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Role of the Interface in the Kinetics and Mechanisms of Extraction 
of Nickel by &Quinolinols 

E. A. APRAHAMIAN, JR and H. FREISER 

STRATEGIC METALS RECOVERY RESEARCH FACILITY 
DEPARTMENT O F  CHEMISTRY 
UNIVERSITY OF AKIZONA 
TUCSON, ARIZONA 

ABSTRACT 

The measurement o f  i n d i v i d u a l  r a t e  cons tan ts ,  as w e l l  as 
t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e  c o n t r i b u t i o n  o f  
t h e  l i q u i d - l i q u i d  i n t e r f a c e  t o  t h e  o v e r a l l  e x t r a c t i o n  
k i n e t i c s  i n  a w e l l  known e x t r a c t i o n  sys tem,  n i c k e l  
e x t r a c t i o n  by ox ine  and i t s  h i g h  mo lecu la r  we igh t  analog 
( K E L E X  l o o ) ,  has revea led  t h a t  a t h r e e  pa th  e x t r a c t i o n  
mechanism i s  ope ra t i ve .  The r e s u l t s  i n d i c a t e  t h a t  t h e  
i n t e r f a c i a l  r e g i o n  p r o v i d e s  a more conducive r e a c t i o n  
medium i n  compar i son  t o  t h e  b u l k  aqueous phase.  The 
f i n d i n g  o f  c o n c u r r e n t  b u l k  and i n t e r f a c i a l  mechanisms 
n o t  o n l y  revea ls  t h e  comp lex i t y  t h a t  can be i n v o l v e d  i n  
t h i s  e x t r a c t i o n  system, bu t  a l s o  enables one t o  des ign  
more e f f i c i e n t  s e p a r a t i o n  t e c h n i q u e s  based on t h e s e  
d i f f e r e n c e s  i n  mechanisms. 

INTRODUCTION 

S o l v e n t  e x t r a c t i o n  p r o c e s s e s  such as t h o s e  i n v o l v i n g  me ta l s  and 
c h e l a t i n g  e x t r a c t a n t s ,  i n  a d d i t i o n  t o  b e i n g  o f  h i g h  i n t e r e s t  t o  such  
d i v e r s e  g r o u p s  as a n a l y t i c a l  chemis ts  and h y d r o m e t a l l u r g i s t s ,  p r o v i d e  
un ique o p p o r t u n i t i e s  t o  eva lua te  t h e  r o l e  o f  l i q u i d - l i q u i d  i n t e r f a c e  i n  
complex  mass t r a n s f e r  processes. I n  f a c t ,  over  t h e  l a s t  twenty  years ,  
l i v e l y  con t rove rsy  has developed over  t h i s  r o l e .  Two extreme p o s i t i o n s  
b a s e d  on e x t r a c t i o n  k i n e t i c s  s t u d i e s  h a v e  r e c e i v e d  most  o f  t h e  
a t t e n t i o n :  (1) The r a t e  o f  e x t r a c t i o n  o f  a m e t a l  i o n  i n  t h e  aqueous 
phase by  a " h y d r o p h o b i c "  c h e l a t i n g  e x t r a c t a n t  i n  t h e  o r g a n i c  phase 
r e f l e c t s  t h e  fo rma t ion  o f  a metal  c h e l a t e  spec ies  e n t i r e l y  i n  t h e  i n t e r -  
f a c e  [ l ] ;  ( 2 )  T h e  b u l k ,  a q u e o u s  p h a s e  i s  t h e  s i t e  o f  t h e  r a t e -  
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de te rm in ing  c h e l a t e  fo rma t ion  r e a c t i o n  ['Z]. A s i g n i f i c a n t  b a r r i e r  t o  
r e s o l u t i o n  o f  t h i s  i s s u e  l i e s  i n  t h e  d i f f i c u l t i e s  o f  t h e  exper imenta l  
techn iques  used by b o t h  f a c t i o n s .  The concern o f  those champion ing  t h e  
i n t e r f a c i a l  mechanism f o r  c o n d u c t i n g  exper iments  under c o n d i t i o n s  o f  
f i x e d ,  w e l l - d e f i n e d  i n t e r f a c i a l  a r e a  l e d  them t o  use  Lew is  c e l l  and 
f a l l i n g  ( o r  r i s i n g )  d r o p  methods  i n  w h i c h  r e l a t i v e  movement o f  two 
phases i s  s low enough t o  make them sub jec t  t o  d i f f u s i o n  c o n t r o l .  On t h e  
o t h e r  hand,  use o f  h i g h  speed s t i r r i n g  by those who b e l i e v e  i n  t h e  b u l k  
aqueous phase mechanism, w h i l e  e f f e c t i v e l y  e l i m i n a t i n g  d i f f u s i o n ,  d i d  
no t  u n t i l  r e c e n t l y  pe rm i t  t h e  i n t e r f a c i a l  area t o  be measured, and hence 
t h e  r o l e  o f  t h e  i n t e r f a c e  cou ld  no t  be f u l l y  assessed. W i th  t h e  r e c e n t  
development i n  t h i s  Labora tory  o f  a h i g h  speed s t i r r i n g  apparatus i n c o r -  
p o r a t i n g  a mic roporous  T e f l o n  f i l t e r  element [3], i t  became p o s s i b l e  t o  
o b s e r v e  i n t e r f a c i a l  a d s o r p t i o n  o f  e x t r a c t a n t s  [ 4 1  under s teady -s ta te  
c o n d i t i o n s  and t o  app ly  p r o p e r l y  such f i n d i n q s  t o  e x t r a c t i o n  k i n e t i c s  
I S ] .  More r e c e n t l y ,  by combining e x t r a c t i o n  exper iments w i t h  i n t e r f a -  
c i a l  t e n s i o n  measurements, and app ly ing  Gibbs '  a d s o r p t i o n  i s o t h e r m ,  we 
can r e l i a b l y  measure and c o n t r o l  t h e  i n t e r f a c i a l  a rea  [ 6 l  and thus  s tudy  
i t s  e f f e c t  on t h e  o v e r a l l  e x t r a c t i o n  k i n e t i c s  i n  a w i d e  v a r i e t y  o f  
e x t r a c t i o n  systems. 

