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MIXED LIGAND CHELATE EXTRACTION OF LANTI-IANIDES : 
I .  8-QUINOLINOL SYSTEMS 

T .  H o r i , a  M. Kawashima,b and H .  F r e i s e r  
Department o f  Chemistry 

U n i v e r s i t y  of Ar i zona  
Tucson, Ar i zona  05721 

ABSTRACT 

A d e t a i l e d  s t u d y  of t h e  e q u i l i b r i u m  e x t r a c t i o n  b e h a v i o r  o f  a 
series o f  r e p r e s e n t a t i v e  t e r v a l e n t  l a n t h a n i d e  i o n s ,  La,  P r ,  Eu, 
Ho, and Yb, i n t o  c h l o r o f o r m  s o l u t i o n s  c o n t a i n i n g  e i t h e r  8-quinol-  
i n o l  (HQ) a l o n e  o r  mixed w i t h  1 , l O - p h e n a n t h r o l i n e  ( p h e n ) ,  w a s  
c a r r i e d  o u t .  The r e s u l t s  demons t r a t ed  t h a t ,  e x c e p t  f o r  La which 
e x t r a c t e d  as a s i m p l e  c h e l a t e ,  LaQ3, t h e  l a n t h a n i d e s  e x t r a c t  as 
s e l f - a d d u c t  c h e l a t e s ,  LnQ3-2HQ, and  a t  h i g h e r  HQ c o n c e n t r a t i o n s ,  
LnQ3.3HQ. In t h e  p r e s e n c e  of phen,  mixed l i g a n d  c h e l a t e s  of a l l  
t h e  l a n t h a n i d e s  h u t  La o f  t h e  fo rmula  LnQj.2HQ.phen are formed. 
The u s e  o f  t h e  e x p e r i m e n t a l  p a r a m e t e r s ,  pH, c o n c e n t r a t i o n  o f  b o t h  
HQ and phen t o  o p t i m i z e  t h e  s e p a r a t i o n  o f  t h e  l a n t h a n i d e s  i s  d i s -  
c u s s e d .  It i s  concluded t h a t  c h e l a t e  e x t r a c t i o n  systems i n  which 
a d d u c t  and mixed l i g a n d  complexes a r e  formed enhance s e p a r a t i o n  
c a p a b i l i t y .  

INTRODUCTION 

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

r e p r e s e n t  a f o r m i d a b l e  s e p a r a t i o n s  c h a l l e n g e .  D i f f e r e n c e s  i n  

aqueous phase  chemica l  b e h a v i o r  of t h e  i n d i v i d u a l  l a n t h a n i d e s  c a n  h e  

e x p e c t e d  t o  b e  g r e a t e r  w i t h  c h e l a t i n g  a g e n t s  t h a n  w i t h  s imple  

aOn s t u d y  leave from t h e  F a c u l t y  of S c i e n c e ,  Kyoto U n i v e r s i t y ,  
bKyo t 0 ,  Japan .  

On s t u d y  l e a v e  from t h e  F a c u l t y  o f  E d u c a t i o n ,  Sh iga  
U n i v e r s i t y ,  O t su ,  S h i g a ,  J a p a n .  
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862 HORI, KAWASHIMA, AND FREISER 

i n o r g a n i c  r e a g e n t s  employed f o r  s e p a r a t i o n .  D e s p i t e  t h e  v a s t  

l i t e r a t u r e  d e a l i n g  w i t h  e l u c i d a t i o n  o f  m o l e c u l a r  s t r u c t u r a l  f a c t o r s  

of b o t h  r e a g e n t s  and m e t a l  i o n s  a f f e c t i n g  t h e  s t a b i l i t y  o f  m e t a l  

c h e l a t e s ,  v e r y  l i t t l e  a t t e n t i o n  h a s  been devo ted  t o  a s y s t e m a t i c  

s t u d y  o f  f a c t o r s  a f f e c t i n g  d i f f e r e n c e s  o f  s t a b i l i t y  between p a i r s  

o f  m e t a l  i o n s ,  o r  s e l e c t i v i t y .  One such  s t u d y ,  u s i n g  p a t t e r n  

r e c o g n i t i o n  t e c h n i q u e s  and c o v e r i n g  t h e  po lyaminoca rboxy l i c  a c i d s ,  

h a s  i n d i c a t e d  t h e  r e l a t i v e l y  s m a l l  i n f l u e n c e  o f  t h e  n a t u r e  o f  

s u b s t i t u e n t s  i n  a p a r t i c u l a r  r e a g e n t  f a m i l y  on t h e  s e l e c t i v i t y  

towards t h e  l a n t h a n i d e s  (1). D e s p i t e  t h i s  m i l d l y  d i s c o u r a g i n g  

r e s u l t ,  c h e l a t i n g  a g e n t s  o f f e r  a r e a l i s t i c  hope of s u c c e s s f u l  

l a n t h a n i d e  s e p a r a t i o n  on t h e  f o l l o w i n g  b a s e s .  

