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Selective Solvation Extraction of Gold from Alkaline Cyanide Solution 
by Alkyl Phosphorus Esters 

J. D. MILLER, R. Y. WAN, M. B. MOOMAN, and P. L. SIBRELL 

DEPARTMENT OF METALLURGY AND METALLURGICAL 

UNIVERSITY OF UTAH 
SALT LAKE CITY, UTAH 841 12 

ENGINEERING 

ABSTRACT 

Research e f f o r t s  have shown t h a t  s o l  v a t i o n  e x t r a c -  
t i o n  o f  go ld  f rom a l k a l i n e  cyanide s o l u t i o n  i s  p o s s i b l e  
by a l k y l  phosphorus es ters .  Both t r i b u t y l  phosphate 
(TBP) and d i b u t y l  b u t y l  phosphonate (DBBP) appear t o  be 
e f f e c t i v e  e x t r a c t a n t s  f o r  go ld  and e x h i b i t  h igh  l o a d i n g  
c a p a c i t i e s  exceeding 30 gpl .  S e l e c t i v e  s o l v a t i o n  e x t r a c -  
t i o n  o f  go ld  f rom a l k a l i n e  cyanide s o l u t i o n  can be 
ach ieved w i t h  s e l e c t i v i t y  f a c t o r s  r e l a t i v e  t o  o t h e r  cya- 
noanions as h i g h  as 1000 under c e r t a i n  c i rcumstances. 
Va r iab les  i n f l u e n c i n g  t h e  s e l e c t i v i t y  such as i o n i c  
s t reng th ,  temperature,  and e x t r a c t a n t  s t r u c t u r e ,  a re  d i  s -  
cussed i n  terms o f  t h e  e x t r a c t i o n  chemis t ry ,  which seems 

t o  i n v o l v e  t h e  s o l v a t i o n  o f  a M+-.*Au(CN)~ i o n  p a i r .  

INTRODUCTION 

Cyanide l e a c h i n g  o f  g o l d  and s i l v e r  o res  by convent iona l  t ech -  
niques has been p r a c t i c e d  f o r  over a century .  The recovery  o f  go ld  
f rom these  a l k a l i n e  cyan ide  s o l u t i o n s  is  t y p i c a l l y  accompl ished by 
carbon adso rp t i on  o r  z i n c  cementat ion.  These and o the r  process a l t e r -  
n a t i v e s  f o r  g o l d  recovery  f rom p r imary  resources  have r e c e n t l y  been 
reviewed (1). Also, recovery  o f  go ld  f rom secondary sources such as 
e l e c t r o n i c  sc rap  (2) and waste cyanide e l e c t r o p l a t i n g  s o l u t i o n s  i s  an 
impor tan t  techno logy .  Waste go ld  e l e c t r o p l a t i n g  s o l u t i o n s  c o n t a i n i n g  
i m p u r i t i e s  a r e  no t  s u i t a b l e  f o r  reuse and must be processed f o r  go ld  
recovery ,  r e c y c l e d  and/or disposed. I n  t h i s  view, a wide v a r i e t y  of 
go ld -bear ing  cyan ide  s o l u t i o n s  a r e  processed which i nc lude :  
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MILLER ET AL. 

Cyanide S o l u t i o n s  Go1 d Concen t ra t i on  
Heap Leach L iquo rs  1-5  ppm 
A g i t a t i o n  Leach L iquo rs  5-10 ppm 
E lua tes  f rom A c t i v a t e d  Carbon 100-2000 ppm 
Waste E l e c t r o p l a t i n g  S o l u t i o n s  1000-2000 ppm 

N o n t r a d i t i o n a l  process a l t e r n a t i v e s  f o r  g o l d  recovery  i n c l u d e  
r e s i n  techno logy ,  s o l v e n t  e x t r a c t i o n ,  and d i r e c t  reduc t i on .  Though 
s o l v e n t  e x t r a c t i o n  i s  an impor tan t  process s t r a t e g y  f o r  concen t ra t i on  
and p u r i f i c a t i o n  of many metals,  l i t t l e  a t t e n t i o n  has been g i ven  t o  
t h e  s o l v e n t  e x t r a c t i o n  o f  g o l d  f rom a l k a l i n e  cyanide s o l u t i o n .  

Recent research  e f f o r t s  ( 3 , 4 )  have shown t h a t  one p o s s i b i l i t y  f o r  
g o l d  recove ry  f rom these  a l k a l i n e  s o l u t i o n s  i s  t h e  s o l v a t i o n  e x t r a c -  
t i o n  o f  a g o l d  cyan ide  i o n  p a i r  by a l k y l  phosphorus es ters ,  such as 
t r i b u t y l  phosphate (TBP) and d i b u t y l  b u t y l  phosphonate (DBBP), which 
have been used f o r  some t i m e  f o r  s o l v a t i o n  e x t r a c t i o n  f rom a c i d  so lu -  
t i o n s .  It was shown t h a t  pure  TBP and DBBP cou ld  e x t r a c t  go ld  f rom 
a l k a l i n e  cyan ide  s o l u t i o n .  Exper imental  r e s u l t s  i n d i c a t e  t h a t  go ld  i s  

e x t r a c t e d  as an i o n  p a i r ,  M+ '"Au(CN); , which i s  r a t h e r  remarkably 
so l va ted  by s t r o n g  Lewis-base a l k y l  phosphorus e s t e r s  such as DBBP a t  
modest i o n i c  s t r e n g t h  acco rd ing  t o  t h e  f o l l o w i n g  r e a c t i o n :  

where M+ = ca t i on ,  e.g., K', Na', ..., and t h e  e x t r a c t e d  i o n  p a i r  may 
remain so l va ted  t o  some ex ten t  by water. 

