  was added  t o  t h e  
s o l u t i o n  i n  t h e  f l a s k .  The f l a s k s  were m a i n t a i n e d  a t  25°C 
i n  a t h e r m o s t a t i c a l l y  c o n t r o l l e d  w a t e r  b a t h  and a g i t a t e d  
by means o f  a Camlab s u b m e r s i b l e  m a g n e t i c  s t i r r e r  p l a t e .  
S l u r r i e s  were f i l t e r e d  a s  f o r  t h e  18 hour  t e s t s .

The s o l u t i o n  pH was m a i n t a i n e d  a t  10 u s i n g  a 
c a r b o n a t e  b u f f e r .  F o r  u n b u f f e r e d  a d s o r p t i o n  t e s t s  a c i d  
washed c a r b o n s  were use d  which d i d  n o t  r e q u i r e  b u f f e r i n g ,  
t h i s  was b e c a u s e  t h e i r  b u f f e r i n g  a b i l i t y  had b ee n  removed
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by t h e  w a s h i n g  p r o c e s s .  The e q u i l i b r i u m  pH o f  s u c h  
s o l u t i o n s  was u s u a l l y  be t wee n  5 and 7.

3 . 3  R e s u l t s  and  D i s c u s s i o n

3 . 3 . 1  S t r u c t u r a l  E f f e c t s  o f  H e a t - T r e a t m e n t s

The BET, e d g e ,  and b a s a l  p l a n e  s u r f a c e  a r e a s ,  mean 
p o r e  d i a m e t e r s ,  p o r e  v o l um e s ,  and s l u r r y  pH o f  a l l
a s - r e c e i v e d  and h e a t - t r e a t e d  a c t i v a t e d  c a r b o n s  and c a r b o n  
b l a c k s  a r e  p r e s e n t e d  i n  t a b l e  3 . 1 .

For  t h e  two N o r i t  a c t i v a t e d  c a r b o n s  t h e r e  i s  some 
d i f f e r e n c e  b e t wee n  t h e i r  r e s p e c t i v e  p r o p e r t i e s .  Compar ing 
t h e  t e c h n i c a l  b u l l e t i n s  p r o d u c e d  by N o r i t  f o r  b o t h  R2020 
and R2520 a c t i v a t e d  c a r b o n s  [ 8 8 ] ,  t h e i r  p h y s i c a l  and 
a d s o r p t i v e  p r o p e r t i e s  a r e  g i v e n  a s  i d e n t i c a l ,  s u g g e s t i n g  
t h a t  t h e  o n l y  d i f f e r e n c e  i s  i n  name and d a t e  o f
p r o d u c t i o n .  N o r i t  R2020 i s  t h e  o l d e r  s a m p l e .  T h i s  
h i g h l i g h t s  t h e  p ro bl ems  a s s o c i a t e d  w i t h  any r e s e a r c h  
programme t r y i n g  t o  c o r r e l a t e  r e s u l t s  o b t a i n e d  from
d i f f e r e n t  a c t i v a t e d  c a r b o n s ,  o r  c omp ar i ng  r e s u l t s
o b t a i n e d  by d i f f e r e n t  r e s e a r c h e r s  even i f  t h e y  a r e  u s i n g  
t h e  same v a r i e t y  o f  a c t i v a t e d  c a r b o n .  I f  t h e  p r o p e r t i e s  
o f  a c t i v a t e d  c a r b o n s  m a n u f a c t u r e d  by t h e  same p r o c e s s  
v a r y  b e t w e e n  d i f f e r e n t  b a t c h e s ,  t h e n  t h e  p o s s i b i l i t y  o f  
c ompar ing  a c t i v a t e d  c a r b o n s  m a n u f a c t u r e d  from d i f f e r e n t  
s t a r t i n g  m a t e r i a l s ,  u s i n g  d i f f e r e n t  a c t i v a t i o n  c o n d i t i o n s  
and p r e -  and  p o s t  a c t i v a t i o n  t r e a t m e n t s  c a n n o t  be
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e x p e c t e d  t o  p r o d u c e  s i g n i f i c a n t  r e s u l t s .  Thus o n l y  4 
a c t i v a t e d  c a r b o n s  w er e  c h os e n  f o r  t h i s  i n v e s t i g a t i o n  t o  
g e t  an i d e a  i n t o  t h e i r  a d s o r p t i o n  c h a r a c t e r i s t i c s .  For  a 
more d e t a i l e d  s t u d y  i n t o  t h e  s t r u c t u r a l  e f f e c t s  on g o l d  
a d s o r p t i o n  a c a r b o n  w i t h  a low i m p u r i t y  c o n t e n t  and a 
r e g u l a r  s t r u c t u r e  i s  r e q u i r e d .

N a t u r a l  o r  s y n t h e t i c  g r a p h i t e  woul d  be i d e a l  
s t r u c t u r a l l y ,  b u t  d o e s  n o t  a d s o r b  g o l d  [ 7 4 ] .  Carbon 
b l a c k s  can  be p r o d u c e d  w i t h  v e r y  low i m p u r i t y  c o n t e n t s ,  
have r e l a t i v e l y  s i m p l e  s t r u c t u r e s  t h a t  ca n  be r e a d i l y  
m o d i f i e d  by h e a t - t r e a t m e n t  [ 3 4 ] ,  and i n i t i a l  e x p e r i m e n t s  
i n d i c a t e d  t h a t  t h e y  c a n  a d s o r b  s i g n i f i c a n t  q u a n t i t i e s  o f  
g o l d .
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C a r b o n /
Heat  T r e a t m e n t  

(°C)

A r ea s  (m‘2 n ~ 1 \• g ) Pore Mean P o r e  
D i a m e t e r  

(nm)

pH
BET Edge Ba sa l Volume

( ml .g
N o r i t  R2020 t 783 1 7 . 6 80 0 . 3 9 7 1 . 4 5 1 0 . 1 0

N o r i t  R2520 t 822 23 85 0 . 5 6 0 1 . 3 6 1 0 . 2 2

P i c a  G210 ASt 1144 28 123 0 . 3 7 3 1 .3 7 9 . 6 9
SS 607 t 975 0 . 5 6 6 1 . 42 6 .15
BP71 413 29 41 0 .7 41 7 . 1 7 5 . 4 2
BP1100 290 1 4. 2 51 0 . 5 1 6 4 . 1 1 4 . 5 6
BP1100/500 301 6 . 72 37.37 0 . 4 5 4 5 . 9 1 6 .7 3
BP1100/1000 297 1 1 . 0 2 42 . 93 0 .4 52 5 . 9 6 8 . 2 1

BP1100/1500 253 6 . 6 112 0 . 4 0 3 6 . 3 3 7 . 8 7
BP1100/2000 203 0 . 9 1 155 0 .3 4 7 5 . 5 5 7 .0 1
B P 1 1 0 0 / 2 4 0 0 180 0 . 7 0 147 0 .294 6 . 1 4 6 . 7 7
BP1300 655 101 90 0 . 8 3 3 6 . 29 3 .2 5
BP1300/ 500 646 5 6 . 3 1 7 7 . 7 6 0 . 8 8 9 5 . 5 8 6 . 4 0
BP1300/ 1000 671 1 9.39 103.5 0 . 9 4 4 5 . 4 4 9 . 7 7
BP1300/ 1500 360 0 . 8 1 189 0 . 7 8 7 5 . 9 4 9 .4 7
BP1300/ 2000 314 0 . 7 6 267 0 . 70 1 6 . 2 2 8 .9 3
BP1300/2400 273.  f 2 . 6 267. 5 0 . 3 7 0 9 . 2 0 7 . 0 5
Vulcan XC-72 251 7 . 5 84 0 .2 51 4 . 9 7 6 .4 8
V u l c a n / 5 0 0 243 3 . 5 9 5 7 . 8 7 0 . 25 3 4 . 3 3 6 . 6 8

V ul c a n / 1 0 0 0 240 3 .2 9 7 6 . 21 0 .2 48 4 . 3 4 7 . 7 7
V ul c a n / 1 5 0 0 161 0 . 1 9 72 0 . 2 0 5 6 . 4 2 7 .83
V ul c a n / 2 0 0 0 106 0 . 6 88 0 . 2 0 5 6 . 9 0 6 .6 5
V u lc a n / 2 40 0 91 1 . 1 126 0 . 1 8 6 7 . 0 4 6 . 6 8

T a b l e  3 . 1  P r o p e r t i e s  o f  a c t i v a t e d  c a r b o n s  and c a r b o n  
b l a c k s ,  ( t -  A c t i v a t e d  c a r b o n s . )
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On h e a t - t r e a t i n g  c a r b o n  b l a c k s  u n d e r  i n e r t  
a t m o s p h e r e s  s e v e r a l  d i f f e r e n t  s t a g e s  have b ee n  n o t e d  by 
p r e v i o u s  w o r k e r s .

(1) S u r f a c e  o x i d e  g r o u p s  a r e  removed b e t we e n  200 and 
1200°C a s  c a r b o n  monoxide and c a r b o n  d i o x i d e  [ 3 1 ] .

(2) Between 600 and 1500°C h ydr ogen  i s  e v o l v e d  [ 3 1 ] .

(3) Above 1000°C t h e  l a y e r  p l a n e s  r e - o r i e n t a t e  w i t h  
r e s p e c t  t o  one a n o t h e r  t o  form g r a p h i t i c  c r y s t a l l i t e s  
w i t h  t h e i r  b a s a l  p l a n e s  p a r a l l e l  t o  t h e  p a r t i c l e  
s u r f a c e ,  t h e r e  i s  a l s o  g r o w t h  o f  b a s a l  
p l a n e s  [ 3 4 , 8 9 ] .

(4) From 1800°C g r o wt h  o f  t h e  b a s a l  p l a n e s  s t o p s ,  b u t  t h e  
c r y s t a l l i t e s  c o n t i n u e  t o  grow by a d d i t i o n  o f  f u r t h e r  
b a s a l  p l a n e s  f rom t h e  c e n t r e  o f  t h e  p a r t i c l e  [ 3 4 ] .

(5) T h r o ug ho u t  h e a t - t r e a t m e n t  t h e r e  i s  no s i g n i f i c a n t  
i n c r e a s e  i n  s i z e  o f  t h e  c a r b o n  b l a c k  p a r t i c l e s  [ 8 9 ] .

( 6 ) The pH of  c a r b o n  s l u r r i e s  i s  u s u a l l y  d e p e n d e n t  on t h e  
p r e s e n c e  o f  i n o r g a n i c  i m p u r i t i e s  e i t h e r  i n  t h e  
s t a r t i n g  m a t e r i a l  o r  added d u r i n g  m a n u f a c t u r e  [ 8 ] .

T h es e  p r e v i o u s  o b s e r v a t i o n s  can  be used  t o  e x p l a i n  
t h e  v a r i a t i o n s  i n  s t r u c t u r a l  p r o p e r t i e s  g i v e n  i n
t a b l e  3 . 1 .
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From f i g u r e  3 . 2  i t  i s  s e e n  t h a t  up t o  1000°C t h e r e  
i s  l i t t l e  change  i n  t h e  BET s u r f a c e  a r e a ;  above  t h i s  
t e m p e r a t u r e  a d r o p  o c c u r s  which i s  c o n s t a n t  f rom 1500 t o  
2400°C. T h i s  i s  due t o  r e - o r i e n t a t i o n  and g r o w t h  o f  t h e  
l a y e r  p l a n e s  r e s u l t i n g  i n  a drop  i n  t h e  p o r o s i t y  o f  t h e  
p a r t i c l e s .  I t  can  be s e e n  from t h e  d e c r e a s e  i n  p o r e  
volume and i n c r e a s e  i n  mean p o r e  d i a m e t e r  ( f i g u r e s  3 . 3 ,  
3 . 4 ) ,  t h a t  a l t h o u g h  r e - o r i e n t a t i o n  r e s u l t s  i n  a r e d u c t i o n  
i n  t h e  number  o f  p o r e s  o f  a l l  s i z e  r a n g e s ,  a more 
s i g n i f i c a n t  d r o p  h as  o c c u r r e d  i n  t h e  m i c r o p o r e  r a n g e .  The 
s m a l l e r  p o r e s  have t h e  g r e a t e r  i n f l u e n c e  on s u r f a c e  
a r e a s ,  and i n  t h i s  t e m p e r a t u r e  r a n g e  t h e  r e d u c t i o n  i n  t h e  
number o f  t h e s e  p o r e s  c a u s e s  a g r e a t e r  d r o p  i n  a r e a  t h a n  
t h e  i n c r e a s e  c a u s e d  by r e - o r i e n t a t i o n  and g r o w t h  o f  t h e  
l a y e r  p l a n e s .  Thus t h e  BET s u r f a c e  a r e a  i s  r e d u c e d .

The edge a r e a  i s  a measure  o f  t h e  number  o f  p o l a r
g r o u p s bound on t h e  edges of t h e  l a y e r  p l a n e s . From
f i g u r e 3 . 5 i t  i s  s e e n  t h a t t h i s  a r e a  d r o p s  a t a l l
t e m p e r a t u r e s c o n s i d e r e d  up t o 1500°C,  i n d i c a t i n g t h e
removal  o f  t h e  s u r f a c e  o x i d e s .
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F i g u r e  3 .2  E f f e c t  o f  h e a t - t r e a t m e n t  on BET s u r f a c e  a r e a s  
o f  c a r b o n  b l a c k s .

F i g u r e  3 . 3  E f f e c t  o f  h e a t - t r e a t m e n t  on mean p o r e  
d i a m e t e r s  of  c a r b o n  b l a c k s .
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F i g u r e  3 . 4 E f f e c t  o f  h e a t - t r e a t m e n t  on p o r e  volumes  o f  c a r b o n  
b l a c k s .

F i g u r e  3 . 5  E f f e c t  o f  h e a t - t r e a t m e n t  on edge ( p o l a r )  a r e a s  o f
c a r b o n  b l a c k s .
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The change  of  t h e  b a s a l  p l a n e  a r e a  ( f i g u r e  3 . 6 )  i s  
o p p o s i t e  t o  t h a t  o f  t h e  BET. From 1000 t o  2000°C t h e r e  i s  
an  i n c r e a s e  i n  b a s a l  p l a n e  a r e a ,  b u t  f o r  two o f  t h e  t h r e e  
c a r b o n  b l a c k s  t h e r e  i s  no f u r t h e r  i n c r e a s e  a t  2400°C.  
T h i s  i s  c o n s i s t e n t  w i t h  r e - o r i e n t a t i o n  and  g r o wt h  o f  
b a s a l  p l a n e s  from 1000 t o  1800°C.  The d r o p  i n  a r e a  o f  
BP1100 from 2000 t o  2400°C i s  s m a l l  and may be 
e x p e r i m e n t a l  e r r o r ,  b u t  i t  may a l s o  be due t o  g ro wt h  of  
t h e  c r y s t a l l i t e s  by a d d i t i o n  o f  b a s a l  p l a n e s ,  t h u s  
r e s u l t i n g  i n  a d r o p  i n  b a s a l  a r e a .

F i g u r e  3 . 6  E f f e c t  o f  h e a t - t r e a t m e n t  on b a s a l  p l a n e  a r e a s  
o f  c a r b o n  b l a c k s .

The low pH o f  a s - r e c e i v e d  BP1300 s l u r r i e s  shown i n  
f i g u r e  3 . 7  i s  p r o b a b l y  due t o  an a c i d  w a s h i n g  t r e a t m e n t  
by t h e  m a n u f a c t u r e r .  Fo r  a l l  c a r b o n  b l a c k s ,
h e a t - t r e a t m e n t  l e d  t o  an i n c r e a s e  i n  s l u r r y  pH, p r o b a b l y  
g i v i n g  a maximum b e t w ee n  1000 and 1500°C,  and r e t u r n i n g
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t o  n e u t r a l  by 2400°C ( f i g u r e  3 . 7 ) .  The v a r i a t i o n  i n  pH
ib e t w e e n  1000 and 2400°C would n o t  be e x p e c t e d  i f  s u r f a c e  

o x i d e  g r o u p s  were  t h o u g h t  t o  be t h e  c a u s e  a s  i t  h as  been  
shown t h a t  t h e  edge a r e a ,  and t h u s  t h e  number  o f  s u r f a c e  
o x i d e  g r o u p s ,  h as  become v e r y  s m a l l  by 1500®C and d oes  
n o t  v a r y  a p p r e c i a b l y  b e t we e n  1500 and 2400°C.  The 
p o s s i b i l i t y  of  r e o x i d a t i o n  o f  t h e  c a r b o n  b l a c k s  by 
a t m o s p h e r i c  oxygen a f t e r  h e a t - t r e a t m e n t  can  a l s o  be 
d i s c o u n t e d  a s  t h i s  would l e a d  t o  a d s o r p t i o n  o f  h y d r o x i d e  
from s o l u t i o n  p r o d u c i n g  a c i d i c  s l u r r i e s  [ 1 3 3 ] .

0 5 0 0  1000 1500 2 0 0 0
Heat Treatment Temperature. (°C)

F i g u r e  3 .7  E f f e c t  o f  h e a t - t r e a t m e n t  on t h e  pH o f  c a r b o n
b l a c k  s l u r r i e s .

From t h e  p o r e  s i z e  d i s t r i b u t i o n s  of  t h e  a s - r e c e i v e d  
c a r b o n  b l a c k s  ( f i g u r e  3 . 8 )  i t  i s  p o s s i b l e  t o  s e e  how 
t h e i r  s t r u c t u r e s  compare ,  and how t h e y  a r e  a f f e c t e d  by 
t h e  h e a t - t r e a t m e n t s  ( f i g u r e s  3 . 9  t o  3 . 1 1 ) .  BP71 and 
Vul can  XC-72 c o n t a i n  a l a r g e  f r a c t i o n  o f  t h e i r  p o r e s  i n  a
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r e l a t i v e l y  n ar r ow r a n g e ,  w h e r e a s  BP1100 and  BP1300 have 
p o r e s  i n  a much w i d e r  s i z e  r a n g e .  The e f f e c t  o f  
h e a t - t r e a t m e n t  i s  s e e n  t o  be a r e d u c t i o n  i n  t h e  number  o f  
p o r e s  from 1500°C,  t h u s  r e s u l t i n g  i n  a d r o p  i n  p o r e  
volume.  The i n c r e a s e  i n  mean p o r e  d i a m e t e r  i s  due t o  a 
l a r g e r  p e r c e n t a g e  d r o p  i n  t h e  number  o f  t h e  s m a l l e r  
p o r e s .  I t  must  be n o t e d  t h a t  i n  t h e  d e t e r m i n a t i o n  o f  t h e  
p o r e  s i z e  d i s t r i b u t i o n s  i t  i s  n o t  p o s s i b l e  t o  
d i f f e r e n t i a t e  b e t w e e n  p o r e s  b e t w ee n  p a r t i c l e s  and t h o s e  
w i t h i n  t h e  p a r t i c l e s .  The mean p a r t i c l e  s i z e s  g i v e n  by 
t h e  m a n u f a c t u r e r  ( t a b l e  3 . 2 )  a r e  g r e a t e r  t h a n  t h e  mean 
p o r e  d i a m e t e r s  c a l c u l a t e d  from t h e  p o r e  s i z e  
d i s t r i b u t i o n s  ( t a b l e  3 . 1 ) .  But  from t h e  p o r e  s i z e  
d i s t r i b u t i o n s  i t  i s  n o t e d  t h a t  some p o r e s  a r e  l a r g e r  t h a n  
t h e  p a r t i c l e s .  T h i s  i s  c a u s e d  by a g g l o m e r a t i o n  o f  t h e  
p a r t i c l e s ,  so t h a t  t h e  l a r g e r  p o r e s  a r e  v o i d s  b e t wee n  
p a r t i c l e s  and a r e  n o t  c o n t a i n e d  w i t h i n  t h e  p a r t i c l e s .

Carbon Black Mean P a r t i c l e  D i a m e t e r
(nm)

BP 71 16
BP1100 14
BP1300 13
Vulcan  XC-72 30

T a b l e  3 . 2  S i z e  o f  c a r b o n  b l a c k  p a r t i c l e s  d e t e r m i n e d  by
e l e c t r o n  m i c r o s c o p y  [ 9 1 ] .
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For  p o r e s  o f  l e s s  t h a n  2 . 5  nm d i a m e t e r  t h e  p o r e  
s i z e  d i s t r i b u t i o n s  c a n n o t  be r e l i e d  upon a s  t h e y  were  
c a l c u l a t e d  u s i n g  t h e  C r a n s t o n  and I n k l e y  method a s su m in g  
c a p i l l a r y  c o n d e n s a t i o n .  Such an a s s u m p t i o n  c a n n o t  be 
j u s t i f i e d  i n  s m a l l  p o r e s  o f  o n l y  a few n i t r o g e n  m o l e c u l e s  
w i d t h .  Thus f o r  m i c r o p o r e s  t h e  V-t  p l o t  method was used  
which  c o n s i d e r s  t h e  t h i c k n e s s  o f  t h e  a d s o r b e d  l a y e r s .  
C o n s i d e r i n g  BP1100 ( f i g u r e  3 . 1 2 )  i t  i s  s e e n  t h a t  t h e r e  i s  
a s i g n i f i c a n t  i n c r e a s e  i n  t h e  number o f  m i c r o p o r e s  by 
500°C.  T h i s  i s  p r o b a b l y  due t o  t h e  r emova l  o f  v o l a t i l e s  
l e f t  o v e r  from t h e  p r o d u c t i o n  p r o c e s s ,  and  e x p l a i n s  t h e  
i n c r e a s e  i n  BET s u r f a c e  a r e a  a t  t h i s  t e m p e r a t u r e .  F u r t h e r  
h e a t - t r e a t m e n t s  r e s u l t s  i n  t h e  c o l l a p s e  o f  m i c r o p o r e s  
l e a d i n g  t o  a r e d u c t i o n  i n  BET s u r f a c e  a r e a .

The p o r e  s t r u c t u r e s  o f  t h e  a c t i v a t e d  c a r b o n s  a r e  
v e r y  d i f f e r e n t  t o  t h o s e  o f  t h e  c a r b o n  b l a c k s  
( f i g u r e  3 . 1 3 ) .  T h e i r  v e r y  h i g h  s u r f a c e  a r e a s  a r e  due t o  
an e x t e n s i v e  s y s t e m  o f  m i c r o p o r e s  o f  l e s s  t h a n  1 nm 
d i a m e t e r ,  w i t h  r e l a t i v e l y  few l a r g e r  p o r e s  a s  i n d i c a t e d  
by mean p o r e  d i a m e t e r s  o f  f rom 1.3 t o  1 .5  nm ( t a b l e  3 . 1 ) .
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3 . 3 . 2  A d s o r p t i o n  I s o t h e r m s

Two d i f f e r e n t  a d s o r p t i o n  i s o t h e r m s  were  used  t o  t r y  
t o  model  t h e  g o l d  a d s o r p t i o n  d a t a .  Th es e  were  t h e  
F r e u n d l i c h  and Langmuir  i s o t h e r m s .

3 . 3 . 2 . 1  F r e u n d l i c h  A d s o r p t i o n  I s o t h e r m .

O r i g i n a l l y  d e v e l o p e d  t o  e x p l a i n  e x p e r i m e n t a l  
a d s o r p t i o n  r e s u l t s  [ 9 2 ] ,  t h i s  e m p i r i c a l  i s o t h e r m  h a s  b een  
use d  a s  a t e s t  o f  t h e  e f f e c t i v e n e s s  o f  p a r t i c u l a r  
a c t i v a t e d  c a r b o n s  t o  a d s o r b  g o l d  [ 5 6 , 8 8 , 9 3 ] .  The form o f  
t h e  e q u a t i o n  u s u a l l y  employed ( e q u a t i o n  3 . 1 )  r e l a t e s  t h e  
amount  o f  g o l d  l o a d e d  (X) ,  t o  t h e  e q u i l i b r i u m  g o l d  
c o n c e n t r a t i o n  i n  s o l u t i o n  (C) ,  u s i n g  two c o n s t a n t s  
( K and n ) .

X = K.C1/n  ( 3 . 1 )

A l t h o u g h  t h i s  e q u a t i o n  h a s  b een  s u c c e s s f u l l y  a p p l i e d  
t o  t h e  a d s o r p t i o n  o f  g o l d ,  i t  p r e d i c t s  i n f i n i t e  
a d s o r p t i o n  a t  i n f i n i t e  c o n c e n t r a t i o n  w h e r e a s  i n  t h i s  
i n v e s t i g a t i o n  t h e  maximum c a p a c i t y  was r e q u i r e d .  To 
c a t e g o r i z e  t h e  e f f e c t i v e n e s s  o f  d i f f e r e n t  a d s o r b e n t s  t h e  
c a p a c i t y  c o n s t a n t  (K) i s  u s u a l l y  u s e d .  T h i s  i s  n o t  a 
m e a su r e  o f  t h e  maximum c a p a c i t y  o f  a c a r b o n  t o  a d s o r b  
g o l d ,  b u t  t h e  l o a d i n g  e x p e c t e d  a t  u n i t  e q u i l i b r i u m  
c o n c e n t r a t i o n .  The maj or  a d v a n t a g e  of  t h e  i s o t h e r m  i s  t h e  
r e l a t i v e l y  s i m p l e  method o f  c a l c u l a t i n g  K u s i n g  t h e
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l o g - l o g  form ( e q u a t i o n  3 . 2 )  and l i n e a r  l e a s t  s q u a r e s  
a n a l y s i s .

l o g  X = l o g  K + “ - l o g  C ( 3 . 2 )

3 . 3 . 2 . 2  Langmuir  A d s o r p t i o n  I s o t h e r m

O r i g i n a l l y  d e v e l o p e d  t o  e x p l a i n  t h e  a d s o r p t i o n  o f  
g a s  m o l e c u l e s  o n t o  c r y s t a l l i n e  m a t e r i a l s  w i t h  homogenous 
s u r f a c e s  and a d s o r p t i o n  s i t e s  w i t h  t h e  same a d s o r p t i o n  
p o t e n t i a l s  [ 9 4 ] ,  t h i s  i s o t h e r m  s h o u l d  be more u s e f u l  t h a n  
t h e  F r e u n d l i c h  b e c a u s e  i t  p r e d i c t s  a maximum l o a d i n g  
v a l u e  (Xm) f o r  m o n ol a y er  c ov e r a g e  ( e q u a t i o n  3 . 3 ) .

X = ( 3 . 3 )

C a l c u l a t i o n  o f  t h e  c o n s t a n t s  (Xm, K ' ) i s  more 
c o m p l i c a t e d  t h a n  f o r  t h e  F r e u n d l i c h  i s o t h e r m  b e c a u s e  
r e a r r a n g e m e n t  l e a d s  t o  t h e  p r o d u c t i o n  o f  6 d i f f e r e n t  
l i n e a r  e q u a t i o n s  t h a t  can  be a n a l y s e d  by l e a s t  s q u a r e s  
a n a l y s i s  ( e q u a t i o n s  3 . 4 - 3 . 9 ) .

X = ~-'Q ‘X + Xm

X = ^X XmC K' K'

1 K' 1_X Xm. C Xm

£ = + X Xm + £1Xm

( 3 . 4 )

( 3 . 5 )

( 3 . 6 )

( 3 . 7 )



9 1

C ( 3 . 8 )

1 -  Xm 1 C ~ K ' .X “ K7 ( 3 . 9 )

Each o f  t h e s e  e q u a t i o n s  g i v e  d i f f e r e n t  v a l u e s  f o r  
t h e  c o n s t a n t s  Xm and K' [ 9 5 , 9 6 ] .  A b e t t e r  method o f  
c a l c u l a t i o n  was t h o u g h t  t o  be by i t e r a t i o n .  In t h i s  
method a v a l u e  o f  K' was c h o s en  and t h e  l i n e a r  r e g r e s s i o n  
o f  X on c a l c u l a t e d ,  K' was v a r i e d  u n t i l  t h e  l e a s t
s q u a r e s  e r r o r  was m i n i m i z e d .

C a l c u l a t i o n  method BP71 R2020 +
Xm K' Xm K'

L e a s t  s q u a r e s ,  ( e q u a t i o n  3 . 4 ) 19.8 1 0 .1 8 6 .8 2 .8
( e q u a t i o n  3 .5 ) 2 2 .0 1 3 . 4 9 2 . 7 4 . 1
( e q u a t i o n  3 .6 ) 17.7 7 . 9 8 6 . 7 2 . 9
( e q u a t i o n  3 .7 ) 26.8 2 3 . 8 8 4 .4 2 .1
( e q u a t i o n  3 . 8 ) 25.1 2 0 .2 8 3 .8 1 . 9
( e q u a t i o n  3 .9 ) 17.9 8 .1 9 0 . 6 3 . 6

I t e r a t i o n 2 9.0 3 0 .2 8 8 .2 3 . 0

T a b l e  3 . 3  Compar i son  o f  Langmuir  c o n s t a n t s  c a l c u l a t e d  by 
v a r i o u s  m e th o ds .  ( t -  A c t i v a t e d  c a r b o n . )

The e f f e c t  o f  t h e s e  d i f f e r e n t  c a l c u l a t i o n  methods  on 
t h e  v a l u e s  o f  t h e  a d s o r p t i o n  c o n s t a n t s  c a l c u l a t e d  can  be 
s e e n  i n  t h e  e x a m p l e s  g i v e n  i n  t a b l e  3 . 3 .  F o r  b o t h  c a r b o n s  
t h e  d i f f e r e n c e s  b e t w e e n  t h e  Xm v a l u e s  c a l c u l a t e d  by t h e  
d i f f e r e n t  methods  a r e  l a r g e .  From c o n s i d e r a t i o n  o f  t h e
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f i t  o f  t h e  i s o t h e r m s  d e r i v e d  from t h e s e  d i f f e r e n t  
m e t h o d s ,  i t  was d e c i d e d  t h a t  t h e  i t e r a t i v e  method gave 
r e s u l t s  t h a t  more a c c u r a t e l y  f i t  e x p e r i m e n t a l  d a t a ,  and 
t h i s  method was used t h r o u g h o u t  a l l  f u r t h e r  c a l c u l a t i o n s .

T a b l e s  3 . 4  and 3 . 5  g i v e  e x p e r i m e n t a l  a d s o r p t i o n  
r e s u l t s  f o r  4 c a r b o n s  u se d  i n  t h i s  i n v e s t i g a t i o n .  The 
r e m a i n d e r  o f  t h e  r e s u l t s  ca n  be found on m i c r o f i c h e  a t  
t h e  end o f  t h i s  r e p o r t .  T y p i c a l  e xa mpl es  o f  t h e  i s o t h e r m s  
o b t a i n e d  f o r  s a m pl es  o f  BP71 and N o r i t  R2020 a r e  g i v e n  i n  
f i g u r e  3 . 1 4 .  T h i s  d e m o n s t r a t e s  t h e  d i f f e r e n c e  i n  
a d s o r p t i v e  c a p a c i t i e s  o f  t h e  two t y p e s  o f  c a r b o n ,  w i t h  
t h e  a c t i v a t e d  c a r b o n  b e i n g  much more e f f e c t i v e  a t  low 
g o l d  c o n c e n t r a t i o n s ,  and q u i c k l y  r e a c h i n g  i t s  a d s o r p t i v e  
c a p a c i t y .  Also  t o  be n o t e d  i s  t h e  much b e t t e r  f i t  o f  t h e  
Langmuir  o v e r  t h e  F r e u n d l i c h  i s o t h e r m s .  T h i s  p o i n t  i s  
c o n s i d e r e d  l a t e r  when a n a l y s i n g  t h e  a d s o r p t i o n  r e s u l t s  i n  
more d e t a i l .

