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URANIUM(V1) AND RUTHENIUM E X T U C T I O N  BY DIALKYLDITHIO-PHOSPHORIC ACIDS 

R. F i t o u s s i  and C. Musikas 
C e n t r e  D’Etudes N u c l e a i r e s  d e  Fontenay-aux-Roses 

D i v i s i o n  d e  Chimie,  92260 Fontenay-aux-Roses,  F rance  

ABSTRACT 

Oxygen d o n o r s  l i k e  d i a l k y l p h o s p h o r i c  a c i d s  are good 
e x t r a c t a n t s  f o r  a c t i n i d e  i o n s ,  b u t  l i t t l e  i s  known a b o u t  t h e i r  
s u l f u r  homologs.  I n  t h i s  p a p e r  i n v e s t i g a t i o n s  o f  U(V1) and Ru 
e x t r a c t i o n  from v a r i o u s  aqueous  media are  r e p o r t e d .  T h i s  
i n c l u d e s  e x t r a c t i o n  o f  U(V1) from n i t r i c ,  p e r c h l o r i c ,  and 
p h o s p h o r i c  a c i d s  by  s o l u t i o n s  o f  d i a l k y l d i t h i o p h o s p h o r i c  a c i d s  
i n  dodecane o r  benzene.  E x t r a c t i o n  o f  U(V1) by s y n e r g i s t i c  
m i x t u r e s ,  of  which a t  l eas t  one o f  t h e  components i s  a s u l f u r  
donor ,  h a s  been  i n v e s t i g a t e d .  The e x t r a c t e d  s p e c i e s  have  been  
i d e n t i f i e d ,  and a comparison w i t h  t h e  complexes o b t a i n e d  by  
e x t r a c t i o n  w i t h  t h e  homologous oxygen d o n o r s  i s  made. The 
s u l f u r - a c t i n i d e  bond i s  weaker  t h a n  t h e  o x y g e n - a c t i n i d e  o n e ,  
b u t  i n  some s y n e r g i s t i c  e x t r a c t i o n s  t he  dialkyldithiophosphonates 
are  more e f f i c i e n t  t h a n  t h e  oxygen d o n o r s .  In a d d i t i o n  t o  s i z e  
e f f e c t s ,  t h i s  b e h a v i o r  c o u l d  b e  a t t r i b u t e d  t o  t h e  weakness  of  
t h e  hydrogen bonds o f  t h e  SH g r o u p s ,  which a l l o w s  a g r e a t e r  var ie ty  
of t h e  l i g a n d s  t o  e n t e r  t h e  c o o r d i n a t i o n  s p h e r e  of t h e  metal .  
Ruthenium, l i k e  the d - t r a n s i t i o n  e l e m e n t s ,  g i v e s  s t r o n g  bonds 
w i t h  t h e  s u l f u r  d o n o r s .  However, i t s  e x t r a c t i o n  from n i t r i c  
a c i d  i s  s low.  We i n v e s t i g a t e d  t h e  i n f l u e n c e  o f  several  p a r a m e t e r s  
on 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  and  found t h a t  t h e  p r e s e n c e  of a 
r e a g e n t  which d e s t r o y s  n i t r o u s  i o n s  i s  n e c e s s a r y  t o  a c h i e v e  
q u a n t i t a t i v e  e x t r a c t i o n .  The r o l e  of  RuNO groups  is a l s o  
d i s c u s s e d .  

INTRODUCTION 

D i a l k y l p h o s p h o r i c  a c i d s  a r e  known as good e x t r a c t a n t s  f o r  

a c t i n i d e  i o n s  i n  most o f  t h e i r  v a l e n c y  s ta tes  (1). The h i g h  

845 

Copyright 0 1980 by Marcel Dekker, Inc. 

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



846 FITOUSSI AND MUSIKAS 

a f f i n i t y  of  t h e s e  oxygen d o n o r s  f o r  t h e  h a r d  5 f  i o n s  i s  c l e a r l y  

unde r s tood  i n  t e r m s  of  cha rged  h a r d  s p h e r e  i n t e r a c t i o n s .  

The s o f t e r  donor  d i a l k y l d i t h i o p h o s p h o r i c  a c i d s ,  i n  which two 

s u l f u r  a toms r e p l a c e  t h e  phosphory l  and h y d r o x y l  oxygens,  have not 

been c o n s i d e r e d  a s  e f f i c i e n t  a c t i n i d e  e x t r a c t a n t s ,  and 

i n v e s t i g a t i o n s  d e a l i n g  w i t h  t h e i r  b e h a v i o r  are r a t h e r  scarce. 