A l though bo th  TBP and DBBP appear t o  be e f f e c t i v e  e x t r a c t a n t s  f o r  
t h e  recovery  of g o l d  f rom a l k a l i n e  cyan ide  s o l u t i o n s ,  s t r i p p i n g  w i t h  
ac ids  or  bases does no t  appear t o  be f e a s i b l e  as t h e  r e a c t i o n  does n o t  
e x h i b i t  a s i g n i f i c a n t  pH dependence (4).  However, i t  was repo r ted  
t h a t  p a r t i a l  s t r i p p i n g  cou ld  be accomplished a t  low i o n i c  s t r e n g t h  and 
h i g h  tempera ture  ( 4 ) .  More r e c e n t l y ,  go ld  recovery  f rom these loaded 
o rgan ics  has been accomplished by d i r e c t  e l e c t r o l y s i s  o f  t h e  o rgan ic  
phase (5 ) .  I n  ba tch  e l e c t r o l y s i s  exper iments,  sheet g o l d  was success4 
f u l l y  groduced f rom loaded DBBP or TBP a t  a c u r r e n t  d e n s i t y  o f  8x10- 
amp/cm and 55OC f rom an aqueous/organic mix tu re .  The c u r r e n t  e f f i c i -  
ency i s  comparable t o  t h a t  ob ta ined  f o r  convent iona l  e l e c t r o l y s i s  f rom 
t h e  aqueous phase. 

I n  o rde r  t o  produce sheet g o l d  o f  h i g h  p u r i t y ,  t h e  s e l e c t i v i t y  
c h a r a c t e r i s t i c s  o f  t h i s  s o l v a t i o n  e x t r a c t i o n  a r e  impor tan t ,  and t h e  
s tudy  of such c h a r a c t e r i s t i c s  i s  repo r ted  i n  t h i s  c o n t r i b u t i o n .  The 
i n f l u e n c e  o f  v a r i a b l e s  i n c l u d i n g  i o n i c  s t reng th ,  temperature,  and ex- 
t r a c t a n t  s t r u c t u r e  have been examined and a re  d iscussed i n  terms o f  
t h e  e x t r a c t i o n  chemis t ry .  

EXPERIMENTAL 

A l k y l  phosphorus e s t e r s  used i n  t h i s  s tudy  i n c l u d e  t r i - n - b u t y l  
phosphate (TBP), t r i  -sec-bu ty l  phosphate (TSBP), t r i  -n-hexyl  phosphate 
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(THP), t r i  -n -oc ty l  phosphate (TOP), and d i  -n -bu ty l  n -bu ty l  phosphonate 
(DBBP). A l l  these e x t r a c t a n t s  were washed w i t h  water  (most ly  pH 
10-11) b e f o r e  use t o  remove a c i d i c  i m p u r i t i e s .  A l l  reagents used were 
o f  reagent-grade q u a l i t y .  

Gold cyan ide  s o l u t i o n s  o f  a p p r o p r i a t e  g o l d  c o n c e n t r a t i o n  were 
prepared u s i n g  reagent-grade KAu(CN)2*2H*O. For  s e l e c t i v i t y  t e s t s ,  
metal  cyan ide  s o l u t i o n s  were g e n e r a l l y  p repared from t h e i r  cyan ide  
s a l t s  and KCN. I n  t h e  case o f  copper and n i c k e l ,  t h e  cyanide s o l u -  
t i o n s  were prepared f rom t h e  r e s p e c t i v e  n i t r a t e  s a l t s .  

E x t r a c t i o n  a t  d e s i r e d  phase r a t i o s  was accompl ished w i t h  a tem- 
p e r a t u r e - c o n t r o l l e d  o r b i t  shaker made by Lab-Line Ins t ruments .  E q u i l -  
i b r a t i o n  and separa t i on  o f  t h e  aqueous and o rgan ic  phases were done a t  
cons tan t  temperature.  Samples o f  t h e  aqueous phase were taken a f t e r  
e q u i l i b r a t i o n  and analyzed u s i n g  plasma emission spectroscopy. 

The i n f r a r e d  spec t ra  were determined w i t h  a N i c o l e t  70 0 s e r i e s  
F o u r i e r  Trans form I n f r a r e d  Spectrometer (6000 bench) a t  1 r e s o l u -  
t i o n .  A germanium-coated KBr beam-sp l i t t e r  and a l i q u i d  n i t r o g e n -  
coo led  Hg-Cd-Te d e t e c t o r  were used, and each sample was scanned 200 
t imes.  For  l i q u i d  o rgan ic  samples, a v a r i a b l e - p a t h l e n g t h  c e l l  was 
used. An a l i q u o t  o f  sample was spread between two CaF2 windows, and 
t h e  t h i c k n e s s  o f  t h e  f i l m  was ad jus ted  i n  t h e  c y l i n d r i c a l  chamber w i t h  
a Vern ie r  sca le .  

