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STUDIES OF THE SIZE-SELECTIVE EXTRACTION OF ALKALI METAL IONS BY 
THE SYNERGISTIC EXTRACTION SYSTEM, CROWN ETHER-DI(2-ETHYLHEXYL) 

PHOSPHORIC ACID-BENZENE 

W .  F .  Kinard 
Department o f  Chemistry 

The C o l l e g e  of C h a r l e s t o n  
C h a r l e s t o n ,  South C a r o l i n a  29401 

W .  J. McDowell and R .  R.  Shoun 
Oak Ridge N a t i o n a l  L a b o r a t o r y  

Oak Ridge,  Tennessee 37830 

ABSTRACT 

I n  o r d e r  t o  t a k e  p r a c t i c a l  a d v a n t a g e  of t h e  s i z e - s e l e c t i v e  
c a t i o n - c o o r d i n a t i n g  a b i l i t y  of t h e  c y c l i c  p o l y e t h e r s  (crown e t h e r s ) ,  
expe r imen t s  s e e k i n g  a means o f  a v o i d i n g  t h e  problem o f  s o l u b i l i z i n g  
a m i n e r a l - a c i d  a n i o n  i n  a n o n p o l a r  o r g a n i c  d i l u e n t  were performed.  
M i x t u r e s  o f  s e v e r a l  known e x t r a c t a n t s  and crown e t h e r s  were t r i e d .  
R e s u l t s  p r e s e n t e d  i n d i c a t e  t h a t  o r g a n i c  s o l u b l e  c a t i o n  exchange r s  
mixed i n  s o l u t i o n  w i t h  crown e t h e r s  produce a s y n e r g i s t i c  e x t r a c t a n t  
m i x t u r e  t h a t  l a r g e l y  e x h i b i t s  t h e  s i z e - s e l e c t i v e  p r o p e r t i e s  
expec ted  o f  t h e  crown e t h e r .  Data  are p r e s e n t e d  f o r  t h e  e x t r a c t i o n  
o f  macro c o n c e n t r a t i o n s  o f  a l k a l i  m e t a l s  by d i ( 2 - e t h y l h e x y l )  
p h o s p h o r i c  a c i d  - dicyclohexyl-18-crown-6 m i x t u r e s  a t  a s i n g l e  pH, 
and a t  n o n l o a d i n g  c o n d i t i o n ( C  metal conc <0.04 PJ) as a f u n c t i o n  o f  
pH, 2 t o  6 .  I n  b o t h  c a s e s  p o t a s s i u m  is s y n e r g i z e d  most s t r o n g l y  
presumably because  of i t s  b e s t  f i t  t o  t h e  crown e t h e r  c a v i t y .  
O the r  d a t a  i n d i c a t e ,  however,  t h a t  t h e  s i z e - f i t  p r i n c i p l e  i s  n o t  
as  c o n s i s t e n t  f o r  a l l  a l k a l i  m e t a l  i o n s  and crown e t h e r s  as f o r  
p o t a s s i u m  and d i cyc lohexy l -18 -c row-6 .  O the r  e f f e c t s  such  as 
c o m p e t i t i o n  f o r  i o n  h y d r a t i o n  and aqueous-phase d i s t r i b u t i o n  of 
t h e  complex may have  i m p o r t a n t  e f f e c t s  t h a t  have  n o t  been e l u c i d a t e d  

INTRODUCTION 

Crown e t h e r s  a r e  a c l a s s  of m a c r o c y c l i c  p o l y e t h e r  molecu le s  

t h a t  a r e  known t o  form r e l a t i v e l y  s t r o n g  complexes w i t h  a l k a l i  
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1014 KINARD,  MC DOWELL, AND SHOUN 

m e t a l  c a t i o n s .  The s t r e n g t h  of a s s o c i a t i o n  of t h e  crown e t h e r  w i t h  

t h e  m e t a l  i o n  a p p e a r s  t o  be  g r e a t e r  when t h e r e  i s  c o r r e s p o n d e n c e  

between t h e  c r y s t a l  d i a m t e r  o f  t h e  metal i o n  and t h e  s i z e  o f  t h e  

c a v i t y  i n  t h e  p o l y e t h e r  r i n g .  Thus by v a r y i n g  t h e  s i z e  o f  t h e  

p o l y e t h e r  r i n g ,  i t  i s  p o s s i b l e  t o  e f f e c t  a select ive i n t e r -  

a c t i o n  of t h e  v a r i o u s  a l k a l i  m e t a l s  w i t h  crown e t h e r s .  