However, i t  w a s  found by C u r t u i  e t  a l .  ( 2 , 3 )  t h a t  U ( V 1 )  c a n  b e  

e x t r a c t e d  i n  o r g a n i c  p h a s e s  c o n t a i n i n g  d i a l k y l d i t h i o p h o s p h o r i c  

a c i d s .  It  h a s  a l s o  been r e p o r t e d  t h a t  a c t i n i d e  ( 4 )  o r  l a n t h a n i d e  

d i t h i o c a r b a m a t e s  (5)  a r e  s t a b l e  unde r  anhydrous  c o n d i t i o n s .  These 

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

a c t i n i d e s  and l a n t h a n i d e s  by o r g a n o s u l f u r  d o n o r s .  These l i g a n d s  

are  r e p o r t e d  t o  bond s t r o n g l y  w i t h  t h e  d - t r a n s i t i o n  i o n s ,  s o  t h a t  

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

p r o p e r t i e s  toward t h e  4d t r a n s i t i o n  e l e m e n t  i o n s  p r e s e n t  i n  

n o n - n e g l i g i b l e  amounts i n  i r r a d i a t e d  n u c l e a r  f u e l s .  

I n  t h i s  p a p e r  w e  r e p o r t  t h e  r e s u l t s  c o n c e r n i n g  U(V1) and Ru 

e x t r a c t i o n  and a t t e m p t  t o  compare t h e  e x t r a c t i v e  p r o p e r t i e s  of 

d i a l k y l p h o s p h o r i c  a c i d  w i t h  t h o s e  o f  t h e i r  s u l f u r  homologs.  

MATERIALS AND METHODS 

Reagen t s  

The d i a l k y l d i t h i o p h o s p h o r i c  a c i d s  were s y n t h e s i z e d  by  IRCHA 

(Ver t  l e  P e t i t )  and were a t  least  95% p u r e .  No i m p u r i t i e s  w e r e  

d e t e c t e d  by i n f r a r e d  (IR) o r  p r o t o n  n u c l e a r  magne t i c  r e s o n a n c e  

(NMR) s p e c t r o s c o p y .  The oxygen d o n o r s  t r i o c t y l p h o s p h i n e  o x i d e  

(TOPO) and d ihexy lme t t ioxyoc ty lphosph ine  o x i d e  (POX 1 1 )  were  a l s o  

s u p p l i e d  by IRCHA w i t h  t h e  same d e g r e e  of  p u r i t y .  Ruthenium-103 

used as  r a d i o a c t i v e  t racer  w a s  p r e p a r e d  by ISOTEC. (The p r o c e s s  

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

d e s c r i b e d  below.) Uranium-233, a l s o  used as t racer ,  was p r o v i d e d  

by STU (Fontenay-aux-Roses).  A l l  t h e  r e m a i n i n g  r e a g e n t s  were 

a n a l y t i c a l  g r a d e  and were 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 .  

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



URANIUM(V1)  AND RUTHENIUM EXTRACTION a47 

Ap p a ra t  u s  

Alpha (a) p a r t i c l e  c o u n t i n g  by a n  i o n i z a t i o n  chamber w a s  used 

f o r  U a n a l y s i s .  P u r i t y  was checked by ~1 s p e c t r o s c o p y .  Gamma (y) 
and b e t a  (8) c o u n t i n g  were used f o r  Ru a n a l y s i s  and p u r i t y  w a s  

checked by y s p e c t r o s c o p y .  A Cary 1 7  s p e c t r o p h o t o m e t e r  p l a c e d  

i n  a g l o v e  box was used t o  r e c o r d  UV and v i s i b l e  s p e c t r a .  Raman 

s p e c t r o s c o p y  w a s  c a r r i e d  o u t  on a LRT 800 CODERG t r i p l e  mono- 

ch romato r  s p e c t r o p h o t o m e t e r  u s i n g  a 164 S p e c t r a p h y s i c s  k r y p t o n  

laser  l i g h t  s o u r c e .  I n f r a r e d  (IR) s p e c t r a  were c a r r i e d  o u t  on a 

P e r k i n  Elmer 377 s p e c t r o p h o t o m e t e r  u s i n g  K B r  window c e l l s  w i t h  

0.2-mm o p t i c a l  p a t h  l e n g t h .  