Sol  v a t  i on E x t r a c t  i on by TBP and DBBP 

Both  TBP and DBBP have been proved t o  be e f f e c t i v e  s o l v a t i n g  ex- 
t r a c t a n t s  f o r  go ld  f rom a l k a l i n e  cyan ide  s o l u t i o n  p rov ided  t h e  i o n i c  
s t r e n g t h  i s  s u f f i c i e n t  (3,4). As had been r e p o r t e d  p r e v i o u s l y ,  t h i s  
phenomenon i s  most s i g n i f i c a n t  f o r  TBP. The e f f e c t  o f  NaCN concent ra -  
t i o n  on g o l d  e x t r a c t i o n  by pure  TBP and DBBP has been examined and i s  
p resented  i n  F i g u r e  1. Percent go ld  e x t r a c t i o n  inc reases  s l i g h t l y  
w i t h  an i nc rease  i n  NaCN concen t ra t i on ,  when t h e  i o n i c  s t r e n g t h  has 
been e s t a b l i s h e d  w i th  0.1 M NaOH. Without any NaOH a d d i t i o n ,  g o l d  
e x t r a c t i o n  inc reases  s i g n i f i c a n t l y  w i t h  NaCN a d d i t i o n  due t o  t h e  i n -  
crease i n  i o n i c  s t reng th .  For  example, e x t r a c t i o n  o f  go ld  by pure  TBP 
i s  o n l y  50% a t  0.015 M NaCN s o l u t i o n  bu t  i nc reases  t o  93% a t  0.3 M 
NaCN. 

F i g u r e  2 shows g o l d  and potassium e x t r a c t i o n  f rom a KAu(CN)2 s o l -  
u t i o n  i n  terms o f  c o n c e n t r a t i o n  i n  DBBP vs. pH. The concave na tu re  o f  
t h e  curve  f o r  g o l d  e x t r a c t i o n  i s  due t o  t h e  i o n i c  s t r e n g t h  e f f e c t .  
Minimum go ld  e x t r a c t i o n  occurs near t h e  n a t u r a l  pH o f  t h e  s o l u t i o n  
(minimum i o n i c  s t r e n g t h ) ,  and t h e  inc reased e x t r a c t i o n  a t  lower  o r  
h i g h e r  pH i s  due t o  t h e  i nc rease  i n  i o n i c  s t r e n g t h  f rom t h e  a d d i t i o n  
of a c i d  (H2SO4) o r  base (NaOH) f o r  pH adjustment.  I f  t h e  i o n i c  
s t r e n g t h  i s  f i x e d  w i t h  an i n d i f f e r e n t  e l e c t r o l y t e ,  t h e  e x t r a c t i o n  I S  
complete a t  a l l  pH values (4 ) .  I n  t h e  absence o f  i o n i c  s t r e n g t h  con- 
t r o l ,  as i n  F i g u r e  2 ,  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  an equimolar 
amount o f  po tass ium was e x t r a c t e d  w i t h  g o l d  f rom t h e  potassium aurocy- 
an ide  s o l u t i o n  above pH 7. However, below pH 3 where e s s e n t i a l l y  com- 
p l e t e  go ld  e x t r a c t i o n  occurs,  t h e r e  i s  a d ramat ic  decrease i n  po tas-  
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I 

Solvent 
0 DBBP 
A TBP 
A TBP 

Cyanlde Solutlon 
0.1M NaOH 
0.1M NaOH 
No NaOH 

2 o t  
I 

0.2 0.4 0.6 0.8 1 .o 1.2 
NaCN Concentrationi !$ 

F i g u r e  1. The e f f e c t  o f  NaCN c o n c e n t r a t i o n  on t h e  e x t r a c t i o n  o f  
g o l d  (0.00507 M )  from KAu(CN)* s o l u t i o n  by DBBP and TBP. 

sium e x t r a c t i o n .  Presumably, go ld  i s  e x t r a c t e d  as t h e  p ro tona ted  
HAu(CN) spec ies  a t  low pH. These r e s u l t s  a re  c o n s i s t e n t  w i t h  p r e v i -  
ous f i n 5 i n g s  a t  h i g h  i o n i c  s t r e n g t h  f o r  which t h e  e x t r a c t i o n  was inde -  
pendent o f  pH and suppor t  t h e  n o t i o n  t h a t  s o l v a t i o n  e x t r a c t i o n  occurs 
due t o  a " s a l t i n g - o u t ' '  e f f e c t  ( 4 ) .  

E q u i l i b r i u m  Iso therms 

Gold recovery  f rom a l k a l i n e  cyanide s o l u t i o n  i s  o f  i n t e r e s t  i n  
t h e  p rocess ing  o f  heap leach l i q u o r s  (1-5 ppm), a g i t a t i o n  leach 
l i q u o r s  (5-10 ppm), e l u a t e s  f rom carbon s t r i p  (100-2000 ppm), and 
waste e l e c t r o p l a t i n g  s o l u t i o n s  (1000-2000 ppm); consequent ly a wide 
range o f  go ld  concen t ra t i ons  was considered. F i g u r e  3 i s  t h e  e q u i l i b -  
r i um i so the rm f o r  go ld  e x t r a c t i o n  f rom a l k a l i n e  cyanide s o l u t i o n  by 
pure  TBP and DEEP. The da ta  i n d i c a t e  t h a t  low-go ld  r a f f i n a t e s  can be 
ob ta ined  u s i n g  e i t h e r  TBP o r  DBBP. The u l t i m a t e  l o a d i n g  capac i t y  o f  
pure  TBP o r  DBBP f o r  t h i s  s o l v a t i o n  e x t r a c t i o n  i s  r a t h e r  h igh  and has 
no t  y e t  been reached a t  30 gp l .  The go ld  d i s t r i b u t i o n  c o e f f i c i e n t  
v a r i e s  f rom about 155 t o  17 f o r  UBBP, and f rom about 55 t o  6 f o r  TBP, 
under these cond i t i ons .  
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F i g u r e  2. E x t r a c t i o n  o f  g o l d  and po tass ium by p u r e  DRRP f r o m  
KAu(CN)* s o l u t i o n .  I n i t i a l  c o n c e n t r a t i o n  0.00507 M. 