I n  g e n e r a l ,  t h e  crown e t h e r s  have l i m i t e d  s o l u b i l i t y  i n  

aqueous s o l u t i o n s ,  which makes them good c a n d i d a t e s  f o r  s o l v e n t  

e x t r a c t i o n  r e a g e n t s .  F r e n s d o r f f  h a s  examined s i z e - s e l e c t i v e  

b e h a v i o r  i n  t h e  e x t r a c t i o n  o f  a l k a l i  metal p i c r a t e s  by v a r i o u s  

crown e t h e r s  ( 1 , Z ) .  These s t u d i e s  d e m o n s t r a t e d  t h e  s e l e c t i v e  

e x t r a c t i o n  of  sodium by ~-butylcyclohexyl-15-crown-5 and t h e  

enhanced e x t r a c t i o n  o f  p o t a s s i u m  by d i c y c l o h e x y l - 1 8 - c r o w - 6  b o t h  

c o n s i s t e n t  w i t h  t h e  s i z e - f i t  i d e a .  

O the r  worke r s  have  s t u d i e d  t h e  u s e  o f  crown e t h e r s  as 

e x t r a c t i o n  r e a g e n t s  and  demons t r a t ed  s i z e  s e l e c t i v i t y  i n  

e x t r a c t i o n s  u s i n g  dibenzo-18-crown-6 and dicyclohexyl-18-crown-6 

( 3 - 7 ) .  Because o f  t h e  d i f f i c u l t y  i n  t r a n s f e r r i n g  a m i n e r a l  

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

a l m o s t  a l l  s t u d i e s  have  used  p i c r a t e ,  t e t r a p h e n y l b o r a t e ,  o r  

d i p i c r y l a m i n e  s a l t s  t o  p r o v i d e  a l a r g e  p o l a r i z a b l e  a n i o n  s o  t h a t  

t h e  i o n - p a i r  c a n  b e  e x t r a c t e d .  D i s t r i b u t i o n  c o e f f i c i e n t s  ( D  = 

organ ic -phase  meta l  c o n c e n t r a t i o n  d i v i d e d  by aqueous-phase metal  

c o n c e n t r a t i o n )  f o r  t h e  p i c r a t e  s a l t s  are  of  t h e  o r d e r  of 1 0  

t o  The poor  e x t r a c t a b i l i t y  of  t h e s e  s a l t s ,  t h e  n e c e s s i t y  

of c o n v e r t i n g  t h e  aqueous  s y s t e m  t o  one  i n  which t h e  a n i o n  i s  

a l a r g e  p o l a r i z a b l e  q u a s i - o r g a n i c  s p e c i e s ,  and t h e  c o s t  o f  

r e a g e n t s  make s u c h  sys t ems  u n a t t r a c t i v e  i n  p r o c e s s  a p p l i c a t i o n .  

M 

-4 

Marcus and Asher have r e c o g n i z e d  t h e  problem o f  a n i o n  t r a n s f e r  

and a t t e m p t e d  t o  s o l v e  t h e  problem by u s i n g  h i g h l y  p o l a r  o r g a n i c  

s o l v e n t s  t o  s o l v a t e  t h e  a n i o n  and i n c r e a s e  i t s  s o l u b i l i t y  i n  t h e  

o r g a n i c  phase  ( 8 ) .  T h i s  c r e a t e s  p rob lems  i n  p r a c t i c e  s i n c e  t h e  

p o l a r  o r g a n i c  s o l v e n t  may b e  a p p r e c i a b l y  s o l u b l e  i n  t h e  aqueous  

l a y e r .  I n  r e p o r t i n g  a s t u d y  of 27 p o l a r  o r g a n i c  s o l v e n t s ,  t h e y  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SYNERGISTIC EXTRACTION OF METALS 1015 

found t h a t  d i s t r i b u t i o n  r a t i o s  o f  a b o u t  0.5 c o u l d  be o b t a i n e d  f o r  

0.18 p o t a s s i u m  c h l o r i d e  u s i n g  m-c reso l  as t h e  o rgan ic -phase  

d i l u e n t .  