P r o c e d u r e s  

A l l  t h e  uranium d i s t r i b u t i o n  c o e f f i c i e n t s  were de te rmined  

by r o u t i n e  l a b o r a t o r y  t e c h n i q u e s .  Ruthenium e x t r a c t i o n  w a s  

performed i n  t h e r m o s t a t i c a l l y  r e g u l a t e d  water  j a c k e t s  i n  which 

20 m l  o f  aqueous and o r g a n i c  p h a s e s  w e r e  mixed by a r o t a t i n g  

magne t i c  a g i t a t o r .  An emuls ion  (2 ml) w a s  t a k e n  t o  messu re  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  Ru. T h i s  w a s  done a f t e r  s e p a r a t i o n  

o f  t h e  two p h a s e s  by c e n t r i f u g i n g  and sampl ing  o f  s u i t a b l e  

a l i q u o t s  f o r  y-ray a n a l y s i s .  

P r e p a r a t i o n  of  the Ru S o l u t i o n s  

For  t h e  Ru d a t a  i t  was i m p o r t a n t  f o r  t h e  lo3Ru t r a c e r s  t o  

b e  i n  t h e  same chemica l  s ta te  as t h e  i n a c t i v e  Ru car r ie r .  The 

i s o t o p i c  exchange r e a c t i o n s  o f  Ru are g e n e r a l l y  s l o w ,  l i k e  i t s  

c h e m i c a l  r e a c t i o n s .  I n  o r d e r  t o  o b t a i n  s o l u t i o n s  s imi l a r  t o  

n u c l e a r  r e p r o c e s s i n g  s o l u t i o n s  c o n t a i n i n g  Io3Ru and i n a c t i v e  

i s o t o p e  Ru carr iers ,  w e  p roceeded  i n  t h e  f o l l o w i n g  manner. 

The Io3Ru i n i t i a l l y  i n  h y d r o c h l o r i c  s o l u t i o n  w a s  added t o  a 

s o l i d  m i x t u r e  o f  me ta l l i c  Ru, KOH, and Na 0 i n  a n i c k e l  c r u c i b l e .  

By h e a t i n g ,  t h e  me ta l l i c  Ru w a s  d i s s o l v e d  i n  t h e  a l k a l i n e  m e l t .  

A f t e r  c o o l i n g ,  t h e  m e l t  w a s  d i s s o l v e d  i n  water.  This s o l u t i o n  

3 w a s  t h e n  added d r o p  by d r o p  t o  a c o n c e n t r a t e d  s o l u t i o n  of  HNO 

2 2  
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848 FITOUSSI AND MUSIKAS 

and Na2S208 t o  o x i d i z e  t h e  ru then ium t o  t h e  Ru(VII1) t e t r a o x i d e  

RuC14. 

and t h e  Ru f i n a l l y  t r a n s f e r r e d  t o  a 2 
aqueous s o l u t i o n  by r e d u c t i v e  r e e x t r a c t i o n .  The l a t t e r  s o l u t i o n  

w,i? used a s  a mothe r  l i q u o r  f o r  d i s t r i b u t i o n  c o e f f i c i e n t  

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

T h i s  compound w a s  e x t r a c t e d  by several volumes of  C C 1 4  

HNO p l u s  0 . 1  3 NH2NH2 3 

RESULTS AND DISCUSSION 

UAini um ( V I  ) Ex t r a c  t i o n  

Haiduc e t  al. showed t h a t  U ( V 1 )  i s  b e t t e r  e x t r a c t e d  by 

d i a l k y l d i t h i o p h o s p h o r i c  a c i d s  when a n e u t r a l  oxygen donor  i s  

p r e s e n t .  T h i s  i s  i l l u s t r a t e d  by t h e  enhancement of  e x t r a c t i o n  

wlien b u t a n o l  is used  as a d i l u e n t  (3) o r  by t h e  s y n e r g i s t i c  

e x t r a c t i o n  o f  U(V1) i n  t r i b u t y l p h o s p h a t e  d i b u t y l d i t h i o p h o s p h a t e  

m i x t u r e s  ( 6 ) .  In o u r  l a b o r a t o r y ,  w e  u n d e r t o o k  t o  s t u d y  t h e  

mechanism of  e x t r a c t i o n  o f  u r a n y l  i o n  i n  t h e  p r e s e n c e  o f  d i a l k y l -  

d i t h i o p h o s p h o r i c  a c i d s .  F i g u r e  1 shows t h e  v a r i a t i o n  i n  U ( V 1 )  

d i s t r i b u t i o n  c o e f f i c i e n t  as a f u n c t i o n  o f  pH and e x t r a c t a n t  

c o n c e n t r a t i o n .  The d i b u t y l d i t h i o p h o s p h o r i c  a c i d  (HDBDTP) w a s  

p r e s e n t  i n  t h e  o r g a n i c  p h a s e  a s  a monomer i n  a wide r a n g e  o f  

c o n c e n t r a t i o n s ,  and t h e  two s l o p e s  c l o s e  t o  2 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  mechanism can  be  r e p r e s e n t e d  by t h e  f o l l o w i n g  e q u a t i o n :  