We have been p a r t i c u l a r l y  i n t e r e s t e d  i n  the  k i n e t i c s  and mechanism 
o f  m e t a l  c h e l a t e  e x t r a c t i o n  sys tems.  P r e v i o u s  s t u d i e s  [ 7 ,  81 have 
demonstrated t h a t  n i c k e l  e x t r a c t i o n  by 8 - q u i n o l i n o l  ( o x i n e )  (A) o c c u r s  
v i a  t w o  r e a c t i o n  pa thways :  ( 1 )  r e a c t i o n  be tween n i c k e l  and n e u t r a l  
ox ine  and ( 2 )  r e a c t i o n  o f  metal  w i t h  l i g a n d  anion. I n  each case, i t  has 
been p o s t u l a t e d  t h a t  these r a t e  de te rm in ing  i reac t ions  occur i n  t h e  b u l k  
aqueous phase. Recent work i n  t h i s  l a b o r a t o r y  [4,5] has r e v e a l e d  t h a t ,  
i n  cases where t h e  l i g a n d  an ion  i s  a su r face  x t i v e  species,  t h e  e x t r a c -  
t i o n  may, a t  l e a s t  p a r t i a l l y ,  proceed th rough a r e a c t i o n  pa th  i n v o l v i n g  
t h e  i n t e r f a c i a l  r e g i o n .  Haraguchi and F r e i s e r  [ S ]  have found t h a t  f o r  
KELEX 100 ( B ) ,  t h e  pH va lue  i s  a f f e c t e d  by h i q h  speed s t i r r i n g ,  i n d i c a t -  
i n g  t h a t  t h e  d i s t r i b u t i o n  o f  t h e  l i g a n d  an ion  i s  s e n s i t i v e  t o  changes i n  
i n t e r f a c i a l  a r e a .  To h e l p  answer t h e  q u e s t i o n  o f  w h e t h e r  t h e  r a t e  
d e t e r m i n i n g  s t e p s  f o r  t h e  e x t r a c t i o n  o f  n i c k e l  by ox ine  and i t s  h ighe r  
mo lecu la r  we igh t  analog, KELEX 100, a r e  t a k i n q  p lace  i n  t h e  b u l k  aqueous 
phase o r  i n  t h e  i n t e r f a c i a l  r e g i o n ,  t h i s  system has been s t u d i e d  w i t h  
t h e  new apparatus.  The n i c k e l / o x i n e  system a f f o r d s  one t h e  o p p o r t u n i t y  
t o  t e s t  t h e  a p p l i c a b i l i t y  o f  t h e  a p p a r a t u s  as a d i a g n o s t i c  t o o l  i n  
de te rm in ing  r e a c t i o n  mechanisms i n  t y p i c a l  s o l v e n t  e x t r a c t i o n  systems. 