F i g u r e  3 . 1 4  A d s o r p t i o n  i s o t h e r m s  of  BP71 c a r b o n  b l a c k  
and N o r i t  R2020 a c t i v a t e d  c a r b o n .
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N o r i t  R2020 P i c a  G210 AS
E q u i l i b r i u m  Gold Gold E q u i l i b r i u m  Gold Gold
C o n c e n t r a t i o n Loadi ng C o n c e n t r a t i o n Loading

(ppm) (mg.g"*1 ) (ppm) (mg.g )

8 5 . 2 0 8 3 . 0 8 9 2 . 9 0 8 9 . 4 6
6 7 . 7 0 7 7 . 6 8 8 0 .1 5 87.19
5 2 . 8 0 8 4 .1 1 6 0 . 9 0 8 2 . 47
3 6 . 0 5 7 7 . 8 6 3 6 . 9 5 69.64
2 8 . 9 0 9 4 . 2 5 2 5 . 4 5 6 6 .0 1
2 0 . 1 3 7 6 . 7 7 1 8 . 63 6 9.10
1 0 . 5 5 6 7 .8 0 1 5 . 61 6 9 .7 5

9 . 6 1 5 8 . 6 2 2 .6 8 3 8.21
5 . 5 5 6 0 . 4 3
4 . 6 4 5 3 . 0 1

Ta b l e  3 . 4  E x p e r i m e n t a l  a d s o r p t i o n  d a t a  f o r  N o r i t  R2020 
and P i c a  G210 AS a c t i v a t e d  c a r b o n s  i n  
c a r b o n a t e  b u f f e r e d  s o l u t i o n s .
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BP71 BP1100
E q u i l i b r i u m  Gold Gold E q u i l i b r i u m  Gold Gold
C o n c e n t r a t i o n Loadi ng C o n c e n t r a t i o n Lo ad in g

(ppm) (mg.g ) (ppm) ( mg .g ” 1 )
9 1 . 9 0 2 3 . 8 0 98 . 00 1 4 . 1 7
9 1 . 3 0 2 2 . 9 8 85.65 1 4 .6 8
7 5 . 1 0 1 9 . 71 72 .75 1 4 . 3 4
6 0 . 0 0 1 8 . 1 4 71.80 1 4 . 91
4 7 . 6 4 1 6 . 3 3 64.30 1 4 . 7 8
4 3 . 3 0 17. 72 55 . 04 1 3 . 4 0
3 7 . 0 0 1 4 . 9 4 4 8 . 76 1 4 . 4 3
3 5 . 3 8 1 3 . 5 6 44.82 1 2 . 3 3
2 8 . 0 0 1 3 . 6 7 38.45 1 3 .2 6
2 7 . 0 0 1 2 .4 9  • 36 .46 1 0 . 3 2
2 6 . 5 1 1 2 . 61 33 . 99 1 1 .0 0
2 6 . 3 2 1 2 . 82 30 .30 1 2 . 4 3
1 9 . 1 4 1 1 .1 2 29.85 1 0 .9 5
1 6 . 4 3 1 1 .1 1 2 9.23 1 0 . 9 7
1 3 .5 5 9 . 6 1 2 5.07 1 0. 37
1 0. 24 9 . 1 9 21.91 9 . 5 5

4 . 5 8 5 . 7 2 21 .78 1 0 .1 1
2 . 1 7 3 . 9 0 16.32 8 . 7 2
1 .1 7 2 . 3 2 15.96 9 . 6 6

10.49 7 . 6 9
4 . 9 9 5 . 4 4
1.84 4 . 0 1
0 . 76 2 . 4 3

T a b l e  3.  S' E x p e r i m e n t a l  a d s o r p t i o n  d a t a  f o r  BP71 and 
BP1100 c a r b o n  b l a c k s  i n  c a r b o n a t e  b u f f e r e d
s o l u t i o n s
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3 . 3 . 3  E f f e c t  o f  H e a t - T r e a t m e n t  on Gold A d s o r p t i o n

The Langmuir  and F r e u n d l i c h  l o a d i n g  c o n s t a n t s  f o r  
t h e  a c t i v a t e d  c a r b o n s  and h e a t - t r e a t e d  c a r b o n  b l a c k s  a r e  
p r e s e n t e d  i n  t a b l e  3 . £ ,

F o r  t h e  h e a t - t r e a t e d  c a r b o n  b l a c k s  t h e  v a r i a t i o n  o f  
t h e  Langmuir  maximum l o a d i n g  c o n s t a n t  (Xm) w i t h  
h e a t - t r e a t m e n t  t e m p e r a t u r e  ( f i g u r e  3 . 15 )  i s  s i m i l a r  t o  
t h e  change  s e e n  i n  t h e  BET s u r f a c e  a r e a  ( f i g u r e  3 . 2 ) .  The 
BET s u r f a c e  a r e a s  and Xm v a l u e s  i n c r e a s e  up t o  1000°C,  
and t h e n  d ro p  t o  2400°C.  The l a r g e  i n c r e a s e  i n  Xm f o r  
BP1300 d o e s  n o t  c o r r e l a t e  w i t h  t h e  BET r e s u l t s ,  t h o u g h  
t h i s  i s  most  p r o b a b l y  due t o  t h e  removal  o f  v o l a t i l e s  
c o n t a i n e d  by t h e  c a r b o n  b l a c k  a s  a r e s u l t  o f  t h e  s p e c i a l  
a f t e r  t r e a t m e n t  d u r i n g  m a n u f a c t u r e  [ 8 4 ] ,  The v a r i a t i o n  i n  
t h e  F r e u n d l i c h  c a p a c i t y  c o n s t a n t  (K) i s  s i m i l a r  t o  t h a t  
f o r  Xm ( f i g u r e  3 . 1 6 ) ,  e x c e p t  t h a t  t h e  t h r e e  c a r b o n  b l a c k s  
show a g r e a t e r  i n c r e a s e  i n  K by h e a t - t r e a t i n g  up t o  
1000°C.  The d i f f e r e n c e  i n  r e s u l t s  o b t a i n e d  by c o n s i d e r i n g  
t h e  l o a d i n g  c o n s t a n t s  c a l c u l a t e d  from t h e  F r e u n d l i c h  and 
Langmui r  i s o t h e r m s  shows t h e  d i f f i c u l t y  i n  i n t e r p r e t i n g  
a d s o r p t i o n  u s i n g  t h e  F r e u n d l i c h  i s o t h e r m .  The c o n s t a n t  K 
i s  t h e  l o a d i n g  e x p e c t e d  a t  an e q u i l i b r i u m  c o n c e n t r a t i o n  
o f  1 ppm. A l l  t h e  e x p e r i m e n t a l  i s o t h e r m s  c o n t a i n e d  d a t a  
p o i n t s  a t  up t o  100 ppm, t h u s  t h e  K v a l u e  i s  c a l c u l a t e d  
from t h e  e a r l y  p a r t  o f  t h e  i s o t h e r m  where  t h e  change  i n  
s l o p e  o f  t h e  c u r v e ,  and t h u s  t h e  e r r o r ,  i s  g r e a t e s t  
( f i g u r e  3 . 1 4 ) .  Thus t h e  K v a l u e  i s  more u s e f u l  i n
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d e t e r m i n i n g  t h e  e f f e c t i v e n e s s  o f  d i f f e r e n t  a d s o r b e n t s  in  
rem oving  v e r y  low c o n c e n t r a t i o n s  o f  s p e c i e s  from 
s o l u t i o n ,  w h e rea s  f o r  t h i s  s e r i e s  o f  e x p e r i m e n t s ,  where  
i t  i s  more i m p o r t a n t  t o  know t h e  c a p a c i t y  o f  t h e  
a d s o r b e n t ,  t h e  Langmuir maximum l o a d i n g  c o n s t a n t  w i l l  be 
more u s e f u l .

F i g u r e  3 .1 5  E f f e c t  o f  h e a t - t r e a t m e n t  on Langmuir maximum
l o a d i n g  c o n s t a n t s  o f  c a r b o n  b l a c k s .
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C a rb o n /
Heat  T r e a tm e n t  

(°C)

Langmuir F r e u n d l i c h
Xm

(m g .g " 1 )
K*

(ppm)
K

(m g.g” 1 )
n

N o r i t  R2020 t 8 8 .2 1 2 .9 9 4 5 .8 0 6 .67
N o r i t  R2520 t 76 .71 2 .8 3 4 2 .6 5 7 .5 9
P ic a  G210 AS t 8 7 .0 7 4 .2 3 3 2 .9 2 4 .44
SS 607 t 67 .80 5 .8 8 2 2 .6 5 4 .06
BP71 28 .95 3 0 .23 2 .5 6 2 .0 4
BP1100 16 .65 12.81 3 .0 8 2 .70
BP1100/5  00 19 .56 8 .5 5 4 .3 1 2 .93
BP1100 /1000 2 0 .32 6 .27 6 .2 7 3 .7 6
BP1100 /1500 15 .92 8 .29 4 .1 6 3 .33
BP1100 /2000 11 .84 12 .77 2 .5 5 3 .08
B P l100/2400 1 2 .25 1 6 .30 2 .4 0 3 .0 7
BP1300 34 .95 2 1 .3 5 3 .9 0 2 .16
B P l300/5  00 42 .39 15.61 6 .4 7 2 .45
BP1300 /1000 58 .16 8 .2 5 1 1 .26 2 .62
B P l300/1500 22 .18 6 .64 5 .8 7 3 .3 0
BP1300/2000 15 .89 4 .8 4 5 .4 2 3 .93
B P l300/2400 15 .01 12.82 3 .3 8 3 .22
Vulcan XC-72 19 .04 10 .04 4 .7 6 3 .35
V u lc an /5 0 0 17 .93 5 .8 7 5 .5 3  . 3 .75
V u l c a n / 1 000 1 8 .87 3 .98 6 .3 8 3 .91
V u lc an /1 5 0 0 9 .7 9 5 .70 2 .9 6 3 .73
V u lc an /2 0 0 0 5 .5 1 12 .63 0 .8 7 2 .44
V u lc an /2 4 0 0 5 .8 0 21 .4 3 0 .7 3 2 .3 4

T a b le  3 . 6  Langmuir  and F r e u n d l i c h  a d s o r p t i o n  c o n s t a n t s  
o f  a c t i v a t e d  c a r b o n s  and h e a t - t r e a t e d  c a rb o n  
b l a c k s .  ( t -  A c t i v a t e d  c a r b o n . )



9 8

nu
-rH

TJcD0)L.LL.

F i g u r e  3 .1 6 E f f e c t  o f  h e a t - t r e a t m e n t  on F r e u n d l i c h  
c a p a c i t y  c o n s t a n t s  of  c a rb o n  b l a c k s .

The l i n e a r  c o r r e l a t i o n s  be tw een  t h e  Langmuir  Xm 
v a l u e s  found i n  c a r b o n a t e  b u f f e r e d  s o l u t i o n  and t h e  
s t r u c t u r a l  p r o p e r t i e s  o f  t h e  a s - r e c e i v e d  c a r b o n  b l a c k s  
and a c t i v a t e d  c a r b o n s  a r e  g iv e n  in  t a b l e  3 . 7 .  I t  i s  s e e n  
t h a t  s t a t i s t i c a l l y  s i g n i f i c a n t  l i n e a r  c o r r e l a t i o n s  a r e  
found w i t h  BET and edge a r e a s ,  p o r e  vo lum es  and t h e  
pH.BET f u n c t i o n .
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P r o p e r t i e s CarbonB la c k s
Carbon B la c k s  and A c t i v a t e d  
Carbons

A c t i v a t e d
C arbons

BET Area 0 .9 4 4 8 0 .9509 0 .0 2 3 5
Edge Area 0 .5 9 6 6 0 . 3929+ 0 . 1 1 2 6 11
B a sa l  Area 0 .1 8 4 9 0 .1 4 9 3 + 0 . 3 2 0 7 11
S l u r r y  pH 0 .0 7 4 7 0 .4593 0 .7 9 8 9
S l u r r y  pH.BET Area 0 .9 0 0 6 0 .9 6 0 0 0 .7 3 1 2
P o re  Volume 0 .8318 0 .3409 0 .9 2 4 2
Mean P o re  D ia m e te r 0 .1 8 7 8 0 .8021 0 .0 7 0 4
P o re  Volume/
Mean P o re  D ia m e te r 0 .8 4 6 7 0 .8992 0 .8 9 4 9
P o i n t s 19 23 4

95% S i g n i f i c a n c e  [97] 0 .4 5 6 0 .413 0 .9 5 0
99% S i g n i f i c a n c e  [97] 0 .5 7 5 0 .526 0 .9 9 0

t  22 p o i n t s ?  11 3 p o i n t s .

T a b le  3 . 7  L i n e a r  l e a s t  s q u a r e s  c o r r e l a t i o n  c o e f f i c i e n t s  
b e tw een  p r o p e r t i e s  o f  c a r b o n s  and Langmuir  
maximum l o a d i n g  c o n s t a n t s  i n  c a r b o n a t e  
b u f f e r e d  s o l u t i o n .

From t h e  s l o p e  o f  t h e  c o r r e l a t i o n  l i n e  o f  Xm on t h e
BET s u r f a c e  a r e a  f o r  c a r b o n  b l a c k s  and a c t i v a t e d  c a r b o n s
( f i g u r e  3 .1 7 )  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  a v e r a g e
s u r f a c e  a r e a  o c c u p ie d  by e a c h  a d s o r b e d  g o l d  com plex .  The

-2s l o p e  o f  t h e  l i n e  i s  0 .0 8 4 7  mg.m , from which  i t  can  be
2c a l c u l a t e d  t h a t  e a ch  g o l d  s p e c i e s  i s  o c c u p y in g  3 .8 6  nm .

By c o n s i d e r i n g  t h e  c r y s t a l l i n e  s t r u c t u r e  o f
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KAu (CN)2 [ 9 8 ] ,  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  l e n g t h  o f
t h e  Au (CN) 2  i o n  a s  0 .6 7  nm. W ith  t h e  Au+ i o n i c  r a d i u s  o f
0 .1 3 7  nm, t h i s  g i v e s  an  a p p r o x i m a t e  c r o s s  s e c t i o n a l  a r e a  

2 -o f  0 .1 8  nm . Thus t h e  Au(CN)2  i o n  ( i f  i t  i s  t h e  g o l d  
s p e c i e s  a d s o r b e d )  would o n l y  c o v e r  4 .7  % o f  t h e  t o t a l  
s u r f a c e ,  th o ug h  t h i s  f i g u r e  w i l l  be h i g h e r  i f  s t a b i l i z i n g  
c a t i o n s  and w a t e r  m o l e c u l e s  a r e  c o n s i d e r e d .  The
s i g n i f i c a n t  s u r f a c e  a r e a  c o r r e l a t i o n  s u g g e s t s  t h a t  t h e  
g o l d  i s  a d s o r b e d  a s  d i s c r e t e  s p e c i e s  r a t h e r  t h a n  t h e  
l a r g e  c l u s t e r  t y p e  com plexes  s u g g e s t e d  by 
McDougall e t  a l .  [ 5 3 ] ,  s i n c e  t h i s  would l e a d  t o  l i t t l e  
c o r r e l a t i o n  w i t h  s u r f a c e  a r e a  a s  th e y  would n o t  be  a b l e  
t o  f i t  i n t o  t h e  s m a l l e r  m i c r o p o r e s .  A t t e m p ts  t o  c o r r e l a t e  
t h e  Langmuir  Xm v a l u e  w i t h  t h e  s u r f a c e  a r e a  o f  t h e  p o r e  
s i z e  f r a c t i o n s  d e t e r m i n e d  from t h e  p o r e  s i z e
d i s t r i b u t i o n s  were  n o t  s u c c e s s f u l .  Thus t h e  low s u r f a c e  
c o v e ra g e  a p p e a r s  t o  o c c u r  o v e r  t h e  e n t i r e  s u r f a c e ,  and 
s u g g e s t s  a n o t h e r  f a c t o r  i s  a f f e c t i n g  a d s o r p t i o n .
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F i g u r e  3 .1 7  R e l a t i o n s h i p  be tw een  Langmuir  maximum 
l o a d i n g  c o n s t a n t s  and BET s u r f a c e  a r e a s  o f  
a c t i v a t e d  c a r b o n s  and c a r b o n  b l a c k s .

The p o s s i b i l i t y  o f  a d s o r p t i o n  a t  s p e c i f i c  s u r f a c e
o x id e  s i t e s  would seem t o  be u n l i k e l y ,  c o n s i d e r i n g  t h e
d i f f e r e n c e  i n  c o n c e n t r a t i o n  and c h a r a c t e r  o f  such  s i t e s
be tw een  d i f f e r e n t  h e a t - t r e a t e d  c a r b o n s .  The s t a t i s t i c a l l y
s i g n i f i c a n t  c o r r e l a t i o n  b e tw een  edge a r e a  and Xm shows
t h a t  s u r f a c e  g r o u p s  may have some e f f e c t ,  b u t  f i g u r e  3 .18
shows t h a t  s i g n i f i c a n t  a d s o r p t i o n  w i l l  o c c u r  where t h e r e
i s  n e g l i g i b l e  edge a r e a .  The c a rb o n  b l a c k s  w i t h  l a r g e
edge a r e a s  a r e  BP1300 a s - r e c e i v e d  and h e a t - t r e a t e d  a t
500°C. However,  t h e s e  r e s u l t s  must  be t r e a t e d  w i t h
c a u t i o n  due  t o  t h e  t r e a t m e n t  g iv e n  d u r i n g  m a n u f a c t u r e .  Up
t o  1000°C t h e  edge a r e a  o f  t h i s  c a rb o n  b l a c k  f a l l s  from

2 - 1101 t o  1 9 .3 9  m .g  ( t a b l e  3 . 1 ) ,  w h e re a s  t h e  Xm v a l u e
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i n c r e a s e s  from 34 .9  t o  5 8 .2  mg.g * ( f i g u r e  3 . 1 5 ) .  Thus 
s u r f a c e  o x i d e  s i t e s  would n o t  a p p e a r  t o  be t h e  m a jo r  
f a c t o r  i n f l u e n c i n g  a d s o r p t i o n .

F i g u r e  3 .18  R e l a t i o n s h i p  be tw een  Langmuir  maximum
l o a d i n g  c o n s t a n t s  and edge ( p o l a r )  a r e a s  of  
a c t i v a t e d  c a rb o n s  and c a r b o n  b l a c k s .

The l a c k  of  a s i g n i f i c a n t  c o r r e l a t i o n  w i t h  t h e  b a s a l  
p l a n e  a r e a  was e x p e c t e d  from p r e v i o u s  o b s e r v a t i o n s  t h a t  
g r a p h i t e  d o e s  n o t  a d s o r b  g o ld  [ 7 4 ] .  C o n s i d e r i n g  t h e  h igh  
e l e c t r o n  d e n s i t y  a s s o c i a t e d  w i t h  a b a s a l  p l a n e  s u r f a c e ,  
i t  would seem u n l i k e l y  t h a t  a n e g a t i v e l y  c h a rg e d  a n io n  
c o u ld  be a d s o r b e d ,  and t h i s  i s  s u p p o r t e d  by th e  
c o r r e l a t i o n  r e s u l t s .

A c o r r e l a t i o n  w i t h  t h e  s l u r r y  pH o f  t h e  c a rb o n  
b l a c k s  was e x p e c t e d ,  a s  t h i s  had been  shown by 
Davidson  e t  a l .  t o  o c c u r  w i t h  t h e  F r e u n d l i c h  K v a l u e  f o r
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25 d i f f e r e n t  a c t i v a t e d  c a r b o n s  [ 2 4 ] .  The v a r i a t i o n s  o f  Xm 
and pH w i t h  h e a t - t r e a t m e n t  a r e  s i m i l a r  i n  t y p e  
( f i g u r e s  3 . 7 ,  3 . 1 5 ) ,  b u t  t h e  e f f e c t s  o f  t e m p e r a t u r e s  up 
t o  1000°C d i f f e r  enough t o  r e s u l t  i n  a v e r y  p o o r  
c o r r e l a t i o n .  I f  t h e  F r e u n d l i c h  K v a l u e  i s  c o n s i d e r e d
i n s t e a d  o f  Xm, t h e  v a r i a t i o n  o f  t h i s  v a l u e  w i t h
h e a t - t r e a t m e n t  more c l o s e l y  r e s e m b l e s  t h a t  o f  t h e  s l u r r y  
pH ( f i g u r e  3 . 1 6 ) ,  r e s u l t i n g  i n  c o r r e l a t i o n  c o e f f i c i e n t s  
b e tw ee n  t h e  two v a r i a b l e s  b e t t e r  t h a n  t h o s e  u s i n g  Xm
( t a b l e  3 .8 )*  Thus t h e  s l u r r y  pH o f  t h e  c a r b o n  b l a c k s  
would seem t o  have an  i n f l u e n c e  on t h e  F r e u n d l i c h  K 
v a l u e ,  b u t  n o t  Xm. Thus t h e  a g e n t  c o n t a i n e d  by t h e  
c a r b o n s  t h a t  i s  r e s p o n s i b l e  f o r  t h e i r  b u f f e r i n g  e f f e c t
a i d s  a d s o r p t i o n  a t  low c o n c e n t r a t i o n s ,  b u t  d o e s  n o t  
s i g n i f i c a n t l y  a f f e c t  t h e  t o t a l  amount o f  g o ld  a d s o r b e d .  
D av idson  assumed t h a t  t h e  a g e n t s  r e s p o n s i b l e  f o r  t h e  pH 
ch a n g e s  were  t h e  s u r f a c e  o x i d e  g r o u p s  [ 2 4 ] ,  b u t  a more 
l i k e l y  e x p l a n a t i o n  i s  t h a t  i n o r g a n i c  i m p u r i t i e s  c a u s e  
t h i s  b u f f e r i n g  e f f e c t  [ 8 ] .  The p r e s e n c e  o f  some o f  t h e s e  
i m p u r i t i e s  h as  been  shown by Davidson  to  have b e n e f i c i a l  
e f f e c t s  on g o l d  a d s o r p t i o n  when p r e s e n t  i n  s o l u t i o n  [ 5 4 ] .

D av idson  h as  a l s o  r e p o r t e d  t h a t  f o r  a c t i v a t e d  
c a r b o n s  p ro d u c ed  from a common s t a r t i n g  m a t e r i a l  i t  was 
p o s s i b l e  t o  o b t a i n  a s i g n i f i c a n t  c o r r e l a t i o n  b e tw een  t h e  
F r e u n d l i c h  K v a l u e  and t h e  f u n c t i o n  ( s l u r r y  pH.BET 
s u r f a c e  a r e a )  [ 2 4 ] .  T h i s  i s  c o n f i rm e d  by t h e  r e s u l t s  
p r e s e n t e d  h e r e  ( t a b l e  3 .8 )  f o r  t h e  K v a l u e ,  b u t  by u s i n g  
t h e  Langmuir  Xm v a l u e  t h e r e  i s  no improvement  in



1 0 4

c o r r e l a t i o n  f o r  t h e  c a r b o n  b l a c k s  ( t a b l e  3 . 7 ) .  The 
im provem ent  in  c o r r e l a t i o n s  on c o n s i d e r i n g  a c t i v a t e d  
c a r b o n s  a l s o  may be due  t o  t h e  b i a s  p ro d u c ed  by t h e i r  
h ig h  Xm v a l u e s .  Thus a g a i n  t h e  e f f e c t  would a p p e a r  t o  be 
o f  i n o r g a n i c  i m p u r i t i e s  c o n t a i n e d  by t h e  c a r b o n s  a i d i n g  
a d s o r p t i o n  a t  low g o l d  l o a d i n g s ,  b u t  hav ing  l i t t l e  e f f e c t  
when t h e  l o a d i n g  i s  much h i g h e r .

C o r r e l a t i o n s  w i t h  p o r e  volumes and mean p o r e  
d i a m e t e r s  can be u sed  t o  g iv e  f u r t h e r  i n f o r m a t i o n  on t h e  
e f f e c t  o f  s t r u c t u r e  on a d s o r p t i o n .  C o n s i d e r i n g  c a r b o n  
b l a c k s  and a c t i v a t e d  c a r b o n s  s e p a r a t e l y ,  i t  i s  s e e n  t h a t  
t h e  p o r e  volume h as  a s i g n i f i c a n t  e f f e c t  on l o a d i n g .  I f  
t h e  r e s u l t s  o f  t h e  two t y p e s  o f  c a rb o n  a r e  combined t h i s  
r e l a t i o n s h i p  i s  s i g n i f i c a n t l y  r e d u c e d .  T h i s  i s  p r o b a b l y  
due t o  t h e  d i f f e r e n c e  i n  p o r e  s i z e s  f o r  c a rb o n  b l a c k s  and 
a c t i v a t e d  c a r b o n s .  I f  t h e  r ang e  o f  p o r e  s i z e s  i s  t a k e n  
i n t o  a c c o u n t  u s in g  P o re  Volume /  Mean Pore  D ia m e te r  t h e n  
t h i s  combined c o r r e l a t i o n  i s  im proved .  T h i s  f u n c t i o n  can 
be c o n s i d e r e d  a s  a c r u d e  m easure  o f  s u r f a c e  a r e a  f o r  lo n g  
c y l i n d r i c a l  shaped  p o r e s .  Thus t h e s e  r e s u l t s  s u g g e s t  t h a t  
t h e  p o r e  s i z e  d o es  n o t  d i r e c t l y  e f f e c t  g o l d  a d s o r p t i o n ,  
o n ly  i n d i r e c t l y  from i t s  e f f e c t  on s u r f a c e  a r e a .
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P r o p e r t i e s CarbonB la ck s
Carbon B la c k s  and 
A c t i v a t e d  
C arbons

A c t i v a t e dC arbons

BET Area 0 .6 5 5 8 0 .7 8 8 9 0 .6 6 3 0
Edge Area 0 .1 4 6 0 0 . 1 4 3 0 + 0 . 9 5 2 5 11
B a s a l  Area 0 .0396 0 .0975* 0 . 9 9 1 6 11
S l u r r y  pH 0.5261 0 .5 9 1 7 0 .9 0 0 8
S l u r r y  pH.BET Area 0 .8854 0 .8 9 2 1 0 .2 8 8 6
P o re  Volume 0.5693 0 .0 7 1 9 0 .3394
Mean P o re  D ia m e te r 0 .3 9 7 7 0 .8 4 1 5 0 .0 3 7 0
P o re  Volume/Mean P o re  D ia m e te r 0 .6518 0 .8 5 8 0 0 .3 1 0 4
P o i n t s 19 23 4

95% S i g n i f i c a n c e  [97] 0 .4 5 6 0 .4 1 3 0 .9 5 0
99% S i g n i f i c a n c e  [97] 0 .5 7 5 0 .5 2 6 0 .9 9 0

t  22 p o i n t s ?  11 3 p o i n t s .

T a b le  3 .8  L i n e a r  l e a s t  s q u a r e s  c o r r e l a t i o n  c o e f f i c i e n t s  
be tw een  p r o p e r t i e s  o f  c a r b o n s  and F r e u n d l i c h  
c a p a c i t y  c o n s t a n t s  i n  c a r b o n a t e  b u f f e r e d  
s o l u t i o n .
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C arb o n /
Heat  T r e a t m e n t  

(°C)

I m p u r i t i e s  
( w e ig h t  %)

Na K Ca Mg T o t a l

R2020 t 0 .5 0 2 0 .074 0 .2 6 5 0 .3 5 5 1 .1 9 7
R2520 t 0 .8 2 8 0 .0 9 9 0 .4 4 2 0 .3 6 6 1 .735
P ic a  G210 AS t 0 .3 6 6 0 .2 6 0 0 .072 0 .0 3 9 0.737
SS 607 t 0 .1 9 7 0 .141 0 .0 2 3 0 .0 0 5 0 .366
BP71 0 .317 0 .015 0 .0 2 6 0 .0 0 3 0 .361
BP1100 0 .1 6 3 0 .095 0 .0 4 0 0 .0 1 5 0 .313
BP1100/2400 0 .0 9 5 0.094 0 .1 0 1 0 .0 0 2 0 .293
BP1300 0 .8 2 5 0 .0 4 3 0 .0 4 0 0 .0 6 9 0 .9 7 6
Vulcan XC-72 0 .2 7 4 0 .037 0 .093 0 .039 0 .4 4 3
V ulcan /2 4 0 0 0 .4 9 5 0 .013 0 .1 4 1 0 .0 0 4 0 .653

T a b le  3 . 9  C a t i o n  i m p u r i t y  c o n t e n t s  o f  c a r b o n s  removed by 
a c i d  and w a t e r  w ash in g .  ( t -  A c t i v a t e d  c a r b o n . )

3 . 3 . 4  A d s o r p t i o n  by Acid Washed Carbons

The c a t i o n  i m p u r i t i e s  removed by a c i d  and w a t e r  
w ash ing  o f  a c t i v a t e d  c a r b o n s  and c a r b o n  b l a c k s  a r e  g iv e n  
i n  t a b l e  3 . 9 .  These  v a l u e s  c a n n o t  be c o n s i d e r e d  a s  
q u a n t i t a t i v e  due t o  t h e  l a r g e  e x p e r i m e n t a l  e r r o r s  
i n v o l v e d ,  however  t h e y  do g iv e  some i n d i c a t i o n  o f  th e  
r e l a t i v e  am oun ts  o f  c a t i o n s  removed by w a s h in g .  As a 
r e s u l t  o f  t h e  a c i d  and w a t e r  w ash in g  o p e r a t i o n  t h e  
b u f f e r i n g  c a p a c i t y  o f  t h e  a c t i v a t e d  c a r b o n s  and ca rb o n
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b l a c k s  h a s  been  n e u t r a l i z e d ,  s t r o n g l y  s u g g e s t i n g  t h a t  t h e  
i m p u r i t i e s  were r e s p o n s i b l e  f o r  t h i s  e f f e c t .

Comparing t h e  l o a d i n g  c o n s t a n t s  o f  t h e  a c i d  washed
c a r b o n s  ( t a b l e  3 . 10) w i t h  t h o s e  b e f o r e  a c i d  w ash in g
( t a b l e  3. £ i t  i s  s e e n  t h a t  t h e  w ash ing  o p e r a t i o n  h as
r e s u l t e d  i n  a r e d u c t i o n  i n  g o ld  a d s o r p t i o n  f o r  most
c a r b o n s .  T h i s  r e d u c t i o n  i s  more e a s i l y  r e p r e s e n t e d  by t h e
c o r r e l a t i o n  o f  t h e  Langmuir  Xm v a l u e  w i t h  t h e  BET s u r f a c e
a r e a ,  from which t h e  a r e a  o c c u p ie d  by ea ch  a d s o r b e d  g o ld

2s p e c i e s  i s  c a l c u l a t e d  t o  be 6 .65  nm . T h i s  i s  an i n c r e a s e
o f  44 % on t h e  a r e a  o c c u p i e d  by ea ch  s p e c i e s  on t h e  non

2a c i d  washed c a r b o n s ,  which  was 4 .6 3  nm ( a l l  v a l u e s
c a l c u l a t e d  from c o r r e l a t i o n s  w i t h  c a rb o n  b l a c k s  o n l y ) .
S i n c e  t h e  s u r f a c e  a r e a  w i l l  n o t  be changed  s i g n i f i c a n t l y  
by t h e  a c i d  w ash in g  o p e r a t i o n ,  t h i s  i s  e q u i v a l e n t  t o  an 
a v e r a g e  44 % r e d u c t i o n  i n  g o ld  a d s o r p t i o n  by a c i d  
w a s h in g .  T h i s  r e d u c t i o n  c a n n o t  be c o m p l e t e l y  e x p l a i n e d  a s  
b e in g  a r e s u l t  o f  t h e  rem ova l  o f  t h e  c a t i o n i c  i m p u r i t i e s ,  
a s sum ing  t h e y  do p l a y  an  i m p o r t a n t  r o l e  i n  a d s o r p t i o n ,  
s i n c e  t h e  h ig h  sodium c o n t e n t  o f  t h e  c a r b o n a t e  b u f f e r  
u sed  ( 0 .0 7 5  M) s h o u l d  r e s u l t  i n  a d e q u a t e  c a t i o n  
a d s o r p t i o n  f o r  t h i s  p u r p o s e .  One p o s s i b l e  e x p l a n a t i o n  may 
be t h e  p r e s e n c e  o f  c h e m i c a l l y  bonded c h l o r i d e  g r o u p s  on 
t h e  c a r b o n  s u r f a c e ,  w h ich  w i l l  n o t  be c o m p l e t e l y  removed 
by w a t e r  w ash ing  ( s e e  c h a p t e r  5 . 3 . 4 ) .  These  may e i t h e r  
o ccu py  f a v o u r a b l e  a d s o r p t i o n  s i t e s ,  o r  o t h e r w i s e  i n h i b i t  
t h e  g o l d  a d s o r p t i o n  p r o c e s s .
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The a c i d  w ash ing  h a s  a l m o s t  c e r t a i n l y  a f f e c t e d  t h e  
edge a r e a s  o f  t h e  c a r b o n s ,  due t o  a d s o r p t i o n  o f  c h l o r i d e ,  
and h a s  e l i m i n a t e d  t h e i r  b u f f e r i n g  c a p a c i t y .  Assuming t h e  
e f f e c t s  on BET and b a s a l  s u r f a c e  a r e a s ,  p o r e  vo lum es and 
mean p o r e  d i a m e t e r s  a r e  n e g l i g i b l e ,  c o r r e l a t i o n s  a g a i n s t  
Xm a r e  g i v e n  in  t a b l e  3 . M .  Such a s s u m p t i o n s  a r e  v a l i d  
b e c a u s e  h y d r o c h l o r i c  a c i d  w ash ing  w i l l  o n ly  p r o d u c e  
c h e m ic a l  ch a n g e s  t o  t h e  c a r b o n  s u r f a c e ,  and s h o u l d  n o t  
change i t s  p h y s i c a l  s t r u c t u r e .