Along w i t h  d i f f e r e n c e s  i n  s i m p l e  c h e l a t e  s t a b i l i t y ,  o n e  c a n  

hope t o  e x p l o i t  d i f f e r e n c e s  i n  p h a s e  d i s t r i b u t i o n  c o n s t a n t s  a s s o c i -  

a t e d  w i t t i  s e p a r a t i o n .  F u r t h e r m o r e ,  s i n c e  t e r v a l e n t  l a n t h a n i d e  

i o n s  have maximum c o o r d i n a t i o n  numbers g r e a t e r  t h a n  s i x ,  t h e y  c a n  

b e  expec ted  t o  form c o o r d i n a t e l y - u n s a t u r a t e d  c h e l a t e s ,  r e p r e s e n t e d  

by t h e  fo rmula  LnL3-aHL, where HL is  a monopro t i c  a c i d  t h a t  i s  a 

b i d e n t a t e  c h e l a t i n g  a g e n t .  Hence, d i f f e r e n c e s  i n  t h e  f o r m a t i o n  

c o n s t a n t s  of such  s p e c i e s ,  termed a d d u c t s ,  a s  w e l l  as t h o s e  i n  

which one  o r  more molecu le s  o f  a n o t h e r  n e u t r a l  l i g a n d ,  B ,  p a r t i c i p a t e ,  

LnL3-aHL*bB, termed mixed l i g a n d  c h e l a t e s ,  may add t o  s e l e c t i v i t y .  

F i n a l l y ,  w i t h  sys t ems  i n v o l v i n g  s u c h  a d i v e r s i t y  of chemica l  i n t e r -  

a c t i o n s ,  c a r e f u l  a t t e n t i o n  t o  c o n t r o l  o f  e x p e r i m e n t a l  p a r a m e t e r s  

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

c o e f f i c i e n t s  c a l c u l a t e d  by the u s u a l l y  employed r a t i o  of e q u i l i b r i u m  

c o n s t a n t s .  

8 -Qu ino l ino l  and 1 , l O - p h e n a n t h r o l i n e  were chosen  f o r  t h i s  

s t u d y  b e c a u s e  ear l ie r  work i n  t h i s  L a b o r a t o r y  demons t r a t ed  t h e  

advan tages  o f  a d d u c t  and mixed l i g a n d  e x t r a c t i o n s  f o r  z i n c ,  a 

m e t a l  i o n  whose complexes are f r e q u e n t l y  coord ina t ive ly-unsa tura ted  

( 2 ) .  U s e  o f  8 - q u i n o l i n o l  f o r  l a n t h a n i d e  e x t r a c t i o n  h a s  been 

r e p o r t e d  ear l ie r  ( 3 ) ,  b u t  w i t h o u t  any i n d i c a t i o n  of a d d u c t  f o r m a t i o n .  
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8-QUINOLINOL SYSTEMS. I 

EXPERIMENTAL 

863 

Reagents 

Stock solutions of lanthanum, praseodymium, europium, holmium 

and ytterbium ion were prepared from the corresponding chloride salt 

hexahydrates (Alfa Inorganics, Inc.), having a purity of 99.9%. 
These solutions were standardized by complexometry and the 

concentrations were determined as 4.00 x 10 

3.81 x $ (537 pg Pr/mL), 4.01 x g (609 pg Eu/mL), 
4.01 x lob3 M - (661 ug Ho/mL) and 3.97 x 
respectively. These solutions were stored in polyethylene bottles 

and properly diluted for use. 

-3 g (555 pg La/mL), 

g (687 pg Yb/mL), 

Buffer solutions including 0.0425 g sodium tartrate and 0.012 
succinic acid and/or tris-(hydroxyamin0)-methane (THAM) were prepared 

to cover the pH range of 6.0 to 7.0 and 7.0 to 10.6, respectively. 

Arsenazo I11 solution was prepared by dissolving 50 mg of 
the reagent (Aldrich Chemical - containing 1 to 5% Ca) with 100 ml 
of water. This solution was freshly prepared each week. 

A 0. l .M sodium formate-formic acid buffer at pH 4.05 (6.8 g 
of HC02Na - 2.5 mL of HC02H/liter) was also prepared for back 

extractions of rare earth metal ions from the chloroform extracts. 

8-Quinolinol (oxine) was purified by sublimation and dissolved 

in chloroform just prior to use. 

A 0.1 phenanthroline solution was prepared by dissolving 

1.9823 g of Analytical Grade 1,lO-phenanthroline monohydrate 

(Aldrich Chemical Company, Ind.) in chloroform and diluting it to 

100 mL with the same solvent. 

To prepare a series of extracting solutions including 

phenanthroline and oxine, calculated amounts of 0.1 phenanthro- 

line solution and 1 g  oxine solution were taken and mixed in 
volumetric flasks and the mixtures were diluted to the mark with 

pure chloroform. 
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H O R I ,  KAWASHIMA, AND FREISER 

Appara tus  _ _  
The a b s o r b a n c e s  were measured i n  q u a r t z  c u v e t t e s  of  1 cm 

p a t h l e n g t h  by u s i n g  a G i l f o r d  Model 2400 S p e c t r o p h o t o m e t e r .  

Measurements o f  pH were performed by u s i n g  an Orion  Model 701 

D i g i t a l  pH meter, equ ipped  w i t h  a g l a s s  i n d i c a t i n g  e l e c t r o d e  and 

a calomel  r e f e r e n c e  e l e c t r o d e  (Thomas, Swis s  p r o d u c t s ) .  The 

e x t r a c t i o n  a p p a r a t u s  h a s  been  p r e v i o u s l y  d e s c r i b e d  ( 2 ) .  