McDowell and  Shoun have i n v e s t i g a t e d  a n  a l t e r n a t i v e  approach  

t o  i n c r e a s i n g  t h e  u s e f u l n e s s  of crown e t h e r s  as  e x t r a c t i o n  

r e a g e n t s  ( 9 ) .  They t h e o r i z e d  t h a t  by  i n c l u d i n g  a n  o r g a n i c  

s o l u b l e  - aqueous  i n s o l u b l e  c a t i o n  exchange r  i n  t h e  o r g a n i c  

s o l u t i o n  w i t h  t h e  crown e t h e r ,  t h e  m e t a l  i o n  cou ld  b e  t r a n s f e r r e d  

t o  t h e  o r g a n i c  phase  by c a t i o n  exchange ,  t h u s  a v o i d i n g  t h e  problem 

of  a n i o n  t r a n s f e r .  Once t h e  c a t i o n  w a s  e x t r a c t e d  i n t o  t h e  o r g a n i c  

p h a s e ,  it w a s  t h o u g h t  t h a t  t h e  s i z e - s e l e c t i v e  i n t e r a c t i o n  of t h e  

crown e t h e r  w i t h  t h e  e x t r a c t e d  c a t i o n  s h o u l d  s t i l l  o c c u r .  T h i s  

s t u d y  r e p o r t s  t h e  r e s u l t s  of  some p r e l i m i n a r y  i n v e s t i g a t i o n s  o f  

t h e  use  of c a t i o n  e x c h a n g e r s  and n e u t r a l  s p e c i e s  e x t r a c t a n t s  as 

c o e x t r a c t a n t s  w i t h  crown e t h e r s  and a more d e t a i l e d  s t u d y  of t h e  

select ive e x t r a c t i o n  o f  p o t a s s i u m  by dicyclohexyl-18-crown-6 

(DC18C6) and d i ( 2 - e t h y l h e x y l )  p h o s p h o r i c  a c i d  (HEDEHP). 

EXPERIMENTAL 

Crown e t h e r s  were o b t a i n e d  a s  99+% p u r i t y  m a t e r i a l s  f rom 

A l d r i c h  o r  P a r r i s h  c h e m i c a l  companies  and used  w i t h o u t  f u r t h e r  

p u r i f i c a t i o n .  No a t t e m p t s  were made t o  s e p a r a t e  t h e  g e o m e t r i c  

i s o m e r s  o f  t h e  dicyclohexyl-substituted compounds. A l l  o t h e r  

e x t r a c t i o n  r e a g e n t s  w e r e  o b t a i n e d  from s t o c k  and were p u r i f i e d  

by c o n v e n t i o n a l  p r o c e d u r e s .  

as  t h e  o r g a n i c - p h a s e  d i l u e n t .  

Reagent-grade benzene w a s  u sed  

A l l  a l k a l i  m e t a l  r a d i o i s o t o p i c  t racers  were a n a l y z e d  f o r  

r a d i o c h e m i c a l  p u r i t y  by gamma s p e c t r o m e t r y .  Coun t ing  w a s  done  

t o  <l% s t a t i s t i c s  e x c e p t  f o r  some o r g a n i c  p h a s e s  which had 

e x t r e m e l y  low c o u n t i n g  ra tes .  L i t h i u m  w a s  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  s p e c t r o p h o t o m e t r y  u s i n g  a Perkin-Elmer Model 460 

s p e c t r o m e t e r .  
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The experiments  i n  which aqueous-phase pH w a s  v a r i e d  c o n s i s t e d  

of e q u i l i b r a t i n g  10 m l  of an o r g a n i c  phase c o n t a i n i n g  0.250 fi 
crown e t h e r  and 0.125 :! HDEHP and of each of t h e s e  r e a g e n t s  a l o n e  

a t  t h e  same c o n c e n t r a t i o n  w i t h  1 0  m l  of an aqueous phase.  Before 

examination o f  e x t r a c t i o n  behavior  began but  whi le  t h e  phases  

were be ing  e q u i l i . b r a t e d ,  t h e  aqueous phase was a d j u s t e d  t o  pH 6 

us ing  0.125 M a l k a l i  m e t a l  hydroxide.  Fol lowing pH ad jus tment ,  

t h e  t r a c e r  was added. A f t e r  a 5-min e q u i l i r a t i o n  p e r i o d ,  an 