Ca r b o n /
H eat  T r e a t m e n t  

(°C)

Langmuir F r e u n d l i c h
Xm

(mg.g )
K'

(ppm)
K

(mg.g )
n

N o r i t  R2020 t 80 .27 4 .9 0 3 0 .51 4 .7 3
N o r i t  R2520 t 8 5 .0 6 4 .3 0 3 4 .4 2 4 .9 0
P i c a  G210 AS t 76 .49 5 .7 7 2 5 .6 0 4 .0 6
SS 607 t 83 .41 1 4 .98 15 .18 2 .8 3
BP71 2 4 .1 4 2 2 .0 2 3 .29 2 .5 2
BP1100 16 .52 2 9 .9 6 1 .5 5 2 .1 1
BP1100 /2400 9 .1 0 7 .8 3 2 .5 3 3 .5 9
BP1300 33 .68 1 5 .2 3 5 .2 2 2 .5 7
V ulcan  XC-72 1 6 .2 0 1 4 .2 3 2 .94 2 .8 4
V u lc a n /2 4 0 0 5 .4 7 2 1 .4 8 0 .5 5 2 .0 6

T a b le  3 »iO Langmuir  and F r e u n d l i c h  c o n s t a n t s  o f  a c i d  
washed a c t i v a t e d  c a r b o n s  and h e a t  t r e a t e d  
c a r b o n  b l a c k s .  ( t -  A c t i v a t e d  c a r b o n . )
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Comparing t h e s e  c o r r e l a t i o n s  w i t h  
a s - r e c e i v e d  c a r b o n s  ( t a b l e  3 .7 )  i t  i s  s e e n  
no m a jo r  ch a n g e s  i n  s i g n i f i c a n c e  o f  
c o r r e l a t i o n s .  Thus a c i d  w ash in g  d o e s  n o t  
g r e a t l y  a f f e c t e d  t h e  a d s o r p t i o n  p r o c e s s ,  
r e d u c e d  t h e  amount o f  g o l d  l o a d e d .

t h o s e  f o r  t h e  
t h a t  t h e r e  a r e  

any o f  t h e  
a p p e a r  t o  have 

o n ly  t o  have

P r o p e r t i e s Carbon
B la ck s

Carbon 
B la c k s  and 
A c t i v a t e d  
Carbons

A c t i v a t e dC arb o n s

BET Area 0 .9865 0.9294 0 .6 3 8 3
B a sa l  Area 0 .5 8 2 3 0 .0 6 2 2 0 .7 6 5 8
P o re  Volume 0 .9 2 5 6 0 .2 1 9 6 0 .9 2 5 4
Mean P o re  D iam e te r 0 .0 2 7 5 0 .9083 0 .0 3 2 6
P o re  Volume/
Mean P o re  D iam e te r 0 .8 3 3 7 0 .9591 0 .9 0 8 8
P o i n t s 6 10 4

95% S i g n i f i c a n c e  [97] 0 .8 1 1 0 .6 3 2 0 .9 5 0
99% S i g n i f i c a n c e  [97] 0 .917 0 .7 6 5 0 .9 9 0

T a b le  3 . / /  L i n e a r  l e a s t  s q u a r e s  c o r r e l a t i o n  c o e f f i c i e n t s  
be tw een  p r o p e r t i e s  o f  a c i d  washed c a r b o n s  and 
Langmuir  maximum l o a d i n g  c o n s t a n t s  i n  
c a r b o n a t e  b u f f e r e d  s o l u t i o n .

3 . 3 . 5  A d s o r p t i o n  from U n b u f fe re d  S o l u t i o n s

S i n c e  a c i d  w ash ing  removed t h e  b u f f e r i n g  c a p a c i t y  o f  
t h e  a c t i v a t e d  c a r b o n s  and c a r b o n  b l a c k s ,  i t  was p o s s i b l e



no

t o  u se  p u r e  s o l u t i o n s  o f  KAufCN^ f o r  a d s o r p t i o n  t e s t s  
w i t h o u t  h av in g  t o  m a i n t a i n  s o l u t i o n  pH by a d d i t i o n  o f  
a c i d  o r  a l k a l i .  The l o a d i n g  c o n s t a n t s  and  c o r r e l a t i o n s  
c a l c u l a t e d  from t h i s  s e r i e s  o f  a d s o r p t i o n  t e s t s  a r e  
p r e s e n t e d  i n  t a b l e s  3 .1 2  and 3 . 3 .

C a rb o n /
Heat  T r e a t m e n t  

(°C)

Langmuir F r e u n d l i c h
Xm

(m g.g” 1 )
K'

(ppm)
K

/ - l x (mg.g )
n

N o r i t  R2020 t 7 5 .18 - 9 . 9 6 5 4 .8 5 9 .2 0
N o r i t  R2520 t 5 6 .8 9 - 1 2 . 9 8 4 6 .6 8 7 .6 6
P i c a  G210 AS t 35 .18 - 2 5 . 0 0 4 7 .1 4 7 0 .8 6
SS 607 t 3 8 .55 - 2 . 0 2 7 1 .3 2 - 5 . 5 5
BP 71 11 .84 2 .7 7 4 .8 5 4 .6 1
BP1100 1 3 .98 17 .72 3 .8 1 4 .4 6
BP1100/2400 4 .5 8 - 9 . 2 8 5 .3 2 - 5 7 4 .1 5
BP1300 2 4 .48 1 1 .80 6 .0 3 3 .8 6
V ulcan  XC-72 7 .1 8 - 9 . 7 2 5 .4 8 1 3 .75
V ulcan  XC-72 1 9 .4 2 - 9 . 2 7 6 .3 2 5 .9 4
V u lc a n /2 4 0 0 1 .7 0 - 5 . 9 2 1 .8 8 1 7 .89

11 Not a c i d  w ashed .

T a b le  3 . 1 2  Langmuir  and F r e u n d l i c h  c o n s t a n t s  o f  a c i d  
washed a c t i v a t e d  c a r b o n s  and h e a t - t r e a t e d
c a r b o n  b l a c k s  u s in g  u n b u f f e r e d  s o l u t i o n s .
( t -  A c t i v a t e d  c a r b o n . )

The r e s u l t  o f  u s i n g  u n b u f f e r e d  r a t h e r  t h a n  c a r b o n a t e  
b u f f e r e d  s o l u t i o n s  i s  a g a i n  a marked d r o p  i n  g o ld
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a d s o r p t i o n .  From t h e  c o r r e l a t i o n  o f  BET s u r f a c e  a r e a  w i t h
Xm, t h e  a r e a  o c c u p i e d  by ea ch  g o ld  s p e c i e s  i s  c a l c u l a t e d  

2a s  8 .2 2  nm . T h i s  i s  a 24 % i n c r e a s e  from t h e  a c i d  washed 
r e s u l t s  u s i n g  c a r b o n a t e  b u f f e r s ,  and a 56 % i n c r e a s e  from 
t h e  a s - r e c e i v e d  c a r b o n a t e  b u f f e r e d  r e s u l t s  ( i n  a l l  c a s e s  
c o n s i d e r i n g  c a r b o n  b l a c k s  o n l y ) .  As w i t h  t h e  c a r b o n a t e  
b u f f e r e d  r e s u l t s ,  t h e r e  h a s  been  l i t t l e  change  i n  t h e  
s t r u c t u r a l  c o r r e l a t i o n s  ( t a b l e  3 . 1 2 ) .  The d ro p  in  g o ld  
l o a d i n g  b e tw ee n  c a r b o n a t e  and u n b u f f e r e d  t e s t s  w i l l  be 
due m o s t ly  t o  t h e  rem ova l  o f  e x c e s s  c a t i o n s  from 
s o l u t i o n .  As shown by D av idson  [ 5 4 ] ,  ' s p e c t a t o r '  c a t i o n s  
have a marked e f f e c t  on g o ld  a d s o r p t i o n .  The d r o p  in  
s o l u t i o n  pH from 10 t o  a rou n d  7 s h o u ld  n o t  have a f f e c t e d  
t h e  r e s u l t s  g r e a t l y ,  s i n c e  i n  t h i s  pH r a n g e  t h e r e  i s  
l i t t l e  v a r i a t i o n  i n  g o l d  a d s o r p t i o n  [ 5 7 ] .

The e f f e c t  o f  a c i d  w ash ing  and t h e  c a r b o n a t e  b u f f e r  
on g o ld  a d s o r p t i o n  can  be more e a s i l y  s e e n  by c o n s i d e r i n g  
t h e  Vulcan  XC-72 r e s u l t s  s e p a r a t e l y  ( t a b l e  3 . 1 4 j . The 
a d v a n ta g e  o f  u s i n g  t h i s  c a r b o n  b l a c k  i s  t h a t  t h e  s l u r r y  
pH o f  t h e  a s - r e c e i v e d  sam ple  i s  6 .4 8 ,  s i m i l a r  t o  t h a t  
e x p e c t e d  f o r  t h e  u n b u f f e r e d  t e s t s .  Thus i f  s o l u t i o n  pH 
d o e s  have any e f f e c t ,  i t  w i l l  be m in im ized .
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P r o p e r t i e s Carbon
B la c k s

Carbon 
B lack s  and 
A c t i v a t e d  Carbons

A c t i v a t e d
C arbons

BET Area 0 .9 5 8 0 0 .7520 0 .8 9 3 1
B a sa l  Area 0 .4 9 6 7 0 .1630 0 .9 3 3 1
P o re  Volume 0 .8 9 2 9 0 .2020 0 .1 5 7 9
Mean P o re  D iam e te r 0 .1 5 3 1 0 .8199 0 .5 0 9 9
P o re  Volume/
Mean P o re  D ia m e te r 0 .9 1 4 4 0 .8244 0 .1 9 7 0
P o i n t s 6 10 4

95% S i g n i f i c a n c e  [97] 0 .8 1 1 0 .632 0 .9 5 0
99% S i g n i f i c a n c e  [97] 0 .9 1 7 0 .765 0 .9 9 0

T a b le  3 .1 3  L i n e a r  l e a s t  s q u a r e s  c o r r e l a t i o n  c o e f f i c i e n t s  
be tw een  p r o p e r t i e s  of  a c i d  washed c a r b o n s  and 
Langmuir  maximum l o a d i n g  c o n s t a n t s  i n  
u n b u f f e r e d  s o l u t i o n .

Condi t i o n s Langmuir F r e u n d l i c h
Wash B u f f e r Xm K' K n

(m g.g” 1 ) (ppm) / - 1 %(mg. g )

As r e c e i v e d C a r b o n a te 19 .0 4 10 .04 4 .7 6 3 .3 5
Acid washed C a rb o n a te 1 6 .2 0 1 4 .23 2 .9 4 2 .84
As r e c e i v e d U n b u f fe re d 9 .4 2 - 9 . 2 7 6 .3 2 5 .9 4
Acid washed U n b u f fe red 7 .1 8 - 9 .7 2 5 .4 8 1 3 .7 5

T a b le  3.14* Langmuir and F r e u n d l i c h  c o n s t a n t s  o f
Vulcan  XC-72 u n d e r  d i f f e r e n t  c o n d i t i o n s
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C o n s i d e r i n g  t h e  Langmuir  Xm c o n s t a n t s ,  a c i d  w ash in g  
r e s u l t s  i n  a much s m a l l e r  r e d u c t i o n  i n  g o l d  l o a d i n g  t h a n  
rem ova l  o f  t h e  c a r b o n a t e  b u f f e r .  The two t r e a t m e n t s  
a p p e a r  t o  a c t  i n d e p e n d e n t l y .  Acid w ash ing  r e s u l t s  i n  
r e d u c t i o n s  i n  maximum l o a d i n g  o f  2 .8  and 2 .2  mg.g * from 
c a r b o n a t e  and  u n b u f f e r e d  s o l u t i o n s  r e s p e c t i v e l y .  W hereas  
removal  o f  t h e  c a r b o n a t e  b u f f e r  l e a d s  t o  r e d u c t i o n s  o f  
9 .6  and 9 .0  mg.g * f o r  a s - r e c e i v e d  and a c i d  washed 
s a m p l e s .  T hese  v a l u e s  a r e  t h u s  s i m i l a r  i n  m a g n i tu d e ,  and 
do n o t  change w i t h  t h e  o r d e r  o f  t h e  t r e a t m e n t s .  Thus 
t h e r e  a p p e a r s  t o  be two d i f f e r e n t  p r o c e s s e s  i n  o p e r a t i o n .  
The b u f f e r  e f f e c t  w i l l  be due to  e x c e s s  c a t i o n s  i n
s o l u t i o n  i n c r e a s i n g  a d s o r p t i o n ,  t h e  a c i d  w ash ing  e f f e c t  
p o s s i b l y  b e i n g  due t o  a d s o r b e d  c h l o r i d e  g r o u p s  r e d u c i n g  
t h e  number o f  f a v o u r a b l e  a d s o r p t i o n  s i t e s .  E v id e n c e  f o r  
t h e  l a t t e r  e f f e c t  c a n n o t  be  g i v e n ,  a p a r t  from t h e  h ig h  
c h l o r i d e  c o n t e n t s  o f  t h e  c a r b o n s  d e t e r m i n e d  by XPS ( s e e  
c h a p t e r  5 . 3 . 4 ) .

The e f f e c t s  o f  t h e s e  d i f f e r e n t  c o n d i t i o n s  on t h e  
F r e u n d l i c h  K v a l u e  a r e  d i f f e r e n t  t o  t h o s e  found on t h e  
Langmuir  Xm v a l u e .  In t h e  c a s e  o f  t h e .  K v a l u e  a c i d
w ash ing  c a u s e s  a r e d u c t i o n  in  l o a d i n g  ( a s  s e e n  w i t h  Xm), 
b u t  i n c r e a s e d  a d s o r p t i o n  o c c u r s  i n  u n b u f f e r e d  s o l u t i o n .  
W ith  t h i s  i n c r e a s e  i n  a d s o r p t i o n  t h e r e  i s  a l s o  an 
i n c r e a s e  i n  t h e  c o n s t a n t  n ,  which  l e a d s  t o  t h e  r e d u c t i o n  
i n  maximum l o a d i n g .  I t  must  be r e a l i z e d  t h a t  t h e  K v a l u e
i s  t h e  l o a d i n g  e x p e c t e d  a t  an  e q u i l i b r i u m  g o l d
c o n c e n t r a t i o n  o f  1 ppm. H ig h e r  K v a l u e s  i n  u n b u f f e r e d
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s o l u t i o n s  c o u ld  be due t o  t h e  r e d u c t i o n  i n  t h e  a n i o n  
c o n c e n t r a t i o n s  i n  s o l u t i o n  co m p e t in g  f o r  a c t i v e  
a d s o r p t i o n  s i t e s .  At l a r g e r  g o ld  c o n c e n t r a t i o n s  ( e . g .  
100 ppm f o r  t h e  c a l c u l a t i o n  o f  Xm), t h e  e f f e c t  o f  t h e  
rem ova l  o f  t h e s e  a n i o n s  r e d u c i n g  a d s o r p t i o n  i s  masked by 
t h e  f a r  g r e a t e r  e f f e c t  o f  t h e  rem ova l  o f  t h e  c a t i o n s  
a i d i n g  a d s o r p t i o n .  Thus t h e  l o a d i n g  v a l u e  w i l l  d r o p .

Acid w ash ing  h as  t h e  same e f f e c t  on t h e  F r e u n d l i c h  K 
v a l u e  a s  i t  d o e s  on Xm. T h i s  r e d u c t i o n  i n  l o a d i n g  i s  t h u s  
a l m o s t  c e r t a i n l y  a r e s u l t  o f  a c h e m ic a l  change  t o  t h e  
c a rb o n  s u r f a c e ,  r e d u c i n g  t h e  number o f  f a v o u r a b l e  
a d s o r p t i o n  s i t e s .

3 .4  C o n c l u s i o n s

S t u d i e s  o f  t h e  s t r u c t u r a l  i n f l u e n c e s  on t h e  g o l d  
a d s o r p t i o n  p r o c e s s  has  shown a s t r o n g  c o r r e l a t i o n  b e tw een  
t h e  maximum l o a d i n g  c a p a c i t y  and t h e  BET s u r f a c e  a r e a  o f  
t h e  c a r b o n s .  S u r f a c e  c o v e r a g e  was lo w ,  e s t i m a t e d  a t  a b o u t  
4 % i f  i t  i s  assumed t h a t  Au(CN) 2  i s  t h e  a d s o r b e d  
s p e c i e s .  No d ep en d e n ce  o f  t h e  a r e a  o f  s p e c i f i c  p o r e  s i z e  
r a n g e s  on g o l d  a d s o r p t i o n  c o u l d  be fo u n d ,  i n d i c a t i n g  t h a t  
a d s o r p t i o n  was o c c u r r i n g  o v e r  t h e  whole o f  t h e  s u r f a c e .

I n e r t  a tm o s p h e re  h e a t - t r e a t m e n t s  a t  up t o  2400°C f o r  
t h e  c a r b o n  b l a c k s  w ere  u sed  f o r  t h e  s u r f a c e  a r e a  
c o r r e l a t i o n s .  These  h e a t - t r e a t m e n t s  would change t h e  
s u r f a c e  o x i d e  s t r u c t u r e  o f  t h e  c a r b o n s  a s  w e l l  a s  t h e
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s u r f a c e  a r e a s .  Thus d e m o n s t r a t i n g  t h a t  a d s o r p t i o n  a t  a 
s p e c i f i c  o x i d e  g r o u p  i s  u n l i k e l y .

Acid w ash in g  r e s u l t s  i n  a 44 % d r o p  i n  t h e  maximum 
g o l d  c a p a c i t y .  T h i s  was assumed t o  be due t o  t h e  change 
i n  c h e m i s t r y  o f  t h e  s u r f a c e  o f  t h e  c a r b o n s ,  b e in g  
s a t u r a t e d  w i t h  c h l o r i d e  g r o u p s .

U n b u f f e r e d  a d s o r p t i o n  t e s t s  l e d  t o  a 24 % d ro p  in  
t h e  maximum g o l d  c a p a c i t y ,  compared to  c a r b o n a t e  b u f f e r e d  
t e s t s .  T h i s  i s  p r o b a b l y  due t o  rem ova l  o f  ' s p e c t a t o r '  
c a t i o n s  from s o l u t i o n .  I n c r e a s e s  i n  t h e  F r e u n d l i c h  
c a p a c i t y  c o n s t a n t s  in  u n b u f f e r e d  s o l u t i o n  w ere  c o n s i d e r e d  
a s  b e in g  due  t o  t h e  removal  o f  i n t e r f e r i n g  a n i o n s  from 
s o l u t i o n .
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4 E f f e c t  o f  C a t i o n s  on t h e  A d s o r p t io n  o f  Au(CN)^

4 .1  I n t r o d u c t i o n

S e v e r a l  s t u d i e s  o f  S p e c t a t o r '  c a t i o n s  added  t o  g o ld  
c y a n i d e  s o l u t i o n s  have shown t h a t  t h e  i n c r e a s e  i n  
a d s o r p t i o n  p ro d u c e d  f o l l o w s  t h e  s e r i e s  [ 5 3 , 5 4 , 5 7 ] :

H+ > Ba2+ > Ca2+ > Mg2+ > Cs+ > L i + > Na+ > K+

The e f f e c t  o f  c o m b i n a t i o n s  o f  t h e s e  c a t i o n s  in  
s o l u t i o n  h a s  n o t  b ee n  s t u d i e d  t h o r o u g h l y .  T s u c h id a  has  
shown t h a t  t h e  c a t i o n  e f f e c t  i s  r e d u c e d ,  and e v e n t u a l l y  
e l i m i n a t e d ,  i n  a c i d  s o l u t i o n  [ 5 7 ] .  T h i s  i s  due t o  t h e  
g r e a t e r  e f f e c t  o f  H+ in  s o l u t i o n  a t  s i m i l a r
c o n c e n t r a t i o n s  t o  t h e  o t h e r  c a t i o n s .  T s u c h id a  a l s o  
m easured  t h e  amount  o f  K+ a d s o r b e d  w i t h  t h e  g o l d ,  e i t h e r  
w i t h  o r  w i t h o u t  a d d i t i o n  o f  e x c e s s  c a t i o n s  i n  s o l u t i o n .  A 
r a t i o  o f  2 :1  was found  i n  p u re  KAu(CN) 2  s o l u t i o n  be tw een  
Au:K a d s o r p t i o n .  W i th  e x c e s s  c a t i o n s  t h e  amount o f  K+ 
a d s o r b e d  was r e d u c e d  o r  e l i m i n a t e d ,  b u t  t h e  Au:Mn+ 
a d s o r p t i o n  r a t i o s  w ere  n o t  r e p o r t e d .

R a t h e r  t h a n  a d d in g  c a t i o n s  t o  s o l u t i o n s  o f  KAufCN^ 
and s t u d y i n g  t h e  change in  g o ld  a d s o r p t i o n ,  a more 
p r e c i s e  method t h a t  d o es  n o t  r e q u i r e  t h e  a d d i t i o n  o f  
e x c e s s  c a t i o n s  o r  a n i o n s  i n  s o l u t i o n  i s  t h e  p r o d u c t i o n  o f  
s p e c i f i c  Mn + (Au(CN)~)n compounds, where  Mn+ i s  t h e  c a t i o n  
t o  be s t u d i e d .
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4 .2  E x p e r im e n ta l  P r o c e d u r e s

4 . 2 . 1  Cyanide  A n a l y s i s

F r e e  c y a n id e  i o n  c o n c e n t r a t i o n s  w ere  d e t e r m i n e d  
u s in g  a R u s s e l l  s p e c i f i c  c y a n id e  i o n  e l e c t r o d e  i n  
c o n j u n c t i o n  w i t h  a d o u b l e  j u n c t i o n  r e f e r e n c e  e l e c t r o d e .  
Cyanide  s t a n d a r d  s o l u t i o n s  were found t o  be u n r e l i a b l e ,  
t h u s  more s t a b l e  i o d i d e  s t a n d a r d s  were  used  t o  g i v e  
e q u i v a l e n t  r e s u l t s .  A l l  s o l u t i o n s  were  d i l u t e d  1 :1  w i t h
0 .2  M sodium h y d r o x id e  s o l u t i o n  b e f o r e  a n a l y s i s .

4 . 2 . 2  S o l u t i o n  P r e p a r a t i o n s

E x c e s s  c a t i o n s  w ere  added t o  Au(CN) 2  s o l u t i o n s  a s  
c h l o r i d e s .  G e n e r a l l y  t h e  c o n c e n t r a t i o n  o f  c a t i o n s  was 
chosen  to  be i o n i c a l l y  e q u i v a l e n t  t o  t h e  g o l d  
c o n c e n t r a t i o n .  Cyan ide  s o l u t i o n s  were p r e p a r e d  u s i n g  KCN.

S o l u t i o n s  o f  HAu (CN)2 / Mg(Au(CN) 2 >2 '  and
Ca(Au(CN)2 ) 2 w ere  p r e p a r e d  from KAu(CN)2 by c a t i o n

3ex c h a n g e .  11 cm o f  Z e r o l i t  225 c a t i o n  ex change  r e s i n  was 
ch a rg e d  i n t o  a 1 cm d i a m e t e r  column. 1 M n i t r i c  a c i d  was 
p a s s e d  t h r o u g h  t h e  column to  remove any p r e v i o u s l y  
a d s o r b e d  c a t i o n s .  E x c e s s  a c i d  was washed t h r o u g h  w i t h  
d i s t i l l e d  w a t e r .  C h l o r i d e  s o l u t i o n s  o f  t h e  r e q u i r e d  
c a t i o n  were  t h e n  p a s s e d  th ro u g h  t h e  column u n t i l  t h e

n +  -f.e f f l u e n t  pH was n e u t r a l ,  i n d i c a t i n g  c o m p le t e  M -  H 
ex c h a n g e .  The column was a g a i n  r i n s e d  t h r o u g h  w i t h
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d i s t i l l e d  w a t e r  t o  remove any e x c e s s  c h l o r i d e  s o l u t i o n ,  A 
s o l u t i o n  o f  KAu (CN)2 was t h e n  p a s s e d  once  t h r o u g h  t h e  
column, and t h e  r e s u l t i n g  s o l u t i o n  a n a l y s e d  by a t o m i c  
e m i s s i o n  f o r  p o t a s s i u m .  I f  s i g n i f i c a n t  q u a n t i t i e s  o f  
p o t a s s i u m  w ere  d e t e c t e d  t h e n  t h e  r e s i n  c h a r g i n g  p r o c e d u r e  
was r e p e a t e d ,  and t h e  s o l u t i o n  p a s s e d  t h r o u g h  t h e  f r e s h  
column. T h i s  p r o c e d u r e  was r e p e a t e d  u n t i l  p o t a s s i u m  
l e v e l s  w ere  t o o  low f o r  a c c u r a t e  a n a l y s i s ,  g e n e r a l l y  
< 0 .2  ppm.

4 . 2 . 3  D eoxygena ted  -  O xygena ted  A d s o r p t io n  T e s t s

The d e o x y g e n a te d  t e s t s  were  c a r r i e d  o u t  u n d e r  
s i m i l a r  c o n d i t i o n s  t o  t h e  normal  a d s o r p t i o n  t e s t s  
( c h a p t e r  3 . 2 . 8 ) .  N i t r o g e n  was b u b b le d  th r o u g h  t h e  g o l d  
s o l u t i o n s  4 h o u r s  b e f o r e  t h e  c a rb o n  was ad d e d ,  and 
t h r o u g h o u t  t h e  c o u r s e  o f  t h e  e x p e r i m e n t .  T h i s  was t o  
remove any d i s s o l v e d  o xygen .  For  t h e s e  e x p e r i m e n t s  t h e  
ca rb o n  s a m p le s  were k e p t  i n  sample v i a l s  d u r i n g  w e ig h in g  
and d r y i n g ,  and added t o  t h e  g o ld  s o l u t i o n s  which  had 
been  k e p t  u n d e r  n i t r o g e n  b u b b l i n g .  A f t e r  an 18 hour  
p e r i o d  a 10 ml sample o f  s o l u t i o n ,  was t a k e n ,  and t h e  
n i t r o g e n  b u b b l i n g  c o n t i n u e d  f o r  a f u r t h e r  6 h o u r s  b e f o r e  
b e in g  r e p l a c e d  by oxygen.  T e s t s  i n d i c a t e d  t h a t  n e g l i g i b l e  
f u r t h e r  a d s o r p t i o n  o c c u r r e d  in  t h i s  t im e  p e r i o d  b e tw een  
t a k i n g  t h e  sample  and s t a r t i n g  oxygen f l o w ,  i n d i c a t i n g  
t h a t  e q u i l i b r i u m  had been  a c h i e v e d .  A f t e r  a f u r t h e r  18 
h o u r s  u n d e r  oxygen b u b b l i n g  t h e  s l u r r y  was f i l t e r e d  a s  
r e p o r t e d  p r e v i o u s l y ,  and t h e  f i l t r a t e  and 10 ml sam ple
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a n a l y s e d  a s  i n  t h e  p r e v i o u s  a d s o r p t i o n  e x p e r i m e n t s .

4 .3  R e s u l t s  and D i s c u s s i o n

4 . 3 . 1  A d s o r p t i o n  o f  Gold and  P o ta s s iu m

D uring  a d s o r p t i o n  t e s t s  o f  KAufCN^ u s i n g  no rm al  and 
a c i d  washed c a r b o n s  i n  c a r b o n a t e  b u f f e r e d  s o l u t i o n  i t  was 
found t h a t  p o t a s s i u m  was n o t  a d s o r b e d .  T h i s  was a l s o  t h e  
c a s e  w i t h  t h e  a s - r e c e i v e d  Vulcan  XC-72 i n  u n b u f f e r e d  
s o l u t i o n .  T h e re  a r e  t h r e e  p o s s i b l e  r e a s o n s  f o r  t h i s .

( 1 ) S u f f i c i e n t  
c a r b o n s  t o

c a t i o n  i m p u r i t i e s  a r e  
a c c o u n t  f o r  Mn + (Au(CN)

p r e s e n t  i n  
a d s o r p t i o n .

t h e

(2) In c a r b o n a t e  b u f f e r e d  s o l u t i o n  t h e  a d s o r b e d  s p e c i e s  
i s  NaAu( CN)2 .

(3) A d s o r p t i o n  o f  Mn + ( A u ( C N ) d o e s  n o t  o c c u r .

In  t h e  p r e v i o u s  c h a p t e r  i t  was shown how g o l d  
a d s o r p t i o n  was a f f e c t e d  by a c i d  w ash ing  and b u f f e r i n g  
s o l u t i o n s .  Acid w ash ing  c a r b o n s  was shown t o  l e a d  t o  a 
r e d u c t i o n  i n  t h e  Langmuir  Xm v a l u e ,  w i t h  c a r b o n a t e  
b u f f e r i n g  i n c r e a s i n g  i t .  The sodium c o n t e n t  o f  t h e  
c a r b o n a t e  b u f f e r  used  ( 0 .0 7 5  M) was t o o  h ig h  f o r  any  
s m a l l  c h a n g e s  due t o  a d s o r p t i o n  t o  be m ea su re d .  Only i n  
u n b u f f e r e d  s o l u t i o n s ,  u s i n g  a c i d  washed c a r b o n s ,  was i t  
p o s s i b l e  t o  m ea su re  t h e  m o la r  Au:M a d s o r p t i o n  r a t i o
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(where M i s  t h e  c a t i o n  a d s o r b e d  from s o l u t i o n ) .

In  t h e  u n b u f f e r e d  a d s o r p t i o n  t e s t s  t h e  i n i t i a l  and 
e q u i l i b r i u m  pH o f  t h e  s o l u t i o n s  were  u s u a l l y  b e tw een  5 
and 7. S m a l l  v a r i a t i o n s  be tw een  i n i t i a l  and e q u i l i b r i u m  
pH d i d  o c c u r ,  b u t  t h e s e  were  t o o  s m a l l  t o  be 
d i f f e r e n t i a t e d  from e x p e r i m e n t a l  e r r o r ,  o r  t o  be r e l a t e d  
t o  g o l d  a d s o r p t i o n .  Thus chan ges  i n  pH were  n o t  t a k e n  
i n t o  a c c o u n t  when c a l c u l a t i n g  t h e  Au:M a d s o r p t i o n  r a t i o s  
o f  t h e  u n b u f f e r e d  s o l u t i o n s .

F o r  p u r e  s o l u t i o n s  o f  KAufCN^ t h e  mean Au:K 
a d s o r p t i o n  r a t i o s  a r e  g i v e n  in  t a b l e  4 . 1 .  I f  t h e  a d s o r b e d  
s p e c i e s  i s  KAufCN^# t h e n  t h i s  r a t i o  s h o u l d  be 1 : 1 .  A l l  
c a r b o n s  s t u d i e d  gave v a l u e s  g r e a t e r  t h a n  t h i s .  However, a 
m a jo r  p ro b lem  w i t h  t h e s e  r e s u l t s  i s  t h e  r e l a t i v e l y  l a r g e  
v a l u e s  o f  t h e  s t a n d a r d  d e v i a t i o n s .  In  t h e  c a s e  o f  t h e  
c a rb o n  b l a c k s  t h i s  i s  due m ain ly  t o  low g o l d  l o a d i n g s  
r e s u l t i n g  i n  r e l a t i v e l y  l a r g e  e x p e r i m e n t a l  e r r o r s .  The 
a c t i v a t e d  c a r b o n s  a d s o r b e d  much more g o l d  from s o l u t i o n ,  
b u t  v e r y  l i t t l e  p o t a s s i u m .  A l though  f o r  b o t h  t y p e s  o f  
c a rb o n  t h e  a c t u a l  n u m e r i c a l  v a l u e s  g i v e n  i n  t h e  t a b l e  a r e  
n o t  v e r y  a c c u r a t e ,  t h e  g e n e r a l  i m p r e s s i o n  t h e y  g i v e  i s  
t h a t  e q u i m o l a r  g o l d  and p o ta s s iu m  a d s o r p t i o n  d o e s  n o t
o c c u r .
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Ca r b o n /
Heat T r e a t m e n t  

(°C)

AusK A d s o r p t i o n  R a t i o  

( m o lsm o l)

S t a n d a r d  D e v i a t i o n

BP71 1 .71 0 .5 6
BP1100 2 .72 0 .8 1
BP1100/2400 9 .6 6 7 .2 1
BP1300 1 .4 7 0 .9 3
Vulcan  XC-72 3 .4 0 1 .0 8
V u lc an /2 4 0 0 1 0 .1 3 1 0 .4 2
N o r i t  R2020 t 16 .70 8 .8 5
N o r i t  R2520 t 1 0 .6 7 2 .8 9
P i c a  G210 AS t 12 .2 3 17 .2 5
SS 607 t 8 .4 5 6 .4 1

T a b le  4 .1  Gold : p o t a s s i u m  a d s o r p t i o n  r a t i o s  o f  a c i d
washed c a r b o n s  from u n b u f f e r e d  s o l u t i o n s .
( t -  A c t i v a t e d  c a r b o n . )

An i n t e r e s t i n g  f e a t u r e  o f  t h e  d i f f e r e n c e s  be tw een  
t h e  mean Au:K r a t i o s  o f  t h e  c a r b o n s  i s  t h e i r  r e l a t i o n s h i p  
t o  t h e  BET s u r f a c e  a r e a  ( f i g u r e  4 . 1 ) .  F o r  t h e  c a rb o n  
b l a c k s  t h e r e  i s  an i n c r e a s e  i n  t h e  r e l a t i v e  p r o p o r t i o n  o f  
p o t a s s i u m  a d s o r b e d  a t  t h e  h i g h e r  s u r f a c e  a r e a s ,  
e v e n t u a l l y  r e s u l t i n g  i n  e q u im o la r  AusK a d s o r p t i o n .  For  
t h e  v e r y  low s u r f a c e  a r e a  ca rb o n  b l a c k s ,  v e r y  l i t t l e  
p o t a s s i u m  i s  a d s o r b e d  r e s u l t i n g  i n  l a r g e  r a t i o s .  A more 
d e t a i l e d  s t u d y  u s i n g  many more c a r b o n s ,  and more d a t a  
p o i n t s  t o  t r y  t o  r e d u c e  e r r o r s ,  may show w h e t h e r  t h e r e  i s  
a c o r r e l a t i o n  b e tw e e n  t h e  AusK r a t i o  and s u r f a c e  a r e a ,  o r
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w h e th e r  t h e  v a r i a t i o n  shown i s  m ere ly  a r e s u l t  o f  t h e  
r e l a t i v e l y  l a r g e r  e r r o r s  o c c u r r i n g  w i t h  c a r b o n s  t h a t  o n ly  
a d s o r b  s m a l l  q u a n t i t i e s  o f  g o l d .  I t  must  be remembered 
t h a t  a l t h o u g h  th e  c a r b o n s  a d s o r b  d i f f e r e n t  am oun ts  of  
g o l d ,  t h e  s u r f a c e  c o v e r a g e  i s  s i m i l a r .  Thus v a r i a n c e s  in  
t h e  amounts  o f  g o l d  l o a d e d  c a n n o t  be used  t o  e x p l a i n  th e  
s u r f a c e  a r e a  r e l a t i o n s h i p .