The s lope o f  such p l o t s  shown i n  F igu re  3 cou ld  revea l  t h e  s t o i -  
ch iomet ry  o f  t h e  e x t r a c t e d  species which i s  expected t o  be u n i t y  as 
i n d i c a t e d  i n  Equat ion  (1). However, t h e  s lopes  were deduced by a 
b e s t - f i t  s t a t i s t i c a l  a n a l y s i s  o f  t h e  exper imenta l  da ta  and were found 
t o  be approx imate ly  0.8 which i s  l e s s  than t h e  expected va lue  of 1.0. 
The d e v i a t i o n  f rom t h e  expected va lue  may r e f l e c t  a c o n t i n u a l  change 
i n  t h e  c a p a c i t y  o f  t h e  organ ic  phase and/or t h e  n a t u r e  o f  t h e  mixed 
s o l v a t i o n  s t r u c t u r e  e i t h e r  o f  which phenomena may cause a sys temat i c  
change i n  t h e  a c t i v i t y  c o e f f j c i e n t  o f  t h e  e x t r a c t e d  i o n  p a i r  w i t h  
i nc rease  i n  concen t ra t i on .  Under c e r t a i n  c o n d i t i o n s ,  such a l o g / l o g  
p l o t  as p resented  i n  F i g u r e  3 cou ld  remain l i n e a r  w i t h  a s lope  l e s s  
than  u n i t y .  I n t e r e s t i n g ,  a s i m i l a r  dependence was observed f o r  g o l d  
adso rp t i on  from a l k a l i n e  cyan ide  s o l u t i o n  by n e u t r a l  po l ymer i c  adsor-  
bents (6).  

S e l e c t i v i t y  C h a r a c t e r i s t i c s  

I n  cyan ide  l e a c h i n g  o r  e l e c t r o p l a t i n g  s o l u t i o n s ,  t h e r e  a re  a host 
o f  complex cyanoanions t h a t  can be found. I n  t h i s  studs, t h e  f o l l  w -  
i n g  c anoanions were considered: Ag(CN)?, Cu(CN)4’, Zn(CN)4-, B 
N i  (CN)4-,  5 and Fe(CN)%-. Gold s e l e c t i v i t y  w i t h  respec t  t o  these  anions 
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Figure 3.  E q u i l i b r i u m  i s o t h e r m  f o r  gold e x t r a c t i o n  by p u r e  
TBP and DBBP f r om alkaline cyanide s o l u t i o n .  

was determined f o r  v a r i a b l e s  such as i o n i c  s t reng th ,  temperature,  and 
e x t r a c t a n t  s t r u c t u r e .  

It might  be expected t h a t  t h e  s o l v a t i o n  e x t r a c t i o n  o f  c a t i o n -  
cyanoanion i o n  p a i r s  would be nonse lec t i ve ,  s i n c e  they  a re  a l l  r a t h e r  
s o f t  bases and s p e c i f i c  chemical  bonding seems t o  be absent. Never- 
t h e l e s s ,  good s e l e c t i v i t y  was found, and i t  appears t h a t  un ique s o l -  
ven t  s p e c i f i c i t y  f o r  t h e  aurocyanide i o n  p a i r  occurs.  F i g u r e  4 shows 
pe rcen t  e x t r a c t i o n  as a f u n c t i o n  o f  cyanide c o n c e n t r a t i o n  a t  0.1 M 
NaOH f o r  va r ious  cyanoanions by pure  DBBP. The i n i t i a l  con e n t r a t i o n s  
o f  t h e  va r ious  cyanoanions i n  aqueous s o l u t i o n  a re  a l l  5x10-' M. 

The s e l e c t i v i t y  f a c t o r s  based on t h e  exper imenta l  r e s u l t s  ob- 
t a i n e d  f o r  t h e  e x t r a c t i o n  o f  cyanoanions by DBBP g ives  t h e  f o l l o w i n g  
o rde r  o f  s e l e c t i v i t y :  

2- 2- 
Au(CN); >> Ag(CN); >> C U ( C N ) ~  > Zn(CN):-, Ni(CN)4 , Fe(CN)z- 

The s e l e c t i v i t y  sequence f o r  t h i s  s o l v a t i o n  e x t r a c t i o n  may be ex- 
p l a i n e d  by c o n s i d e r a t i o n  o f  charge and s i z e  e f f e c t s ;  t h e  e x t r a c t i o n  o f  
anions i s  no ted  t o  i nc rease  w i t h  decreasing charge. S i n g l y  charged 
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F i g u r e  4. P e r c e n t  e x t r a c t i o n  o f  v a r i o u s  c y a n o a n i o n s  (0.00507 M) by 
DBBP as  a f unc t i on  of NaCN c o n c e n t r a t i o n  a t  0.1 M NaOH. 