E x t r a c t i o n  P r o c e d u r e  ___. 

The b u f f e r e d  l a n t h a n i d e  s o l u t i o n  ( i n  which t h e  maximum i n i t i a l  
-5 

c o n c e n t r a t i o n  was 1 x 10 

p r e c i p i t a t e  f o r m a t i o n  a t  t h e  i n t e r f a c e )  and an e q u a l  volume o f  t h e  

r e a g e n t  s o l u t i o n  were e q u i l i b r a t e d  by v i g o r o u s  s h a k i n g .  The s h a k i n g  

t i m e  w a s  30 min f o r  a l l  t h e  e x t r a c t i o n s ,  a t i m e  found t o  b e  a d e q u a t e  

f o r  e q u i l i b r a t i o n .  The m i x t u r e  w a s  t h e n  a l l o w e d  t o  s t a n d  f o r  a b o u t  

1 h r  f o r  phase  s e p a r a t i o n .  The pH v a l u e  o f  t h e  aqueous  phase  a f t e r  

e x t r a c t i o n  was t a k e n  a s  t h e  e q u i l i b r i u m  pH v a l u e .  A f t e r  phase  

s e p a r a t i o n ,  an a l i q u o t  oE t h e  o r g a n i c  phase  was p i p e t t e d  o u t  and 

used f o r  t h e  d e t e r m i n a t i o n  of  t h e  c o n c e n t r a t i o n  o f  l a n t h a n i d e .  

Ln3+, i n  o r d e r  t o  e l i m i n a t e  any 

__ A n a l y s i s  of  L a n t h a n i d e  and D e t e r m i n a t i o n  o f  D i s t r i b u t i o n  R a t i o  

The l a n t h a n i d e  c o n c e n t r a t i o n  w a s  de t e rmined  a c c o r d i n g  t o  t h e  

Arsenazo 111 method (4): t h e  l a n t h a n i d e  i n  t h e  o r g a n i c  e x t r a c t  

was b a c k - e x t r a c t e d  i n  4 mL o f  pH 4.05 f o r m a t e  b u f f e r  s o l u t i o n  by 

s h a k i n g  f o r  5 min.  The aqueous  p h a s e  t h u s  o b t a i n e d  w a s  t r a n s f e r r e d  

t o  a s e p a r a t o r y  f u n n e l  and washed once w i t h  5 mL of  p u r e  c h l o r o -  

form t o  remove t h e  f r e e  l i g a n d  c o m p l e t e l y ,  l e a v i n g  t h e  l a n t h a n i d e  

i o n  e n t i r e l y  i n  t h e  b u f f e r  s o l u t i o n .  One m i l l i l i t e r  of t h e  Arsenazo 

111 s o l u t i o n  and 0 . 1  mL o f  f o r m i c  a c i d  were added t o  t h e  aqueous 

s o l u t i o n ,  and t h e n  t h e  pH w a s  a d j u s t e d  w i t h i n  2 . 6  f 0 . 1  w i t h  0 . 5  

H C I .  The s o l u t i o n  w a s  t r a n s f e r r e d  i n t o  a 10-mL v o l u m e t r i c  f l a s k  

and made up t o  t h e  mark w i t h  water. The a b s o r b a n c e  w a s  measured 

a t  650 nm. The d i s t r i b u t i o n  r a t i o ,  D ,  w a s  c a l c u l a t e d  from t h e  known 

t o t a l  c o n c e n t r a t i o n  o f  l a n t h a n i d e  i o n  and from t h e  e q u i l i b r i u m  

c o n c e n t r a t i o n  in t h e  o r g a n i c  p h a s e .  
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8-QUINOLINOL SYSTEMS. I 865 

Although t h e  d i s t r i b u t i o n  r a t i o  could  a l s o  be  obta ined  by t h e  

measurement of absorbance a t  400 nm a r i s i n g  from t h e  m e t a l  o x i n a t e  

i n  chloroform (E 1̂ 6500) ,  t h e  r e s u l t s  ob ta ined  by t h e  Arsenazo I11 

method w e r e  more a c c u r a t e  and r e l i a b l e  than  t h e  o x i n a t e  method. 

RESULTS AND DISCUSSION 

A t r a d i t i o n a l  and e f E e c t i v e  means o f  o b t a i n i n g  both s t o i c h i o -  

m e t r i c  and equi l ibr ium c o n s t a n t  in format ion  about  e x t r a c t i o n  

p r o c e s s e s ,  c a l l e d  "s lope  a n a l y s i s , "  i s  based on a formula t ion  of 

v a r i a t i o n  of D ,  t h e  d i s t r i b u t i o n  r a t i o ,  w i t h  r e l e v a n t  exper imenta l  

v a r i a b l e s .  A log-log p l o t  of t h e  e x t r a c t i o n  d a t a  i n  t h e  form of 

D v s  a c o n c e n t r a t i o n  v a r i a b l e  i n d i c a t e s  t h e  s to ich iometry  of t h e  

formation of  t h e  e x t r a c t a b l e  complex, and t h u s  l e a d s  t o  t h e  

d e r i v a t i o n  of a s u i t a b l e  e q u i l i b r i u m  express ion  and then t o  t h e  

c a l c u l a t i o n  of e q u i l i b r i u m  c o n s t a n t s .  