OH 

EXPERIMENTAL 

(A )  K = H 
(B) K = dodecenyl 

8 - Q u i n o l i n o l  ( o x i n e )  (Eastman Kodak) was p u r i f i e d  by r e c r y s t a l l i z a -  
t i o n  f rom e thano l .  7-Dodecenyl-8-quinolinol [KELEX 1 U U )  was o b t a i n e d  
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f r o m  Sherex  Chemica ls  and was p u r i f i e d  by washing 100 rnL o f  u n d i l u t e d  
KELEX 100 w i t h  abou t  20 L o f  1 M s u l f u r i c  a c i d .  The y e l l o w  aqueous 
phase  c o n t a i n i n g  t h e  major  i m p u r i t y  ( o x i n e )  was d i sca rded  and t h e  wash- 
i n g  cont inued u n t i l  t h e  aqueous phase was c o l o r l e s s .  The s o l u t i o n  was 
washed w i t h  w a t e r  and t h e  l i g h t  b rown o r g a n i c  phase evaporated on a 
r o t a r y  evapora tor  u n t i l  o n l y  t h e  p u r i f i e d  KELEX 100 remained. A l l  o t h e r  
c h e m i c a l s  were o f  a n a l y t i c a l  grade. Phosphate and THAM b u f f e r s ,  sodium 
p e r c h l o r a t e  and sodium hydrox ide  s o l u t i o n s  were washed w i t h  s o l u t i o n s  o f  
KELEX 100 i n  c h l o r o f o r m  t o  remove m e t a l  i m p u r i t i e s .  Ch loro form was 
washed w i t h  water t w i c e  be fo re  use. N icke l  s o l u t i o n s  were prepared from 
n i c k e l  p e r c h l o r a t e  and s t a n d a r d i z e d  by complexometr ic t i t r a t i o n  w i t h  
EDTA a t  pH 10 w i t h  murexide as t h e  i n d i c a t o r .  

APPARATUS 

The e x t r a c t i o n  k i n e t i c s  apparatus desc r ibed  p r e v i o u s l y  [3] was used 
w i t h  soine minor  changes, such as t h e  i n t r o d u c t i o n  o f  a computer c o n t r o l -  
l e d  da ta  a c q u i s i t i o n  u n i t .  The absorbance r e a d i n g s  f r o m  t h e  Cary  21Y 
w e r e  s e n t  a t  c h o s e n  i n t e r v a l s  ( u s u a l l y  1 H z )  t o  an A p p l e  I 1  P l u s  
computer. A Pascal so f tware  program was w r i t t e n  t o  c o l l e c t  and s t o r e  
t h e  d a t a  on f l o p p y  d i sks .  S t i r r e r  r o t a t i o n  r a t e s  were measured w i t h  an 
ana log  tachometer ( p r e c i s i o n  o f  2 2 % ) .  

PROCEDURE 

The spectrophotometer was f i r s t  zeroed a t  t h e  d e s i r e d  wavelength by 
pumping  c l e a n  c h l o r o f o r m  t h r o u g h  t h e  f l o w  c e l l .  The Morton f l a s k  was 
immersed i n  a water ba th  be ing  he ld  a t  22' C ,  and t h e  phase s e p a r a t o r  
and s t i r r e r  were  i n c o r p o r a t e d  i n t o  t h e  sys_Qem. To t h e  r e a c t i o n  vessel  
was added 1I)U mL o f  ch lo ro fo rm whigh was 10 M i n  l i g a n d  concen t ra t i on .  
Next, YU mL o f  aqueous b u f f e r  (10 M b u f f e r  and 0.1 M NaC104) was added 
and, f o l l o w i n g  thermal e q u i l i b r a t i o n ,  t h e  p e r i s t a l t i c  pump was s t a r t e d  
t o  c i r c u l a t e  t h e  o r g a n i c  phase th rough t h e  f l o w  c e l l .  The s t i r r e r  was 
s e t  t o  t h e  d e s i r e d  s t i r  r a t e  and t h e  m i x t u r e  was a l lowed t o  e q u i l i b r a t e  
f o r  5 minutes.  

The k i n e t i c s  o f  ex -yac t i on  was s t a r t e d  by t h e  r a p i d  ( < I  sec) i n j e c -  
t i o n  o f  1 0  mL o f  10 n i c k e l  s o l u t i o n .  The r e a c t i o n  p r o c e s s  was 
mon i to red  a t  t h e  r e s p e c t i v e  wavelength maxima: 390 nm f o r  N i ( 0 x )  and 
487 nm f o r  N i  (KELEX)2. These two wavelengths correspond t o  d i f f?eren t  
e l e c t r o n i c  t r a n s i t i o n s .  