.2 15-MIDDC
C

•h  1 0  -P Q L_Otn
TD
< 5

b*<
0

F i g u r e  4 .1  R e l a t i o n s h i p  be tw een  BET s u r f a c e  a r e a s  o f
a c t i v a t e d  c a r b o n s  and ca rb o n  b l a c k s  and th e
Au:K a d s o r p t i o n  r a t i o  from u n b u f f e r e d
s o l u t i o n s  o f  KAu (CN)2 «

E r r o r s  in  p o t a s s i u m  d e t e r m i n a t i o n s  c a n n o t  e x p l a i n
t h e  l a r g e  Au:K r a t i o s  found f o r  t h e  a c t i v a t e d  c a r b o n s
b e c a u s e  t h e  c o n c e n t r a t i o n s  in v o lv e d  a r e  t o o  l a r g e .  I f

0 250 500 750 1000
BET Surface Area (m2. g"*1)
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e q u i m o l a r  g o ld  and p o t a s s i u m  a d s o r p t i o n  d o e s  n o t  o c c u r  
from u n b u f f e r e d  s o l u t i o n ,  t h e n  two q u e s t i o n s  a r i s e :

(1) What c a t i o n  i s  b e i n g  a d s o r b e d  w i t h  A ufC N ^ ? 

an d ,

(2) What a n i o n  i s  l e f t  i n  s o l u t i o n  to  c o u n t e r  t h e  c h a r g e  
o f  t h e  K+ c a t i o n  ?

In  c a r b o n a t e  b u f f e r e d  s o l u t i o n  Na+ may be  t h e  c a t i o n
2 -a d s o r b e d  w i t h  A u fC N ^/  l e a v i n g  HCO^ o r  CO^ i n  s o l u t i o n .  

T h i s  c a n n o t  o c c u r  i n  t h e  u n b u f f e r e d  s o l u t i o n s ,  b u t  a n i o n  
exchange  w i t h  s u r f a c e  h y d r o x id e  g r o u p s  [57]  o r  a d s o r p t i o n  
o f  HAu (CN)2  [79]  may. Bo th  o f  t h e s e  p r o c e s s e s  would l e a d  
t o  an  i n c r e a s e  in  pH o f  t h e  s o l u t i o n .  Such i n c r e a s e s  can 
be p r e d i c t e d  i f  i t  i s  assumed t h a t  t h e r e  i s  e q u i m o l a r  
Au:(K+ + H+ ) a d s o r p t i o n  ( i . e .  a c o m b in a t io n  o f  KAufCN^ 
and HAufCN^)* T hro u g ho u t  t h e  c o u r s e  o f  t h i s  
i n v e s t i g a t i o n  no change i n  pH h as  been  l a r g e  enough  t o  
s u g g e s t  such  a mechanism.

A n o th e r  p o s s i b l e  e x p l a n a t i o n  f o r  t h e  l a r g e  Au:K 
r a t i o s  i s  t h e  p r e c i p i t a t i o n  o f  i n s o l u b l e  a u r o c y a n i d e  
(AuCN) .

Au(CN) 2 = AuCN + CN~ ( 4 . 1 )

A wide r a n g e  o f  s o l u t i o n s  w ere  a n a l y s e d  a f t e r  t h e
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a d s o r p t i o n  t e s t s  t o  t r y  t o  d e t e c t  any f r e e  c y a n i d e  
r e l e a s e d .  In a l l  c a s e s  t h e  f r e e  c y a n i d e  c o n c e n t r a t i o n  was 
below t h e  d e t e c t i o n  l i m i t  o f  t h e  c y a n id e  e l e c t r o d e  used  
(10  ̂ M). Thus i f  d e c o m p o s i t i o n  was o c c u r r i n g  t h e n  t h e  
c y a n i d e  p ro d u c ed  was n o t  e n t e r i n g  s o l u t i o n .  The c y a n i d e  
may be  a d s o r b e d ,  b u t  t h i s  s t i l l  l e a v e s  no c o u n t e r  io n  to  
b a l a n c e  t h e  K+ l e f t  i n  s o l u t i o n ,  o r  i t  may decompose 
f u r t h e r .

CN~ + i  0 2 = CNO" ( 4 . 2 )

CNCf + 2 H20 = HCO" + NH3 ( 4 . 3 )

T h i s  d e c o m p o s i t i o n  c o u ld  l e a d  to  c a r b o n a t e  and 
ammonia b e in g  l e f t  i n  s o l u t i o n ,  b a l a n c i n g  t h e  c h a r g e  on 
t h e  p o t a s s i u m  c a t i o n .  Thus t h e  o v e r a l l  r e a c t i o n  w i l l  b e :

KAu(CN)2 + i  0 2 + 2 H20 = AuCN + KHC03+ NH3 ( 4 . 4 )

4 . 3 . 2  D eoxygena ted  -  O xygena ted  A d s o r p t io n

F o r  t h e  p r e v i o u s  r e a c t i o n  ( e q u a t i o n  4 .4 )  a d s o r p t i o n  
may be  a f f e c t e d  by t h e  p r e s e n c e  o f  d i s s o l v e d  oxygen  i n  
s o l u t i o n .  T h i s  has  been  c o n f i r m e d  by s e v e r a l  r e s e a r c h e r s ,  
who have shown t h a t  n i t r o g e n  s a t u r a t i o n  o f  s o l u t i o n s  
r e s u l t s  i n  a s i g n i f i c a n t  d ro p  i n  g o l d  a d s o r p t i o n  
[ 5 7 , 5 9 , 9 9 ] .  Oxygen s a t u r a t i o n  however  h a s  been  shown t o  
have no  e f f e c t  on a d s o r p t i o n ,  u n l e s s  t h e  c a r b o n  o r  
s o l u t i o n  h as  been  d e o x y g e n a te d  p r e v i o u s l y  i n  w h ich  c a s e
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a d s o r p t i o n  i n c r e a s e s  t o  i t s  no rm al  l e v e l .  F i g u r e  4 .2  
shows t h e  e f f e c t  o f  n i t r o g e n  and oxygen b u b b l i n g  on 
a d s o r p t i o n  by a h e a t - t r e a t e d  c a r b o n  b l a c k .  I t  i s  s e e n  
t h a t  t h e  e f f e c t s  a r e  s i m i l a r  t o  t h o s e  e x p e c t e d .  The 
i s o t h e r m  p l o t t e d  i n  f i g u r e  4 .2  was o b t a i n e d  from norm al  
u n b u f f e r e d  r e s u l t s ,  and i t  can  be s e e n  t h a t  n i t r o g e n  
s a t u r a t i o n  r e d u c e s  th e  g o l d  l o a d i n g  s i g n i f i c a n t l y ,  
w h e re a s  oxygen s a t u r a t i o n  has  no e f f e c t .  For  a d s o r p t i o n  
t e s t s  from c a r b o n a t e  b u f f e r e d  s o l u t i o n ,  n i t r o g e n  o r  
oxygen b u b b l i n g  d i d  n o t  a f f e c t  t h e  amount o f  p o t a s s i u m  
a d s o r b e d .  As w i t h  t h e  normal  t e s t s ,  l i t t l e  o r  no 
p o t a s s i u m  was a d s o r b e d .

F i g u r e  4 .2  E f f e c t  o f  n i t r o g e n  and oxygen a tm o s p h e r e s  on
t h e  a d s o r p t i o n  o f  g o l d  by BP1100/2400°C from 
u n b u f f e r e d  KAufCN^ s o l u t i o n .
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C a rb o n /
Heat  T r e a t m e n t  

(°C)

Au:K A d s o r p t i o n  R a t i o  

( m o l :m o l )

BP1100 1 .01
BP1100/2400 2 .82
BP1300 0 .39
Vulcan  XC-72 0 .81
V u lc a n /2 4 0 0 2 .3 8
N o r i t  R 2 0 2 0  t 1 .72
N o r i t  R2520 t 1 .6 7
P i c a  G210 AS t, 0 .9 5
SS 607 t 1 .15

T a b le  4 .2  Gold : p o t a s s i u m  a d s o r p t i o n  r a t i o s  o f  a c i d
washed c a r b o n s  from u n b u f f e r e d ,  d e o x y g e n a te d  
s o l u t i o n s ,  ( t -  A c t i v a t e d  c a r b o n . )

As w e l l  a s a r e d u c t i o n  i n g o ld a d s o r p t i o n , t h e
g o l d  : p o t a s s i u m a d s o r p t i o n  r a t i o i s  a l s o  r e d u c e d by
d e o x y g e n a t i o n  o f t h e  s o l u t i o n s ( t a b l e 4 . 2 ) .  F o r t h e
m a j o r i t y  o f  t h e c a r b o n s  t h i s r a t i o i s  a ro u n d 1:1
i n d i c a t i n g  e q u i m o l a r  a d s o r p t i o n ( i  . e . KAu(CN)2 )• The
p o s s i b i l i t y  t h a t  c h e m i c a l l y  a d s o r b e d  oxygen i s  
r e s p o n s i b l e  f o r  t h e  h ig h  Au:K r a t i o s  can  be  d i s c o u n t e d  by 
c o n s i d e r i n g  t h e  r e s u l t s  o f  t h e  two h e a t - t r e a t e d  ca rb o n  
b l a c k s .  The h e a t - t r e a t m e n t s  have removed s u r f a c e  o x id e  
g r o u p s ,  b u t  t h e  Au:K r a t i o s  a r e  h i g h e r  t h a n  t h e  non 
h e a t - t r e a t e d  c a r b o n s .  These  l a r g e r  r a t i o s  a r e  p r o b a b l y
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due t o  i n a c c u r a c i e s  i n  t h e  d e t e r m i n a t i o n  o f  t h e  v e r y  
s m a l l  amounts  o f  g o l d  and p o ta s s iu m  a d s o r b e d  by t h e s e  two 
low s u r f a c e  a r e a  c a r b o n  b l a c k s .

Ca r b o n /
H ea t  T r e a tm e n t  

(°C)

In S o l u t i o n A dsorbed
Au

(ppm)
K

(ppm)
Au K Au: K
(mg. g"1) ( m o l :m o l )

BP1100/2400 9 3 .7 5 1 9 .2 0

N2 8 1 .0 5 18 .15 2 .4 0 0 .2 0 2 .4 0

°2 6 8 .7 5 2 0 .0 0 4 .49 — —

Vulcan  XC-72 94 .9 0 1 9 .4 5

N2 8 8 .2 0 1 8 .0 5 3 .4 5 0 .7 2 0 .9 5

°2 8 4 .3 0 18 .15 5 .2 5 0 .6 7 1 .5 5

R2020 t 93 .7 5 1 9 .2 0
N2 3 9 .2 5 1 4 .35 18 .59 1 .6 5 2 .2 3
°2 3 .5 8 17 .6 5 29 .55 0 .6 4 9 .1 4

SS607 t 74 .6 5 1 4 .80

N2 4 8 .6 5 1 0 .3 0 1 2 .58 2 .1 8 1 .1 5

°2 3 3 .4 5 1 0 .0 0 19 .20 2 .3 1 1 .6 5

T a b le  4 .3  E f f e c t  o f  n i t r o g e n  and oxygen a t m o s p h e r e s  on 
a d s o r p t i o n  o f  g o ld  and p o t a s s i u m  by a c i d  
washed c a r b o n s  from u n b u f f e r e d  s o l u t i o n .
( t -  A c t i v a t e d  c a r b o n . )

The e f f e c t  o f  m o l e c u l a r  oxygen on g o ld  and  p o t a s s i u m  
a d s o r p t i o n  can  be e a s i l y  s e e n  from t h e  r e s u l t s  o f  t h e  
s e r i e s  o f  t e s t s  where  oxygen was p a s s e d  t h r o u g h  a
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d e o x y g e n a te d  a d s o r p t i o n  s y s t e m  a f t e r  a d s o r p t i o n  was 
c o m p le t e  ( t a b l e  4 . 3 ) .

The r e s u l t s  o f  t h e s e  t e s t s  show t h a t  m o l e c u l a r  
oxygen i n  s o l u t i o n  c a u s e s  a d s o r b e d  p o t a s s i u m  t o  be 
d e s o r b e d ,  and l e a d s  t o  an i n c r e a s e  i n  g o l d  a d s o r p t i o n .  
Thus t h e  a d s o r p t i o n  mechanism can  be c o n s i d e r e d  a s  
c o m p r i s i n g  two s t e p s .  I n i t i a l l y  a d s o r p t i o n  o f  t h e  
KAufCN)^ complex o c c u r s ,  f o l l o w e d  by an o x i d a t i o n  s t e p  
which  r e s u l t s  i n  p o t a s s i u m  d e s o r p t i o n  and i n c r e a s e d  g o ld  
a d s o r p t i o n .  Such a mechanism would r e s u l t  i n  AuCN 
p r e c i p i t a t i o n  ( e q u a t i o n  4 . 4 ) ,  and t h e  p r o d u c t i o n  o f  
c a r b o n a t e  and ammonia. A n a l y s i s  o f  c a r b o n s  and s o l u t i o n s  
f o r  t h e s e  two s p e c i e s  i s  r e p o r t e d  i n  t h e  n e x t  c h a p t e r .

Carbon W eight
(g)

K
(ppm)

CKf
(ppm)

CN L o s t  
(m g.g- 1 )

R2020 0 .1 0 0 8 N2 4 .0 1 . 2 2z 4 .3 5 0 .4 3 0 .7 9
R2020 0 .0 9 8 1 °2 3 .6 1 .3 54 .2 0 .3 4 1 .0 3
R2520 0 .0 9 6 3 4 .0 1 . 2 2Z 4 .4 5 0 .3 9 0 . 8 6

R2520 0 .0 9 8 8 °2 3 .6 1 .3 5z 4 .3 0 .3 5 1 . 0 1

T a b le  4 .4  A d s o r p t i o n / d e c o m p o s i t i o n  o f  c y a n i d e  by
a c t i v a t e d  c a r b o n s  i n  d e o x y g e n a te d  and 
o x y g e n a te d  s o l u t i o n s .

The
r e q u i r e s

d e c o m p o s i t i o n  o f  KAufCN^ v i a  e q u a t i o n  4 .4  
m o l e c u l a r  oxygen f o r  t h e  o x i d a t i o n  o f  f r e e
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c y a n i d e  t o  c y a n a t e  and e v e n t u a l l y  c a r b o n a t e  and ammonia. 
Thus i f  a s o l u t i o n  o f  KCN i s  used  i n  p l a c e  o f  KAufCN^ 
t h e n  t h e  same d ep e n d e n ce  a s  f o r  KAufCN^ s h o u l d  be 
f o u n d .

From t h e  r e s u l t s  g iv e n  i n  t a b l e  4 .4  i t  i s  s e e n  t h a t  
r e d u c e d  c y a n i d e  a d s o r p t i o n / d e c o m p o s i t i o n  o c c u r s  i n  
d e o x y g e n a te d  s o l u t i o n s .  However t h e  amount o f  c y a n id e  
l o s t  from d e o x y g e n a te d  s o l u t i o n  i s  s t i l l  s i g n i f i c a n t .  
P o t a s s i u m  a d s o r p t i o n  d o e s  n o t  o c c u r  u n d e r  e i t h e r  oxygen 
o r  n i t r o g e n  a t m o s p h e r e s .  T h i s  i s  s t r o n g  e v i d e n c e  f o r  t h e  
d e c o m p o s i t i o n ,  r a t h e r  t h a n  a d s o r p t i o n ,  o f  c y a n i d e ,  s i n c e  
f o r  a d s o r p t i o n  a c a t i o n  must  be  a d s o r b e d  to  b a l a n c e  t h e  
c h a r g e  o f  t h e  c y a n i d e  a n i o n .

The r e a s o n  f o r  c y a n id e  d e c o m p o s i t i o n  u n d e r  
d e o x y g e n a te d  c o n d i t i o n s  was t h o u g h t  t o  be due t o  oxygen 
a d s o r b e d  i n  t h e  p o r e s  o f  t h e  a c t i v a t e d  c a r b o n  s a m p le s .  
T h i s  would  a l s o  a c c o u n t  f o r  t h e  Au:K r a t i o s  o f  > 1 found 
i n  d e o x y g e n a t e d  s o l u t i o n s .  To t e s t  t h i s  t h e o r y  a sam ple  
o f  N o r i t  R2520 a c t i v a t e d  c a r b o n  was ad ded  t o  100 ml o f  
d i s t i l l e d  w a t e r ,  and t h e n  n i t r o g e n  b u b b le d  t h r o u g h  f o r  
24 h o u r s .  T h i s  s h o u l d  have removed any  a d s o r b e d  oxygen 
s p e c i e s .  A f t e r  24 h o u rs  a weighed  sam ple  o f  KAufCN^ was 
added  and  t h e  norm al  d e o x y g e n a te d  a d s o r p t i o n  p r o c e d u r e  
f o l l o w e d .  The Au:K r a t i o  a d s o r b e d  was c a l c u l a t e d  t o  be  
1 . 6 6 , w h ich  i s  v e r y  s i m i l a r  t o  t h e  v a l u e  o b t a i n e d  
n o r m a l l y  ( t a b l e  4 . 2 ) .  Thus t h e  t h e o r y  i s  n o t  p r o v e n ,  
w hich  s u g g e s t s  t h a t  t h e  a c t i v a t e d  c a r b o n s  can  c a t a l y s e
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t h e  d e c o m p o s i t i o n  o f  c y a n id e  w i t h o u t  t h e  p r e s e n c e  o f
m o l e c u l a r  oxygen i n  s o l u t i o n .  T h i s  may be due t o  s u r f a c e
o x id e  g r o u p s ,  w h ich  can  o n ly  be removed by h ig h
t e m p e r a t u r e  h e a t - t r e a t m e n t s .  T su c h id a  [57]  gave r e s u l t s
f o r  a sam p le  o f  N o r i t  R2020, h e a t - t r e a t e d  a t  950°C u n d e r

-5a vacuum a t  10  t o r r ,  and l o a d e d  u n d e r  s i m i l a r  
d e o x y g e n a te d  c o n d i t i o n s  t o  t h i s  i n v e s t i g a t i o n .  The Au:K 
r a t i o s  found l a y  b e tw ee n  0 .92 and 1 . 0 8 .  Thus o x i d a t i o n  o f  
c y a n id e  may be due t o  a c o m b in a t io n  o f  m o l e c u l a r  and 
c h e m i c a l l y  a d s o r b e d  oxygen .

4 . 3 . 3  E f f e c t s  o f  H*, Na + , Ca^+ , Mg^+ on A d s o r p t i o n

I t  h a s  been  s e e n  in  t h e  p r e v i o u s  s e c t i o n  t h a t  
e q u i m o l a r  g o ld  : p o t a s s i u m  a d s o r p t i o n  o n l y  o c c u r s  in
d e o x y g e n a te d  s o l u t i o n .  The e f f e c t s  o f  ' s p e c t a t o r 1 c a t i o n s  
i n  s o l u t i o n  have been  s t u d i e d  by s e v e r a l  r e s e a r c h e r s  
[ 5 3 , 5 4 , 5 7 ] ,  b u t  t h e  am oun ts  o f  t h e s e  c a t i o n s  a d s o r b e d  o r  
t h e i r  s e p a r a t e  o r  combined e f f e c t s  a t  e q u i v a l e n t  
c o n c e n t r a t i o n s  h a s  n o t .

T a b le  4 .5  shows t h e  r e l a t i o n s h i p  b e tw ee n  t h e  c a t i o n s  
i n  s o l u t i o n ,  ad d e d  a s  c h l o r i d e s ,  and t h e  g o l d  : c a t i o n
r a t i o s .  I t  i s  s e e n  t h a t  w i t h  H+ a d d i t i o n  e q u i m o l a r  
a d s o r p t i o n  o c c u r s .  A d s o r p t i o n  o f  o t h e r  c a t i o n s  w i t h  H+ i s
s m a l l .  Fo r  t h e  o t h e r  c a t i o n s  t h e  r a t i o s  a r e  much g r e a t e r

+ 2+ t h a n  1:1  when H i s  n o t  added to  t h e  s o l u t i o n .  Ca and
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Mg a r e  a d s o r b e d  i n  s i m i l a r  amounts  when t h e y  a r e  
t o g e t h e r  i n  s o l u t i o n ,  b u t  i n d i v i d u a l l y  Ca i s  more 
s t r o n g l y  a d s o r b e d  and  t h u s  h as  t h e  lo w e r  r a t i o .  Na+ and 
K a d s o r p t i o n s  a r e  low in  most  c a s e s ,  and a r e  o n ly  r e a l l y  
s i g n i f i c a n t  when t h e  o t h e r  c a t i o n s  a r e  n o t  p r e s e n t .  From 
t h e s e  r e s u l t s  i t  i s  p o s s i b l e  t o  deduce  t h a t  t h e  e f f e c t  o f  
t h e  c a t i o n s  in  r e d u c i n g  t h e  a d s o r p t i o n  r a t i o  f o l l o w s  th e  
o r d e r :

2+ 2 "fH > Ca > Mg^ > Na > K

A l though  co m p le te  a d s o r p t i o n  i s o t h e r m s  f o r  sy s te m s  
w i t h  t h e s e  added c a t i o n s  were  n o t  d e t e r m i n e d ,  f i g u r e  4 .3  
g i v e s  an i n d i c a t i o n  o f  t h e i r  e f f e c t  on g o ld  a d s o r p t i o n .

100 j
O)
D)E 75 j

9 h 
1 ro n 
f b p to

P

O)c 50
T3
(0O
_J

T3
25  .

o
CD 0 i

0 10 20 30 40 50
Equilibrium Gold Concentration (ppm)

F i g u r e  4 .3  R e l a t i o n s h i p  b e tw een  e q u i l i b r i u m  g o l d
c o n c e n t r a t i o n  and g o l d  l o a d i n g  f o r  R2020
a c t i v a t e d  c a r b o n  i n  KAutCN)^ s o l u t i o n s
c o n t a i n i n g  e x c e s s  c a t i o n s  a s  c h l o r i d e s .
(a -  p a s  i n  t a b l e  4 .5 )



Ca t i o n s I n i t i a l / E q u i l i b r i u m C o n c e n t r a t i o n s L o a d i n g s A d s o r p t i o n  R a t i o s
(ppm) ( m g . g - h ( mo 1:  mo 1)

Au K Na Mg Ca pH Au K 4a Mg Ca H Au: K &u:Na Au:2Mg Au: 2Ca \ u: H \u: (K+Na+2(Mg+Ca)+H)
a K 8 4 . 7 0

4 8 . 9 0
L7.00
14 . 80

6 . 4 3
7 . 2 4 3 5 . 6 9 2. 19 3 . 2 3 3 . 2 3

b K H 8 4 . 0 0
1 2 . 2 0

1 7 . 3 0
1 6 . 0 0

3 . 3 3
4 . 1 7 7 1 . 2 3 1 . 2 9 0 . 4 0 1 0 . 9 6 0 . 9 1 0 . 8 4

c K Na 8 5 . 4 0
4 7 . 1 0

1 6 . 6 0
1 5 . 5 0

2 0 . 5 0
1 9 . 0 0

7 . 2 9
6 . 1 8 3 8 . 5 7 1 . 1 1 1 . 5 1 6 . 9 1 2 . 9 8 2 . 0 8

d K Mg 9 9 . 5 0
2 9 . 9 0

1 9 . 2 0
1 9 . 1 0

9 . 3 0
7 . 7 0

6 . 1 0
7 . 1 5 6 7 . 9 0 0 . 1 0 1 . 5 6 1 3 8 . 1 6 2 . 6 9 2 . 6 3

e K Ca 8 9 . 7 5
2 4 . 8 5

1 7 . 8 3
1 7 . 7 5

5 . 8 8
2 . 7 7

5 . 7 3
7 . 0 1 6 2 . 3 4 0 . 0 8 2 . 9 9 1 6 1 . 0 4 2 . 1 3 2 . 1 0

f K H Na 8 8 . 3 0
9 . 9 5

1 8 . 1 0
1 7 . 3 0

2 0 . 0 0
1 9 . 2 0

3 . 3 3
4 . 3 9 7 4 . 9 8 0 . 7 7 0 . 7 7 0 . 4 1 1 9 . 4 4 1 1 . 4 3 0 . 9 3 0 . 8 2

g K H Mg 9 8 . 0 0
8 . 1 0

1 9 . 1 0
1 9 . 0 0

1 0 . 3 0
1 0 . 3 0

2 . 6 6
2 . 7 5 8 9 . 0 1 0 . 1 0 t 0 . 4 1 1 7 8 . 4 6 t 1 . 1 1 1 . 1 0

h K H Ca 9 3 . 9 0
1 2 . 9 0

1 9 . 3 5
1 8 . 8 5

6 . 4 8
5 . 4 5

3 . 3 5
4 . 1 2 8 3 . 6 8 0 . 5 2 1 . 0 6 0 . 3 9 3 2 . 1 6 8 . 0 0 1 . 1 1 0 . 9 5

i K Na Mg 9 8 . 7 0
2 9 . 2 0

1 9 . 6 0
1 9 . 0 0

2 3 . 0 0
2 3 . 8 0

9 . 1 0
8 . 1 0

5 . 7 4
7 . 0 0 6 6 . 4 4 0 . 5 7 t 0 . 9 6 2 2 . 9 9 t 4 . 2 9 3 . 6 2

3 K Na Ca 8 7 . 2 0
3 8 . 3 0

1 7 . 4 0
1 6 . 6 0

1 9 . 8 0
2 2 . 0 0

6 . 0 0
2 . 4 8

6 . 4 5
7 . 0 4 4 9 . 5 9 0 . 8 1 t 3 . 5 7 1 2 . 1 3 t 1 . 4 2 1 . 2 7

k K Mg Ca 1 0 0 . 6 0
2 6 . 6 0

1 9 . 2 0
1 9 . 1 0

1 0 . 2 0
9 . 0 0

7 . 9 6
5 . 4 5

5 . 9 7
6 . 9 2 7 2 . 4 1 0 . 1 0 1 . 1 7 2 . 4 6 1 4 6 . 9 0 3 . 8 1 3 . 0 0 1 . 6 6

1 K H Na Mg 8 8 . 4 0
7 . 9 5

1 9 . 4 0
1 9 . 1 0

2 3 . 0 0
2 5 . 4 0

9 . 9 0
9 . 8 0

2 . 6 6
2 . 7 2 8 0 . 6 9 0 . 3 0 t 0 . 1 0 0 . 2 9 5 3 . 2 3 t 4 9 . 6 5 1 . 4 5 1 . 3 7

m K H Na Ca 9 5 . 0 0
1 1 . 4 3

1 8 . 8 0
1 8 . 7 0

2 3 . 6 0
2 3 . 4 0

7 . 0 7
6 . 3 4

3 . 2 2
3 . 9 9 8 0 . 7 4 0 . 1 0 0 . 1 9 0 . 7 1 0 . 4 9 1 6 5 . 8 9 4 8 . 7 7 1 1 . 6 5 0 . 8 5 0 . 7 8

n K H Mg Ca 9 7.  30 
1 6 . 9 8

1 8 . 7 0
1 8 . 1 0

9 . 9 0
9 . 7 0

8 . 4 3
7 . 0 9

3 . 2 4
3 . 9 1 7 8 . 9 8 0 . 5 9 0 . 2 0 1 . 3 2 0 . 4 9 2 6 . 5 7 2 4 . 7 9 6 . 1 0 0 . 9 0 0 . 7 4

o K Na Mg Ca 1 0 0 . 2 0
2 6 . 9 0

1 9 . 4 5
1 9 . 2 0

2 3 . 2C 
2 4 . 0C

1 1 . 1 0
1 0 . 1 0

7 . 5 9
5 . 9 1

6 . 0 2
6 . 9 7 7 2 . 5 7 0 . 2 5 t 0 . 9 9 1 . 6 6 5 8 . 2 0 t 4 . 5 3 4 . 4 4 2 . 1 6

P K H Na Mg Ca 9 5 . 0 0
1 8 . 2 4

1 8 . 7 0
1 8 . 3 0

2 1 . 8C 
2 3 . 6(

1 0 . 3 0
9 . 8 0

7 . 5 3
1 3 . 9 0

3 . 1 5
6 . 6 5 7 6 . 0 0 0 . 4 0 t 0 . 5 0 t 0 . 7 1 3 8 . 0 9 t 9 . 4 8 t 0 . 5 5 0 . 5 1

T a b l e  4 .5  G o l d  : c a t i o n  a d s o r p t i o n  r a t i o s  f o r  N o r i t  R2020 a c t i v a t e d  c a r b o n  m  u n b u f f e r e d  KAu(CN)-  s o l u t i o n  w i t h  e x c e s s  c a t i o n s  a d d e d  
a s  c h l o r i d e s ,  ( t  No c a t i o n  a d s o r b e d . )  1
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F ig u r e  4 .4  R e l a t i o n s h i p  between g o l d  : c a t i o n  a d s o r p t i o n
r a t i o s  and g o ld  l o a d i n g  by R2020 a c t i v a t e d
c a r b o n  i n  KAufCN^ s o l u t i o n  w i t h  e x c e s s
c a t i o n s  added  a s  c h l o r i d e s .
(a -  p a s  i n  t a b l e  4 .5 )

The l i n e a r  r e l a t i o n s h i p  in  f i g u r e  4 .3  be tw een  g o ld  
l o a d i n g  and e q u i l i b r i u m  g o l d  c o n c e n t r a t i o n  f o r  th e  
d i f f e r e n t  s y s t e m s  i s  a r e s u l t  of  t h e  s i m i l a r  e x p e r i m e n t a l  
c o n d i t i o n s  u sed  f o r  a l l  t h e  t e s t s .  Thus v a r i a t i o n s  in  
i n i t i a l  g o l d  c o n c e n t r a t i o n s  and t h e  w e i g h t  o f  a c t i v a t e d  
ca rb o n  s a m p le s  used  need  n o t  be c o n s i d e r e d  in  com par ing  
t h e  r e s u l t s  o b t a i n e d  in  t a b l e  4 . 5 .  The f i g u r e  a l s o  shows 
t h a t  t h e  h ig h  l o a d i n g  v a l u e s  a r e  a s s o c i a t e d  w i t h  a d d i t i o n  
o f  H+ i o n s  t o  t h e  a d s o r p t i o n  s o l u t i o n s .