I n  t h e  systems under s tudy  h e r e ,  t h e  l a n t h a n i d e  i s  p r e s e n t  

l a r g e l y  as i t s  d i t a r t r a t e  complex, LnT;, c h a r a c t e r i z e d  by t h e  

e q u i l i b r i u m  

[LnT; 1 
6, = 

[ Ln3+] [ T=] 

I n  t h e  pH range s t u d i e d  which i s  w e l l  

o f  t a r t a r i c  ac,id, H 2 T ,  t h e  d i a n i o n  T- 
s p e c i e s ,  so t h a t  E q .  (1) becomes 

- 
above t h a t  of pK = 3 . 9 4  (5) 

i s  t h e  predominant t a r t ra te  
a2 

where C r e p r e s e n t s  s t o i c h i o m e t r i c  c o n c e n t r a t i o n .  

The s imples t  c h e l a t e  e x t r a c t i o n  e q u i l i b r i u m  express ion  

involv ing  a t e r v a l e n t  l a n t h a n i d e  and 8-quinol inol ,  HQ, i s  t h a t  f o r  

t h e  d i s t r i b u t i o n  r a t i o ,  D ,  
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866 H O R I ,  KAWASHIMA, AND FREISER 

where Ka and KDR are  t h e  a c i d  d i s s o c i a t i o n  c o n s t a n t ,  lo-’’’ , and 

d i s t r i b u t i o n  c o n s t a n t ,  l o z e 6 ,  of HQ, 8, and KDC t h e  o v e r a l l  aqueous 

phase formation c o n s t a n t  and t h e  d i s t r i b u t i o n  c o n s t a n t  of t h e  

c h e l a t e  LnQ3, and t h e  s u b s c r i p t  0 r e f e r s  t o  c o n c e n t r a t i o n s  i n  t h e  

organic  phase. 

The combinat ion of c o n s t a n t s  and t o t a l  t a r t ra te  c o n c e n t r a t i o n  

K:x can be r e f e r r e d  t o  as t h e  c o n d i t i o n a l  e x t r a c t i o n  c o n s t a n t ,  

Examination o f  E q .  (3)  l e a d s  t o  t h e  conclus ion  t h a t  t h e  s l o p e  

of a log D vs pH p l o t  should be  3 ,  i n d i c a t i n g  t h a t  t h r e e  hydrogen 

i o n s  are r e l e a s e d  i n  t h e  e x t r a c t i o n  of t h e  metal i o n .  A s  seen  i n  

F ig .  1, t h e  behavior  of a l l  of t h e  l a n t h a n i d e s  conform t o  t h i s  

s imple formula t ion .  

1.5 

n 
CI, 
0 - 

a. 0 

-I .5 

La 

7 8 
PH 

FIGURE 1. D i s t r i b u t i o n  of l a n t h a n i d e s  i n  t h e  presence  o f  
8 -quinol inol  a s  a f u n c t i o n  of  pH. [ 8 - q u i n o l i n 0 1 ] ~  = 
0.10 3 i n  CHCl3; aqueous phase i n c l u d e s  t a r t ra te  i o n  
a t  c o n s t a n t  c o n c e n t r a t i o n  of 0.034 4. 
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8-QUINOLINOL SYSTEMS. I 867 

Comparable p l o t s  o f  l o g  1) v s  l o g  [HQ], of  t h e  e x t r a c t i o n  
3+ d a t a ,  w h i l e  l i n e a r ,  exhibited s l o p e s  f o r  all of  t h e  ions  exc'ept 1.a 

t h a t  were much h i g h e r  t h a n  t h e  v a l u e  o f  t h r e e  e x p e c t e d  for a s i m p l e  

e x t r a c t a b l e  c h e l a t e ,  LnQ3. 

of  s l o p e  a n a l y s i s  i s  r educed  when t h e  v a l u e  o f  t h e  slope i s  g r e a t e r  

t h a n  t h r e e .  Even w i t h  r e a s o n a b l y  r e l i a b l e  d a t a ,  e x p e r i m e n t a l  e r r o r  

t e n d s  t o  make i t  d i f f i c u l t  t o  d i s t i n g u i s h  between v a l u e s  o f ,  say, 

5 and 6 .  I n  o r d e r  t o  overcome t h i s  d i f f i c u l t y ,  an  a l t e r n a t e  mode 

o f  p l o t t i n g  t h e  d a t a  w a s  deve loped  and u s e d .  