The e x p e r i m e n t s  were  c a r r i e d  o u t  under p s e u d o - f i r s t  o r d e r  cond i -  
t i o n s  w i t h  l i g a n d  i n  t h e  organ ic  phase i n  l a r g e  excess  o v e r  n i c k e l  i o n  
i n  t h e  aqueous phase. The pseudo f i r s t  o rde r  r a t e  cons tan ts ,  kobs, were 
determined f rom 

Ae - A. - I n  ~ - 
Ae - At 

kobs 

where A 
zero,  afid A 

a Gi lmont m i c r o  bu re t  and po lye thy lene  t i p .  

i s  t h e  absorbance a t  e q u i l i b r i u m ,  A. i s  t h e  absorbance a t  t i m e  

I n t e r f i c i a l  t e n s i o n  was determined by t h e  drop-volume method u s i n g  
i s  t h e  absorbance a t  t i m e  t. 
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RESULTS AND DISCUSSION 

I n  a p r e v i o u s  s t u d y  C61, i t  was d e m o n s t r a t e d  t h a t  t h e  amount o f  
i n t e r f a c i a l  a r e a ,  o r  ave rage  d r o p l e t  s i z e ,  (1  l i q u i d - l i q u i d  d i s p e r s i o n  
c a n  b e  m e a s u r e d  a s  a f u n c t i o n  o f  s t i r r - n g  r a t e .  T h i s  a l l o w s  t h e  
measurement o f  e x t r a c t i o n  r a t e  under  v a r y i n g  i n t e r f a c i a l  a rea ,  and t h u s ,  
t h e  e v a l u a t i o n  o f  t h e  r o l e  o f  t h e  i n t e r f a c i a l  a r e a  i n  s o l v e n t  e x t r a c t i o n  
k i n e t i c s .  I t  has been assumed t h a t  s i n c e  t h e  c h l o r o f o r m  a n d  a q u e o u s  
p h a s e s  i n  t h e  pH r a n g e  used i n  t h i s  s t u d y  vrrere f o u n d  t o  have  i d e n t i c a l  
i n t e r f a c i a l  t e n s i o n  (32 .5  d y n / c m )  t o  t h e  s y s t e m  u s e d  p r e v i o u s l y  
( b u t y l d i t h i z o n e ) ,  t h e  r e l a t i o n  b e t w e e n  s p e c i f i c  i n t e r f a c i a l  a r e a  
( i n t e r f a c i a l  a r e a  d i v i d e d  b y  vo lume) and s t i r r i n y  r a t e ,  a r e  e s s e n t i a l l y  
t h e  same C61 ( s e e  T a b l e  1). It s h o u l d  be p o i n t e d  o u t  t h a t ,  w h i l e  sub-  
j e c t  t o  s m a l l  a b s o l u t e  e r r o r s  i n  i n t e r f a c i a l  a r e a ,  o u r  m e t h o d  [6I f o r  
d e t e r m i n i n g  t h i s  c l e a r l y  d e m o n s t r a t e s  a good l i n e a r  r e l a t i o n s h i p  between 
s t i r r i n g  speed and i n t e r f a c i a l  a r e a  i n  t h e  rdnge  o f  2OU0-4000 r.p.m. f o r  
t h e  c h l o r o f o r m - a q u e o u s  phase p a i r s  used. T h i s  r e s u l t s  i n  a h i g h  d e g r e e  
o f  i n t e r n a l  c o n s i s t e n c y  on w h i c h  a r e  b a s e d  t h e  m a j o r  c o n c l u s i o n s  c o n -  
c e r n i n g  t h e  r e s p e c t i v e  r o l e s  o f  b u l k  aqueous and i n t e r f a c i a l  pathways.  

The r a t e s  o f  e x t r a c t i o n  o f  n i c k e l  w i t h  o x i n e  a n d  KELEX 1OU w e r e  
f o u n d  t o  b e  d e p e n d e n t  o n  h y d r o g e n  i o n  c o n c e n t r a t i o n  r a i s e d  t o  a f r a c -  
t i o n a l  p o w e r  [ 7 ,  91, i n d i c a t i n g  t w o  c o n c u r r e n t  p a t h w a y s  w h o s e  r a t e  
d e t e r m i n i n g  s t e p s  i n v o l v e  e i t h e r  n e u t r a l  a n d  a n i o n i c  f o r m s  o f  t h e  
l i g a n d .  These t w o  p a t h s  have been p r e v i o u s l y  presumed t o  o c c u r  s t r i c t l y  
i n  t h e  b u l k  aqueous phase. F i n d i n g  t h a t  an i n c r e a s e  i n  i n t e r f a c i a l  a r e a  
can  cause a d r o p  i n  abso rbance  o f  t h e  n e u t r a l  r e a g e n t  i n  t h e  b u l k  o r -  
g a n i c  p h a s e  u n d e r  a l k a l i n e  c o n d i t i o n s  sugges, ts  t h a t  t h e  l i g a n d  a n i o n  i s  
s u r f a c e  a c t i v e  [ S ] .  T h i s  l e a d s  t o  t h e  p o s s i b i l i t y  t h a t  t h e  r e a c t i o n  o f  
n i c k e l  w i t h  l i g a n d  a n i o n  may, i n  p a r t ,  u t i l i z e  an i n t e r f a c i a l  r e a c t i o n  
mechanism. 