a l i q u o t  o f  each phase was withdrawn f o r  count ing  i n  an automated 

gamma s c i n t i l l a t i o n  s p e c t r o n e t e r .  S e p a r a t e  experiments  have shown 

t h a t  a 5-min e q u i l i b r a c i o n  t ime i s  more t h a n  s u f f i c i e n t  t o  a s s u r e  

equi l ibr ium.  The s o l u t i o n  was then  t i t r a t e d  t o  t h e  next  pH v a l u e  

wi th  a d i l u t e  s o l u t i o n  o f  n i t r i c  a c i d .  The t o t a l  m e t a l  i o n  

c o n c e n t r a t i o n  i n  t h e  sample never  exceeded 0.04 mol.ar. E x t r a c t i o n  

d a t a  above a pH o f  5 . 5  a r e  less  r e l i a b l e  t h a n  at lower v a l u e s  

s i n c e  t h e  i n t e r f a c e  actrive n a t u r e  of t h e  HDEHP-metal s a l t  

i n t e r f e r e d  with complete phase s e p a r a t i o n .  

Experiments i n  which pH was not  a v a r i a b l e  employed b a t c h  

e q u i l i b r a t i o n  procedures  i n  30-ml s e p a r a t o r y  f u n n e l s .  

was a d j u s t e d ,  then measured i n  t h e  presence  of a l l  r e a g e n t s  

a f t e r  e q u i l i b r a t i o n .  I n  F ig .  1 t h e  t o t a l  i n i t i a l  a l k a l i  metal  

i o n  c o n c e n t r a t i o n  was 0 . 5  M, 0 . 1  g i n  each metal. 

The pH 

RESULTS AND DISCUSSION 

I n i t i a l  T e s t s  _- 
In t h e  i n i t i a l  t e s t s ,  two crown e t h e r s ,  dicyclohexyl-18- 

crown-6 and cyclohexyl-15-crown-5, were t e s t e d  w i t h  s e v e r a l  

f a m i l i a r  s n l v e n t  e x t r a c t i o n  r e a g e n t s  f o r  t h e i r  a b i l i t y  t o  enhance 

t h e  e x t r a c t i o n  of v a r i o u s  c a t i o n s .  For t h e  c a t i o n  exchange 

e x t r a c t a n t s ,  t h e  a l k a l i  meta l  ions were chosen as i o n s  t o  be 

t e s t e d  s i n c c  more d a t a  are a v a i l a b l e  on t h e i r  e x t r a c t i o n .  For 

t h e  an ion  (amine) and n e u t r a l  s p e c i e s  e x t r a c t a n t s  (phosphorous 

compounds), o t h e r  i o n s  t h a t  w e r e  known t o  e x t r a c t  w i t h  t h e s e  

r e a g e n t s  and should have about  t h e  r i g h t  s i z e  r e l a t i o n s h i p  
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I O N I C  DIAMETER 

FIGURE 1. E x t r a c t i o n  of  a l k a l i  metals by a mixture  of d icyc lo-  
hexyl-18-crown-6 and d i (2-e thylhexyl )  phosphoric  a c i d  
(HDEHP) compared wi th  e x t r a c t i o n  by HDEHP a l o n e .  For 
d a t a  se t  IJ and 0 t h e  aqueous phase i s  0 . l M  a t  pH 4 . 8 ,  
and t h e  HDEHP i s  50% converted t o  t h e  sa l t  form. Data 
set A are from t h e  t i t r a t i o n  d a t a  a t  t h e  p o i n t  where 
50% HDEHP i s  conver ted .  

t o  t h e  crown e t h e r  were chosen. The r e s u l t s  of  t h e s e  t e s t s  

are p r e s e n t e d  i n  Table  1. For each reagent--  crown e t h e r  p a i r ,  

a s y n e r g i s t i c  f a c t o r  (S)  w a s  c a l c u l a t e d  from t h e  fo l lowing  

r e l a t i o n s h i p  
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SYNERGISTIC EXTRACTION OF METALS 1019 

where Dr and D 

i n d i v i d u a l  r e a g e n t s  used a l o n e ,  and 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  f o r  t h e  r e a g e n t s  used t o g e t h e r .  The h i g h e s t  v a l u e s  

of t h e  s y n e r g i s t i c  f a c t o r  were obta ined  f o r  c a t i o n  exchange 

r e a g e n t s  a s  opposed t o  n e u t r a l  s o l v a t i n g  r e a g e n t s  o r  anion 

exchange r e a g e n t s  as had been expec ted .  S ince  c o n s i d e r a b l e  

informat ion  e x i s t s  on t h e  e x t r a c t i o n  of a l k a l i  metals by 