G e n e r a l l y ,  t h e  c l a r i t y  o f  i n t e r p r e t a t i o n  

For  c h e l a t e  e x t r a c t i o n s  i n v o l v i n g  adduc t  f o r m a t i o n ,  which can  

b e  r e p r e s e n t e d  by t h e  r e a c t i o n  

B m . 0  
LnQ3(o) + mHQ(o) 2 LnQ3.mHQ(o), 

where B i s  t h e  adduc t  f o r m a t i o n  c o n s t a n t ,  i t  can  be  shown t h a t  
m,o 

When B 
on t h e  e x t r a c t i o n  c a n  b e  e f f e c t i v e l y  i s o l a t e d  by u s i n g  i n  p l a c e  of  

l o g  D t h e  e x p r e s s i o n  l o g  D - 3pH - 31og [HQ] ( r e a l l y ,  as a l i m i t i n g  

v a l u e ,  l o g  K '  ) a s  t h e  o r d i n a t e  vs l o g  [HQ] . Thus  t h e  s l o p e  o f  

t h e  r e s u l t i n g  p l o t  w i l l  b e ,  n o t  t h e  p o s s i b l y  unmanageably h i g h  3 + m ,  

b u t  m.  

c an  be r e p r e s e n t e d  by  t h e  a d d u c t s  LnQ3'2HQ o r ,  a t  h i g h e r  [HQ], 

v a l u e s ,  LnQ3.3HQ. 

LaQ3, a s  w i t n e s s e d  by t h e  h o r i z o n t a l  l i n e a r  r e l a t i o n s h i p  o f  ( l o g  D - 

3pH - 3 l o g  [ € l Q ] o ) .  

t h a t  i t  i s  easier f o r  HQ t o  r e p l a c e  c o o r d i n a t e d  water  i n  t h e  h i g h e r  

members of t h e  l a n t h a n i d e  ser ies .  I n  f a c t ,  f rom t h e  l i n e a r i t y  o f  

t h e  p l o t s  i n  F i g .  2 ,  t h e r e  seems t o  be no r a n g e  a t  which t h e  

e x t r a c t i o n  o f  t h e  s i m p l e  c h e l a t e  i s  p redominan t .  Two c l e a r l y  

d i s t i n c t  l i n e a r  r e g i o n s ,  c o r r e s p o n d i n g  t o  t h e  e x t r a c t i o n  of  

LnQ3-2HQ and LnQ3.3HQ, a r e  o b s e r v e d .  

i t  i s  p o s s i b l e  t o  c a l c u l a t e  v a l u e s  of  l o g  K '  p and l o g  K '  fi 

[HQ]: > 1 i n  t h i s  e q u a t i o n ,  t h e  e f f e c t  o f  a d d u c t  f o r m a t i o n  
m,o 

ex 

A s  s e e n  i n  F i g .  2 ,  e x c e p t  f o r  La3+, t h e  l a n t h a n i d e  complexes 

Only La3+ seems t o  e x t r a c t  a s  a s i m p l e  c h e l a t e ,  

These f i n d i n g s  would l e a d  t o  t h e  c o n c l u s i o n  

From t h e s e  d a t a  and E q .  (51, 

e x  2 , 0  e x  3,0 
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- 1 ;  

-19 

0 - 
0 
I 
m 

m 
I 
I 
a 
m 
n 

I 

-0 -21 

Cn 
0 - 
- 23 

-2: 

Yb 

-3 -2 -I 
log [8 -quinol in0 i ]~  

FIGURE 2 .  E x t r a c t i o n  e q u i l i b r i a  o f  l a n t h a n i d e s  w i t h  8 - q u i n o l i n o l  
i n  C H C 1 3 .  

(Tab le  1). The d i f f e r e n c e  between t h e s e  two v a l u e s ,  d e s i g n a t e d  

as A in Tab le  1, c o r r e s p o n d s  t o  t h e  e q u i l i b r i u m  c o n s t a n t  of  t h e  

a d d i t i o n  of  t h e  t h i r d  mole of  HQ t o  LnQ - 2 H Q .  The v a l u e  of A a l s o  

i n c r e a s e s  w i t h  a t o m i c  number,  a l t h o u g h  c e r t a i n l y  t o  a much lesser 

d e g r e e  t h a n  does  l o g  K '  fi 

t o  t h e  Ln3+ i n c r e a s e ,  t h e  " e x c e s s  L e w i s  a c i d i t y "  and t h e r e f o r e  t h e  

Lormation c o n s t a n t  would d e c r e a s e .  Hence, a d d i n g  t h e  f i r s t  two 

a d d u c t  HQ m o l e c u l e s  would b e  c h a r a c t e r i z e d  by  a f o r m a t i o n  c o n s t a n t  

g r e a t e r  t h a n  o r  c e r t a i n l y  no s m a l l e r  t h a n  t w i c e  t h a t  f o r  t h e  t h i r d ,  

i.?., l o g  !3,,o 2 2A. S i n c e  t h e  o b s e r v e d  r e l a t i o n s h i p s  are s t r i c t l y  

l i n e a r  down t o  t h e  l o w e s t  v a l u e s  of  [HQ] s t u d i e d ,  t h i s  s i g n i f i e s  

3 

e x  2 , o '  
It i s  t o  b e  e x p e c t e d  t h a t ,  as  t h e  number o f  l i g a n d s  c o o r d i n a t e d  
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8-QUINOLINOL SYSTEMS. I 869 

TABLE 1 

E q u i l i b r i u m  Cons tan ts  i n  t h e  Lanthanide-8-Quinolinol Systems 

Yb3+ 3+ Ho 3+ Eu 3+ P r  3 f  L a  

- 

log Kphen 

- 
-21.1 

6.25 

-17.8 

1 9 . 7  

17 .0  

2.7 

-19.82 

-18.71 

1.1 

-25 .a 

6 .9  

- 2 1 . a  

1 7  .a 

19.a  

- 2.a 

-17.30 

-16.57' 

-18.48 

-17.20 

1 . 3  

7.4 

-16. 6a 
- 

- 
-15.67 

-17.08 

-15.60 

1 . 5  

7 . 1  

-16.0" 
- 

- 

-14.09 

-16.86 

-15.24 

1 . 6  

-24. a 

7 .3  
a -19. 