T a b l e  1 
I n t e r f a c i a l  A rea  Dependence o f  S t i r  K a t e s  

S t i r  Ra te  I n t e r f a c i a l  A rea  S p e c i f i c  I n t .  Area 

(RPM) ( cm2 ) ( c m - l )  

2000 

250U 

3000 

3500 

4000 

6000 

11,600 

14,60U 

17,600 

20,600 

24,500 

27,500 

116 

146 

176 

206 

24 5 

275 
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I t  was determined from t h e  drop  i n  absorbance o f  t h e  spec ies  i n  t h e  
o rgan ic  phase upon s t i r r i n g ,  t h a t  "_?H 11.3,2the ox ine  an ion  e x h i b i t e d  
an  i n t e r f a c i a l  -9xfess o f2  3 x 10 mol /cm , w h i l e  f o r  KELEX 100 t h e  
excess by 6 x 10 mol/cm , t w i c e  t h a t  of  ox ine .  Even i n  t h e  case  o f  
KELEX UU, t h e  va lue  o f  y i s  e q u i v a l e n t  t o  each molecu le  occupying about 
2800 A o f  i n t e r f a c e ,  a va lue  much l a r g e r  than t h a t  expected f o r  an 
i n t e r f a c e  sa tu ra ted  w i t h  a monolayer o f  t h e  molecules.  
r values i n d i c a t e  t h a t  these spec ies  a r e  o n l y  weakly su r face  a c t i v e ,  y e t  
s t i l l  s u f f i c i e n t l y  so  t o  produce t h e  k i n e t i c  e f f e c t s  observed. 

I n  o rde r  t o  eva lua te  t h e  r o l e  o f  t h e  i n t e r f a c e  i n  t h e  e x t r a c t i o n  
k i n e t i c s  o f  n i c k e l  w i t h  8 - q u i n o l i n o l s ,  t h e  r a t e s  o f  r e a c t i o n  were  
measured as a f u n c t i o n  o f  s p e c i f i c  i n t e r f a c i a l  a r e a .  The r e s u l t s  a r e  
i l l u s t r a t e d  i n  F i g u r e  1 f o r  o x i n e  and F i g u r e  2 f o r  KELEX 1OU. The 
exper iments were run  over  a range o f  pH va lues  t o  see how t h e  r a t i o  o f  

03 

The q u i t e  ma11  

m 
0 

X 

.-i 

[o 
c1 
0 

Y 

100 200 300 

Figure 1. S p e c i f i c  I n t e r f a c i a l  J rea  Deyepdency of Pl ickel  
E x t r a c t i o n  by Oxine. (1) pH 6.54; (2) pH 6.77; 
( 3 )  ptl 7.03; (4) Dt l  7.15. 
Cond i t i ons :  
( N i )  = 1 x 10-4 M .  

~ 

(Oxine) = 1 x lo-' ,  I!; (WaC1@4) = 0.1 1.1; 
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238 APRAHAMIAN AND F R E I S E R  

n e u t r a l  t o  l i g a n d  a n i o n  wou ld  a f f e c t  t h e  ba lance between t h e  two pos- 
s i b l e  pathways ( b u l k  and i n t e r f a c i a l ) .  The r e s u l t s ,  which i n d i c a t e  t h a t  
t h e  e x t r a c t i o n  pH i s  ve ry  impor tan t  i n  det.ermining what combina t ion  o f  
mechanisms i s  o p e r a t i v e ,  can  be r a t i o n a l i z e d  by  t h e  r e a c t i o n  scheme 
i l l u s t r a t e d  i n  F i g u r e  3. 

T h i s  scheme ( F i g u r e  3) a l l ows  f o r  t h r e e  d i s t i n c t  c o n c u r r e n t  r e a c -  
t i o n  pathways: 

Path 1: R e a c t i o n  be tween  m e t a l  and n e u t r a l  l i g a n d  i n  t h e  b u l k  

Path  2: React ion  o f  metal  w i t h  l i g a n d  a n i o n  i n  t h e  b u l k  aqueous 

Path  3: React ion  o f  meta l  and l i g a n d  an ion  i n  t h e  i n t e r f a c e .  

aqueous phase. 

phase. 

c7 
0 

X 

i 

vl 
0 
0 s 

100 200 3on 

F igu re  2. S p e c i f i c  I n t e r f a c i a l  Area Dependency o f  N i c k e l  
E x t r a c t i o n  by KELEX l o o .  (. ,)  pH 7.27; 
(2) pH 7 . 7 ;  ( 3 )  pH C.n5.  
Cond i t i ons :  
0.1 11, ( r i i l  = 1 x 10- ' E l .  