C a t i o n s Gold
Loading
/ - 1 * ( mg. g )

Gold : C a t i o n  A d s o r p t i o n  R a t i o s  (molsmol)
Au: K Au: H Au: Na Au:2Mg Au: 2Ca A u : ( K+H+Na+2(Mg+Ca))

K N2 2 9 .20 2 .16 2 .1 6
0 2 41 .31 3 .5 0 3 .5 0

K H Na Mg Ca N2 7 4 .59 3 8 .8 7 1 . 2 2 t 16 .1 1 t 1 . 1 0

0 2 88 .99 t 1 .0 8 t 73 .6 9 1 .0 6
K Na Mg Ca N2 3 9 .86 4 0 .7 9 4 .0 0 1 .81 2 .9 3 0 . 8 6

0 2 6 0 .20 t 10 .98 2 .1 8 3 .53 1 . 2 0

T a b le  4 .6  Gold : C a t i o n  a d s o r p t i o n  r a t i o s  f o r  R2020 a c t i v a t e d  c a r b o n  i n  d e o x y g e n a te d  and 
o x y g e n a te d  KAu(CN) 2 s o l u t i o n  w i t h  e x c e s s  c a t i o n s  added  a s  c h l o r i d e s ,  ( t  No c a t i o n  
a d s o r b e d . )
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T h e re  d o e s  n o t  a p p e a r  t o  be a d i r e c t  c o r r e l a t i o n  
be tw een  t h e  g o ld  : c a t i o n  a d s o r p t i o n  r a t i o  and t h e  g o l d  
l o a d i n g  on t h e  c a r b o n .  T h i s  i s  shown i n  f i g u r e  4 . 4 ,  where  
a g a i n  t h e  s t r o n g  i n f l u e n c e  o f  H+ i o n s  i n  s o l u t i o n  i s  
a p p a r e n t .  Using t h e  d a t a  from t a b l e  4 .5  i t  i s  s e e n  t h a t  
t h e  o r d e r  i n  which t h e  c a t i o n s  a f f e c t  g o ld  a d s o r p t i o n  i s :

+ 2+ 2+ + +
H > Ca^ > Mg^ > Na > K

The e f f e c t s  o f  N2 and on a b s o r p t i o n  i n  t h e
p r e s e n c e  o f  e x c e s s  c a t i o n s  i s  n o t  a s  n o t i c e a b l e  a s  i n  t h e
c a s e  o f  p u r e  KAu(CN) 2 s o l u t i o n s  ( t a b l e  4 . 6 ) .  In  t h e
p r e s e n c e  o f  H+ i o n s  t h e  o n ly  s i g n i f i c a n t  change  i s  an
i n c r e a s e  i n  g o ld  a d s o r p t i o n  on o x y g e n a t i o n  a f t e r  t h e
d e o x y g e n a t i o n  s t e p .  T h i s  c o u ld  be  due to  t h e  p r e s e n c e  o f
C>2 , b u t  t h e  e f f e c t  i s  s m a l l ,  and i s  more l i k e l y  a r e s u l t
o f  t h e  l o n g e r  a d s o r p t i o n  t i m e .  In s o l u t i o n s  w here  H+ i o n s
have n o t  been  ad d e d ,  o x y g e n a t i o n  c a u s e s  K+ and Na+ i o n s

2 +t o  be d e s o r b e d  a s  t h e y  a r e  from KAu(CN) 2 s o l u t i o n .  Ca 
2+and Mg a d s o r p t i o n  i n c r e a s e s  on o x y g e n a t i o n ,  b u t  n o t  a s  

g r e a t l y  a s  t h e  i n c r e a s e  i n  g o l d  a d s o r p t i o n .  Thus t h e  
g o l d  : c a t i o n  r a t i o  i n c r e a s e s .

The e f f e c t s  o f  oxygen  and n i t r o g e n  a t m o s p h e r e s  on 
t h e  a d s o r p t i o n  o f  g o l d  w i t h  a d d i t i o n  o f  e x c e s s  c a t i o n s  i s  
t h u s  s i m i l a r  t o  t h e  c a s e  u s i n g  p u r e  KAu(CN) 2 s o l u t i o n s ,  
w i t h  t h e  e x c e p t i o n  o f  a d s o r p t i o n  from a c i d  s o l u t i o n .  In 
t h i s  c a s e  e q u i m o l a r  Au:H a d s o r p t i o n  o c c u r s  w i t h  o r  
w i t h o u t  n i t r o g e n  s a t u r a t i o n ,  t h u s  s u g g e s t i n g  HAu(CN) 2
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a d s o r p t i o n  from a c i d  s o l u t i o n  w i t h  no d e c o m p o s i t i o n  and 
p r e c i p i t a t i o n  o f  AuCN.

4 . 3 . 4  A d s o r p t i o n  from HAu(CN)^ , Mg(Au(CN)^ )^  and 
Ca(Au(CN) ^ ) 2  S o l u t i o n s

The i n t e r d e p e n d e n c e  o f  t h e  d i f f e r e n t  c a t i o n s  when
added  t o  g o l d  s o l u t i o n s  p r i o r  t o  a d s o r p t i o n  t e s t s  h as
made d i r e c t  c o m p a r i s o n s  d i f f i c u l t .  A way to  a v o i d  t h i s
d i f f i c u l t y  i s  t o  u se  s p e c i f i c  Mn + (Au(CN)£)n s o l u t i o n s ,
where  Mn+ i s  t h e  c a t i o n  t o  be s t u d i e d .  Such c o m p a r i s o n s  

+ 2+b e tw een  H and Ca can  be s e e n  i n  t a b l e s  4 .7  and 4 . 8 .  As 
b e f o r e  i t  i s  se en  t h a t  t h e  p r e s e n c e  o f  H+ l e a d s  t o  
i n c r e a s e d  g o ld  a d s o r p t i o n ,  b u t  t h e  d i f f e r e n c e  i n  t h i s  
c a s e  i s  t h a t  t h e  g o l d  : c a t i o n  r a t i o s  a r e  h i g h e r  i n  t h e  
a c i d  c o n t a i n i n g  a d s o r p t i o n  t e s t s .  From t h e  r e s u l t s  g i v e n  
i t  c a n n o t  be s a i d  w h e t h e r  t h i s  i s  a s  a r e s u l t  o f  t h e  
s i n g l e  c a t i o n i c  s p e c i e s  i n  s o l u t i o n ,  o r  i n a c c u r a c i e s  in  
d e t e r m i n i n g  H+ c o n c e n t r a t i o n s  from pH r e s u l t s .
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Carbon Weight

(g)

Au

(ppm)

pH Gold Loading  

(mg.g )

Au: H

( mol:moi;

BP1100 0 .3 0 1 1 9 2 .2 0 3 .64
4 1 .6 5 3 .8 9 1 6 .7 9 2 .5 6

Vulcan 0 .3092 9 2 .2 0 3 .64
5 1 .6 0 3 .80 1 3 .1 3 2 .92

R2520 t 0 .0 9 9 6 8 6 .9 0 3 .40
1 1 .7 8 4 .1 0 7 5 .4 2 1 . 2 0

P i c a  t 0 . 2 0 1 0 9 2 .2 0 3 .64
3 .0 0 5 .1 0 4 4 .3 8 2 .0 5

T ab le  4 .7  Gold a d s o r p t i o n  from u n b u f f e r e d  HAufCN^ 
s o l u t i o n .  ( t -  A c t i v a t e d  c a r b o n . )

Carbon Weight Au Ca pH Gold Load ing Au: 2Ca
(g) (ppm) (ppm) , - 1 * (mg.g ) ( mol:mol)

BP1100 0 .3 1 1 0 7 8 .1 2 9 .59 6 .05
4 8 .7 9 8 . 0 0 6 .6 0 9 .4 3 1 . 8 8

Vulcan 0 .2 9 8 2 7 8 .1 2 9 .59 6 .0 5
5 3 .4 8 8 .55 6 .57 8 .2 6 2 .41

R2520 f 0 .0 9 6 8 7 8 .1 2 9 .59 6 .05
2 3 .3 1 6 .53 7 .0 4 5 6 .6 2 1 .82

P ic a  f 0 .0 9 8 4 7 8 .1 2 9 .5 9 6 .05
2 2 .7 5 5 .1 2 6 .7 7 5 6 .2 7 1 .26

T a b le  4 .8  Gold a d s o r p t i o n  from u n b u f f e r e d  C a fA u fC N )^ ^  
s o l u t i o n ,  ( t -  A c t i v a t e d  c a r b o n . )



Weight In  S o l u t i o n Adsorbed
Au Mg Ca pH Gold Loading Au:2Mg Au:2Ca Au: H

(g) (ppm) (ppm) (ppm) (mg.g ) ( m o l : m o l ) (mo1 : mo1 ) (m o lsm o l )

0 .1005 8 5 .1 0 9 .5 0 4 .93

N2 4 4 .00 7 .3 0 5 .49 40 .9 0 1 .16

° 2 2 8 .2 0 6 .90 6 .83 55 .0 4 1 .3 4

0 .1015 7 6 .6 0 9 .6 8 6 .18

N2 36 .95 5 .19 5 .9 9 3 9 .0 6 0 .9 0

° 2 18 .49 4 .0 5 6 .9 7 5 5 .4 3 1 .04

0 . 1 0 0 1 84 .5 0 3 .4 0
N2 35 .70 3.71 4 8 .7 5 1 . 2 2

° 2 9 .3 9 4 .15 72 .4 1 1 .1 7

T a b le  4 .9  Gold : c a t i o n  a d s o r p t i o n  r a t i o s  f o r  R2520 a c t i v a t e d  c a r b o n  i n  d e o x y g e n a te d  and 
o x y g e n a te d  Mn + (Au(CN) n s o l u t i o n s ,  where  Mn+ = H+ , Ca^+ , Mg^+ .
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The e f f e c t  o f  oxygen i s  s i m i l a r  a s  i n  KAu(CN) 2 

s o l u t i o n s  ( t a b l e  4 . 9 ) ,  w i t h  e q u i m o l a r  Au:Mn+ r a t i o s  and
r e d u c t i o n  i n  g o ld  a d s o r p t i o n  i n  d e o x y g e n a te d  s o l u t i o n .

2+The s m a l l  i n c r e a s e s  i n  t h e  g o l d  : c a t i o n  r a t i o s  f o r  Mg 
2+and  Ca a r e  due to  a g r e a t e r  i n c r e a s e  m  g o l d  t h a n

c a t i o n  a d s o r p t i o n  on o x y g e n a t i o n .  Fo r  a l l  t h r e e  sy s t e m s  
t h e r e  was no o b s e r v a b l e  d e s o r p t i o n  o f  t h e  c a t i o n  when t h e  
oxygen  r e p l a c e d  n i t r o g e n .  An i n t e r e s t i n g  f e a t u r e  o f  t h e s e  
s y s t e m s  i s  t h a t  t h e  r a t i o s  a r e  c l o s e  t o  1 : 1 , and t h e  
i n c r e a s e s  on o x y g e n a t i o n  a r e  n o t  v e r y  g r e a t .  C e r t a i n l y  
t h e  r a t i o s  a r e  much l e s s  t h a n  t h o s e  found i n  s y s t e m s  
u s i n g  KAu(CN) 2 o r  Mn + (Au(CN)2 )n s o l u t i o n s ,  b u t  a r e  
s i m i l a r  t o  t h o s e  found f o r  d e o x y g e n a t e d / o x y g e n a t e d  
KAu (CN) 2 s o l u t i o n s  w i t h  added  c a t i o n s .  I t  seems l i k e l y  
t h a t  i n  t h e s e  c a s e s  a d s o r p t i o n  o f  Mn + (Au(CN)” )n o c c u r s  i n  
d e o x y g e n a te d  s o l u t i o n ,  b u t  when oxygen i s  p a s s e d  t h e r e  i s  
l i t t l e  d e c o m p o s i t i o n  o f  t h e  a d s o r b e d  s p e c i e s  and t h u s  
l i t t l e  AuCN f o r m a t i o n .  T h i s  may be r e l a t e d  t o  t h e  
s t a b i l i t y  o f  t h e  Mn + (Au(CN)2 )^ a d s o r b e d  s p e c i e s ,  w i t h  t h e  
more s t r o n g l y  a d s o r b e d  s p e c i e s  b e i n g  more r e s i s t a n t  t o  
o x id a  t i o n .
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4 .4  C o n c l u s i o n s

S t u d i e s  o f  t h e  r a t i o s  o f  g o ld  t o  c a t i o n s  a d s o r b e d  by 
c a r b o n s  h a s  g i v e n  s e v e r a l  i n d i c a t i o n s  o f  t h e  t y p e  o f  
s p e c i e s  a d s o r b e d .  In  c a r b o n a t e  b u f f e r e d  s o l u t i o n  no 
p o t a s s i u m  i s  a d s o r b e d ,  though  w i t h  0 .0 7 5  M sodium i o n s  i n  
s o l u t i o n  a d s o r p t i o n  o f  NaAu(CN)^. may be  t h e  r e a s o n  f o r  
t h i s .  In  u n b u f f e r e d  s o l u t i o n  and u s i n g  a c i d  washed 
c a r b o n s ,  t h e  amount o f  p o t a s s iu m  a d s o r p t i o n  was l e s s  t h a n  
t h a t  e x p e c t e d  i f  KAufCN^ i s  t h e  a d s o r b e d  s p e c i e s .  The 
r e l a t i v e  p r o p o r t i o n  i n c r e a s e d  i n  d e o x y g e n a te d  s o l u t i o n ,  
g i v i n g  v a l u e s  c l o s e  t o  t h e  1:1 m o la r  Au:K r a t i o  e x p e c t e d  
f o r  KAu (CN) 2  a d s o r p t i o n .  I f  oxygen was t h e n  p a s s e d  
t h r o u g h  su c h  a s o l u t i o n ,  i n c r e a s e d  g o l d  a d s o r p t i o n  
o c c u r r e d  and p o t a s s i u m  was d e s o r b e d  t o  g i v e  t h e  same 
r e s u l t s  a s  found u n d e r  normal  c o n d i t i o n s .  The r e a s o n  f o r  
such  an  e f f e c t  i s  t h o u g h t  to  be due t o  p r e c i p i t a t i o n  o f  
AuCN w i t h  o x i d a t i o n  o f  CN t o  c a r b o n a t e  and  ammonia.

The a d d i t i o n  o f  e x c e s s  c a t i o n s  t o  t h e  s o l u t i o n s  
p r i o r  t o  t h e  a d s o r p t i o n  t e s t s  r e s u l t e d  i n  a lo w e r  
g o ld  : c a t i o n  a d s o r p t i o n  r a t i o  and i n c r e a s e d  g o ld  
a d s o r p t i o n  i n  t h e  o r d e r :

H+ > Ca+ > Mg+ > Na+

W ith  a c i d  a d d i t i o n s  to  s o l u t i o n s  p r i o r  t o  a d s o r p t i o n  
t e s t s ,  e q u i m o l a r  Au:H+ a d s o r p t i o n  o c c u r s ,  s u g g e s t i n g  
HAu (CN) 2  a s  t h e  s p e c i e s  a d s o r b e d .  A lso  d e o x y g e n a t i o n  had
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l i t t l e  o r  no e f f e c t  on t h i s  r a t i o ,  w h e re a s  f o r  t h e  o t h e r  
c a t i o n s  an  i n c r e a s e  was s e e n .  D e s o r p t i o n  o f  t h e s e  o t h e r  
c a t i o n s  on o x y g e n a t i o n  d i d  n o t  o c c u r ,  s u g g e s t i n g  t h a t  t h e  
r e a s o n  f o r  t h e  i n c r e a s e  i n  a d s o r p t i o n  on a d d i t i o n  o f  
t h e s e  c a t i o n s  i s  r e l a t e d  t o  t h e  s t a b i l i t y  o f  t h e  
Mn + (Au(CN)“ ) com plex .
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5 The N a tu re  o f  t h e  Gold A d s o rb a te

5 .1  I n t r o d u c t i o n

An i m p o r t a n t  s t e p  t o  a i d  t h e  e v a l u a t i o n  o f  t h e  
mechanism o f  g o ld  a d s o r p t i o n  i s  t h e  d e t e r m i n a t i o n  o f  t h e  
form o f  t h e  a d s o r b a t e .  Many t h e o r i e s  a s  t o  i t s  n a t u r e  
have been  p r o p o s e d  [ 4 8 , 5 3 , 5 4 , 5 7 - 5 9 , 7 4 - 7 7 , 7 9 - 8 3 ] ,  b u t  most  
o f  t h e s e  have r e l i e d  on b u lk  c h e m ic a l  a n a l y s i s  o f  
s o l u t i o n s  and a d s o r b e n t s .  More d i r e c t  methods su ch  a s  
X -ray  P h o t o e l e c t r o n  S p e c t r o s c o p y  [53] and P o t e n t i a l  
S t r i p p i n g  t e c h n i q u e s  [57]  have been  used  in  t h e  s t u d y  o f  
t h e  a d s o r b a t e ,  b u t  c o m p a r i s o n s  b e tw een  t h e  r e s u l t s  
o b t a i n e d  from u s i n g  t h e s e  t e c h n i q u e s  and c h e m ic a l  
a n a l y s i s  o f  a d s o r p t i o n  s o l u t i o n s  have n o t  a s  y e t  p r o v i d e d  
s u f f i c i e n t  e v i d e n c e  t o  d e t e r m i n e  t h e  form o f  t h e  g o l d  
a d s o r b a t e ( s ) .  Combining t e c h n i q u e s  su ch  a s  XPS w i t h  b u lk  
c h e m ic a l  a n a l y s i s  o f  c a r b o n s  and s o l u t i o n s ,  u n d e r  t h e  
v a r i o u s  c o n d i t i o n s  c o n s i d e r e d  i n  t h e  p r e v i o u s  c h a p t e r ,  
may improve o u r  u n d e r s t a n d i n g  o f  t h i s  a d s o r p t i o n  s y s t e m .

5 .2  E x p e r i m e n t a l  P r o c e d u r e s

5 . 2 . 1  E l u t i o n  o f  Gold Loaded Carbons

The e l u t i o n  o f  g o ld  from lo a d e d  c a r b o n s  was a c h i e v e d  
u s i n g  a s o x h l e t  a p p a r a t u s  ( f i g u r e  5 . 1 ) .  A weighed  amount 
o f  d r i e d  c a r b o n  was p l a c e d  i n  t h e  t h i m b l e  and  l e f t  f o r  up 
t o  1 week o f  c o n t i n u o u s  h o t  condensed  v a p o u r  e l u t i o n .  Any
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m e t a l l i c  g o l d  o r  AuCN l e f t  i n  t h e  f l a s k  was d i s s o l v e d  by 
KCN s o l u t i o n ,  w i t h  0 2 b u b b l i n g  t h r o u g h  t h e  s o l u t i o n  i f  
r e q u i r e d .  S o l u t i o n  a n a l y s i s  f o r  g o l d ,  p o t a s s i u m  and f r e e  
c y a n i d e  was a s  p r e v i o u s l y  d e s c r i b e d .

1 T

Heat
F i g u r e  5 .1  S o x h l e t  a p p a r a t u s  used  f o r  t h e  e l u t i o n  o f  

g o l d  l o a d e d  c a r b o n s .
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5 . 2 . 2  M i c r o a n a l y s i s  o f  Gold Loaded Carbons

M i c r o a n a l y s e s  were c a r r i e d  o u t  u s i n g  a C a r l o  Erba 
model  1106 CHN a n a l y s e r .  A weighed sam ple  i n  a t i n  cup i s  
i n t r o d u c e d  i n t o  t h e  i n s t r u m e n t  which i s  t h e n  p u rg e d  w i th  
h e l i u m .  The cup t h e n  e n t e r s  t h e  h o t  zone o f  a f u r n a c e  s e t  
a t  1100°C, and a m e te red  amount o f  p u r e  oxygen ad d e d .  The 
h e l iu m  c a r r i e r  g a s  sweeps th e  c o m b u s t io n  p r o d u c t s  o v e r  
h o t  c o p p e r  g r a n u l e s ,  a t  650°C, t o  remove e x c e s s  oxygen 
and r e d u c e  n i t r o g e n  o x id e s  t o  n i t r o g e n .  The g a s  th e n  
p a s s e s  t h r o u g h  a ch ro m a tog rap hy  column a t  120°C, from 
w hich  t h e  p r o d u c t s  l e a v e  in  t h e  o r d e r  n i t r o g e n ,  c a r b o n ,  
and t h e n  h y d r o g e n .  The amount o f  each  e l e m e n t  in  t h e  gas  
i s  d e t e r m i n e d  from t h e  change i n  t h e r m a l  c o n d u c t i v i t y  o f  
t h e  g a s ,  and c a l c u l a t e d  by a d i g i t a l  i n t e g r a t o r  which 
m ea su re s  t h e  r e s u l t a n t  peak a r e a s .

5 . 2 . 3  D e t e r m i n a t i o n  o f  S p e c ie s  in  E l u a t e s

A sam ple  o f  a c i d  washed N o r i t  R2520 a c t i v a t e d  
c a r b o n ,  l o a d e d  w i t h  81 .99  mg.g * g o l d  and 2 .3 6  mg.g  ̂
p o t a s s i u m ,  was e l u t e d  in  a S o x h l e t  a p p a r a t u s  f o r  1 week. 
The e l u a t e  was t h e n  s e n t  t o  t h e  BP R e s e a r c h  C e n t r e  a t  
Sunbury  f o r  a n a l y s i s  f o r  g o ld  s p e c i e s ,  ammonia, c y a n a t e ,  
c a r b o n a t e  and f r e e  c y a n i d e .
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5 . 2 . 3 . 1  Gold S p e c i e s

S e p a r a t i o n  o f  complex a n i o n s  can be a c h i e v e d  u s in g  
r e v e r s e  p hase  i o n - p a i r  c h r o m a to g ra p h y .  In  t h i s  s t u d y  a 
Dionex r e v e r s e  p h a s e  column was u s e d ,  w i t h  a Shimadzu 
SPD2A U.V. d e t e c t o r  a t  240 nm a s  Au(CN)” a d s o r b s  s t r o n g l y  
in  t h e  u l t r a - v i o l e t .  2 mM t - b u t y l  ammonium h y d r o x i d e  and
0 .2  mM Na2CO^ in  a 40 % v / v  aq ueous  a c e t o n i t r i l e  s o l u t i o n  
was used  a s  t h e  e l u a n t .

5 . 2 . 3 . 2  T o t a l  Carbon

A Dohrmann DC80 t o t a l  o r g a n i c  c a r b o n  a n a l y s e r  was 
used  t o  d e t e r m i n e  t o t a l  c a rb o n  and t h e  sum o f  c a r b o n a t e  
p l u s  c y a n a t e .  F o r  t h e  t o t a l  c a rb o n  c o n t e n t  t h e  aq ueous  
sample  s o l u t i o n  i s  i n t r o d u c e d  i n t o  a v e s s e l  c o n t a i n i n g  
ammonium p e r s u l p h a t e  i n  a n i t r i c  a c i d  medium. On 
i r r a d i a t i o n  w i t h  u l t r a - v i o l e t  l i g h t  t h e  c a r b o n  s p e c i e s  
a r e  o x i d i z e d  t o  c a r b o n  d i o x i d e .  The CC>2 p r o d u c e d  i s  t a k e n  
by a c a r r i e r  g a s  t h r o u g h  a d r i e r  and m easured  u s i n g  an 
i n f r a - r e d  a n a l y s e r .  P r i o r  t o  a n a l y s i s  o f  t h e  e l u a t e  th e  
method was ch ecked  u s i n g  s y n t h e t i c  s o l u t i o n s  o f  A ufC N ^r  
c y a n a t e  and f r e e  c y a n i d e .

Low l e v e l s  o f  c a r b o n a t e  can be d e t e c t e d  by m easu r in g  
(X>2 e v o l u t i o n  on a c i d i f y i n g  t h e  s a m p le .  T h i s  can  be 
c a r r i e d  o u t  u s i n g  t h e  Dohrmann DC80 t o t a l  o r g a n i c  ca rb o n  
a n a l y s e r  w i t h  t h e  u l t r a - v i o l e t  lamp s w i t c h e d  o f f .  
H y d r o l y s i s  o f  c y a n a t e  t o  c a r b o n a t e  in  a c i d  s o l u t i o n  was
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found  t o  be r a p i d  enough f o r  t h e  t o t a l  c a r b o n a t e  and 
c y a n a t e  c o n c e n t r a t i o n  t o  be d e t e r m i n e d .

5 . 2 . 3 . 3  T o t a l  N i t r o g e n

N i t r o g e n  c o n t e n t s  w ere  d e t e r m i n e d  u s i n g  a Dohrmann 
100 c o m b u s t i o n / c h e m i l u m i n e s c e n c e  a p p a r a t u s .  The l i q u i d  o r  
s l u r r y  t o  be a n a l y s e d  i s  i n j e c t e d  i n t o  a c o m b u s t io n  tu b e  
and b u r n t  i n  a h e l iu m /o x y g e n  c a r r i e r  g as  m i x t u r e .

The c a r r i e r  g a s  sweeps t h e  co m b u s t io n  p r o d u c t s  i n t o  
a r e a c t i o n  c e l l  where  ozone  i s  added  to  r e a c t  w i t h  n i t r i c  
o x id e  v i a  a p h o t o c h e m i c a l  r e a c t i o n ,  t o  p r o d u c e  n i t r o g e n  
d i o x i d e  i n  an e x c i t e d  s t a t e .  F l u o r e s c e n c e  t h e n  o c c u r s  
w i t h  e l e c t r o m a g n e t i c  r a d i a t i o n  (hv) e m i s s i o n  in  t h e  
600 -  900 nm r a n g e .

R -  N + H e /0 2 = H e /02 , CC>2 , H2<D and NO ( 5 . 1 )

NO + 0 3 = NO* + 0 2 ( 5 .2 )

NO2

The e l e c t r o m a g n e t i c  r a d i a t i o n  d e t e c t e d  i n  t h e  
600 -  900 nm ra n g e  by a p h o t o m u l t i p l i e r  and a m p l i f i e r  i s  
t h u s  p r o p o r t i o n a l  t o  t h e  t o t a l  amount o f  c h e m i c a l l y  bound
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n i t r o g e n  i n j e c t e d  i n t o  th e  s y s t e m .

5 . 2 . 3 . 4  Ammonia

The d e t e c t i o n  o f  ammonia was by a c o l o r i m e t r i c  
method b a s e d  on t h e  f o r m a t i o n  o f  in d o p h e n o l  b l u e  by th e  
r e a c t i o n  o f  ammonia w i t h  p h en o l  and sodium h y p o c h l o r i t e .  
The ammonia c o n c e n t r a t i o n  i s  p r o p o r t i o n a l  t o  t h e  o p t i c a l  
d e n s i t y  o f  t h e  s o l u t i o n  a t  625 nm.

B ecause  ammonia can be formed by t h e  d e c o m p o s i t i o n  
o f  c y a n i d e  and c y a n a t e ,  s y n t h e t i c  s o l u t i o n s  c o n t a i n i n g  
t h e s e  and Au(CN>2 i o n s  were  p r e p a r e d  and a n a l y s e d  f o r  
ammonia by t h i s  method.

5 . 2 . 3 . 5  C yana te

C y an a te  c o n c e n t r a t i o n s  were  d e t e r m i n e d  by 
i o n - c h r o m a t o g r a p h y .  A Dionex Model 10 and AS3 s e p a r a t o r  
co lumn, f i b r e  s u p p r e s s o r  and c o n d u c t i v i t y  d e t e c t o r  were 
u s e d .  A Shimadzu SPD2A HPLC U.V. d e t e c t o r  ( s e t  a t  200 nm) 
was u se d  i n  s e r i e s  w i t h  t h e  c o n d u c t i v i t y  d e t e c t o r .

Use o f  a s u p p r e s s o r  a f t e r  t h e  s e p a r a t o r  column i s  t o  
remove c a t i o n s  f rom th e  e l u a n t .  The s u p p r e s s o r  used  was a 
h o l low  f i b r e  o f  c a t i o n  exchange  membrane. The e l u a n t  
f lo w s  t h r o u g h  t h e  c e n t r e  o f  t h e  f i b r e  and t h e  c a t i o n s  
p a s s  t h r o u g h  t h e  membrane i n t o  a c o n t i n u o u s  f low  o f  
d i l u t e  a c i d .  An a l t e r n a t i v e  s u p p r e s s o r  was t r i e d  which
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co m p r ised  a column o f  a s t r o n g  a c i d  form o f  a c a t i o n  
exchange  r e s i n .  No c y a n a t e  was d e t e c t e d  w i t h  t h e  column 
s u p p r e s s o r  i n  p l a c e ,  s u g g e s t i n g  t h a t  t h e  c y a n a t e  had been  
h y d r o l y s e d  t o  CC^.

5 . 2 . 3 . 6  C yanide

Cyanide  c o n c e n t r a t i o n s  were d e t e r m i n e d  by a f low 
i n j e c t i o n  io n  s e l e c t i v e  e l e c t r o d e  method [ 1 0 0 ] .  T h i s  i s  a 
c o n t i n u o u s  method i n  which two s t r e a m s  c o n t a i n i n g  t h e  
c a r r i e r  s o l u t i o n  ( d e - i o n i z e d  w a te r )  and an  i o n i c  s t r e n g t h  
a d j u s t e r  (1 M NaOH, 7 .7  mM KCN) a r e  mixed and flow 
th ro u g h  a d e t e c t o r  c o n t a i n i n g  t h e  io n  s e l e c t i v e  e l e c t r o d e  
and d o u b le  j u n c t i o n  r e f e r e n c e  e l e c t r o d e .  20  s a m p le s  o f  
s t a n d a r d s  and t h e  s o l u t i o n  to  be a n a l y s e d  a r e  i n j e c t e d  
i n t o  t h e  c a r r i e r  s t r e a m ,  and t h e  d e t e c t o r  r e s p o n s e  
m o n i to re d  on a c h a r t  r e c o r d e r  u s in g  a m i l l i v o l t  m e te r .  
C a l i b r a t i o n  was a c h i e v e d  by p l o t t i n g  peak h e i g h t  v e r s u s  
t h e  l o g a r i t h m  o f  t h e  s t a n d a r d  c y a n i d e  c o n c e n t r a t i o n ,  
g i v i n g  a l i n e a r  g r a p h .

5 . 2 . 4  X-Ray P h o t o e l e c t r o n  S p e c t r o s c o p y  S tu d y  o f  .Gold 
Loaded C arbons

XPS a n a l y s i s  i s  b a sed  upon t h e  p r i n c i p l e  o f  t h e  
p h o t o e l e c t r i c  e f f e c t .  T h i s  i s  t h e  e m i s s i o n  o f  e l e c t r o n s  
when e l e c t r o m a g n e t i c  r a d i a t i o n  im p inges  upon a s u r f a c e .  
The k i n e t i c  e n e r g y  o f  t h e  e m i t t e d  e l e c t r o n s  w i l l  be 
d e t e r m i n e d  by t h e  d i f f e r e n c e  be tween  t h e i r  i n i t i a l  en e rg y
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l e v e l  and t h e  e n e r g y  o f  t h e  i n c i d e n t  e l e c t r o m a g n e t i c  
r a d i a t i o n ,  w i t h  a c o r r e c t i o n  made f o r  t h e  work f u n c t i o n  
o f  t h e  s p e c t r o m e t e r  ( e q u a t i o n  5 . 3 ) .

e ke  = hv -  eb e  -  *  ( 5 - 3)

Where :
ERg = K i n e t i c  en e rg y  of  p h o t o e l e c t r o n .
Egg = B in d in g  en e rg y  o f  e l e c t r o n ,  
h = P l a n c k ' s  c o n s t a n t ,  
v = F req u e n cy  o f  i n c i d e n t  r a d i a t i o n .
()> = Work f u n c t i o n  o f  s p e c t r o m e t e r .

The t y p i c a l  l a y o u t  o f  a X -ray  p h o t o e l e c t r o n  
s p e c t r o m e t e r  i s  g i v e n  in  f i g u r e  5 . 2 .  T h i s  u s e s  an 
e l e c t r o n  beam im p in g in g  on an a lum in ium  t a r g e t  t o  p r o v i d e  
t h e  AlKoc r a d i a t i o n .  The p h o t o e l e c t r o n s  p ro d u c e d  on 
i n t e r a c t i o n  w i t h  t h e  sam p les  a r e  f o c u s e d  by a l e n s  sy s tem  
th r o u g h  a h e m i s p h e r i c a l  a n a l y s e r  i n t o  an  e l e c t r o n  
m u l t i p l i e r .  The h e i g h t  o f  t h e  peak p r o d u c e d  on t h e  x-y  
r e c o r d e r  i s  a m easu re  o f  t h e  number o f  p h o t o e l e c t r o n s  o f  
a p a r t i c u l a r  e n e r g y  d e t e c t e d .  D i f f e r e n t  e n e r g y  e l e c t r o n s  
a r e  d e t e c t e d  by e i t h e r  v a r y i n g  t h e  p o t e n t i a l  a c r o s s  th e  
h e m i s p h e r i c a l  a n a l y s e r  (FRR o r  F ixed  R e t a r d  R a t i o  mode), 
o r  ch a n g in g  t h e  f o c u s  o f  t h e  l e n s  s y s t e m  (FAT o r  F ixed  
A n a l y s e r  T r a n s m i s s i o n  mode).
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F i g u r e  5 .2  S c h e m a t i c  d iag ra m  o f  an  X -ray  p h o t o e l e c t r o n  
s p e c t r o m e t e r  [ 1 0 1 ] .