2 2 . a  

22 .a 

Oa 

-13.68 

-13.17' 

2 .5  2 .8  3 .0  3.2 

3.3c 3.7c 

%aximurn v a l u e s  ( s e e  t e x t ) .  

bFor format ion  of LnT; ( 5 ) .  

'Corresponds t o  4,7-dimethyl-l,lO-phenanthroline. 

t h a t  l o g  B2 
5.2 f o r  P r ,  w i t h  t h e  cor responding  log K'  v a l u e s  be ing  lower ,  t h e n ,  

than  -24 and -25. For  purposes  of t h e  subsequent  d i s c u s s i o n ,  

t h e s e  maximum v a l u e s  have been l i s t e d  i n  Table  1. When i t  i s  

remembered t h a t  t h e  l o g  KDC v a l u e s  f o r  P r  and Yb are maximum r a t h e r  

t h a n  t r u e  v a l u e s ,  t h e  dramat ic  d i f f e r e n c e  between a l l  of t h e  

l a n t h a n i d e  c h e l a t e s  from t h a t  of La i t s e l f  i s  f u r t h e r  emphasized. 

It i s  h i g h l y  probable  t h a t  t h e  d r a s t i c  lower ing  of KDC v a l u e s  

c a l c u l a t e d  f o r  t h e s e  c h e l a t e s  can be a t t r i b u t e d  t o  t h e  presence  of 

coord ina ted  water i n  t h e  s imple  c h e l a t e .  

i s  much l a r g e r  than  2 8 ,  h i g h e r  t h a n  6.5 f o r  Yb and 
9 0  

ex  
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870 H O R I ,  KAWASHIMA, AND FREISER 

F i n a l l y ,  by s u b s t i t u t i n g  known v a l u e s  o f  t h e  formation 

c o n s t a n t s  of t h e  l a n t h a n i d e  t a r t r a t e s ,  LnT- a long  w i t h  t h e  v a l u e  

of CT used  i n  t h e  experiments ,  v a l u e s  of K 

combined wi th  known v a l u e s  of K 

used t o  o b t a i n  v a l u e s  of P K t h u s  u n r a v e l l i n g  almost a l l  of t h e  3 DC’ 
component e q u i l i b r i u m  c o n s t a n t s  of t h e  l a n t h a n i d e  o x i n a t e  e x t r a c t i o n s .  

Of t h e  l a n t h a n i d e  o x i n a t e s ,  t h e  o v e r a l l  s t a b i l i t y  c o n s t a n t  i n  

aqueous medium i s  known o n l y  f o r  La  

l o g  f3 v a l u e s  f o r  t h e  o t h e r s  have been p o t e n t i o m e t r i c a l l y  determined 

i n  50 v /v% dioxane-water ( 6 ) .  By assuming a c o n s t a n t  medium e f f e c t  

( i . e . ,  t h a t  t h e  d i f f e r e n c e  i n  l o g  6, ob ta ined  i n  t h e  two so lvent  

media i s  e s s e n t i a l l y  independent of t h e  meta l  i o n ) ,  reasonable  

v a l u e s  of  l o g  P3 i n  w a t e r  can be es t imated  f o r  t h e  rest .  

va lues  a r e  l i s t e d  i n  Table  1, a long  wi th  t h e  l o g  K values obtained 

from t h e  combined v a l u e s  of l o g  P3%,. 

2 

ex can be  c a l c u l a t e d .  These, 

and KDR of  8-quinol inol ,  can be 

3 f  ( l o g  P3 = 1 6 . 9 5 ) ( 5 ) ,  bu t  

3 

These 

DC 

I t  was a n t i c i p a t e d  t h a t ,  i n  analogy t o  t h e  p r e v i o u s l y  s tud ied  

zinc-8-quinol inol  e x t r a c t i o n  system (2), i f  phenanthro l ine  would 

a f f e c t  t h e  e x t r a c t i o n , i t  would a c t  by r e p l a c i n g  one o r  more of t h e  

l igand  adducts  ( a s  w e l l  as perhaps  some coord ina ted  w a t e r ) .  I n s t e a d ,  

t h e  phenanthro l ine  added t o  t h e  b i a d d u c t ,  LnQ3.2HQ. 

t a k e  t h i s  r e a c t i o n  i n t o  account  i n  t h e  o v e r a l l  e x t r a c t i o n  e q u i l i b r i u m ,  

E q .  (5 )  can be modif ied t o  

I n  o r d e r  t o  

where 8 c h a r a c t e r i z e s  t h e  format ion ,  i n  t h e  o r g a n i c  phase ,  of 

LnQ -mHQ.nphen from LnQ3. E x t r a c t i o n  i n  t h e  presence o f  phenan- 

t h r o l i n e  was a l s o  eva lua ted  by s l o p e  a n a l y s i s .  A s  seen i n  F ig .  3 ,  

t h e  e x t r a c t i o n  curves  of all b u t  La3+ s h i f t e d  t o  s i g n i f i c a n t l y  

lower pH v a l u e s ,  i n d i c a t i v e  of a phenanthro l ine  complex format ion ,  

whose formula s t i l l  conformed t o  a component LnQ3, because t h e  

s l o p e  of t h e  curve  l o g  D v s  pH remained 3. 