(KELEX)  j 1 x lo-* M; (NaC10,) = 
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Evidence i n  suppor t  o f  t h i s  r e a c t i o n  scheme i s  seen i n  F i g u r e  1 and 
2. I n  t h e  low pH range, t h e  r e a c t i o n s  a r e  p r a c t i c a l l y  i n d e p e n d e n t  o f  
s p e c i f i c  i n t e r f a c i a l  area. I n  t h i s  range t h e  n e u t r a l  fo rm o f  t h e  l i g a n d  
predominates,  and i t s  r e a c t i o n  w i t h  n i c k e l  i o n  occurs  i n  t h e  b u l k  ( p a t h  
1 ) .  The f a c t  t h a t  n e u t r a l  l i g a n d  shows unobservab ly  low s u r f a c e  a c t i v e  
tendenc ies  lends  s u p p o r t  t o  t h e  l i k e l i h o o d  o f  a s t r i c t l y  b u l k  phase 
r e a c t i o n .  

W i th  i n c r e a s i n g  pH, inc reases  i n  bo th  s lopes  and i n t e r c e p t s  i n  bo th  
f i y u r e s  i s  obse rved ,  i n d i c a t i n g  t h e  d u a l  an ion  mechanisms. The s i g -  
n i f i c a n c e  o f  t h e  i n c r e a s i n g  i n t e r c e p t  i s  t h a t ,  i n  t h e  l i m i t  o f  z e r o  
i n t e r f a c i a l  a r e a ,  t h e  r a t e  i n c r e a s e s  w i t h  pH, as r e q u i r e d  by a b u l k  
phase r e a c t i o n  o f  t h e  l i g a n d  anion. 

T h e  i n c r e a s e  o f  t h e  o b s e r v e d  r a t e  w i t h  i n t e r f a c i a l  a r e a  i s  
he igh tened  w i t h  i n c r e a s i n g  pH, d e m o n s t r a t i n g  t h a t  t h e  l i g a n d  a n i o n  
p a r t i c i p a t e s  i n  a r a t e  de te rm in ing  s tep  a t  t h e  i n t e r f a c e  ( p a t h  3 ) .  

These f i n d i n g s  can be represented  q u a n t i t a t i v e l y  by  t h e  f o l l o w i n g  
d e r i  ved r e l a t i o n s :  

Ka  [N i lCHLlo  
ad __ 

CH+l K,, 

bulk o r g a n i c  

HL 

il 
k i  i n t e r f a c e  H L . P  H' + L.- 

MZ'+ L: - ML' 
I 

K 
H L + H ' +  L -  M' 

k L  
W* + L- ML* bulk a q u e o u s  < M 2 ' +  HL 2 k ML* 

F i g u r e  3. Reac t ion  Scheme f o r  8 - C u i n o l i n o l s  
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240 APRAHAMIAN AND FREISER 

where  k i s  t h e  observed pseudo f i r s t  o rde r  r a t e  cons tan t ,  i s  t h e  
second o?&r r a t e  c o n s t a n t  o f  m e t a l  p l u s  n e u t r a l  l i g a n d  i n k t h e  b u l k  
aqueous phase, k i s  t h e  second o r d e r  r a t e  c o n s t a n t  f o r  m e t a l  p l u s  
l i g a n d  a n i o n  i n  t h e  b u l k  aqueous phase, ki i s  t h e  i n t e r f a c i a l  r a t e  
c o n s t a n t ,  K i s  t h e  a c i d  d i s s o c i a t i o n  cons tan t  (pK 9.90 and 10.40 f o r  
ox ine  and KEPEX 100, respec$ iv t l y  [lO]),,$D i s  t h e  d a s t r i b u t i o n  cons tan t  
o f  t h e  n e u t r a l  l i g a n d  ( 1 0  * and 10 f o r  ox ine  and KELEX, respec- 
t i v e l y  [ l o ] ) ,  KM i s  t h e  d i s t r i b u t i o n  cons tan t  o f  t h e  m e t a l  be tween t h e  
i n t e r f a c e  and b u l k  aqueous phase, K i s  t h e  d i s t r i b u t i o n  cons tan t  o f  t h e  
l i g a n d  an ion  between t h e  i n t e r f a c e  bnd t h e  b u l k  aqueous phase, d i s  t h e  
t h i c k n e s s  o f  t h e  i n t e r f a c e ,  and a i s  t h e  s p e c i f i c  i n t e r f a c i a l  area. A 
p l o t  o f  k vs. a (F igu res  1 and 2 )  pe rm i t s  t h e  e v a l u a t i o n  o f  a l l  t h e  
r a t e  con!%nts, p r o v i d e d  t h e  o t h e r  v a l u e s  a r e  known. The e x c e l l e n t  
l i n e a r i t y  seen i n  t h e  p l o t s  con f i rms  t h e  a p p l i c a b i l i t y  o f  Equat ion  3. 