an ions  a r e  e x t r a c t e d  t o  a g r e a t e r  e x t e n t  t h a n  t h e  doubly charged a n i -  
ons, w h i l e  t h e  h i g h l y  charged anions show l i t t l e  a f f i n i t y  f o r  DBBP. 
Fo r  a g i ven  an ion  charge, an i nc rease  i n  t h e  s i z e  o f  t h e  an ion  f a v o r s  
p a r t i t i o n  i n  t h e  o rgan ic  phase; t hus  Au(CN)j  i s  e x t r a c t e d  over  

The e x t r a c t i o n  r e s u l t s  i n  F i g u r e  4 demonstrate t h a t  pu re  DBBP 
does no t  e x t r a c t  s i l v e r  t o  t h e  same ex ten t  as go ld  which had been re -  
p o r t e d  p r e v i o u s l y  (4 ) .  I n t e r e s t i n g l y ,  i t  shou ld  be noted  t h a t  t h e  
amount o f  s i l v e r  e x t r a c t i o n  decreases w i t h  i n c r e a s i n g  cyan ide  concen- 
t r a t i o n .  These r e s u l t s  a re  i n d i c a t i v e  o f  t h e  f a c t  t h a t  a t  h i g  cyan- 
i d e  concen t ra t i ons ,  s i l v e r  may add another  l i g a n d  t o  fo rm Ag(CNA-, 

AdCN);. 

Ag(CN) i  + CN- = A s ( C N ) ~ ~ -  K = 35.5 (7) 
The h i g h e r  charge o f  Ag(CN),*- complex reduces t h e  e x t e n t  of s i l v e r  
e x t r a c t i o n  as expected f rom t h e  hypothes is  advanced. F u r t h e r  evidence 
f o r  t h i s  p r o p o s i t i o n  i s  found i n  F i g u r e  5 where, a t  f i x e d  cyan ide  con- 
c e n t r a t i o n ,  t h e  concen t ra t i ons  o f  Ag(CN)E and Ag(CN)$- a re  f i x e d ,  and 
s i l v e r  e x t r a c t i o n  i nc reases  w i t h  an i nc rease  i n  sodium hydrox ide  con- 
c e n t r a t i o n  due t o  t h e  i nc rease  i n  i o n i c  s t reng th .  

Under these circumstances, s i g n i f i c a n t  d i s c r i m i n a t i o n  between t h e  
e x t r a c t i o n  o f  Au (CN);, and o t h e r  cyanoanions can be achieved, as shown 
i n  F i g u r e  6. It i s  impor tan t  t o  no te  t h a t  t h e  s e l e c t i v i t y  f a c t o r  f o r  
go ld  over  o t h e r  t r a n s i t i o n  metal  cyanoanions i s  as h i g h  as 1000. 
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F i g u r e  5. P e r c e n t  e x t r a c t i o n  o f  v a r i o u s  c y a n o a n i o n s  (0.00507M) by 
DBBP as a f u n c t i o n  o f  NaOH c o n c e n t r a t i o n  a t  0.1 M NaCN. 

I n  a d d i t i o n  t o  t h e  charge/s ize  e f f e c t ,  t h e  h y d r a t i o n  energy o f  
t h e  i o n  p a i r  may be impor tan t .  These s o l v a t i o n  e x t r a c t a n t s  such as 
DBBP have t h e  c a p a c i t y  t o  d i s p l a c e  water  and t h e  e x t r a c t e d  i o n  p a i r  
may become l e s s  hydrated, i.e., more r e a d i l y  ex t rac ted .  It i s  ima- 
g ined  t h a t  a mixed s o l v a t i o n  s t r u c t u r e  (H20 and DBBP) o f  some unique 
cha rac te r  accounts f o r  t h e  s e l e c t i v i t y  o f  t h e  M+..-Au(CN); i o n  p a i r .  
The s t r o n g  a f f i n i t y  o f  t h e  M+***AU(CN)? i o n  p a i r  f o r  t h e  o rgan ic  
phases may be exp la ined,  i n  pa r t ,  by t h e  f a c t  t h a t  t h e  aurocyan ide  
an ion  i s  cons idered t o  be weakly hydra ted  (8) .  

Temperature E f f e c t  

Temperature i s  perhaps t h e  most complex and t h e  l e a s t  understood 
f a c t o r  a f f e c t i n g  t h e  e q u i l i b r i u m  i n  a s o l v e n t  e x t r a c t i o n  process. 
Also,  tempera ture  can a f f e c t  t h e  complexat ion r e a c t i o n s  i n  t h e  aqueous 
phase. F i g u r e  7 shows t h a t  t h e  e x t r a c t i o n  o f  bo th  Au(CN); and Ag(CN); 
by DBBP decreases as a f u n c t i o n  o f  temperature.  With h igh  i o n i c -  
s t r e n g t h  s o l u t i o n s  (e.g., 0.1 M NaCN and 0.1 M NaOH), t h e  e x t r a c t i o n  
o f  Au(CN)% decreases from 99% t o  55% as t h e  tempera ture  inc reases  f rom 
5°C t o  80 C, w h i l e  Ag(CN); decreases f rom 68% t o  12%. For  a l o w  i o n i c  
s t r e n g t h  KAu(CN)* s o l u t i o n ,  an i nc rease  i n  tempera ture  a l s o  markedly 
decreases t h e  pe rcen t  g o l d  e x t r a c t i o n  t o  10% a t  an e leva ted  tempera- 
t u r e  o f  80°C. 
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F i g u r e  6. D i s t r i b u t i o n  c o e f f i c i e n t  f o r  t h e  e x t r a c t i o n  
o f  cyanoan ions  by DBBP (0.00507 M )  as a 
f u n c t i o n  o f  NaCN c o n c e n t r a t i o n  a t  0.1 M NaOH. 