XPS a n a l y s i s  o f  t h e  c a r b o n s  was c a r r i e d  o u t  by t h e
BP R e se a rc h  C e n t r e  a t  Sunbury u s in g  a K r a t o s  ES300
s p e c t r o m e t e r .  F ix ed  a n a l y s e r  t r a n s m i s s i o n  mode was u s e d ,
w i t h  th e  p a s s  e n e r g y  s e t  a t  65 eV and a s l i t  w i d t h  o f
1 .7 5  mm. An a lum in ium  anode was used  a s  t h e  X -ray  s o u r c e ,
o p e r a t i n g  a t  15 keV and 20 mA. The sam p le s  w ere  mounted
on d o u b l e - s i d e d  a d h e s i v e  t a p e  and i n t r o d u c e d  i n t o  t h e
s p e c t r o m e t e r  v i a  a r a p i d  i n s e r t i o n  p r o b e .  Due t o
e v o l u t i o n  o f  a d s o r b e d  g a s e s ,  up t o  ^ hour  was a l l o w e d  f o r

-9t h e  p r e s s u r e  t o  e q u i l i b r a t e  a t  a round  7 .5  x 10 t o r r .
D ata  a c q u i s i t i o n  and a n a l y s i s  was c o n t r o l l e d  by a K ra to s  
DS300 d a t a  s y s t e m .  Because  o f  sample  c h a r g i n g ,  c a u se d  by 
t h e  i n s u l a t i n g  p r o p e r t i e s  o f  t h e  a d h e s i v e  t a p e ,  t h e  
b i n d i n g  e n e r g i e s  d e t e r m i n e d  may be i n c r e a s e d  by 1 o r
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2 eV. T h i s  was c o r r e c t e d  by r e f e r e n c i n g  t h e  b i n d i n g  
e n e r g i e s  t o  t h e  c a r b o n  I s  peak a t  285 eV. The 
c o n c e n t r a t i o n s  o f  t h e  e l e m e n t s  d e t e c t e d  w ere  d e t e r m i n e d  
from t h e  peak a r e a s ,  c o r r e c t e d  f o r  a to m ic  s e n s i t i v i t y  
f a c t o r s .  These  c o n c e n t r a t i o n s  were  c a l c u l a t e d  r e l a t i v e  t o  
t h e  c a r b o n  I s  peak a t  285 eV.

5 .3  R e s u l t s  and D i s c u s s i o n

5 . 3 . 1  S o x h l e t  E l u t i o n  o f  Gold Loaded Carbons

The c o n t i n u o u s ,  co n d en sed  v ap o u r  e l u t i o n  o f  g o l d  
from c a r b o n  b l a c k s  and a c t i v a t e d  c a r b o n s  was found t o  be 
v e r y  s lo w ,  b u t  e f f e c t i v e  ( t a b l e  5 . 1 ) .  U s u a l ly  b e tw een  50 
and 70 % o f  t h e  a d s o r b e d  g o l d  was removed in  140 t o  170 
h o u r s  (6 t o  7 d a y s ) .  Recovery  o f  p o t a s s i u m  was more 
v a r i a b l e ,  and s u b j e c t  t o  a l a r g e  d e g r e e  o f  e x p e r i m e n t a l  
e r r o r .  T h i s  was due t o  t h e  r e l a t i v e l y  s m a l l  q u a n t i t i e s  
a d s o r b e d ,  and c o r r e s p o n d i n g l y  s m a l l e r  amounts  u s u a l l y  
e l u t e d .  The change i n  c o n c e n t r a t i o n  o f  p o t a s s iu m  d e t e c t e d  
i n  s o l u t i o n  be tw een  t h e  e l u a n t  and t h e  e l u a t e  was u s u a l l y  
b e tw een  0 .5  and 1 ppm. T h i s  i s  below t h e  recommended 
w ork in g  r a n g e  o f  1 t o  3 ppm f o r  p o t a s s i u m  d e t e r m i n a t i o n  
by a t o m i c  e m i s s i o n  s p e c t r o s c o p y .  C o n s e q u e n t ly  back g rou n d  
f l u c t u a t i o n s  i n  e m i s s i o n  r e a d i n g  w i l l  c a u s e  s i g n i f i c a n t  
c h a n g e s  i n  m easured  c o n c e n t r a t i o n s ,  and w i l l  r e d u c e  
a c c u r a c y .  As n o t e d  e a r l i e r  ( s e e  c h a p t e r  4 . 3 . 1 ) ,  
m easu rem en t  o f  t h e  m o la r  Au:K r a t i o  a d s o r b e d  by t h e  
c a r b o n s  i s  a l s o  s u b j e c t  t o  l a r g e  d e g r e e s  o f  e r r o r ,  b u t

1
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t h i s  was due  m a in ly  t o  p ro b lem s  i n  d e t e c t i n g  s m a l l  
c h a n g e s  i n  p o t a s s i u m  c o n c e n t r a t i o n s .  The n e t  r e s u l t  o f  
t h e s e  o b s e r v a t i o n s  i s  t h a t  t h e  p o t a s s i u m  r e s u l t s  c a n n o t  
be t r e a t e d  w i t h  any c o n f i d e n c e  i n  t h i s  c a s e ,  and t h u s  t h e  
m o la r  Au:K r a t i o s  o f  t h e  e l u a t e s  g iv e n  i n  t a b l e  5 .1  a r e  
o n ly  v e r y  a p p r o x i m a t e .  A more co m p le te  a n a l y s i s  o f  one o f  
t h e s e  e l u a t e s  i s  g i v e n  l a t e r  ( s e e  c h a p t e r  5 . 3 . 2 ) .

D ur ing  t h e  c o u r s e  o f  s e v e r a l  o f  t h e  e l u t i o n  
e x p e r i m e n t s  t h e  p r e c i p i t a t i o n  o f  y e l lo w  AuCN o c c u r r e d  
a rou n d  t h e  w a t e r  l i n e  o f  t h e  b o i l e r .  T h i s  p r e c i p i t a t i o n
u s u a l l y  s t a r t e d  from 2 t o 3 days i n t o t h e  e l u t i o n
o p e r a t i o n .  D ecom p o s i t io n of p a r t  o f t h i s p r e c i p i t a t e
a p p e a r e d  t o  o c c u r  l a t e r on in th e e l u t i o n p r o c e d u r e ,
l e a v i n g  a t h i n  f i l m  o f  m e t a l l i c  g o ld  on t h e  i n s i d e  o f  t h e  
b o i l e r .  T h i s  d e c o m p o s i t i o n  was t h o u g h t  t o  be ca u se d  by 
t h e  o v e r - h e a t i n g  o f  th e  b o i l e r  above t h e  l e v e l  o f  t h e  
e l u a n t .

Fo r  t h e  e l u t i o n  of  th e  N o r i t  R2020 a c t i v a t e d  ca rb o n  
which had b ee n  lo a d e d  from d e o x y g e n a te d  s o l u t i o n  a 
p i n k / p u r p l e  c o l o r a t i o n  o f  t h e  e l u a t e  was n o t e d ,  a l m o s t  
c e r t a i n l y  c a u s e d  by c o l l o i d a l  g o l d .  No su c h  o b s e r v a b l e  
c o l o r a t i o n  was s e e n  f o r  any o f  t h e  o t h e r  e l u t i o n s .



Carbon Loadi ng 
(mg.g” 1 )

Au:K R a t i o  
Adsorbed 
(mo 1: mo 1)

E l u t i o n  Time 
( h r : min)

R e c o v e r i e s
(%)

Au:K R a t i o  
i n  E l u a t e  
( m o l : m o l )Au K Au K

In S o l u t i o n P r e c i p i t a t e d T o t a l
BP1300 11.94 2 .04 1 .16 18:10 4 8 .0 7 4 8 .0 7 7 2 .1 3 0 .7 7
BP1300 12 .08 1.94 1 .24 139:50 9 1 .8 0 9 1 .80 180 .20 0 .6 3
BP1300 26 .76 4 .37 1 .22 187:35 6 9 .4 0 6 9 .4 0 130 .38 0 .6 5
Vulcan 7 .04 0 .5 0 2 .7 9 164:35 31 .74 37 .9 5 6 9 .6 9 8 3 .8 6 1 .06
R2020 * 8 1 .75 0 .90 18 .01 147:40 5 2 .4 3 0 .0 0 5 2 .4 3 749 .61 1 .26
R2020 * 8 1 .2 0 1 .25 12 .90 114:45 15 .9 7 75 .9 1 9 1 .8 8 4 8 .9 7 4 .2 1
R 2 0 2 0 * 7 4 .45 1 .00 14 .78 140:05 11 .49 5 4 .1 0 6 5 .5 9 2 0 .0 8 8 .4 6
R2020 * 33 .59 2 .5 5 2 .61 165:40 5 4 .7 9 8 .2 6 6 3 .0 6 9 0 .0 0 1 .59
R2020 t* 26 .43 2 .9 0 1 .81 163:30 69 .1 6 2 .2 7 7 1 .4 3 24 .0 9 5 .19
R2020 11* 9 4 .2 5 — 138:15 46 .0 6 0 .2 4 4 6 .3 0
R2520 * b l .  99 2 .3 6 6 .9 0 161:00 40 .3 7 7 .3 7 4 7 .7 4 2 7 .4 6 1 0 .1 4
R2520 * 8 1 .5 4 5 .1 5 3 .1 4 143:25 17 .2 0 2 5 .0 4 4 2 .2 5 3 .5 7 1 5 .1 4
R2520 S * 4 6 .5 7 0 .1 2 2 .0 7 166:30 2 2 .7 6 2 7 .7 6 5 0 .5 2 0 .01 5 6 .2 0

T a b le  5 .1  E l u t i o n  o f  a d s o r b e d  g o ld  and p o ta s s iu m  from c a rb o n  b l a c k s  and a c t i v a t e d  c a r b o n s .
(* A c t i v a t e d  c a r b o n .  t  D e o x y g e n a te d , § C a r b o n a te  b u f f e r e d ,  K HAufCNJj

+ +a d s o r p t i o n s .  For HAufCN^ a d s o r p t i o n  H r e s u l t s  g iv e n  in  p l a c e  o f  K . )

153
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The s o u r c e  o f  t h e  AuCN p r e c i p i t a t e d  i n  t h e  b o i l e r  
may g iv e  some u s e f u l  i n d i c a t i o n s  o f  t h e  g o l d  s p e c i e s  
a d s o r b e d .  T h i s  AuCN may e i t h e r  be e l u t e d  d i r e c t l y  from 
t h e  c a r b o n ,  o r  be a r e s u l t  o f  d e c o m p o s i t i o n  o f  A ufC N ^ in  
s o l u t i o n .  D ec o m p o s i t io n  o f  t h i s  s p e c i e s  c o u l d  l e a v e  o t h e r  
p r o d u c t s  i n  s o l u t i o n ,  and a t t e m p t s  t o  d e t e c t  t h e s e  
s p e c i e s  a r e  r e p o r t e d  l a t e r  ( s e e  c h a p t e r  5 . 3 . 4 ) .

To d e t e r m i n e  w h e t h e r  o r  n o t  t h e  AuCN may have come 
d i r e c t l y  from t h e  c a r b o n  s a m p le ,  a sam ple  o f  AuCN was p u t  
i n t o  t h e  s o x h l e t  a p p a r a t u s  i n  p l a c e  o f  a l o a d e d  c a rb o n  
and t h e  s t a n d a r d  e l u t i o n  p r o c e d u r e  f o l l o w e d  f o r  7 d a y s .  
A f t e r  t h i s  t im e  t h e  e l u a t e  was a p i n k / p u r p l e  c o l o u r  and 
m e t a l l i c  g o l d  had been  p r e c i p i t a t e d  in  t h e  b o t to m  o f  th e  
b o i l e r .  No y e l l o w  AuCN had been  p r e c i p i t a t e d  a t  t h e  
bo t tom  o f  t h e  b o i l e r  o r  a t  t h e  w a t e r  l i n e .  A p p ro x im a te ly  
4 % o f  th e  AuCN was found  in  t h e  e l u a t e  ( a s  g o l d )  in  t h i s  
e x p e r i m e n t ,  3 .6  % b e in g  in  s o l u t i o n  and 0 .4  % 
p r e c i p i t a t e d  a s  m e t a l l i c  g o l d .  The g o ld  c o n c e n t r a t i o n  o f  
t h e  aq u e o u s  s o l u t i o n  was 1 1 .6  ppm. AuCN i s  v i r t u a l l y  
i n s o l u b l e  i n  w a t e r  [ 1 0 2 ] ,  and s i n c e  o n ly  m e t a l l i c  g o ld  
was p r e c i p i t a t e d  i t  seems l i k e l y  t h a t  t h e r e  was l i t t l e  o r  
no AuCN d i s s o l v e d  i n  t h e  e l u a t e .  F u r t h e r  e v i d e n c e  came 
from a n a l y s i n g  t h e  AuCN l e f t  i n  t h e  s o x h l e t  t h i m b l e .  T h i s  
had changed  from a b r i g h t  y e l lo w  to  a d a r k  g r e e n  c o l o u r  
(n o t e d  by W i l l i a m s  t o  o c c u r  on h e a t i n g  f 7 7 ] ) .  X -ray  
d i f f r a c t i o n  a n a l y s i s  o f  t h i s  sample  showed i t  t o  be a 
m i x t u r e  o f  AuCN and  m e t a l l i c  g o l d .  Thus i t  a p p e a r s  t h a t  
t h e  AuCN g r a d u a l l y  decomposed t o  m e t a l l i c  g o l d  i n  t h e
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t h i m b l e .  Some o f  t h e s e  g o l d  p a r t i c l e s  formed may have 
been  s m a l l  enough t o  p a s s  t h r o u g h  th e  s o x h l e t  t h i m b l e  a s  
a c o l l o i d a l  s o l u t i o n .  The p o s s i b i l i t y  o f  f r e e  c y a n id e  
f o r m a t i o n  by t h i s  d e c o m p o s i t i o n ,  which c o u ld  t h e n  l e a d  to  
d i s s o l u t i o n  o f  t h e  AuCN a s  Au(CN)2  i o n  c a n n o t  be 
c o m p l e t e l y  d i s c o u n t e d ,  b u t  t h i s  mechanism w i l l  be g iv e n  
f u r t h e r  c o n s i d e r a t i o n  l a t e r .

S i n c e  i t  h a s  been  shown t h a t  t h e  AuCN p r e c i p i t a t e d  
i n  t h e  b o i l e r  d u r i n g  t h e  g o ld  lo a d e d  c a r b o n  e l u t i o n s  i s  
n o t  formed by t r a n s p o r t  o f  AuCN from th e  c a r b o n  h e l d  in  
t h e  t h i m b l e ,  i t  m ust  be formed from t h e  a q u e o u s  e l u a t e .  
One p o s s i b i l i t y  i s  t h a t  A ufC N ^ may be d i s s o c i a t i n g  i n  
s o l u t i o n  ( e q u a t i o n  5 . 4 ) ,  w i t h  g a s e o u s  HCN b e i n g  e v o lv e d  
and  r e - e n t e r i n g  s o l u t i o n  in  t h e  t h i m b l e .  In  t h e  t h im b le  
t h e  r e v e r s e  r e a c t i o n  would o c c u r ,  r e s u l t i n g  i n  HAu(CN)2  

f o r m a t i o n  w hich  would  t h e n  r e t u r n  t o  t h e  b o i l e r .  T h i s  
s h o u l d  r e s u l t  i n  AuCN p r e c i p i t a t i o n  in  t h e  b o i l e r .

Au( CN) 2 + H+ = AuCN + HCN ( 5 . 4 )

To t e s t  t h i s  t h e o r y  a sam ple  of  AuCN was a g a i n  pu t .  
i n t o  t h e  s o x h l e t  a p p a r a t u s ,  b u t  t h i s  t im e  a s o l u t i o n  o f  
50 ppm g o l d ,  a s  KAufCN^r was used  a s  t h e  e l u a n t .  The 
r e s u l t s  were  s i m i l a r  t o  t h e  p r e v i o u s  c a se  where  d i s t i l l e d  
w a t e r  was u s e d .  M e t a l l i c  g o l d  was p r e c i p i t a t e d  i n  t h e  
b o t tom  o f  t h e  b o i l e r  and a l s o  a ro u n d  t h e  w a t e r  l i n e .  The 
e l u a t e  had a p i n k / p u r p l e  c o l o r a t i o n  o f  c o l l o i d a l  g o l d ,  
b u t  a g a i n  t h e r e  was no AuCN p r e c i p i t a t i o n .  A s i g n i f i c a n t
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change was n o t e d  however i n  t h e  t im e  t a k e n  f o r  t h e  
c o l l o i d a l  s o l u t i o n  t o  a p p e a r .  The p r o c e s s  was much f a s t e r  
t h i s  t i m e ,  w i t h  t h e  c o l l o i d a l  g o ld  s o l u t i o n  b e i n g  formed 
w i t h i n  1 d a y ,  w h e re a s  in  t h e  p r e v i o u s  e x p e r i m e n t  i t  took  
3 d a y s .  The amount o f  g o l d  r e c o v e r e d  i n  t h i s  c a s e  was 
much g r e a t e r ,  a t  3 9 .3  % compared t o  4 % u s i n g  d i s t i l l e d  
w a t e r .  Of t h i s  2 4 .8  % was i n  s o l u t i o n  and 1 4 .3  % 
p r e c i p i t a t e d .  Thus a l t h o u g h  t h e  en h ancem en t  o f  t h e  
d i s s o l u t i o n  o f  AuCN from t h e  t h i m b l e  by a d d i t i o n  o f  
Au (CN>2 i o n s  t o  t h e  b o i l e r  i s  a p p a r e n t ,  t h e  mechanism i s  
f a r  from c e r t a i n .  The l a c k  o f  AuCN p r e c i p i t a t i o n  s u g g e s t s  
t h a t  s i m p l e  d i s s o c i a t i o n  ( e q u a t i o n  5 .4 )  i s  n o t  t h e  main 
p r o c e s s  o c c u r r i n g ,  and t h u s  o t h e r  s o u r c e s  o f  AuCN 
f o r m a t i o n  m ust  be c o n s i d e r e d .

S i n c e  n e i t h e r  o f  t h e s e  methods o f  e l u t i n g  AuCN l e d  
t o  AuCN p r e c i p i t a t i o n  i n  t h e  b o i l e r ,  i t  seems more l i k e l y  
t h a t  g o l d  a d s o r b e d  a s  AufCN^ i s  t h e  s o u r c e .  To t e s t  t h i s  
t h e o r y  t h e  s o x h l e t  a p p a r a t u s  was used  a g a i n  b u t  w i t h o u t  a 
t h i m b l e .  The e l u a n t  used  t h i s  t im e  was HAufCN^^ and t h e  
main aim was t o  s e e  t h e  e f f e c t  on t h i s  s o l u t i o n  o f  a 
c o n t i n u o u s  r e f l u x .  A f t e r  7 d ay s  c o n t i n u o u s  o p e r a t i o n  
t h e r e  was AuCN p r e c i p i t a t i o n  a t  t h e  w a t e r  l i n e  and i n  t h e  
b o t tom  o f  t h e  f l a s k .  However, m e t a l l i c  g o l d  was n o t  
p r o d u c e d .  T h i s  AuCN must have been  p ro d u c e d  by HAu(CN)2  

d e c o m p o s i t i o n  ( e q u a t i o n  5 . 4 ) .  An i m p o r t a n t  p o i n t  t o  
r e a l i z e  i s  t h a t  HAu(CN)2  i s  n o t  a s  s t a b l e  a compound a s  
KAu (CN)2 « I t  i s  p o s s i b l e  t o  c r y s t a l l i z e  KAufCN^ from 
s o l u t i o n  by s i m p l e  e v a p o r a t i o n ,  b u t  HAu(CN) 2  a lw ays
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d i s s o c i a t e s  t o  AuCN and HCN. The r e a s o n  f o r  t h i s  i s  
p r o b a b l y  due t o  t h e  v o l a t i l i t y  o f  HCN. Thus AuCN formed 
d u r i n g  e l u t i o n  o f  g o ld  l o a d e d  c a r b o n s  i s  a p p a r e n t l y  
p ro d uced  from any  HAuCCN)^ e l u t e d .  D i s s o l u t i o n  o f  
a d s o r b e d  AuCN by r e a c t i o n  w i t h  f r e e  c y a n i d e  i n  t h e  
t h i m b l e  was p r o p o s e d  e a r l i e r ,  b u t  t h i s  can  be d i s c o u n t e d  
s i n c e  t h i s  would  a l s o  l e a d  t o  AuCN p r e c i p i t a t i o n  in  t h e  
b o i l e r  w hich  d i d  n o t  o c c u r  w i t h  t h e  AuCN e l u t i o n  t e s t .

From t h e s e  t h r e e  s i m i l a r  e x p e r i m e n t s  i t  h a s  been  
shown t h a t  AuCN i s  p r e c i p i t a t e d  by d e c o m p o s i t i o n  o f  
HAu (CN)2  i n  s o l u t i o n .  F o rm a t io n  o f  AuCN d u r i n g  e l u t i o n  o f  
g o ld  l o a d e d  c a r b o n s  t h u s  s u g g e s t s  HAufCN^ a s  b e in g  
a d s o r b e d .  The r e s u l t s  o f  an  e l u t i o n  t e s t  o f  a c a rb o n  
lo a d e d  from HAufCN^ s o l u t i o n  have b ee n  g i v e n  in  
t a b l e  5 . 1 .  As w i t h  c a r b o n s  l o a d e d  from KAufCN^ 
s o l u t i o n s ,  g o l d  was found i n  s o l u t i o n ,  and p r e c i p i t a t e d  
a s  AuCN and m e t a l l i c  g o l d .  The m o la r  Au:H r a t i o  a d s o r b e d  
by t h i s  c a r b o n  was 2 . 0 7 .  T h i s  s u g g e s t s  a c o m b in a t io n  o f  
HAu (CN)2  and  AuCN a s  b e in g  a d s o r b e d .  Such a c o m b in a t io n  
a g r e e s  w i t h  t h e  r e s u l t s  o f  t h e  g o ld  s p e c i e s  o b t a i n e d  by 
e l u t i o n ,  w i t h  AuCN coming from HAufCN^ e l u t i o n  and 
d e c o m p o s i t i o n ,  and  m e t a l l i c  g o l d  from t h e  d e c o m p o s i t i o n  
o f  a d s o r b e d  AuCN.

The p o s s i b i l i t y  o f  HAu(CN)2 a d s o r p t i o n  from KAufCN^ 
s o l u t i o n s  h a s  been  d i s c u s s e d  e a r l i e r  ( s e e  c h a p t e r  4 . 3 . 1 ) .  
Such a mechanism would have e x p l a i n e d  t h e  h ig h  Au:K 
a d s o r p t i o n  r a t i o s  found i n  u n b u f f e r e d  s o l u t i o n s .  However,
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HAu (CN)2  a d s o r p t i o n  would  r e s u l t  i n  an  i n c r e a s e  i n  
s o l u t i o n  pH, w hich  was n o t  o b s e r v e d  t o  any  s i g n i f i c a n t  
e x t e n t .  T h i s  r e s u l t e d  i n  t h e  h y p o t h e s i s  t h a t  AuCN was 
a d s o r b e d .  D i f f e r e n t i a t i o n  be tw een  t h e s e  two a d s o r b e d  
s p e c i e s  by m i c r o a n a l y s i s  and X -ray  p h o t o e l e c t r o n  
s p e c t r o s c o p y  i s  r e p o r t e d  l a t e r .

For t h i s  a p p a r e n t l y  complex d e s o r p t i o n  sys tem  
f u r t h e r  e v i d e n c e  f o r  t h e  t h e o r i e s  o f  m e t a l l i c  g o l d  and 
AuCN f o r m a t i o n  may come from a n a l y s i s  o f  t h e  e l u a t e  f o r  
d e c o m p o s i t i o n  p r o d u c t s  o f  c y a n i d e s .

5 . 3 . 2  S p e c i e s  E l u t e d  From Gold Loaded A c t i v a t e d  Carbon

The c o m p o s i t i o n  o f  t h e  e l u a t e  o b t a i n e d  from a sample 
o f  g o ld  l o a d e d  N o r i t  R2520 i s  g iv e n  i n  t a b l e  5 . 2 .  The 
r e c o v e r y  o f  g o l d  was 4 0 .3 7  % g o ld  in  s o l u t i o n  and 7 .37  % 
p r e c i p i t a t e d  a s  m e t a l l i c  g o ld  and AuCN ( t a b l e  5 . 1 ) .  
Yellow AuCN and m e t a l l i c  g o ld  were b o t h  d e p o s i t e d  on th e  
s i d e s  o f  t h e  b o i l e r  a t  t h e  w a te r  l i n e .  The p o ta s s iu m  
r e c o v e r y  was 2 7 .4 6  %.

The r e s u l t s  g i v e n  i n  t a b l e  5 .2  i n d i c a t e  t h a t  w i t h i n  
e x p e r i m e n t a l  e r r o r  a l l  t h e  g o ld  p r e s e n t  i n  s o l u t i o n  i s  in  
t h e  form o f  t h e  AuCCN^ i o n .  The o n ly  o t h e r  p o s s i b l e  g o ld  
s p e c i e s  i n  s o l u t i o n  ( c o l l o i d a l  g o l d ,  AuCN, and Au(CN)” ) 
would n o t  have been  d e t e c t e d  by t h e  r e v e r s e  p hase  
i o n - p a i r  c h r o m a to g r a p h y  method u se d ,  and  t h u s  t h e i r  
p r e s e n c e  i n  s o l u t i o n  would  have r e s u l t e d  i n  a lo w e r
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m easured  g o ld  c o n c e n t r a t i o n  t h a n  t h a t  o b t a i n e d .

Allowing  f o r  e x p e r i m e n t a l  e r r o r  (+ 0 .0 4  mM), t h e
n i t r o g e n  c o n t e n t  o f  t h e  s o l u t i o n  a g r e e s  w i t h  t h a t  
e x p e c t e d  f o r  A ufC N ^ and ammonia. From com par ing  t h e  
p o t a s s i u m  and g o l d  c o n t e n t s  o f  t h e  e l u a t e  i t  i s  c l e a r  
t h a t  KAu (CN)2  i s  n o t  t h e  main g o ld  s p e c i e s  e l u t e d .  In 
t h i s  c a s e  a s i g n i f i c a n t  d ro p  in  t h e  pH of  t h e  e l u a t e  from 
t h a t  o f  t h e  o r i g i n a l  e l u a n t  was n o t e d .  The i n i t i a l  pH was 
6 . 9 ,  which d ro p ped  t o  4 .2  a f t e r  e l u t i o n .  I f  i t  i s  assumed 
t h a t  t h e  r e m a in in g  0 .1 5  mM of  g o ld  i s  e l u t e d  i n  t h e  form 
o f  HAu(CN)2 f a v a l u e  o f  3 .8  would be e x p e c t e d  f o r  t h e  
e l u a t e  pH. The d i f f e r e n c e  be tw een  t h e s e  two v a l u e s  can  be 
a c c o u n t e d  f o r  by e x p e r i m e n t a l  e r r o r  i n  t h e  d e t e r m i n a t i o n  
o f  H+ c o n c e n t r a t i o n s  u s i n g  a pH e l e c t r o d e .  A more 
a c c u r a t e  t i t r i m e t r i c  t e c h n i q u e  i s  recommended f o r  any 
f u t u r e  work on t h i s  s y s t e m .

The d i f f e r e n c e  i n  pH be tw een  t h e  e l u a n t  and e l u a t e  
was u n iqu e  t o  t h i s  e l u t i o n  t e s t .  For  t h e  o t h e r  
e l u t i o n s  g i v e n  i n  t a b l e  5 .1  ( e x c e p t  t h a t  l o a d e d  from 
HAu (CN)2  s o l u t i o n ) ,  ch a n g e s  i n  pH were s m a l l .  Why t h i s  
p a r t i c u l a r  e l u t i o n  b ehaved  in  t h i s  way i s  n o t  c l e a r .  I t  
would a p p e a r  t h a t  i n  t h i s  c a s e  d e c o m p o s i t i o n  o f  HAufCN^ 
t o  AuCN d i d  n o t  o c c u r  t o  any a p p r e c i a b l e  e x t e n t ,  w i t h  
o n ly  7 .3 7  % o f  g o l d  r e c o v e r e d  by p r e c i p i t a t i o n . ,  f o r  t h e  
o t h e r  e l u t i o n s  o f  t h e  a c t i v a t e d  c a r b o n s  w i t h  l a r g e  g o ld  
l o a d i n g s ,  a c o m b in a t io n  o f  d e c o m p o s i t i o n  o f  HAu(CN)2  and 
t h e  p r e s e n c e  o f  KAu(CN)2  i n  s o l u t i o n  would l e a d  t o  o n ly
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s m a l l  pH c h a n g e s  a s  o b s e r v e d .

S p e c i e s C o n c e n t r a t i o n
a s  s p e c i e s  

(mM)
a s  C 
(mM)

a s  N 
(mM)

T o t a l  c a r b o n 1 .0 0 1 .0 0 —
T o t a l  N i t r o g e n 0 .26 — 0 .2 6

2 -Carbon a s  CO^ and CNO 0 .0 4 0 .0 4 —
C yana te <0.01 <0.01 <0.01
C a rb o n a te 0 .0 4 0 .0 4 —
F re e  c y a n i d e <0 .08 <0 .08 <0 .08
Ammonia 0 .0 1 — 0.0 1
Au(CN)“ 0 .1 4 0 .2 7 0 .2 7
T o t a l  g o ld 0 .1 3 — —

T o t a l  p o t a s s i u m 0 .0 2 — —

T a b le  5 .2  A n a l y s i s  o f  e l u a t e  o b t a i n e d  from g o ld  l o a d e d  
N o r i t  R2520 a c t i v a t e d  c a r b o n .

Ammonia d e t e c t i o n  i n  s o l u t i o n  was by t h e  f o r m a t i o n  
o f  i n d o p h e n o l  b l u e .  S in c e  i t  i s  p o s s i b l e  t h a t  ammonia can 
be formed by th e  d e c o m p o s i t i o n  of  A ufC N ^r  a t e s t  
s o l u t i o n  c o n t a i n i n g  85 p q  o f  AufCN^ was a n a l y s e d  by t h i s  
method.  The r e s u l t s  i n d i c a t e d  t h e  p r e s e n c e  o f  1 .17  p q  o f  
ammonia i n  s o l u t i o n .  In t h e  e l u a t e  t h e  ammonia 
c o n c e n t r a t i o n  was 0 .0 1  mM. Thus t h e  amount o f  n i t r o g e n  in  
t h e  form o f  ammonia i s  s m a l l  compared to  t h e  t o t a l  
n i t r o g e n  c o n t e n t  ( 0 .2 6  mM), and d o es  n o t  s e r i o u s l y  
a f f e c t  t h e  n i t r o g e n  b a l a n c e  on th e  s o l u t i o n .  T h e r e f o r e ,
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a l t h o u g h  ammonia i s  found i n  t h e  e l u a t e ,  i t s  p r e s e n c e  
c a n n o t  be  s e e n  t o  i n d i c a t e  t h e  d e c o m p o s i t i o n  o f  c y a n i d e  
s p e c i e s  i n  s o l u t i o n .

O t h e r  p o s s i b l e  d e c o m p o s i t i o n  p r o d u c t s  o f  A ufC N ^ 
( c y a n a t e  and f r e e  c y a n i d e )  c o u l d  n o t  be  d e t e c t e d  i n  
s i g n i f i c a n t  c o n c e n t r a t i o n s .  C a r b o n a te  was d e t e c t e d ,  b u t  
t h e  e l u t i o n  p r o c e d u r e  o f  c o n t i n u o u s l y  b o i l i n g  t h e  e l u a t e ,  
t o  p r o d u c e  co n d en sed  v ap o u r  a s  t h e  e l u a n t ,  would r e s u l t  
i n  CO2 l i b e r a t i o n .  The c a r b o n a t e  found was p r o b a b l y  
a d s o r b e d  from t h e  a tm o s p h e r e  on c o o l i n g  and g e n e r a l  
h a n d l i n g .