kept  c o n s t a n t  and both  t h e  pH and t h e  [phenIo v a r i e d  i n  a manner 

t o  keep D i n  a range  oE optimum r e l i a b i l i t y  (O.l<D<lO), t h e  p l o t s  

of l o g  D [H+I3 v s  l o g  [phenIo e x h i b i t ,  f o r  a l l  of  t h e  i o n s  except  

m,o 

3 

I n  Fig.  4 ,  w i t h  [HQ], 
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8-QUINOLINOL SYSTEMS. I 

FIGURE 3. Distribution of lanthanides in the presence of 8-quinolinol 
and 1,lO-phenanthroline as a function of pH. 
= 0.10 g in CHCl3; [l,lO-phenanthr~line]~ = 0.10 in 
CHC13; aqueous phase includes tartrate ion at constant 
concentration of 0.034 2. 

[8-quinolinol] 

-20 

-2 2 

r, 
Ir) 

I 
0 

g - 
-24  

-2 6 -3 -2  
log [ 1,lO- phenont hroli ne 10 

FIGURE 4 .  Distributions of 1,lO-phenanthroline adducts of 
lanthanide 8-quinolinolates be 
[8-quinolinol], = 0.10 g; dotted lines show values of 

een CHC13 and water. 

l o g  Kix62,0. [HQ], = 0.10 g. 
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872 HORI,  KAWASHIMA, AND FREISER 

La3+, a l i n e a r  r a n g e  of u n i t  slope, d e m o n s t r a t i n g  t h e  p r e s e n c e  o f  one 

p h e n a n t h r o l i n e  i n  t h e  new complex. A t  the  h i g h e r  phen c o n c e n t r a t i o n s  

t h e r e  i s  some i n d i c a t i o n  t h a t  L a ,  t o o ,  may form a phen complex, 

a l t h o u g h  v e r y  weak. F i n a l l y ,  the s t u d y  o f  t h e  v a r i a t i o n  of e x t r a c t i o n  

of l a n t h a n i d e s  as a f u n c t i o n  of 8 - q u i n o l i n o l  c o n c e n t r a t i o n  w a s  

e v a l u a t e d  by  p l o t t i n g  l o g  D [ H  ] [HQ]o3[phenlo vs log [HQ], as 
s u g g e s t e d  by Eq. ( 6 ) .  A s  s e e n  i n  F i g .  5,  t h e  s l o p e s  of  t h e s e  c u r v e s  

are 2 o v e r  most  of  t h e  8 - q u i n o l i n o l  c o n c e n t r a t i o n  (20.01 I$ r a n g e ,  

s i g n i f y i n g  t h a t  t h e  p redominan t  mixed l i g a n d  complex s p e c j e s  i s  

LnQ3*2HQ*phen. 

+ 3  -1 

The c o n s t a n t s  KAxfi2, ,  w r e  e v a l u a t e d  from t h e  e x t r a c t i o n  

-15- 

a 
0)  

-17- 
I 

0 - 
I 

0 
I 
0 

0 .-. 
- 
; -19 - 
I 
I 
0 m 
I 

0 
0 

n 

- 
-21 - 

-23 - 

-3 -2 - I  0 
log [8-quinolinol]o 

F I G W E  5 .  E x t r a c t i o n  e q u i l i b r i a  o f  l a n t h a n i d e s  w i t h  8 - q u i n o l i n o l  

3 '  
and 1 , l O - p h e n a n t h r o l i n e  i n  C H C l  
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8-QUINOLINOL SYSTEMS. I 873 

d a t a  summarized i n  F i g s .  3-5 and Eq. ( 6 ) .  These, t o g e t h e r  w i t h  v a l u e s  

l i s t e d  i n  Table  1, can  be combined t o  g ive  v a l u e s  o f  the 
O f  %x%,o 
e q u i l i b r i u m  c o n s t a n t  of t h e  formation of t h e  mixed l igand  complex 

from t h e  b i a d d u c t ,  i . e . ,  t h e  c o n s t a n t  a s s o c i a t e d  w i t h  t h e  a d d i t i o n  o f  

one mole of  phenanthro l ine .  These v a l u e s  are 10 o r  g r e a t e r ,  i n d i c a t i n g  

s t r o n g l y  t h a t  phen a c t s  as a b i d e n t a t e  l i g a n d  whereas t h e  adducted HQ 

( t h e  t h i r d ,  a t  l e a s t )  h a s  a f a r  s m a l l e r  c o n s t a n t ,  1 0  , c h a r a c t e r i s t i c  

of monodentate c o o r d i n a t i o n .  The behavior  of t h e  s t r o n g e r  c h e l a t i n g  

a g e n t ,  4,7-dimethyl-l,lO-phenanthroline w i t h  Yb and Pr w a s  

i n v e s t i g a t e d  and t h e  r e s u l t s  s u b j e c t e d  t o  t h e  same a n a l y s i s .  A s  seen 

i n  Table  1, t h e  expected i n c r e a s e  i n  formation c o n s t a n t s  was observed.  