HDEHP (lO,ll), and s i n c e  a good s y n e r g i s t i c  e f f e c t  w a s  produced 

wi th  t h i s  r e a g e n t ,  i t  w a s  chosen f o r  use  a s  a c o e x t r a c t a n t  w i t h  

t h e  crown e t h e r s .  The fo l lowing  d i s c u s s i o n  i s  concerned w i t h  

t h e  use  of  HDEHP w i t h  dicyclohexyl-18-crow-6.  

are 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 s  of t h e  c e  

( r i c e )  

Sys temat ic  Experiments w i t h  HDEHP as Coext rac tan t  

The HDEHP system does e x h i b i t  some s e l e c t i v i t y  f o r  t h e  

e x t r a c t i o n  of  a l k a l i  metals a t  t h e  low a l k a l i  metal c o n c e n t r a t i o n s  

used i n  t h e  t i t r a t i o n  experiments  i n  t h i s  work ( 1 0 , l l ) .  However, 

l i t t l e  s e p a r a t i o n  w a s  observed h e r e  u s i n g  t h e  one-component (HDEHP) 

system, w i t h  t h e  except ion  of l i t h i u m ,  which e x h i b i t s  an enhanced 

i n t e r a c t i o n  w i t h  HDEHP. This  behavior  of  l i t h i u m  i s  probably due 

t o  t h e  f a c t  t h a t  i t s  charge-to-radius  r a t i o  i s  much g r e a t e r  than 

t h e  o t h e r  a l k a l i  metals.  Upon t h e  a d d i t i o n  o f  DC18C6, 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 s  of t h e  a l k a l i  metals i n c r e a s e d  by a 

s i g n i f i c a n t  amount, and t h e  s e p a r a t i o n  f a c t o r s  between t h e  a l k a l i  

m e t a l s  a r e  a l s o  i n c r e a s e d .  

I n  a n  e a r l y  experiment  ( 9 )  t h e  e f f e c t  of  DC18C6 on t h e  

r e l a t i v e  e x t r a c t i o n  of t h e  a l k a l i  m e t a l s  by HDEHP w a s  observed 

under c o n d i t i o n s  where t h e  t o t a l  metal  i o n  w a s  more than  t h e  

HDEHP could e x t r a c t ,  t h u s  producing c o n d i t i o n s  of  compet i t ion  

between t h e  a l k a l i  metal i o n s  f o r  e x t r a c t i o n .  The r e l a t i v e  

e x t r a c t i o n s  of  t h e  a l k a l i  metals ( r e l a t e d  t o  Cs) from t h i s  

experiment a r e  compared i n  F ig .  1 w i t h  t h o s e  r e s u l t i n g  from a 

system c o n t a i n i n g  HDEHP a lone .  For t h i s  experiment ,  each a l k a l i  

m e t a l  w a s  0 . 1  M, and t h e  0 .1  g HDEHP had been converted 50% 

t o  t h e  a l k a l i  metal s a l t  by t h e  a d d i t i o n  of  p a r t  of t h e  sodium 

as sodium hydroxide.  The e q u i l i b r i u m  aqueous-phase pH was 4.8.  
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1020 KINARD, MC DOWELL, AND SHOUN 

ALSO included i n  t h i s  f i g u r e  a r e  t h e  d a t a  from t h e  t i t r a t i o n  

experiments  a t  low metal  c o n c e n t r a t i o n s ,  wi th  each a l k a l i  metal  

i n  ;I s e p a r a t e  experiment so t h a t  no e x t r a c t i o n  competiti.on 

c x i s t e d .  The poin t  a t  which t h e  HDEHP was 50% converted t o  t h e  

s a l t  was a l s o  chosen i n  each c a s e  h e r e  t o  c a l c u l a t e  t h e  r e l a t i v e  

e x t r a c t i o n .  Note t h a t  under b o t h  c o n d i t i o n s  t h e  r e l a t i v e  

e x t r a c t i o n  o f  potassium i s  g r e a t l y  enhanced when DCl8C6 i s  

p r e s e n t  compared t o  i t s  p o s i t i o n  when HDEHP i s  used a l o n e .  