The e x c e s s  c a rb o n  n o t  a c c o u n t e d  f o r  i n  t h e  e l u a t e  
was p r o b a b l y  i n o r g a n i c  o r  o r g a n i c  i m p u r i t i e s  e l u t e d  from 
t h e  a c t i v a t e d  c a r b o n  sa m p le ,  t h e  c a r b o n  c o n t e n t  o f  t h e  
e l u a n t  b e i n g  < 0 .0 8  mM. Even th o ug h  t h e  a c i d  and w a t e r  
w ash ing  t r e a t m e n t  was t h o r o u g h ,  t h e  n a t u r e  o f  t h e  
a d s o r b e n t  means t h a t  t r a c e  am oun ts  of  c a rb o n  would a lw ays  
be  e x p e c t e d  i n  s o l u t i o n .

Thus a n a l y s i s  o f  t h e  e l u a t e  h a s  r e v e a J e d  t h e  
p r e s e n c e  o f  KAufCN^ and HAufCN^ a s  t h e  two g o ld  s p e c i e s  
i n  s o l u t i o n .  D ec o m p o s i t io n  p r o d u c t s  o f  c y a n id e  c o u ld  n o t  
be  d e t e c t e d  i n  s i g n i f i c a n t  q u a n t i t i e s .



Carbon T o t a l  N i t r o g e n  C o n t e n t s Au Loading 

(mg.g )

K Loading  

(mg.g )

Molar R a t i o s
By M i c r o a n a l y s i s C a l c u l a t e d Au:K Au: Nf

I n i t i a l

(%)

Au Loaded 

(%)

a s  AuCN + 
KAu(CN) 2 

(%)

a s  Au (CN) 2  + 
KAu( CN)2 

(%)
BP1300 0 .0 0 0 .3 7 0 .3 3 0 .3 7 2 6 .7 6 4 .3 7 1 .2 2 0 .5 0
R2020 * 0 .48 1 .22 0 .9 6 1 .4 4 7 6 .9 5 0 .4 9 3 1 .1 7 0 .64
R2020 * 0 .4 8 1 .02 0 .8 5 1 .1 4 5 1 .3 6 1 .5 2 6 .71 0 .6 0
R2020 * 0 .48 0 .8 8 0 .7 8 0 .9 2 3 3 .5 9 2 .5 5 2 .6 1 0 .5 4
R2020 H* 0 .48 0 .73 0 .71 0 .7 7 2 1 .6 4 2 .7 2 1 .5 8 0 .5 7

T a b le  5 .3  M i c r o a n a l y s i s  r e s u l t s  f o r  a g o l d  l o a d e d  c a rb o n  b l a c k  and a c t i v a t e d  c a r b o n s .
(* A c t i v a t e d  c a r b o n ,  § Loaded from d e o x y g e n a te d  s o l u t i o n ,  t  u s i n g  n i t r o g e n  
c o n t e n t s  from m i c r o a n a l y s i s . )
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5 . 3 . 3  M i c r o a n a l y s i s  o f  Gold Loaded Carbons

N i t r o g e n  c o n t e n t s  o f  s a m p les  o f  g o ld  l o a d e d  c a r b o n s  
were  d e t e r m i n e d  by m i c r o a n a l y s i s .  The change  i n  n i t r o g e n  
c o n t e n t ,  d e t e r m i n e d  by m i c r o a n a l y s i s ,  w i t h  g o ld  
a d s o r p t i o n  c a n  be  compared t o  t h a t  c a l c u l a t e d  from t h e  
e x p e r i m e n t a l  a d s o r p t i o n  t e s t s .  McDougall  e t  a l .  [53]  have 
shown t h a t  a t  low l o a d i n g s  t h e  Au:N a d s o r p t i o n  r a t i o  
a p p r o a c h e s  0 . 5 ,  i n d i c a t i n g  AufCN^ a d s o r p t i o n .  T h i s  r a t i o  
was se en  t o  i n c r e a s e  t o  1 a t  h ig h  l o a d i n g s  o r  i n  a c i d  
s o l u t i o n .  S i n c e  no f r e e  c y a n id e  was found  i n  s o l u t i o n  
a f t e r  a d s o r p t i o n ,  t h e y  s u g g e s t e d  t h a t  c y a n i d e  was 
o x i d i z e d  t o  ammonia which was th en  l o s t  from t h e  s y s t e m .

A s e r i e s  o f  r e s u l t s  o f  a n a l y s e s  o f  s a m p le s  o f  g o ld  
l o a d e d  BP1300 c a r b o n  b l a c k  and N o r i t  R2020 a c t i v a t e d  
c a r b o n s  a r e  g i v e n  i n  t a b l e  5 . 3 .  The c a l c u l a t e d  n i t r o g e n  
c o n t e n t s  w ere  o b t a i n e d  from t h e  u n lo a d ed  m i c r o a n a l y s i s  
r e s u l t s  a s su m in g  a d s o r p t i o n  o f  KAu(CN) 2  and  AufCN^ o r  
AuCN. Because  e q u i m o l a r  Au:K a d s o r p t i o n  d i d  n o t  o c c u r  f o r  
any o f  t h e  a d s o r p t i o n s  c o n s i d e r e d ,  i t  was assumed t h a t  
a l l  p o t a s s iu m  was a d s o r b e d  a s  KAuCCN^r w i t h  e x c e s s  g o ld  
a s  e i t h e r  AuCN o r  Au(CN)2 » In  t h e  l a t t e r  c a s e  no 
c o r r e c t i o n  f o r  t h e  com plem en tary  c a t i o n  a d s o r b e d  w i t h  
Au (CN)2 c o u l d  be  made. F o r  b o t h  c a s e s  however  t h e  
c a l c u l a t e d  t o t a l  n i t r o g e n  c o n t e n t s  o f  t h e  a c t i v a t e d  
c a r b o n s  a r e  d i f f e r e n t  t o  t h o s e  d e t e r m i n e d  by 
m i c r o a n a l y s i s .  The m i c r o a n a l y s i s  f i g u r e s  l i e  be tw een  th e  
c a l c u l a t e d  v a l u e s ,  i n d i c a t i n g  i n s u f f i c i e n t  n i t r o g e n  t o
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a c c o u n t  f o r  KAu(CN)2 and  Au(CN)2 a d s o r p t i o n ,  b u t  t o o  much 
n i t r o g e n  f o r  KAu(CN)2 and AuCN. E i t h e r  t h e r e  i s  a 
c o m b in a t io n  o f  a l l  t h r e e  s p e c i e s ,  o r  t h e  e x c e s s  n i t r o g e n  
n o t  a c c o u n te d  f o r  by KAu(CN)2 and AuCN a d s o r p t i o n  must  be 
a n i t r o g e n  c o n t a i n i n g  d e c o m p o s i t i o n  p r o d u c t  formed w i t h  
AuCN. I f  t h e  l a t t e r  i s  t h e  c a s e  th en  th e  Au:N a d s o r p t i o n  
r a t i o  g iv e n  i n  t a b l e  5 .3  i s  m e a n in g le s s  s i n c e  i t  a s sum es  
a l l  t h e  n i t r o g e n  i s  a d s o r b e d  a s  g o ld  s p e c i e s .

For BP1300 t h e  Au:K a d s o r p t i o n  r a t i o  o f  1 .2 2  would 
r e s u l t  i n  a Au:N r a t i o  o f  0 .5 5  i f  i t  i s  assumed t h a t  t h e  
two s p e c i e s  a d s o r b e d  a r e  KAu(CN)2 and AuCN. The a c t u a l  
v a l u e  c a l c u l a t e d  i s  0 . 5 0 ,  which  c o r r e s p o n d s  t o  KAu(CN)2 
and Au(CN)2 a d s o r p t i o n .  I f  any d e c o m p o s i t i o n  t o  AuCN 
o c c u r s  i n  t h i s  c a s e  t h e n  t h e  n i t r o g e n  c o n t a i n i n g  p r o d u c t  
( e . g .  ammonia) must  be  a d s o r b e d  a l s o .

For t h e  a c t i v a t e d  c a r b o n s  th e  n i t r o g e n  c o n t e n t s  l i e  
be tw een  t h e  e x p e c t e d  v a l u e s  c a l c u l a t e d  a s su m in g  t h e  two 
a d s o r p t i o n  s i t u a t i o n s .  The Au:N r a t i o s  and  p o t a s s i u m  
l o a d i n g s  show t h a t  low g o l d  l o a d i n g  t e n d s  t o  r e s u l t  i n  
i n c r e a s e d  a d s o r p t i o n  o f  KAu(CN)2 , a s  r e p o r t e d  by 
McDougall e t  a l .  [ 5 3 ] .  However, even u n d e r  t h e  h ig h  g o ld  
l o a d i n g  s i t u a t i o n  t h e r e  i s  t o o  much n i t r o g e n  found t o  
c o r r e l a t e  w i t h  d e c o m p o s i t i o n  t o  AuCN, u n l e s s  a s  s u g g e s t e d  
e a r l i e r  t h e  a d s o r p t i o n  o f  t h e  n i t r o g e n  c o n t a i n i n g  
d e c o m p o s i t i o n  p r o d u c t  o c c u r s .  The o n ly  o t h e r  p o s s i b i l i t y  
i s  a c o m b in a t io n  o f  KAu(CN)2 , Au(CN)2 , and AuCN a d s o r b e d  
a s  s u g g e s t e d  by t h e  e l u t i o n  r e s u l t s .
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The r e s u l t s  o f  a sam ple  o f  N o r i t  R2020 a c t i v a t e d  
c a rb o n  lo a d e d  from d e o x y g e n a te d  s o l u t i o n  have  a l s o  been 
a n a l y s e d  ( t a b l e  5 . 3 ) .  The r e s u l t s  a r e  s i m i l a r  t o  t h e  
norm al  t e s t s ,  b u t  t h e  d i f f e r e n c e s  be tw een  t h e  c a l c u l a t e d  
and  measured n i t r o g e n  c o n t e n t s  a r e  t o o  s m a l l  f o r  any 
m e a n in g fu l  c o n c l u s i o n s  t o  be drawn.

5 . 3 . 4  XPS A n a l y s i s  o f  Carbons

Samples o f  h e a t - t r e a t e d  and g o ld  l o a d e d  N o r i t  R2020 
a c t i v a t e d  c a r b o n  and BP1300 ca rb o n  b l a c k  have been 
a n a l y s e d  by XPS. The p r i m a r y  aim o f  t h e  a n a l y s i s  was to  
d e t e r m i n e  t h e  o x i d a t i o n  s t a t e  o f  t h e  a d s o r b e d  g o ld  
s p e c i e s .  McDougall e t  a l .  [53]  measured a mean o x i d a t i o n  
number of  0 .3  f o r  g o l d  a d s o r b e d  by P i c a  G210 a c t i v a t e d  
c a r b o n .  The b i n d i n g  e n e r g i e s  g i v e n  f o r  t h e  a d s o r b e d  g o ld  
s p e c i e s  l a y  b e tw ee n  9 1 .5  and 9 1 .6  eV. F o r  m e t a l l i c  g o ld  
t h e  r e p o r t e d  v a l u e  was 9 0 .8  eV, and f o r  KAufCN^ 9 3 .6  eV. 
A l l  t h e s e  v a l u e s  were  f o r  t h e  g o l d  4 f  7 /2  p ea k ,  
c a l c u l a t e d  r e l a t i v e  t o  t h e  c a rb o n  I s  peak a t  285 eV.

In t h i s  i n v e s t i g a t i o n  t h e  b i n d i n g  e n e r g i e s  o f  th e  
g o ld  4f 7/2  peak  w ere  a l s o  c a l c u l a t e d  r e l a t i v e  t o  th e  
ca rb o n  I s  peak  a t  285 eV. However t h e  v a l u e s  o b t a i n e d  
r a n g e d  from 8 5 .6  t o  86 eV f o r  t h e  g o l d  l o a d e d  c a r b o n s  
( t a b l e  5 . 4 ) .  F o r  c r y s t a l l i n e  KAu(CN)2 a v a l u e  o f  8 5 .1  eV
was o b t a i n e d , and f o r AuCN 8 4 .9  eV ( t a b l e 5 . 5 ) . The
s t a n d a r d  v a l u e g i v e n f o r t h e  g o ld  (0) s t a t e i s
8 3 .9 8  eV [ 1 0 3 ] . As e x p e c t e d t h i s  i s  l e s s t h a n th e
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m easu red  v a l u e  o f  a r o u n d  85 eV f o r  t h e  two g o l d  ( I )  
compounds. The g o l d  l o a d e d  c a r b o n s  g i v e  b i n d i n g  e n e r g i e s  
g r e a t e r  t h a n  e x p e c t e d  f o r  t h e  g o ld  ( I )  s t a t e .  However 
t h e s e  were r e f e r e n c e d  t o  t h e  c a rb o n  I s  peak  a t  285 eV, 
b u t  i f  t h e  c a r b o n s  a r e  s l i g h t l y  g r a p h i t i c  i n  n a t u r e  t h i s  
v a l u e  may be s h i f t e d  to w ard  t h a t  o f  2 8 4 .5  eV f o r  
g r a p h i t e .  Thus t h e  b i n d i n g  e n e rg y  o f  t h e  g o ld  a d s o r b e d  by 
t h e  c a r b o n s  c l o s e l y  r e s e m b l e s  t h a t  e x p e c t e d  f o r  th e  
g o l d  ( I )  s t a t e ,  and any  r e d u c t i o n  ty p e  a d s o r p t i o n  
mechanism can be d i s c o u n t e d .

No r e a s o n  can  be  p u t  f o rw a rd  t o  e x p l a i n  t h e  
d i f f e r e n c e s  i n  g o l d  b i n d i n g  e n e r g i e s  r e p o r t e d  by 
McDougal l  e t  a l . ,  w i t h  t h o s e  found i n  t h i s  and o t h e r  
i n v e s t i g a t i o n s .  R e f e r e n c i n g  t o  t h e  c a rb o n  I s  peak  a t  
285 eV s h o u l d  have c o r r e c t e d  d i f f e r e n c e s  i n  v a l u e s  ca u se d  
by u se  o f  d i f f e r e n t  i n s t r u m e n t s  and t e c h n i q u e s .

From t h e  XPS r e s u l t s  i t  was p o s s i b l e  t o  c a l c u l a t e  
t h e  r e l a t i v e  p r o p o r t i o n s  o f  oxygen ,  n i t r o g e n ,  c h l o r i n e  
and g o l d  c o n t a i n e d  by t h e  a d s o r b e n t s  r e l a t i v e  t o  t h e  
amount  o f  c a r b o n .  T hese  r e s u l t s  a r e  g i v e n  in  t a b l e  5 . 6 .  
A t t e m p t s  t o  d e t e r m i n e  t h e  p o t a s s i u m  c o n t e n t s  o f  t h e  
s a m p le s  were u n s u c c e s s f u l  due t o  t h e  low l e v e l s  a d s o r b e d .  
F o r  t h e  BP1300 sample  c o n t a i n i n g  t h e  l a r g e s t  
c o n c e n t r a t i o n  o f  p o t a s s i u m  t h e  a n a l y s i s  was r e p e a t e d ,  
l o o k i n g  f o r  t h e  K 2s p e a k .  T h i s  i s  much w eaker  t h a n  t h e  
2p peak  m easured  p r e v i o u s l y ,  b u t  t h e  d e t e c t i o n  l i m i t  i s  
l o w e r .  Using t h i s  method p o t a s s i u m  was d e t e c t e d  i n



1 6 7

q u a n t i t i e s  e x p e c t e d  from t h e  e x p e r i m e n t a l  a d s o r p t i o n  
r e s u l t s ,  b u t  t h e  t im e  r e q u i r e d  f o r  t h i s  a n a l y s i s  was t o o  
g r e a t  f o r  a n a l y s i s  o f  t h e  o t h e r  s a m p le s  t o  be c a r r i e d  
o u t .

Sample B ind ing  E n e r g i e s  
(eV)

C 0 N Cl Au
a 285 532 .9 401.0 2 00 .6
b 285 5 33 .5 T ND —

c 285 533 .1 4 0 1 . 2 / 3 9 8 . 6 2 00 .9 8 6 .0
d 285 533 .0 4 0 0 . 8 / 3 9 8 . 5 201 8 5 .8
e 285 5 32 .9 4 0 0 . 8 / 3 9 8 . 7 201 8 6 .0
f 285 533 .1 399 .2 201 8 5 .6

T a b le  5 .4  B in d in g  e n e r g i e s  o f  e l e m e n t s  d e t e c t e d  in  
c a r b o n s  by XPS. (a t o  e -  N o r i t  R2020 a c t i v a t e d  
c a r b o n ;  f -  BP1300 ca rb o n  b l a c k ,  a -  sample  
b e f o r e  a d s o r p t i o n ;  b -  h e a t - t r e a t e d  a t  1000°C 
u n d e r  n i t r o g e n ;  c and f -  g o l d  l o a d e d  from 
u n b u f f e r e d  s o l u t i o n  and d r i e d  a t  105°C; d -  
g o l d  l o a d e d  from u n b u f f e r e d  s o l u t i o n  and 
vacuum d r i e d  a t  room t e m p e r a t u r e ;  e -  g o ld  
l o a d e d  from d eo x y g e n a te d  s o l u t i o n .  ND- n o t  
d e t e c t e d ,  T- t r a c e . )
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Sample B in d in g  E n e r g i e s  
(eV)

Atomic R a t i o s  t o Carbon

N K Au N K Au
KAu(CN)2 39 8 .1 292 .8 85 .1 0 .3 1 0 .3 6 0 .3 2
AuCN 3 9 8 .6 84 .9 0 .4 1 0 .4 3
KCNO 3 9 8 .3 293 .3 ........... 0 .2 3 0 .5 5 ... .

T a b le  5 .5  B in d in g  e n e r g i e s  and c o m p o s i t i o n  o f  compounds 
d e t e r m i n e d  by XPS.

F o r  t h e  a c t i v a t e d  c a r b o n s  t h e  oxygen c o n t e n t s  o f  t h e  
s a m p le s  i n c r e a s e d  a s  a r e s u l t  o f  t h e  a d s o r p t i o n  p r o c e s s .  
The p o s s i b i l i t y  t h a t  t h i s  was due t o  t h e  p r o c e s s  o f  
d r y i n g  a t  105°C was d i s c o u n t e d ,  s i n c e  an  a l t e r n a t i v e  
vacuum d r y i n g  method gave even  h i g h e r  v a l u e s  ( sam ple  d ) .  
F u r t h e r  e v i d e n c e  t h a t  oxygen was b e in g  a d s o r b e d  from 
s o l u t i o n  i s  p r o v i d e d  by t h e  d e o x y g e n a te d  t e s t  ( sam ple  e ) ,  
where t h e  amount  o f  oxygen a d s o r b e d  i s  much l e s s  from th e  
oxygen f r e e  s o l u t i o n .  As a check on t h e  h e a t - t r e a t m e n t  o f  
t h e  c a r b o n s  a sam p le  o f  N o r i t  R2020 h e a t - t r e a t e d  a t  
1000°C u n d e r  n i t r o g e n  was a l s o  a n a l y s e d  (sam p le  b ) . T h i s  
i n d i c a t e d  t h a t  a p p r o x i m a t e l y  74 % o f  t h e  a d s o r b e d  oxygen 
had b ee n  removed by th e  h e a t - t r e a t m e n t .  The r e m a in in g  
26 % s h o u l d  be removed a t  h i g h e r  t e m p e r a t u r e s ,  up t o
1300°C.



Sample L oad ings Au:K R a t i o Atomic R a t i o s  to Carbon
Au

/ “ 1, (mg.g )
K

/ -1* (mg.g ) (m o l : m o l )
C O N Cl Au

a — — 1 .0 0 0 .074 0 .0 0 5 0 .0 0 3
( c r u s h e d ) 1 .0 0 0 .073 0 .0 0 4 0 .0 0 2

b — 1 .0 0 0 .019 0 . 0 0 0 0 . 0 0 0
c 7 6 .95 0 .4 9 3 1 .17 1 .0 0 0 .127 0 .0 2 3 0 .0 0 3 0 .0 0 5 2

( c r u s h e d ) 1 .00 0 .0 6 8 0 .0 1 3 0 .0 0 2 0 .0054
d 46 .4 7 2 .1 9 4 .2 1 1 .0 0 0 .1 5 4 0 .0 1 9 0 .0 0 3 0 .0 0 4 1

( c r u s h e d ) 1 .0 0 0 .0 7 9 0 . 0 1 1 0 .0 0 3 0 .0 0 4 2
e 24 .5 0 3 .81 1 .28 1 .0 0 0 .084 0 .0 0 8 0 .0 0 3 0 .0 0 2 4

( c r u s h e d ) 1 .0 0 0 .0 7 6 0 .0 1 0 0 .0 0 2 0 .0 0 2 7
f 25 .1 5 5 .7 3 0 .8 7 1 .0 0 0 .0 6 3 0 .0 0 2 0 . 0 0 1 0 .0 0 1 2

( c r u s h e d ) 1 .0 0 0 .0 6 7 0 .0 0 3 0 . 0 0 1 0 . 0 0 1 1

T a b le  5 .6  C o m p o s i t io n  o f  c a r b o n s  d e t e r m i n e d  by XPS

J 6 9
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To d e t e r m i n e  t h e  n a t u r e  o f  t h e  c a r b o n - o x y g e n  s p e c i e s  
a d s o r b e d  a peak  s y n t h e s i s  method was u sed  on t h e  c a r b o n  
I s  peak  o b t a i n e d  by s u b t r a c t i n g  t h e  s p e c t r a  o f  s a m p le s  a 
and c .  The s y n t h e s i s  g i v e s  t h e  b i n d i n g  e n e r g i e s  and 
r e l a t i v e  p r o p o r t i o n s  o f  t h e  c a r b o n - o x y g e n  s p e c i e s  
c o m p r i s i n g  t h e  peak w hich  w ere  a d s o r b e d  a l o n g  w i t h  t h e  
g o l d .  These  c a rb o n  b i n d i n g  e n e r g i e s  were  found  t o  
c o r r e s p o n d  t o  s i n g l y  and d o u b ly  bonded c a r b o n y l  g r o u p s  i n  
t h e  r a t i o  61 % C-0 ( 2 8 6 .6  eV) and 39 % C=0 (288 eV ) .  No 
peak  c o r r e s p o n d i n g  t o  c a r b o x y l  g ro u p s  (2 8 9 .2  eV) c o u l d  be 
d e t e r m i n e d ,  t h i s  i s  b e c a u s e  o f  a l a c k  o f  knowledge a b o u t  
t h e  e s s e n t i a l  peak  sh ap e  o f  c a rb o n  n o t  a t t a c h e d  t o  
oxygen .

XPS a n a l y s i s  i s  s u r f a c e  s e n s i t i v e ,  r e s u l t s  b e i n g  
o b t a i n e d  from t h e  t o p  2 nm o f  t h e  a d s o r b e n t .  To g e t  a 
more r e p r e s e n t a t i v e  ( b u lk )  a n a l y s i s  t h e  s a m p le s  were  
g round  i n  a m o r t a r  and p e s t l e  and th e  a n a l y s i s  r e p e a t e d .  
The r e s u l t s  o f  t h e s e  a n a l y s e s  a r e  g i v e n  a s  t h e  c r u s h e d  
v a l u e s  i n  t a b l e  5 . 6 .  A f e a t u r e  o f  t h e  oxygen a d s o r p t i o n  
i s  t h a t  i t  o n ly  o c c u r s  a t  t h e  e x t e r n a l  s u r f a c e  o f  t h e  
c a r b o n s ,  s i n c e  g r i n d i n g  t h e  sa m p le s  r e s u l t e d  i n  much 
lo w e r  c o n c e n t r a t i o n s  b e in g  d e t e c t e d .

The n i t r o g e n  c o n t e n t s  w ere  a l s o  more c o n c e n t r a t e d  on 
t h e  e x t e r n a l  s u r f a c e  o f  t h e  c a r b o n s ,  b u t  t h e  c r u s h e d  
s a m p le s  show t h a t  n i t r o g e n  i s  a l s o  found a d s o r b e d  i n  t h e  
p o r e s .  From t h e  s p e c t r a  i n  t h e  n i t r o g e n  r e g i o n  i t  was 
p o s s i b l e  t o  d e t e r m i n e  two d i f f e r e n t  n i t r o g e n  s t a t e s
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( f i g u r e  5 . 3 ) .  These  had b i n d i n g  e n e r g i e s  o f  from 398 .4  to
3 98 .8  eV, and 4 00 .8  t o  401 .5  eV, e x c e p t  t h e  sam ple  lo a d e d  
by BP1300 ( f )  which  had o n ly  one n i t r o g e n  s t a t e  a t
399 .2  eV. The l o w e s t  b i n d i n g  e n e r g y  s t a t e  was r e l a t e d  t o  
g o l d  a d s o r p t i o n ,  o n ly  b e in g  d e t e c t e d  on t h e  lo a d e d  
s a m p le s  ( t a b l e  5 . 7 ) .  The h i g h e s t  b i n d i n g  e n e rg y  s t a t e  
c o u ld  be d e t e c t e d  on t h e  u n lo a d e d  s a m p le ,  b u t  t h e  
c o n c e n t r a t i o n  i n c r e a s e d  on g o l d  l o a d i n g .  I t  was t h i s  
s t a t e  t h a t  was more c o n c e n t r a t e d  on t h e  e x t e r n a l  s u r f a c e  
o f  t h e  g o l d  l o a d e d  a c t i v a t e d  c a r b o n s  ( s a m p le s  c and d) , 
b u t  n o t  d u r i n g  d e o x y g e n a te d  a d s o r p t i o n  (sam ple  e ) .

F i g u r e  5 .3  N i t r o g e n  sp ec t ru m  o f  a g o l d  l o a d e d  a c t i v a t e d  
c a r b o n  (sam ple  d) showing a d o u b le  peak 
c o r r e s p o n d i n g  t o  two d i f f e r e n t  n i t r o g e n  
s p e c i e s .

In  t a b l e  5 .5  t h e  r e s u l t s  a r e  g i v e n  o f  XPS a n a l y s i s  
o f  p u r e  s a m p le s  o f  KAu(CN)2 AuCN, and KCNO. In a l l  t h r e e
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c a s e s  t h e r e  i s  o n l y  one n i t r o g e n  b i n d i n g  e n e r g y ,  
c o r r e s p o n d i n g  t o  t h e  CN g ro u p  a t  398 eV. T h i s  a g r e e s  
w i t h  t h e  a n a l y s i s  o f  t h e  c a r b o n s  w here  t h i s  b i n d i n g  
e n e rg y  was o n l y  found  on t h e  g o l d  l o a d e d  s a m p l e s .  The 
h i g h e r  b i n d i n g  e n e r g y  (401 eV) w i l l  c o r r e s p o n d  t o  a more 
h i g h l y  o x i d i z e d  s p e c i e s  th a n  c y a n i d e ,  s u c h  a s  an  am ine .  
The d e t e c t i o n  o f  ammonia would n o t  o c c u r  due t o  i t s  
v o l a t i l i t y ,  r e s u l t i n g  i n  i t s  rem ova l  by t h e  vacuum 
s y s te m .

Sample Atomic R a t i o s  Adsorbed

Au: C

N i t r o g e n  S t a t e
T o t a l A B

N: C Au: N N: C Au: N N: C Au: N
c 0 .0 0 5 2 0 .018 0 .29 0 .0 1 3 0 .4 0 0 .0 0 5 1 .04
( c r u s h e d ) 0 .0 0 5 4 0 .0 0 9 0 .6 0 0 .0 0 3 1 .8 0 0 .0 0 5 1 .08

d 0 .0 0 4 1 0 .0 1 4 0 .29 0 .0 0 8 0 .5 1 0 .0 0 6 0 .6 8
( c r u s h e d ) 0 .0 0 4 2 0 .0 0 7 0 .60 0 . 0 0 1 4 .2 0 0 .0 0 5 0 .84

e 0 .0 0 2 4 0 .0 0 3 0 .80 0 .0 0 2 1 .2 0 0 . 0 0 1 2 .4 0
( c r u s h e d ) 0 .0 0 2 7 0 .0 0 6 0 .45 0 .0 0 2 1 .3 5 0 .0 0 4 0 .68

f 1 0 .0 0 1 2 0 .0 0 2 0 .50 —
( c r u s h e d )  ] 0 . 0 0 1 1 0 .0 0 3 0 .4 2 — —

T a b le  5 . 7  Atomic r a t i o s  o f  a d s o r b e d  g o l d  and n i t r o g e n  on 
a c t i v a t e d  c a r b o n s ,  (c t o  f -  a s  i n  t a b l e  5 . 4 ;  
A- 401 eV n i t r o g e n  s t a t e ?  B- 398 eV n i t r o g e n  
s t a t e  (CN )? %- 399.2  eV n i t r o g e n  s t a t e . )
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A p ro b lem  w i t h  t h e  a n a l y s i s  o f  t h e s e  t h r e e  compounds 
i s  t h e  p r o p o r t i o n s  o f  t h e  d i f f e r e n t  e l e m e n t s  d e t e c t e d .  In 
a l l  c a s e s  t h e  c a rb o n  c o n t e n t  i s  t o o  h i g h ,  l e a d i n g  t o  
a to m ic  r a t i o s  t o  c a r b o n  t h a t  a r e  low.  T h i s  i s  c a u s e d  by 
d e p o s i t i o n  o f  c a r b o n  from t h e  a t m o s p h e r e  o r  d u r i n g  
a n a l y s i s .  In  t h e  c a s e  o f  KAufCN^ t h e  g o l d  : n i t r o g e n  
r a t i o  i s  a p p r o x i m a t e l y  1, a v a lu e  o f  0 . 5  b e i n g  e x p e c t e d .  
These  d i s c r e p a n c i e s  c o u l d  c a s t  d o u b t s  o v e r  t h e  r e s u l t s  
g i v e n  i n  t a b l e s  5 . 6  and 5 . 7 .  However f o r  sam p le  c i t  i s  
p o s s i b l e  t o  r e - c a l c u l a t e  t h e s e  a to m ic  r a t i o s  from t h e  
m i c r o a n a l y s i s  d a t a .  In  t a b l e  5 . 3  t h e  a d s o r b e d
g o ld  : n i t r o g e n  r a t i o  o f  sample c ( l o a d e d  w i t h  
76 .9 5  mg.g  ̂ g o ld )  was g i v e n  a s  0 . 6 4 .  T h i s  com pares  
f a v o u r a b l y  w i t h  t h e  XPS r e s u l t  o f  0 .6 0  g i v e n  i n  t a b l e  5 .7  
( f o r  n i t r o g e n  a d s o r b e d  i n  b o t h  s t a t e s ) .  Thus t h e  r e l a t i v e  
am ounts  o f  g o l d  and n i t r o g e n  d e t e c t e d  by XPS a g r e e  w i t h  
t h e  b u lk  m i c r o a n a l y s i s .  The a to m ic  r a t i o  o f  t h e  t o t a l  
n i t r o g e n  c o n t e n t  t o  c a r b o n  f o r  t h e  sam p le  c r u s h e d  i s
0 .013  by XPS ( t a b l e  5 . 6 ) .  M i c r o a n a l y s i s  gave  a t o t a l  
c a rb o n  c o n t e n t  o f  8 0 .8 0  wt %, and 1 .2 2  wt % n i t r o g e n .  
T h i s  i s  e q u i v a l e n t  t o  an  a to m ic  n i t r o g e n  : c a rb o n  r a t i o  
o f  0 .0 1 2 9 .  Thus t h e  a b s o l u t e  n i t r o g e n  c o n t e n t s  by XPS 
a g r e e  w i t h  t h e  m i c r o a n a l y t i c a l  d a t a ,  and t h e  i n a c c u r a c i e s  
i n  t h e  r e l a t i v e  g o l d ,  c a r b o n ,  and n i t r o g e n  c o n t e n t s  found 
by a n a l y s i s  o f  p u r e  KAufCN^ do n o t  seem t o  be a p p a r e n t  
i n  t h e  XPS r e s u l t s  o f  t h e  g o ld  l o a d e d  c a r b o n s .  The 
s i m i l a r i t y  o f  n i t r o g e n  c o n t e n t s  d e t e r m i n e d  by t h e s e  two 
methods i n d i c a t e s  t h a t  t h e  a d s o r b e d  s p e c i e s  a r e  n o t  i n  
t h e  form o f  l a r g e  p a r t i c l e s .  S in c e  XPS i s  a s u r f a c e
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s e n s i t i v e  t e c h n i q u e ,  r e s u l t s  b e in g  o b t a i n e d  from t h e  t o p  
2 nm o f  t h e  sa m p le ,  and m i c r o a n a l y s i s  i s  a b u lk  
t e c h n i q u e ,  t h e  maximum s i z e  o f  any g o l d  p a r t i c l e  i s  
a p p r o x i m a t e l y  2 nm.