3 

A 

The c h e l a t e  e x t r a c t i o n  systems i n v e s t i g a t e d  i n  t h i s  s t u d y  

provide  an improved r o u t e  t o  t h e  s e p a r a t i o n  of  l a n t h a n i d e  i o n s .  

The p a r t i c i p a t i o n  o f  a l a r g e  number of chemical e q u i l i b r i a  i n  t h e  

o v e r a l l  e x t r a c t i o n  p r o c e s s  i n c r e a s e s  t h e  number of f a c t o r s  t h a t  

can  i n c r e a s e  t h e  s e l e c t i v i t y  of t h e  process .  This  i s  r e a d i l y  

demonstrated from a comparison of  l a n t h a n i d e  d i s t r i b u t i o n  r a t i o s  

c a l c u l a t e d  from e x t r a c t i o n  e q u i l i b r i u m  d a t a  of Table  1. For t h i s  

purpose a common e x t r a c t i o n  pH of 7.00 was chosen, and t h e  

c o n c e n t r a t i o n  of 8-quinol inol  needed t o  g ive  50% e x t r a c t i o n  of  t h e  

metal i o n  (expressed a s  l o g  [HQ] analogous t o  a pH va lue)  

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

h y p o t h e t i c a l  LnQ3 (Table  2 a ) .  

v a l u e s  between metal i o n  p a i r s  were then  t r a n s l a t e d  i n t o  cor responding  

A l o g  D v a l u e s  { =  ( 3 +  m)A l o g  [HQ],}, a measure of t h e  s e l e c t i v i t y  

(Table  2b) .  For e x t r a c t i o n s  i n  t h e  presence  of phenanthro l ine ,  

a va lue  of [phen] = 0.10 w a s  assumed. 

0’ 112 

D i f f e r e n c e s  i n  t h e s e  l o g  [HQ], 

A s  c l e a r l y  seen  from Table  2b, t h e r e  i s  an almost  i n v a r a i b l e  

improvement i n  e x t r a c t i o n  s e l e c t i v i t y  ( A  l o g  D)  as we go from l e f t  

t o  r i g h t ,  as t h e  n a t u r e  of t h e  e x t r a c t e d  s p e c i e s  becomes more complex, 

i . e . ,  involv ing  a l a r g e r  number of chemical  r e a c t i o n s .  Although 

t h e  r e a c t i o n s  f o r  t h e  l a n t h a n i d e s  (except  f o r  La) a r e  a l l  a l i k e ,  

d i f f e r e n c e s  i n  e q u i l i b r i u m  c o n s t a n t ,  n o t  t o o  s u r p r i s i n g l y ,  s e r v e  
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t o  i n c r e a s e  t h e  d i f f e r e n c e s  between t h e  n e i g h b o r i n g  l a n t h a n i d e  

m e t a l  i o n s .  The s e p a r a t i o n  of La from P r  o r  any  of t h e  o t h e r  

l a n t h a n i d e s  c a n  h e  s e e n  t o  p o s e  the  s i m p l e s t  s e p a r a t i o n  problem 

because  i t  does  n o t  form a n  e x t r a c t a b l e  adduc t  o r  mixed l i g a n d  

complex. T h e r e f o r e ,  i t s  e x t r a c t i o n  has a g r e a t l y  d i f f e r e n t  

dependence on [ H Q l o  and [ p h e n f o  t h a n  a n y  of  t h e  o t h e r s .  

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

e x t r a c t a n t s ,  b o t h  t h o s e  a l r e a d y  known as  w e l l  as t o  new r e a g e n t s ,  

i t  would a p p e a r  t h a t  optimum l a n t h a n i d e  s e p a r a t i o n s  can  b e  a c h i e v e d  

w i t h  t h e  u s e  of adduc t  and mixed l i g a n d  e x t r a c t i o n  s y s t e m s .  

ACKNOWLEDGMENT 

T h i s  work w a s  conduc ted  w i t h  f i n a n c i a l  a s s i s t a n c e  from t h e  

U.S. Department of  Energy.  

REFERENCES- 

1. D .  L .  Duewer and H.  F r e i s e r ,  Anal.  Chem. &?, 1960 ( 1 9 7 7 ) .  

2 .  F .  Chou and H .  F r e i s e r ,  Ana l .  C h r m .  s, 34 (1968). 
3. I .  V. P y a t n i c k y  and E .  F .  G a v r i l o v a ,  Zh. Anal .  Khim. 5, 

445 ( 1 9 7 0 ) .  

4 .  2 .  Marczenko, S p e c t r o p h o t o m e t r i c  D e t e r m i n a t i o n  of E lemen t s ,  
Wiley,  New York, 1 9 7 6 ,  p .  4 4 2 .  

5.  L .  G .  S i l l e n  and A .  E .  Martell ,  e d . ,  S t a b i l i t y  C o n s t a n t s  o f  
Metal I o n  Complexes, Second E d i t i o n ,  The Chemical S o c i e t y  
(London) Spec.  P u b l .  No. 17 ( 1 9 6 4 ) .  

6 .  G .  Gries and H.  F r e i s e r ,  unpub l i shed  r e s u l t s ,  1 9 7 7 .  

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