1’11~ r e l a t i v e  e x t r a c t i o n  of t h e  a l k a l i  metal i o n s  by HDEHP can be 

c o r r e l a t e d  w i t h  t h e i r  c h a r g e / c r y s t a l  r a d i u s  r a t i o .  However, 

when DClSCb i s  p r e s e n t  i n  t h e  o r g a n i c  phase,  t h i s  e f f e c t  appears  

t o  be over r idden  by a s i z e - s e l e c t i o n  s y n e r g i s t i c  e f f e c t  ;n 

w h i c h  t h e  s i z e - f i t  between DC18C6 and potassium predominates .  

S y n e r g i s t i c  f a c t o r s .  Because 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 s  

f o r  e x t r a c t i o n  by t h e  crown e t h e r  a l o n e  were v e r y  low, l o F 5  t o  

loT4, and t h u s  conta ined  much exper imenta l  s c a t t e r ,  a l l  of t h e  

exper imenta l  d i s t r i b u t i i o n  c o e f f i c i e n t s  o b t a i n e d  as a f u n c t i o n  of 

pli f o r  crown e t h e r s  a l o n e ,  HDEHP a l o n e ,  and t h e  mixtures  were 

ted  t o  a r e g r e s s i o n  e q u a t i o n .  The s y n e r g i s t i c  f a c t o r s ,  as 

def ined  above, were c a l c u l a t e d  from t h e  f i t t e d  curves  accord ing  

t o  E q .  ( I . ) .  A p l o t  of t h e  s y n e r g i s t i c  f a c t o r s  ob ta ined  f o r  t h e  

e x t r a c t i o n  of a l .ka l i  m e t a l s  by DC18C6 and HDEHP as a f u n c t i o n  of 

pt1 i s  shown i n  F i g .  2 .  Potassium and rubidium e x h i b i t e d  t h e  

l a r g e s t  s y n e r g i s t i c  e f f e c t s ,  as would be  expected from a match 

of  t h e i r  i o n i c  d i a m e t e r s  w i t h  t h e  c a v i t y  s i z e  of  DC18C6. 

Comparison of s i z e - s e l e c t i v e  synergism w i t h  e a r l i e r  work. 

In o r d e r  t o  compare t h e  s i z e - s e l e c t i v e  s y n e r g i s t i c - s o l v e n t  

e x t r a c t i o n  e f f e c t  found i n  t h i s  s tudy  ( u s i n g  a crown e t h e r  mixed 

i n  organic-phase s o l u t i o n  w i t h  a l i q u i d  c a t i o n  exchanger) w i t h  

the s i z e - s e l e c t i v e  e x t r a c t i o n  of a l k a l i  meta l  p i c r a t e s  observed 

by  Frensdorf f  (l), s e p a r a t i o n  f a c t o r s  + w e r e  c a l c u l a t e d  from 

t h e  d i s t r i h u t i o n  c o e f f i c i e n t s  D + f o r  both systems accord ing  t o  
M 

t h e  fo l lowing  equat ion  
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FIGURE 2 .  The s y n e r g i s t i c  f a c t o r ,  S ,  f o r  :he e x t r a c t i o n  of  a l k a l i  
metals by a mixture  of 0.125 dicyclohexyl-18-crow-6 
and 0.125 g HDEHP over t h e  added e f f e c t  of  t h e s e  
r e a g e n t s  used s e p a r a t e l y .  

The s e p a r a t i o n  f a c t o r s  o b t a i n e d  are  compared in Table 2 .  

The d a t a  show t h a t  no t  on ly  does t h e  HDEHP--crown e t h e r  

c o e x t r a c t a n t  system g i v e  s e p a r a t i o n  f a c t o r s  f o r  t h e  a l k a l i  m e t a l s  

very s imilar  t o  t h o s e  observed i n  e x t r a c t i o n  of p i c r a t e s  by crown 

e t h e r  s o l u t i o n s ,  b u t  an i n c r e a s e  i n  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  

of  g r e a t e r  than 1000 i s  obta ined  as compared t o  u s i n g  t h e  crown 

e t h e r  a lone .  
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TABLE 2 