The r e a s o n  f o r  t h e  low n i t r o g e n  c o n t e n t  found  f o r  
KAu (CN>2 may be r e l a t e d  t o  t h e  p r e s e n c e  o f  oxygen found 
d u r i n g  XPS a n a l y s i s .  The 0 :C  r a t i o  was 0 . 0 9 ,  s u g g e s t i n g  
p o s s i b l e  h y d r o l y s i s  o f  KAufCN^ w i t h  l i b e r a t i o n  o f  
ammonia. T h i s  would r e s u l t  i n  p o t a s s i u m  c a r b o n a t e  and 
AuCN b e i n g  l e f t ,  and a Au:N r a t i o  o f  1.

Fo r  t h e s e  c o m p a r a t i v e  c a l c u l a t i o n s  u s i n g  sam p le  c i t  
i s  assumed t h a t  a l l  K i s  a d s o r b e d  a s  KAufCN^. S i n c e  t h e  
e x p e r i m e n t a l l y  d e t e r m i n e d  Au:K a d s o r p t i o n  r a t i o  was 
3 1 .1 7 ,  o n l y  3 .2  % o f  t h e  g o ld  a d s o r b e d  i s  a s  t h i s  
complex .  A no th e r  sam p le  (e )  l o a d e d  from d e o x y g e n a te d  
s o l u t i o n  h as  an e x p e r i m e n t a l l y  d e t e r m i n e d  Au:K r a t i o  o f  
1 . 2 8 .  T h i s  i s  e q u i v a l e n t  t o  78 .1  % of  t h e  g o ld  l o a d e d  a s  
KAufCN^* and a Au:N r a t i o  o f  0 .5 6  i f  i t  i s  assumed t h a t  
AuCN i s  t h e  o t h e r  g o l d  s p e c i e s  a d s o r b e d  ( t a b l e  5 . 8 ) .  From 
XPS r e s u l t s  t h i s  r a t i o  was c a l c u l a t e d  a s  0 . 6 8 ,  u s i n g  
r e s u l t s  f o r  n i t r o g e n  a d s o r b e d  a s  t h e  c y a n i d e  com plex .  The 
d i f f e r e n c e  can  be  a t t r i b u t e d  t o  e x p e r i m e n t a l  e r r o r  from 
t h e  a d s o r p t i o n  r e s u l t s .  Thus t h e s e  two sa m p le s  w h ich  have 
l a r g e  d i f f e r e n c e s  i n  t h e i r  r e l a t i v e  v a l u e s  o f  t h e  Au:K 
a d s o r p t i o n  r a t i o  p r o v i d e  s t r o n g  e v i d e n c e  f o r  t h e  a c c u r a c y  
o f  t h e  e x p e r i m e n t a l  and XPS methods used  t o  d e t e r m i n e  t h e  
r e l a t i v e  p r o p o r t i o n s  o f  t h e  a d s o r b e d  e l e m e n t s .
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The co m p ar i so n  ( t a b l e  5 ,8 )  be tw een  t h e  
g o ld  : n i t r o g e n  r a t i o s  c a l c u l a t e d  from e x p e r i m e n t a l  
a d s o r p t i o n  t e s t s  and t h e  XPS f i g u r e s  shows a r e m a r k a b l e  
s i m i l a r i t y  o f  r e s u l t s .  The e x p e r i m e n t a l  g o l d  : n i t r o g e n  
r a t i o s  have been c a l c u l a t e d  from t h e  g o l d  : p o t a s s i u m  
v a l u e s  g i v e n ,  as sum ing  a l l  p o t a s s i u m  i s  a d s o r b e d  a s  
KAu (CN)2 , and e x c e s s  g o l d  a s  AuCN. The XPS r e s u l t s  a r e  
t h o s e  c a l c u l a t e d  u s i n g  o n ly  t h e  n i t r o g e n  c o n t e n t s  found 
a t  398 eV, c o r r e s p o n d i n g  t o  c y a n id e  g r o u p s .

Sample Atomic R a t i o s  A dsorbed
E x p e r im e n ta l XPS
Au: K Au: N Au: N

c 31 .1 7 0 .9 7 1 .0 8
d 4 .2 1 0 .81 0 .8 4
e 1 .2 8 0 .5 6 0 .6 8
f 0 .8 7 0 .4 7 0 .4 2

T a b le  5 .8  Comparison  o f  a to m ic  r a t i o s  c a l c u l a t e d  from 
e x p e r i m e n t a l  a d s o r p t i o n  d a t a  a s su m in g  KAufCN^ 
and AuCN a d s o r p t i o n ,  w i t h  t h o s e  d e t e r m i n e d  
from XPS r e s u l t s  u s in g  c y a n i d e  n i t r o g e n .

The r e s u l t s  s u g g e s t  t h a t  f o r  t h e s e  c a r b o n s  o n l y  
KAu (CN) 2  and AuCN a r e  t h e  a d s o r b e d  g o l d  s p e c i e s .  
A d s o r p t i o n  o f  Au(CN>2 o r  HAu(CN) 2  would  i n c r e a s e  t h e  
e x p e r i m e n t a l  g o ld  s p o t a s s iu m  r a t i o ,  g i v i n g  h i g h e r  
g o ld  : n i t r o g e n  r a t i o s  a s  c a l c u l a t e d  from e x p e r i m e n t a l  
r e s u l t s ,  b u t  would n o t  a f f e c t  t h e  XPS r e s u l t s .  The
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m i c r o a n a l y s i s  r e s u l t s  d i s c u s s e d  e a r l i e r  s u g g e s t e d  much 
lo w er  g o l d  : n i t r o g e n  r a t i o s  o f  a ro u n d  0 .6 0  ( t a b l e  5 . 3 ) ,  
b u t  t h e s e  c o n s i d e r  t h e  t o t a l  n i t r o g e n  c o n t e n t  a d s o r b e d .  
S i m i l a r  r e s u l t s  have been  shown f o r  t o t a l  a d s o r b e d  
n i t r o g e n  by XPS ( t a b l e  5 . 7 ) .  The d i f f e r e n c e  b e tw een  t h e s e  
v a l u e s ,  i . e .  t h e  n i t r o g e n  c o n t e n t s  i n  t h e  form o f  t h e  
h i g h e r  b i n d i n g  e n e r g y  s p e c i e s ,  would t h u s  a p p e a r  t o  be a 
n i t r o g e n  c o n t a i n i n g  d e c o m p o s i t i o n  p r o d u c t  o f  KAufCN^* 
F u r t h e r  e v i d e n c e  f o r  t h i s  d e c o m p o s i t i o n  comes from t h e  
oxygen c o n t e n t s  o f  t h e  c a r b o n s  ( t a b l e  5 . 6 ) .  The p r e s e n c e  
o f  t h e  401 eV n i t r o g e n  s t a t e  on t h e  u n c r u s h e d  s a m p le s  
c o r r e l a t e s  w i t h  t h e  p r e s e n c e  o f  e x c e s s  oxygen  ( s a m p le s  c 
and d ) .  F o r  t h e  d e o x y g e n a te d  a d s o r p t i o n  sam p le  ( e ) ,  where  
l i t t l e  o r  no d e c o m p o s i t i o n  o f  KAufCN^ o c c u r s ,  t h e r e  i s  
no change i n  t h e  c o n c e n t r a t i o n  o f  t h e  401 eV n i t r o g e n  
s t a t e  on c r u s h i n g .  Also  t h e  d i f f e r e n c e  i n  oxygen 
c o n c e n t r a t i o n  i s  s m a l l .  Thus t h e  h i g h e r  b i n d i n g  en e rg y  
s t a t e  o f  n i t r o g e n ,  found p r e d o m i n a t e l y  on t h e  e x t e r n a l  
s u r f a c e  o f  t h e  c a r b o n s ,  i s  a s s o c i a t e d  w i t h  e x c e s s  oxygen ,  
and i s  most  l i k e l y  a r e s u l t  o f  KAufCN^ d e c o m p o s i t i o n .

The c h l o r i n e  c o n t e n t  o f  t h e  c a r b o n s  ( t a b l e  5 .6 )  i s  
due t o  t h e  h y d r o c h l o r i c  a c i d  w ash ing  s t a g e .  The r e s u l t s  
show t h a t  even  w i t h  t h e  t h o ro u g h  s o x h l e t  c o n d en sed  v ap o u r  
washing o p e r a t i o n  c a r r i e d  o u t  a f t e r  a c i d  w a s h in g ,  t h e r e  
i s  s t i l l  an  a p p r e c i a b l e  amount o f  c h l o r i n e  a d s o r b e d .  The 
p o s s i b l e  e f f e c t s  on  g o ld  a d s o r p t i o n  have been  d i s c u s s e d  
e a r l i e r  ( s e c t i o n  3 . 3 . 5 ) .
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5 .4  C o n c l u s i o n s

Recovery  o f  a d s o r b e d  g o ld  from lo a d e d  c a r b o n s  has  
been  shown t o  o c c u r  by c o n t i n u o u s  e l u t i o n  u s i n g  a s o x h l e t  
a p p a r a t u s .  No p r e - t r e a t m e n t  of  th e  l o a d e d  c a r b o n s  was 
n e c e s s a r y  f o r  e l u t i o n s  o f  from 50 t o  70 % i n  1 week. 
T h ree  forms of  e l u t e d  g o ld  were found.

(1) KAu(CN)2 - in solution.

(2) AuCN -  p r e c i p i t a t e d  from s o l u t i o n .  T h i s  was shown
t o  o c c u r  by t h e  d e c o m p o s i t i o n  o f  d e s o r b e d  
Au (CN)2“ .

(3) Au -  e i t h e r  a s c o l l o i d a l s o l u t i o n o r
p r e c i p i t a t e d . T h i s  was formed by th e
d e c o m p o s i t i o n of  AuCN a d s o r b e d by th e
c a r b o n s .

N i t r o g e n  c o n t e n t s  d e te r m in e d  by m i c r o a n a l y s i s  
c o r r o b o r a t e d  t h e s e  e l u t i o n  r e s u l t s .  However, XPS a n a l y s i s  
i n d i c a t e d  t h a t  p a r t  o f  t h e  n i t r o g e n  was a d s o r b e d  a s  a 
d e c o m p o s i t i o n  p r o d u c t  o f  c y a n id e .  T h i s  p r o d u c t  was 
a s s o c i a t e d  w i t h  C-0 and C=0 g ro u p s  formed on t h e  e x t e r n a l  
s u r f a c e  o f  t h e  c a r b o n s .  In t h e  i n t e r i o r  o f  t h e  c a rb o n s  
e x c e s s  oxygen was n o t  fo u n d ,  and t h e  o n ly  n i t r o g e n  
s p e c i e s  a d s o r b e d  were i n  t h e  form of  c y a n i d e s .

B in d in g  e n e rg y  f i g u r e s  i n d i c a t e d  t h a t  a l l  o f  t h e
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a d s o r b e d  g o l d  was i n  t h e  1+ o x i d a t i o n  s t a t e ,  t h u s  b e in g
n 4>i n  t h e  form o f  M (Au(CN)2 )n o r  AuCN. Combining t h e  

n i t r o g e n  c o n t e n t s  d e t e r m i n e d  by XPS w i t h  t h e  p o t a s s i u m  
c o n t e n t s  m easured  from e x p e r i m e n t a l  a d s o r p t i o n  t e s t s  i t  
was shown t h a t  t h e  a d s o r b e d  g o ld  s p e c i e s  must  be KAufCN^ 
and AuCN.
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6 Summary o f  R e s u l t s

T h i s  s t u d y  o f  g o l d  a d s o r p t i o n  by a s e r i e s  o f  
a c t i v a t e d  c a r b o n s  and h e a t - t r e a t e d  c a r b o n  b l a c k s  h a s  
r e s u l t e d  i n  t h e  p r e s e n t a t i o n  o f  many r e s u l t s  w hich  w i l l  
a i d  i n  t h e  u n d e r s t a n d i n g  o f  t h e  a d s o r p t i o n  m echanism.

I n i t i a l l y  a t t e m p t s  were  made t o  c o r r e l a t e  g o l d  
l o a d i n g ,  c a l c u l a t e d  u s i n g  t h e  Langmuir  a d s o r p t i o n  
i s o t h e r m ,  w i t h  t h e  s t r u c t u r a l  p r o p e r t i e s  o f  a s - r e c e i v e d  
and h e a t - t r e a t e d  c a r b o n  b l a c k s .  The m ost  s i g n i f i c a n t  
c o r r e l a t i o n  p ro d u c ed  was w i t h  t h e  Langmuir  Xm v a l u e  and 
t h e  BET s u r f a c e  a r e a .  T h i s  i n d i c a t e d  t h a t  o t h e r  f a c t o r s  
such  a s  s u r f a c e  c h e m i s t r y  and p o r e  s i z e  and s t r u c t u r e  d i d  
n o t  d i r e c t l y  i n f l u e n c e  t h e  a d s o r p t i o n  p r o c e s s .  S u r f a c e  
c o v e ra g e  was a l s o  shown t o  be v e r y  low ,  a t  a p p r o x i m a t e l y  
4 %.

T h i s  c o r r e l a t i o n  was s t i l l  o b t a i n e d  a f t e r  a c i d  
w ash ing  o f  t h e  c a rb o n  b l a c k s ,  and l o a d i n g  from u n b u f f e r e d  
s o l u t i o n s .  However i n  b o t h  c a s e s  t h e  amount o f  g o l d  
a d s o r b e d  was r e d u c e d .  The two e f f e c t s  w ere  shown t o  be 
a c t i n g  s e p a r a t e l y ,  w i t h  a c i d  w ash ing  p r o b a b l y  l e a v i n g  
c h l o r i d e  g r o u p s  on t h e  c a rb o n  s u r f a c e  t o  i n t e r f e r e  w i t h  
a d s o r p t i o n ,  and rem ova l  o f  ' s p e c t a t o r '  c a t i o n s  a f f e c t i n g  
u n b u f f e r e d  t e s t s .

D ur ing  a d s o r p t i o n  t e s t s  i n  b u f f e r e d  s o l u t i o n s  t h e r e  
was no a d s o r p t i o n  o f  p o t a s s i u m  from s o l u t i o n .  T h i s  was
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assumed t o  be due t o  NaAufCN^ a d s o r p t i o n .  F o r  u n b u f f e r e d  
t e s t s  u s i n g  a c i d  washed c a r b o n s  p o t a s s i u m  was a d s o r b e d ,  
b u t  t h e  amount was a lw a y s  l e s s  t h a n  would be  e x p e c t e d  f o r  
KAufCN^ a d s o r p t i o n .  The p o s s i b i l i t y  o f  d e c o m p o s i t i o n  o f  
KAu (CN)2 t o  AuCN and  KCN was c o n s i d e r e d ,  b u t  a n a l y s i s  o f  
s o l u t i o n s  a f t e r  a d s o r p t i o n  f a i l e d  t o  d e t e c t  any  f r e e  
c y a n i d e  p r o d u c e d .  T h i s  s u g g e s t e d  t h e  p o s s i b i l i t y  o f  
c y a n id e  d e c o m p o s i t i o n  t o  c a r b o n a t e  and ammonia.

F o r  a d s o r p t i o n  from d e o x y g e n a te d  s o l u t i o n s  t h e  
amounts  o f  g o ld  and p o t a s s i u m  a d s o r b e d  c o r r e l a t e d  w e l l  
w i t h  KAu (CN) 2  a d s o r p t i o n .  The amount o f  g o ld  a d s o r b e d  was 
a lw a y s  l e s s  u n d e r  t h e s e  c o n d i t i o n s  t h a n  would n o r m a l l y  be 
e x p e c t e d .  On e x p o s u r e  t o  oxygen however g o ld  a d s o r p t i o n  
i n c r e a s e s  t o  i t s  e x p e c t e d  l e v e l ,  and p o t a s s i u m  i s  
d e s o r b e d .  T h i s  s t r o n g l y  s u g g e s t e d  t h a t  d e c o m p o s i t i o n  t o  
AuCN and c a r b o n a t e  and ammonia was o c c u r r i n g ,  a s  t h i s  
s t e p  was shown t o  r e q u i r e  m o l e c u l a r  oxygen .

A d d i t i o n  o f  c a t i o n s  a s  c h l o r i d e s  t o  s o l u t i o n s  o f  
KAu (CN) 2  was shown t o  r e s u l t  i n  i n c r e a s e d  g o l d  a d s o r p t i o n  
in  t h e  o r d e r

,T+ „ 2+ 2+ .. + .,+H > Ca > Mg > Na > K

In a c i d  s o l u t i o n  HAu(CN>2 was t h e  o n l y  s p e c i e s  
a d s o r b e d ,  even  w i t h  t h e  o t h e r  c a t i o n s  p r e s e n t .  In  n e u t r a l  
s o l u t i o n s  c o n t a i n i n g  s e v e r a l  c a t i o n s  i t  was shown t h a t  
a l l  c a t i o n s  a r e  a d s o r b e d ,  b u t  t h e  amounts  f o l l o w e d  t h e
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o r d e r  g i v e n  ab ove .  The t o t a l  g o l d  t o  c a t i o n  a d s o r p t i o n  
r a t i o s  were  s t i l l  g r e a t e r  t h a n  1, t h u s  s u g g e s t i n g  t h a t  
d e c o m p o s i t i o n  t o  AuCN was s t i l l  o c c u r r i n g .

D eo x y g e n a t io n  in  t h e  p r e s e n c e  o f  ' s p e c t a t o r '  c a t i o n s  
d i d  n o t  have q u i t e  t h e  same e f f e c t  a s  in  t h e  p u re  
KAufCN^ s o l u t i o n s .  In a c i d  s o l u t i o n  t h e r e  was no change 
i n  g o l d  o r  c a t i o n  a d s o r p t i o n  u n d e r  d e o x y g e n a te d  o r  
o x y g e n a t e d  c o n d i t i o n s .  For  t h e  o t h e r  c a t i o n s  t h e  e f f e c t s  
w ere  s i m i l a r  to  t h o s e  in  p u r e  KAufCN^ s o l u t i o n s ,  th o ug h  
much r e d u c e d .

Using  p u re  s o l u t i o n s  o f  Mn + (Au(CN) ^  )n (where  Mn+ = 
■t 2+ 2+ + +H , Ca / Mg , Na , o r  K ) i t  was p o s s i b l e  t o  o b t a i n  

b e t t e r  i n f o r m a t i o n  a b o u t  t h e  r e l a t i v e  e f f e c t s  o f  t h e  
d i f f e r e n t  c a t i o n s  on g o l d  a d s o r p t i o n .  The r e s u l t s  a g r e e d  
w i t h  t h o s e  o b t a i n e d  from ad d in g  c a t i o n s  a s  c h l o r i d e s ,  and 
i t  i s  t h o u g h t  t h a t  a r i g o r o u s  i n v e s t i g a t i o n  i n t o  t h e  
r e l a t i v e  e f f e c t s  of  t h e s e  s p e c i e s  on g o ld  a d s o r p t i o n  may 
p ro v e  u s e f u l  i n  u n d e r s t a n d i n g  why t h e  c a t i o n s  have 
d i f f e r i n g  e f f e c t s .

E l u t i o n  of  a d s o r b e d  g o ld  u s in g  a s o x h l e t  a p p a r a t u s  
was shown t o  be e f f e c t i v e ,  w i t h  up t o  70 % b e in g  
r e c o v e r e d .  Th ree  forms o f  g o l d  w ere  o b t a i n e d  u s in g  t h i s  
m ethod .  KAufCN^ was found i n  s o l u t i o n ,  AuCN was 
p r e c i p i t a t e d  from s o l u t i o n ,  and m e t a l l i c  g o l d  was a l s o  
p r e c i p i t a t e d  o r  found i n  c o l l o i d a l  s o l u t i o n .
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The AuCN e l u t e d  was shown n o t  t o  be AuCN a d s o r b e d  by 
t h e  c a r b o n s ,  which  was shown t o  e l u t e  a s  m e t a l l i c  g o ld .  
I t  must  have b e e n  p roduced  by t h e  d e c o m p o s i t i o n  of  
HAufCN^ in  t h e  e l u a t e ,  which must  have been  e l u t e d  from 
t h e  c a r b o n .

S i g n i f i c a n t  q u a n t i t i e s  o f  t h e  d e c o m p o s i t i o n  p r o d u c t s  
o f  c y a n id e  c o u l d  n o t  be d e t e c t e d  i n  t h e  e l u a t e ,  however 
i t  was shown t h a t  HAufCN^ was in  s o l u t i o n .

M i c r o a n a l y s i s  o f  g o ld  l o a d e d  c a r b o n s  was used  to  
d e t e r m i n e  n i t r o g e n  c o n t e n t s .  The r e s u l t s  i n d i c a t e d  t h a t  
i n s u f f i c i e n t  n i t r o g e n  was a d s o r b e d  to  a c c o u n t  f o r
KAu (CN)2 and HAu( CN)2 / b u t  to o much was p r e s e n t f o r
KAu( CN) 2 and AuCN. Thus th e  o n ly p o s s i b i l i t i e s  were  a
c o m b in a t io n  o f  a l l t h r e e s p e c i e s , o r  t h e  a d s o r p t i o n of
KAufCN^j AuCN, and p a r t  o f  a n i t r o g e n  c o n t a i n i n g  
d e c o m p o s i t i o n  p r o d u c t  of  c y a n id e .

X -ray  p h o t o e l e c t r o n  s p e c t r o s c o p y  was used  to  
d e t e r m i n e  t h e  o x i d a t i o n  s t a t e  o f  t h e  a d s o r b e d  g o ld  
s p e c i e s .  R e s u l t s  i n d i c a t e d  t h a t  a l l  g o l d  was i n  t h e  1 + 
o x i d a t i o n  s t a t e ,  t h u s  r u l i n g  o u t  any r e d u c t i o n  type  
a d s o r p t i o n  mechan ism , and c o n f i r m in g  t h a t  e i t h e r  AuCN o r  
a Mn + (Au(CN)2 )n t y p e  s p e c i e s  a r e  a d s o r b e d .

A n a l y s i s  o f  oxygen c o n t e n t s  by XPS i n d i c a t e d  t h a t  
l a r g e  c o n c e n t r a t i o n s  were p ro d u c ed  on t h e  e x t e r n a l  
s u r f a c e  o f  t h e  c a r b o n s  a s  a r e s u l t  o f  g o l d  a d s o r p t i o n .
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The form o f  t h e  oxygen was p r e d o m i n a t e l y  a s  s i n g l y  and 
doub ly  bonded  c a r b o n y l  g r o u p s ,  i n  t h e  r a t i o  3 : 2 ,  t h o u g h  
t h e  p r e s e n c e  o f  c a r b o x y l  g r o u p s  c o u l d  n o t  be  d i s c o u n t e d .

N i t r o g e n  was a l s o  shown t o  be c o n c e n t r a t e d  on th e  
e x t e r n a l  s u r f a c e  a s  a r e s u l t  o f  g o ld  a d s o r p t i o n .  However 
t h i s  was i n  t h e  form o f  two d i s t i n c t  s p e c i e s .  One 
c o r r e s p o n d e d  t o  a c y a n i d e  g roup  and c o u l d  be e i t h e r  AuCN 
o r  Mn + (Au(CN)” )n « The o t h e r  was shown n o t  t o  be a c y a n i d e  
s p e c i e s ,  b u t  was more h i g h l y  o x i d i z e d  s u g g e s t i n g  an  amine 
ty p e  d e c o m p o s i t i o n  p r o d u c t  o f  c y a n i d e .  I t  was t h i s  se co n d  
s p e c i e s  t h a t  was c o n c e n t r a t e d  on t h e  e x t e r n a l  s u r f a c e ,  
t h e  c y a n i d e  s p e c i e s  b e i n g  found e v e n l y  o v e r  t h e  c a r b o n  
s u r f a c e .

The t o t a l  n i t r o g e n  c o n t e n t s  d e t e r m i n e d  by XPS were  
shown t o  a g r e e  w i t h  t h o s e  d e t e r m i n e d  by m i c r o a n a l y s i s .  
T h i s  c o u l d  o n l y  be e x p e c t e d  i f  t h e  g o l d  was a d s o r b e d  a s  
s p e c i e s  s m a l l e r  t h a n  a p p r o x i m a t e l y  2 nm, which  i s  t h e  
d e p t h  o f  p e n e t r a t i o n  o f  t h e  s p e c t r o p h o t o m e t e r  u s e d .  T h i s  
r u l e s  o u t  a d s o r p t i o n  o f  c l u s t e r  t y p e  compounds a s  t h e y  
can be much l a r g e r  t h a n  t h i s .

By s u b t r a c t i o n  o f  t h e  f r a c t i o n  o f  n i t r o g e n  shown to  
be a d s o r b e d  a s  an am ine  ty p e  s p e c i e s  from t h e  
m i c r o a n a l y s i s  r e s u l t s ,  i t  was shown t h a t  t h e  n i t r o g e n  
c o n t e n t s  c o r r e l a t e  t o  KAuCCN)^ and AuCN a d s o r p t i o n  o n l y .

From t h e s e  p o i n t s  i t  i s  p o s s i b l e  t o  d e v e l o p  a s im p le
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a d s o r p t i o n  m echan ism .

(a )  Gold : c a t i o n  a d s o r p t i o n  r a t i o s  u n d e r  d e o x y g e n a te d  
c o n d i t i o n s  i n d i c a t e  t h a t  t h e  i n i t i a l l y  a d s o r b e d  
s p e c i e s  i s  Mn + (Au(CN) 2 ) n t where Mn+ i s  t h e  c a t i o n  in  
s o l u t i o n .  From s o l u t i o n s  c o n t a i n i n g  more t h a n  one 
c a t i o n  a c o m b in a t io n  o f  s p e c i e s  i s  a d s o r b e d  f o l l o w i n g  
t h e  o r d e r : -

u -*- \  r  2+ v u 2+ . .. + . v +H > Ca > Mg > Na > K

(b) I f  m o l e c u l a r  oxygen i s  p r e s e n t  i n  s o l u t i o n  th e n  a 
r e a c t i o n  o c c u r s  l e a v i n g  AuCN and an  am ine  ty p e  
s p e c i e s  a d s o r b e d ,  w i t h  c a t i o n  d e s o r p t i o n .  For  
e x a m p le : -

KAu( CN) 2 + |  0 2 + 2 H20  = KHCC>3 + AuCN + NH3 ( 6 . 1 )

E v id e n c e  f o r  su c h  a s t e p  comes from t h e  i n c r e a s e  
i n  g o l d  a d s o r p t i o n  on o x y g e n a t i o n  f o l l o w i n g  
d e o x y g e n a t i o n ,  w i t h o u t  a c o r r e s p o n d i n g  i n c r e a s e  i n  
c a t i o n  a d s o r p t i o n ;  i n s u f f i c i e n t  c y a n i d e  n i t r o g e n  
a d s o r p t i o n  t o  a c c o u n t  f o r  t h e  Mn + (Au(CN)” ) n s p e c i e s ?  
a d s o r p t i o n  o f  a n i t r o g e n  c o n t a i n i n g  am ine  g ro u p ;  
e l u t i o n  o f  m e t a l l i c  g o ld  c a u s e d  by th e r m a l  
d e c o m p o s i t i o n  o f  a d s o r b e d  AuCN.

Mechanisms p r o p o s i n g  a d s o r p t i o n  o f  m e t a l l i c  g o l d  can 
be d i s c o u n t e d  s i n c e  i n  t h i s  i n v e s t i g a t i o n  XPS a n a l y s i s
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h as  shown t h a t  a l l  t h e  g o l d  a d s o rb e d  h a s  an  o x i d a t i o n  
number o f  1. R e a c t i o n s  w i t h  s p e c i f i c  s u r f a c e  o x id e  g r o u p s  
would a l s o  seem t o  be u n l i k e l y ,  s i n c e  i n e r t  a tm o s p h e re  
h e a t - t r e a t m e n t s  s h o u l d  have r e s u l t e d  i n  g r e a t e r  
r e d u c t i o n s  i n  g o l d  l o a d i n g  th a n  th o s e  p r e s e n t e d .

The p r o p o s e d  mechanism can a l s o  e x p l a i n  t h e  chem ica l  
e f f e c t s  on a d s o r p t i o n  g iv e n  in  C h a p te r  2. I n c r e a s e d  g o ld  
a d s o r p t i o n  a t  low pH and w i t h  th e  p r e s e n c e  o f  ' s p e c t a t o r '
c a t i o n s  can be l i n k e d  t o th e a d s o r p t i o n of  t h e
Mn + (Au(CN)")n s p e c i e s .  Reduced a d s o r p t i o n  a t e l e v a t e d
t e m p e r a t u r e s has been  g iv e n a s e v i d e n c e by o t h e r
r e s e a r c h e r s  o f  an  e x o t h e r m i c  r e a c t i o n .  However t h i s  
r e d u c t i o n  c o u ld  a l s o  be due to  t h e  d rop  i n  s o l u b i l i t y  of  
g a s e o u s  oxygen .  F r e e  c y a n id e  a l s o  c a u s e s  a r e d u c t i o n  in  
g o ld  l o a d i n g  which c o u ld  be due to  d i s s o l u t i o n  o f  AuCN.

Thus t h e  p r o p o s e d  mechanism a p p e a r s  t o  e x p l a i n  many 
o f  t h e  p r i n c i p l e s  o f  t h e  a d s o r p t i o n  p r o c e s s .  One problem 
t h a t  c a n n o t  be an sw e red  by t h i s  s t u d y  i s  how c a r b o n s  
a d s o r b  g o l d .  I t  h a s  been  shown t h a t  s u r f a c e  ch em ica l  
o x id e  g r o u p s  a r e  n o t  i m p o r t a n t ,  and t h a t  a d s o r p t i o n  
o c c u r s  u n i f o r m l y  o v e r  t h e  t o t a l  s u r f a c e .  Such r e s u l t s  
s u g g e s t  p h y s i c a l  r a t h e r  t h a n  c h e m ic a l  a d s o r p t i o n  
p r o c e s s e s .  I t  i s  t h i s  p o i n t  t h a t  must be i n v e s t i g a t e d  in  
t h e  f u t u r e  i f  a c o m p le te  answ er  t o  t h e  a d s o r p t i o n  
mechanism i s  t o  be fo u n d .
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7 F u tu r e  R e s e a r c h

A l though  t h i s  r e p o r t  p r o p o s e s  a mechanism t o  e x p l a i n  
g o l d  a d s o r p t i o n  by c a r b o n s  t h e i r  a r e  s e v e r a l  a r e a s  t h a t  
s h o u ld  be i n v e s t i g a t e d  i f  a co m p le te  a n s w e r  t o  t h i s  
a d s o r p t i o n  sy s tem  i s  t o  be a c h i e v e d .

T h i s  r e p o r t  has  i n d i c a t e d  t h a t  two s p e c i e s  o f  g o l d  
c y a n id e  a r e  a d s o r b e d  by c a r b o n s ,  namely Mn + ( A u ( C N ) a n d  
AuCN. A t e c h n i q u e  a b l e  t o  d i f f e r e n t i a t e  b e tw een  t h e s e  
s p e c i e s  may be X -ray  A d s o r p t i o n  F in e  S t r u c t u r e  (XAFS). 
T h i s  t e c h n i q u e  e n a b l e s  m easurement  o f  a v e r a g e  i n t e r a t o m i c  
d i s t a n c e s ,  and i s  a l s o  q u a n t i t a t i v e .  Thus i t  s h o u l d  be 
p o s s i b l e  t o  m easu re  t h e  Au:CN a d s o r p t i o n  r a t i o .

More d e t a i l e d  r e s e a r c h  i n t o  r a t e s  o f  a d s o r p t i o n  o f  
b o t h  g o ld  and c a t i o n s  i s  a l s o  r e q u i r e d .  From a s t u d y  such  
a s  t h i s  i t  would be p o s s i b l e  t o  s e e  how t h e  m o la r  Au:Mn+ 
a d s o r p t i o n  r a t i o  ch a n g e s  w i t h  t im e .  The e f f e c t s  o f  t h e  
d i f f e r e n t  c a t i o n s  on t h e  r a t e  o f  g o ld  a d s o r p t i o n  may a l s o  
h e l p  i n  u n d e r s t a n d i n g  why c a t i o n s  have d i f f e r e n t  e f f e c t s .

A n o th e r  a r e a  o f  i n t e r e s t  would be c o m p le t e  
a d s o r p t i o n  i s o t h e r m s  from Mn + (Au(CN)” ) s o l u t i o n s .  The 
r e s u l t s  from t h e s e  c o u ld  be compared w i t h  t h e  s t r u c t u r a l  
c o r r e l a t i o n s  found in  t h i s  s t u d y  u s i n g  KAufCN^ 
s o l u t i o n s .

In c o n c l u s i o n  i t  would  seem t h a t  t h e  a r e a s  n e e d in g
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more th o r o u g h  i n v e s t i g a t i o n  a r e  t h e  a n a l y s i s  o f  t h e  
a d s o r b e d  s p e c i e s  and t h e  fu n d a m e n ta l  e f f e c t s  o f  c a t i o n s  
on a d s o r p t i o n .
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