The o n l y  unknown v a l u e s  i n  Equat ion  3 are  , , and d. Since 
i t  i s  assumed t h a t  t h e  m e t a l  i s  n o t  s u r f a c e  ach;LYK4( i s  t a k e n  as 
u n i t y .  d )  can be ob ta i ykd  by measure- 
ment o f  ApH ,, t h e  change i n  pHlLZ,to h ' l ower  va lue  upon g e n e r a t i o n  o f  
a l a r g e  i n j L i f a c i a 1  area, pH e i n g  t h e  pH a t  which 50% o f  t h e  l i g a n d  
has l e f t  t h e  o rgan ic  phase an ! l / $ rans fe rs  t o  t h e  i n t e r f a c i a l  and b u l k  
aqueous phases .  T h i s  r e l a t i o n  has been p r e v i o u s l y  de r i ved  by Watarai  
and F r e i s e r  C5l 

The values o f  t h e  p roduc t  o f  (K 

10 "H1/z - 1 = KL,ad ( 4 )  

The observed s h i f t  i n  pH f o r  ox ine  was 0.U3 0.01 and t h a t  f o r  KELEX 
lW3%s+ '$:g 2 0 . 6 ,  yie\ ld ' inp, tqe v 1 es  f r o m  E q u a t i o n  4 o f  (KL ld )  as 
10 - f o r  ox ine  and 10 "'for KELEX 100. 

The v a l u e s  o f  t h e  s lopes  and i n t e r c e p t s  o f  t h e  l i n e s  i n  F igures  1 
and 2 can be used t o  eva lua te  a l l  t h r e e  r a t e  c o n s t a n t s ,  as w e l l  as t h e  
degrees o f  c o n t r i b u t i o n  o f  t h e  t h r e e  pathways. Resu l t s  a r e  t a b u l a t e d  i n  
Table 2 a long w i t h  v a l u e s  f r o m  o t h e r  s t u d i e s .  A s i m i l a r  l i g a n d ,  8-  
mercaptoqu ino l ine ,  i s  i nc luded  f o r  comparat ive purposes. 

There i s  f a i r l y  good agreement w i t h  Yamada e t  a l .  [ Z ]  i n  t h e  case 
o f  ox ine  k i n e t i c s .  It must be poanted o u t  t h a t  t h i s  s tudy  was dong a t  a 
s l i g h t l y  l o w e r  t e m p e r a t u r e  ( 2 2  C )  t h a n  t h a t  o f  Yamada ( 2 5  C ) .  
N e v e r t h e l e s s ,  one must  r e a l i z e  t h a t  t h e i r  s t u d y  was done under  t h e  
assumption o f  a comp le te l y  b u l k  phase r e a c t i o n  mechanism as opposed t o  
t h i s  s t u d y ' s  f i n d i n g  o f  a combina t ion  o f  b u l k  and i n t e r f a c i a l  r e a c t i o n s  
o f  t h e  l i g a n d  anion, The 10 t imes h i g h e r  i n t e r f a c i a l  r a t e  c o n s t a n t  can  
be u n d e r s t o o d  i n  t e r m s  o f  t h e  d i f f e r e n c e s  i n  many phys i ca l  p r o p e r t i e s  
be tween t h e  b u l k  and i n t e r f a c i a l  phases .  I t  i s  p o s s i b l e  t h a t  t h e  
d i e l e c t r i c  c o n s t a n t  a t  t h e  i n t e r f a c e  i s  somewhere between t h a t  o f  t h e  
b u l k  so l ven ts ,  y i e l d i n g  a much lower  d i e l e c t r i c  c o n s t a n t  t h a n  t h a t  o f  
b u l k  w a t e r .  T h i s  would be expected t o  be a more conducive environment 
f o r  t h e  r e a c t i o n  be tween t w o  o p p o s i t e l y  c h a r g e d  ions ,  as i s  t h e  case 
h e r e .  I n  a d d i t i o n ,  t h e  g e o m e t r i c  o r i e n t a t i o n  o f  t h e  weakly su r face  
a c t i v e  c h e l a t i n g  agent may be a f f e c t e d  by t h e  d i f f e r e n t  environment t h a t  
t h e  i n t e r f a c e  prov ides .  The number o f  degrees o f  freedom f o r  t h e  l i g a n d  
an ion  should be lower  a t  t h e  i n t e r f a c e ,  than i n  b u l k  w a t e r ,  due  t o  t h e  
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Table 2 
Summary o f  Rate Constants f o r  N i c k e l  E x t r a c t i o n  