One approach i n  t h e  a n a l y s i s  o f  these r e s u l t s  i s  t o  cons ider  t h e  
n a t u r e  o f  i o n  p a i r  f o rma t ion  because t h e  degree o f  e x t r a c t i o n  depends 
on t h e  e x t e n t  o f  i o n  p a i r i n g .  The ex ten t  o f  i o n  p a i r  f o rma t ion  de- 
creases w i t h  an i nc rease  of tempera ture  which i s  p r e d i c t e d  by t h e  
Bjerrurn Equat ion,  i n v o l v i n g  temperature,  d i e l e c t r i c  cons tan t ,  charge, 
and d i s tance  of separa t ion .  The e q u i l i b r i u m  between f r e e  i ons  and t h e  
i o n  p a i r  

i s  determined by t h e  i o n  a s s o c i a t i o n  cons tan t ,  KA, which i s  i n v e r s e l y  
dependent on temperature.  

E x t r a c t i o n  o f  t h e  i o n  p a i r  might be cons idered i n  more d e t a i l  

M+ + A ~ ( C N ) ; !  + m RPO + n @ = M+ (4) 

accord ing  t o  Equat ion  (4) :  

A U ( C N ) ~  m RPO n H ~ O  
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F i g u r e  7. Percent  e x t r a c t i o n  o f  c y a n o a n i o n s  (0.00507 
M )  by  DBBP as a f u n c t i o n  o f  t e m p e r a t u r e .  

The exper imenta l  r e s u l t s  can be exp la ined  f rom a thermodynamic ana ly -  
s i s  i n  terms o f  t h e  s t a b i l i t y  o f  t h e  mixed s o l v a t i o n  s t r u c t u r e  (H20 
and DBBP). The van ' t  H o f f  equat ion  can be r e w r i t t e n  i n  terms o f  t h e  
d i s t r i b u t i o n  c o e f f i c i e n t ,  

AH0 + c* 
lag = - 2.303 RT (5)  

where D i s  t h e  d i s t r i b u t i o n  c o e f f i c i e n t ,  AHo i s  t h e  en tha lpy  change 
f o r  t h e  e x t r a c t i o n  r e a c t i o n  and C* i s  t h e  i n t e g r a t i o n  cons tan t  which 
i n c l u d e s  t h e  e q u i l i  b r ium cons tan t  f o r  Equat ion  ( 4 ) ,  a c t i v i t y  and 
a c t i v i t y  c o e f f i c i e n t  f o r  o t h e r  components which a r e  assumed t o  be 
i n v a r i a n t  under t h e  exper imenta l  cond i t i ons .  A p l o t  o f  l o g  0 vs. 1 /T  
accord ing  t o  Equat ion  ( 5 )  i s  presented i n  F igu re  8 f rom which t h e  
e n t h a l p i e s  f o r  gold and s i l v e r  e x t r a c t i o n  have been found t o  be -15.2 
Kcal /mole and -7.7 Kcal /mole r e s p e c t i v e l y .  The s tandard  f r e e  energy 
f o r  t h e  i o n  p a i r  e x t r a c t i o n  r e a c t i o n  (Equat ion ( 4 ) )  can be es t imated 
f rom t h e  e q u i l i b r i u m  cons tan t  by making c e r t a i n  assumptions (9) :  

Under these cond i t i ons ,  t h e  s tandard  f r e e  energy was found t o  be ap- 
p r o x i m a t e l y  A F O  = -6.7 kcal /mol (9). On t h i s  bas i s ,  ASa was ca l cu -  
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Figure 8. Distr ibut ion coef f ic ien t  versus 1 / T  f o r  
sol vation extract ion o f  Au(CN)-  (0.00507 
M )  and Ag(CN); (0.00507 M )  by 6BBP. 
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498 MILLER ET AL.  

l a t e d  t o  be -28.7 kca l /degree mole, which suggests t h a t  t h e  fo rma t ion  

and e x t r a c t i o n  o f  t h e  F A u ( C N ) 2  i o n  p a i r  r e s u l t s  i n  t h e  fo rma t ion  
o f  a complex ordered s t r u c t u r e  o f  r a t h e r  l a r g e  s i z e  (9)  and t h a t  t h i s  
unique s o l  v a t i o n  s t r u c t u r e  accounts f o r  t h e  s p e c i f i c i t y  observed f o r  
g o l d  e x t r a c t i o n  f rom a l k a l i n e  cyanide s o l u t i o n .  The ex ten t  o f  ex- 
t r a c t i o n  decreases apprec iab l y  a t  h ighe r  tempera ture  as expected, 
because o f  t h e  l a r g e  nega t i ve  en t ropy  term. 