K I N A R D ,  MC DOWELL, AND SHOUN 

Comparison o f  t h e  S y n e r g i z e d  E x t r a c t i o n  System w i t h  t h e  P i c r n t e  
E x t r a c t i o n  System 

_I_ ---__ 
A l k a l i  D i s t r i b u t i o n  c o e f f i c i e n t  S e p a r a t i o n  f a c t o r ,  %+;k 

m c  t a l  HDEHP+DC18C6 DC18C6 HDEHP+DC18C6 DC18C6 
_I_ ( n i t r a t e )  ( p i c r a t e )  ( n i t r a t e )  ( p i c r a t e )  

L i th ium 8.09E-2 2.31E-5 0.06 
Sodium 6.96E-1 1.79E-4 0 .05 
Po tas s ium 1.44E00 5.45E-4 1.00  
Rubidium l .OlE00 - 0.70 
Cesium 2.67E-1 3.09E-4 0.18 

0 .04  
0 . 0 3  
1.00 

0 .57  
- 

C u r r e n t  work i s  unde r  way t o  s y s t e m a t i c a l l y  e v a l u a t e  t h e  

r e l a t i o n s h i p  between crown e t h e r  r i n g  s i z e  and t h e  s y n e r g i z e d  

e x t r a c t i o n  o f  t h e  a l k a l i  m e t a l s  u s i n g  HDEHP and o t h e r  o r g a n i c -  

s o l u h l e  c a t i o n  e x c h a n g e r s .  

P r e l i m i n a r y  i n v e s t i g a t i o n  o f  complex s t o i c h i o m e t r y .  The pH 

dependence o f  t h e  l o g  e x t r a c t i o n  c o e f f i c i e n t  was found t o  b e  0 

f o r  e x t r a c t i o n  w i t h  HDEHP. Load ing  c u r v e s  f o r  t h e  HDEHP-DC18C6 

m i x t u r e  i m p l i e d  monomeric p o t a s s i u m  i n  t h e  o r g a n i c  p h a s e s .  The re  

i s  a s i g n i f i c a n t  d e v i a t i o n  from u n i t y  i n  t h e  s l o p e  o f  t h e  l o g  

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

HDCHP and DC18C6 f o r  t h e  s y s t e m  c o n t a i n i n g  p o t a s s i u m ;  t h e  s l o p e  

d o e s  approach  1 f o r  sodium. It is  f e l t  t h a t  t h e  d e v i a t i o n  from 

t h e  e x p e c t e d  v a l u e  o f  1 r e s u l t s  f rom e i ther  compe t ing  e q u i l i b r i a  

o r  from t h e  aqueous  s o l u b i l i t y  o f  t h e  complex i o n .  More 

e x p e r i m e n t a l  work w i l l  b e  r e q u i r e d  t o  d e t e r m i n e  the e x t e n t  t o  which 

s o l u b i l i t y  a f f e c t s  t h e  r e a g e n t  dependence  s l o p e s  d e t e r m i n e d  in 

t h i s  work. A s l o p e  o f  1 .0  f o r  t h e  e x t r a c t i o n  c o e f f i c i e n t  dependence 

on HDEHP c o n c e n t r a t i o n  would s u g g e s t  t h a t  t h e r e  i s  one DEHP a n i o n  

and one n e u t r a l  HDEHP s o l v a t i n g  t h e  meta l  i o n  i f  one  assumes t h a t  
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SYNERGISTIC EXTRACTION OF METALS 1023 

HDEHP (which i s  known t o  b e  a d imer  i n  benzene  a t  t h e  c o n c e n t r a t i o n s  

u s e d  i n  t h i s  work) r ema ins  a d imer  i n  t h e  p r e s e n c e  o f  DC18C6. 

Us ing  t h e s e  l i m i t e d  d a t a  and  t h e  above a s s u m p t i o n s ,  a p o s s i b l e  

f o r m u l a  f o r  t h e  e x t r a c t e d  s p e c i e s  would b e  M(DEHP)(HEDHP)(DC18C6). 

F u r t h e r  work i s  i n  p r o g r e s s  t o  s t u d y  t h e  more d e t a i l e d  

b e h a v i o r  o f  t h i s  and s imi l a r  c a t i o n  exchange--crown e t h e r  s y s t e m s  

and t o  d e f i n e  more e x a c t l y  t h e  e x t r a c t e d  s p e c i e s .  
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