Wi th  Uxine and I t s  Analogs 

Log k Log k Log k .  
E x t r a c t a n t  (M-'sH') (M-ls-') 

o x i  nea 2.97 5.46 6.7LU.2 

Ux i  ne 3.55 5.73 b 

Thiooxine'  3.45 5.45 

KELEX lUUa 4.4 6.8 6.721 .U 

KELEX lUUd 3.74 6.92 

aPresent work bReference 7 Reference 11 dKeference 9 C 

presence o f  d i s p e r s i v e  f o r c e s  which tend t o  o r i e n t  t h e  spec ies  i n  such a 
way as t o  reduce i t s  f r e e  energy. The p o l a r  c h e l a t i n g  group i s  expected 
t o  b e  p o i n t i n g  t o w a r d s  t h e  aqueous phase which w i l l  a l s o  enhance t h e  
chances o f  r e a c t i o n .  These f a c t o r s  w o u l d  a l l  l e a d  t o  t h e  o b s e r v e d  
l a r g e r  i n t e r f a c i a l  r a t e  cons tan t  found f o r  ox ine .  

The obse rva t i on  o f  a c o n s i s t e n t  d i f f e r e n c e  be tween b u l k  r a t e  con -  
stj3nJs f o r  t h e  n e u t r a l  and a n i o n i c  spec ies  o f  bo th  ox ine  and KELEX 100, 
1U * t imes  g r e a t e r  f o r  t h e  r e s p e c t i v e  a n i o n s ,  l e n d s  s u p p o r t  t o  t h e  
v a l i d i t y  o f  these r a t e  cons tan ts .  Th i s  d i f f e r e n c e  r e f l e c t s  t h e  g r e a t e r  
f a c i l i t y  f o r  s u b s t i t u t i o n  t h a t  t h e  a n i o n  possesses  o v e r  t h e  n e u t r a l  
l i g a n d .  

A l though t h e  more hydrophobic KELEX 100 a n i o n  i s  more h i g h l y  ad-  
sorbed i n t o  t h e  i n t e r f a c i a l  reg ion  than i s  t h e  8 - q u i n o l i n o l a t e  ( i .e. ,  K '  
i s  h i g h f q )  and thus  a g r e a t e r  p r o p o r t i o n  o f  t h e  r e a c t i o n  o f  t h e  a n i o h  
w i t h  N i  t akes  p l a c e  i n  t h a t  reg ion ,  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  t h e  
r a t e  cons tan ts ,  kL and k . ,  a r e  n o t  d i f f e r e n t .  Thus, t h e  i n t e r f a c i a l  
r e g i o n  w o u l d  seem t o  hhve an e s s e n t i a l l y  aqueous cha rac te r .  F u r t h e r  
i n v e s t i g a t i o n  i s  necessary t o  o b t a i n  a general  answer t o  t h e  ques t i on  o f  
how t h e  i n t e r f a c i a l  and b u l k  r a t e  cons tan ts  compare t o  one another .  

The f i n d i n g  i n  t h i s  s tudy  o f  a t h r e e  p a t h  r e a c t i o n  mechanism f o r  
t h e  e x t r a c t i o n  o f  a w e l l  known, s imp le ,  c h e l a t i n g  system i n d i c a t e s  t h e  
comp lex i t y  t h a t  may be i nvo l ved .  The use fu lness  o f  t h e  new e x t r a c t i o n  
k i n e t i c s  a p p a r a t u s  as a d i a g n o s t i c  t o o l  f o r  e v a l u a t i n g  t h e  r o l e  o f  t h e  
l i q u i d - l i q u i d  i n t e r f a c e  i n  s o l v e n t  e x t r a c t i o n  s y s t e m s  h a s  b e e n  
d e m o n s t r a t e d .  The a b i l i t y  t o  d i f f e r e n t i a t e  be tween b u l k  phase and 
i n t e r f a c i a l  r e a c t i o n s  can be very  i m p o r t a n t  i n  t h e  d e s i g n  o f  i m p r o v e d  
e x t r a c t a n t s ,  as w e l l  as i n  t h e  unders tand ing  o f  t h e  fundamental chemical 
p r o p e r t i e s  o f  t h e  l i q u i d - l i q u i d  i n t e r f a c e .  
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T h i s  s t u d y  was s u p p o r t e d  by a g r a n t  f r o m  t h e  N a t i o n a l  S c i e n c e  
Foundat ion.  
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