The s o l v a t i o n  e x t r a c t i o n  can be cons idered f rom one o t h e r  p e r -  
spec t ive .  I f  t h e  e x t r a c t e d  i o n  p a i r  i s  s o l v a t e d  by t h e  fo rma t ion  o f  a 
mixed s o l v a t i o n  s t r u c t u r e ,  then t h e  ex ten t  o f  e x t r a c t i o n  may be d e t e r -  
mined by t h e  water  a c t i v i t y  i n  t h e  o rgan ic  phase. I f  a mixed so l va -  
t i o n  s t r u c t u r e  accounts f o r  t h e  s e l e c t i v e  go ld  e x t r a c t i o n  acco rd ing  t o  
Equat ion  (4) t h e n  t h e  e q u i l i b r i u m  p o i n t  o f  t h e  s o l v a t i o n  e x t r a c t i o n  
shou ld  be determined by t h e  water a c t i v i t y  o f  t h e  o rgan ic  phase. I n  
t h i s  regard,  t h e  tempera ture  dependence o f  t h e  s o l v a t i o n  e x t r a c t i o n  
may be exp la ined  by a decrease o f  water  c o n c e n t r a t i o n  i n  TBP w i t h  an 
i nc rease  i n  tempera ture  as i s  repo r ted  i n  t h e  l i t e r a t u r e  (10).  A long 
t h i s  l i n e  o f  d iscuss ion ,  i t  w i l l  be no ted  i n  t h e  f o l l o w i n g  s e c t i o n  
t h a t  t h e  sol  vat  i on e x t r a c t i o n  decreases s i  gni  f i can t  l y  w i t h  an i ncrease 
i n  cha in  l e n g t h  as shown i n  F i g u r e  9. Al though these r e s u l t s  may be 
cons idered f rom t h e  s tandpo in t  of  s t e r i c  h indrance and d i e l e c t r i c  con- 
s t a n t ,  i t  i s  a l s o  expected t h a t  t h e  water a c t i v i t y  w i l l  decrease s i g -  
n i f i c a n t l y  w i t h  an i nc rease  i n  e x t r a c t a n t  cha in  l eng th .  I n  t h i s  r e -  
gard t h e  r e s u l t s  p resented  i n  F igu re  9 would a l s o  t e n d  t o  suppor t  t h e  
hypothes is  o f  a mixed s o l v a t i o n  s t r u c t u r e  f o r  t h e  e x t r a c t e d  i o n  p a i r .  

Chain Length  and S t r u c t u r e  o f  A l k y l  Group 

t h e  
ed. 

The degree o f  s o l v e n t  e x t r a c t i o n  i s  determined t o  some e x t e n t  by 
spec ia l  c o n f i g u r a t i o n  of both  l i g a n d  and metal  i o n  t o  be e x t r a c t -  

However, s t e r i  c cons ide ra t i ons  i n c l u d i n g  s h i e l d i n g ,  conforma- 
t i o n a l ,  and s p a t i a l  e f f e c t s  a r e  a l s o  impor tan t  and a r e  determined by 
t h e  compos i t ion ,  s t r u c t u r e ,  and c o n f i g u r a t i o n  o f  t h e  e x t r a c t a n t .  The 
cha in  l e n g t h  and s t r u c t u r e  o f  t h e  a l k y l  groups a r e  two impor tan t  ex- 
t r a c t a n t  f ea tu res .  

I n  a d d i t i o n  t o  TBP, t r i - s e c - b u t y l  phosphate (TSBP) a l s o  shows ex- 
c e l l e n t  s o l v a t i o n  e x t r a c t i o n  o f  go ld  over  t h e  e n t i r e  pH range as shown 
i n  F i g u r e  9 (11). It seems t h a t  b ranch ing  o f  t h e  b u t y l  group, w i t h  an 
expected decrease i n  d i e l e c t r i c  cons tan t ,  has l i t t l e  e f f e c t  on t h e  
s o l v a t i o n  e x t r a c t i o n .  On t h e  o t h e r  hand, cha in  l e n g t h  has q u i t e  a 
s i g n i f i c a n t  e f f e c t .  T r i -n -hexy l  phosphate (THP) and t r i - n - o c t y l  phos- 
pha te  (TOP) a r e  l e s s  e f f e c t i v e  t h a n  TSBP as shown i n  F i g u r e  9. One 
e x p l a n a t i o n  i s  t h a t  an i nc rease  i n  cha in  l e n g t h  r e s u l t s  i n  an i nc rease  
i n  s t e r i c  h ind rance  which i n h i b i t s  e x t r a c t i o n .  A l t e r n a t e l y ,  t h e  de- 
crease i n  s o l v a t i o n  e x t r a c t i o n  may be r e l a t e d  t o  a decrease i n  water  
s o l u b i l i t y  i n  t h e  o rgan ic  phase, thus  p r e v e n t i n g  t h e  fo rma t ion  o f  t h e  
unique mixed s o l v a t i o n  s t r u c t u r e .  F u r t h e r  research  w i l l  be necessary 
t o  d i s t i n g u i s h  between these  e f f e c t s .  Nevertheless,  t h e  a l k y l  groups 
a re  an impor tan t  f e a t u r e  o f  t h e  s o l v a t i o n  e x t r a c t a n t  and bo th  s t e r i c  
e f f e c t s  and compos i t i ona l  e f f e c t s  must be cons idered i n  t h e  a n a l y s i s  
of t h e  e x t r a c t i o n  reac t i on .  
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F i g u r e  9. The e f f e c t  o f  e x t r a c t a n t  s t r u c t u r e  on t h e  e x t r a c t i o n  
o f  aurocyan ide  a t  0.5 M Na2S04 s o l u t i o n .  

The e f f e c t  o f  NaCN concen t ra t i on  on g o l d  e x t r a c t i o n  f o r  TOP i s  
s i m i l a r  t o  t h a t  f o r  TBP. High i o n i c  s t r e n g t h  enhances t h e  s o l v a t i o n  
e x t r a c t i o n  as shown i n  F i g u r e  10 bu t  t h e  degree o f  e x t r a c t i o n  i s  i n -  
f l uenced  t o  a g r e a t e r  ex ten t  by t h e  cha in  l e n g t h  o f  t h e  s o l v a t i n g  ex- 
t r a c t a n t s ,  as shown i n  F i g u r e  9. The percent  g o l d  e x t r a c t i o n  a t  h i g h  
i o n i c  s t r e n g t h  w i t h  TOP i s  on l y  28%. 

I n f r a r e d  Spect roscop ic  A n a l y s i s  

The r e p o r t e d  cyan ide  s t r e t c h i n g  f requenc ies  f r e  2140 cm-' f o r  
c r y s t a l l i n e  potassium aurocyanide (12) and 2145 cm- f o r  t h e  aurocyan- 
i d e  complex i n  aqueous s o l u t i o n  (13). Penneman e t  a l .  (14)  determined 
t h e  I R  spec t ra  o f  s o l i d  anhydrous aurocyanic ac id ,  HAu(CY)*, and r e -  
p o r t e d  a s i n g l e  cyanide s t r e t c h i n g  frequency a t  2146 . However, 
t h i s  f i n d i n g  does no t  agree w i t h  t h e  value, 2212 cm- , repor ted  by 
Evans e t  a l .  ( 1 5 )  who found t h e  cyanide s t r e t c h i n g  frequency o f  t h e  
a c i d  i? g r e a t e r  than t h a t  o f  t h e  cor respond ing  potassium s a l t  by about 
60 cm- . 
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F i g u r e  10. Percent e x t r a c t i o n  of go ld  from KAu(CN)~  
s o l u t i o n  (0.00507 M) by TBP and TOP as a 
f u n c t i o n  o f  NaCN concen t ra t i on  a t  0.1 M NaOH. 

I n  t h i s  regard,  i t  was found i n  our l a b o r a t o r y  t h a t  t h e  spec t ra  
o f  DBBP loaded w i t h  KAu(CN)z,. f rom a 0.1 M NaCN and 0.f M NaOH so lu -  
t i o n  g i ves  a cyanide s t r e t c h i n g  frequency a t  2146 cm- . I n  another  
exper iment,  t h e  DBBP was loaded w i t h  KAu(CN)2 f rom a pH 2 s o l u t i o n  and 
thelcyanide s t r e t c h i n g  frequency was found t o  remain unchanged a t  2146 
cm- . I n  view o f  t h e  r e s u l t s  p resented  i n  F i g u r e  2 which p rov ide  
s t r o n g  ev idence f o r  t h e  presence o f  t h e  HAu(CN) species a t  pH 2, i t  
would seem t h a t  i n  DBBP s o l u t i o n  t h e  s p e c t r a l  Ja ta  c o n f i r m  t h e  f i n d -  
i n g s  o f  Penneman e t  a l .  (14). 

SUMMARY 

Research e f f o r t s  have shown t h a t  s e l e c t i v e  s o l v a t i o n  e x t r a c t i o n  
o f  go ld  f rom a l k a l i n e  cyanide s o l u t i o n  i s  p o s s i b l e  by c e r t a i n  e s t e r s  
o f  phosphor ic  and phosphonic acid.  Both TBP and DBBP appear t o  be 
e f f e c t i v e  e x t r a c t a n t s  f o r  g o l d  cyan ide  and e x h i b i t  h i g h  l o a d i n g  capac- 
i t i e s .  E q u i l i b r i u m  iso therms f o r  go ld  e x t r a c t i o n  f rom a l k a l i n e  cyan- 
i d e  s o l u t i o n  a r e  r e p o r t e d  w i t h  d i s t r i b u t i o n  c o e f f i c i e n t s  t h a t  range 
f rom 155 t o  17 f o r  DBBP and 55 t o  6 f o r  TBP. These e x t r a c t a n t s  can 
load  g o l d  t o  r a t h e r  h i g h  l e v e l s ,  even i n  excess of 30 gp l .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SOLVATION EXTRACTION OF GOLD FROM ALKALINE CYANIDE SOLUTION 501 

The e f f e c t  o f  i o n i c  s t r e n g t h  and tempera ture  on t h e  e x t r a c t i o n  o f  
g o l d  i n d i c a t e s  t h a t  t h e  s o l v a t i o n  r e a c t i o n  i n v o l v e s  t h e  e x t r a c t i o n  o f  
an i o n  p a i r .  High tempera ture  and low i o n i c  s t r e n g t h  ( e s p e c i a l l y  f o r  
TBP) w i l l  i n h i b i t  t h e  s o l v a t i o n  e x t r a c t i o n .  

S i g n i f i c a n t  d i s c r i m i n a t i o n  between t h e  e x t r a c t i o n  o f  Au(CN)F and 
o t h e r  cyanoanions can be ob ta ined.  It seems t h a t  un ique s p e c i f i c i t y  
o f  a l k y l  phosphorus e s t e r s  f o r  t h e  a l k a l i  ca t ion-aurocyan ide  i o n  p a i r  
may i n v o l v e  a mixed s o l v a t i o n  s t r u c t u r e .  The s e l e c t i v i t y  f a c t o r  f o r  
g o l d  w i t h  respec t  t o  o t h e r  cyanoanions was found t o  be as h i g h  as 
1000. 
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