(1) 
+ 

(UOz+)aq + 2(HDBDTP) 

Slopes less t h a n  two were o b s e r v e d  w i t h  e x t r a c t a n t s  h a v i n g  

+ 2 ( H  )aq  + [U02(DBDTP)210rg. 
o r g  

s h o r t  a l k y l  c h a i n s  b e c a u s e  b o t h  t h e  l i g a n d  and t h e  uranium complex 

s o l u b i l i t i e s  i n  t h e  aqueous  p h a s e  a r e  n o t  n e g l i g i b l e .  The l i m i t i d  

s i z e  o f  t h e  P,s group and t h e  e x p e c t e d  long i n t e r a t o m i c  d i s t a n c e  

of  t h e  me ta l . - su l fu r  bond s u g g e s t  t h a t  t h e  c o o r d i n a t i o n  of  uranium 

i n  t h e  o r g a n i c  p h a s e  i s  n o t  s a t u r a t e d  i f  E q .  (1) i s  c o r r e c t .  We 

t i t r n t e d  t h e  water in t h e  o r g a n i c  phase  by t h e  Karl F i s h e r  method 

i n  t h e  p r e s e n c e  o r  a b s e n c e  o f  uranium and found t h a t  t h e  d i f f e r e n c e  

c o r r e s p o n d s  t o  o n e  water  molecu le  p e r  u r a n y l  i o n .  The e x t r a c t e d  

s p e c i e s  i s  t h u s  U02(DBDTP)2H20. 

/s 
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1 -  

0.1 - 

0.01 I J 

a49 

1 -  

0.1 - 

0.111 
I I 

F I G U R E  1. E x t r a c t i o n  of  U(V1) from p e r c h l o r i c  a c i d  s o l u t i o n s  i n t o  
dodecane-dibutyldithiophosphate s o l u t i o n s  ( C  

e x t r a c t i o n  0.0002 M; i o n i c  s t r e n g t h  ( u )  u n i t y ) .  
(1) CHDBDTp = 0.5  FJ, pH v a r i a b l e ;  and ( 2 )  pH = 0 . 4 3 ,  
CHDBDTp v a r i a b l e .  

U(V1) before 

Water can b e  r e p l a c e d  by a more l i p o p h i l i c  oxygen donor ,  and 

F ig .  2 shows t h a t  t h e  p r e s e n c e  of 2-methylpentanol  enhances  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 .  The s l o p e  o f  t h e  d i s t r i b u t i o n  c u r v e  

i n d i c a t e s  t h e  c o o r d i n a t i o n  of 1 a l c o h o l  molecu le  p e r  uranium 

atom. The s l o p e  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  as a f u n c t i o n  o f  

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

c o n c e n t r a t i o n  r ema ins  e q u a l  t o  2 ,  and i t  c a n  b e  concluded t h a t  

t h e  e x t r a c t e d  s p e c i e s  h a s  t h e  fo rmula  U02(DBDTP)2.ROH. 

Only s l i g h t  s y n e r g i s t i c  e x t r a c t i o n  h a s  been obse rved  i n  t h e  

m i x t u r e  d i b u t y l p h o s p h o r i c  a c i d  p l u s  t e r t i a r y  amine o r  q u a t e r n a r y  

ammonium sa l t s  f o r  b o t h  U ( V I ) ( 7 )  or  Pu(V1) (8).  W e  i n v e s t i g a t e d  U(V1) 

e x t r a c t i o n  i n  t r i laurylmethylammonium n i t r a t e  (TLMA-NO ) p l u s  

d i b u t y l d i t h i o p h o s p h o r i c  a c i d  i n  benzene.  Uranium(V1) e x t r a c t i o n  

c o e f f i c i e n t s  a s  a f u n c t i o n  of HDBDTP:TLMA-NO c o n c e n t r a t i o n  

r a t i o  a r e  shown i n  F i g .  3. A s y n e r g i s t i c  e f f e c t  i s  o b s e r v e d ,  

t h e  maximum d i s t r i b u t i o n  c o e f f i c i e n t s  o c c u r r i n g  f o r  a 2 : 1  r a t i o  

3 

3 
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0.01 0.1 1 
alcohol 

! r I I 

0.01 0.1 1 
CHDEDTP 

FIGURE 2. Effect of 2-methylpentanol concentration on the 

‘HDBDTP = 
distribution coefficients of uranium: 

0.1 g in benzene, pH = 0.6, C 

variable ; ‘alcohol 
= 0.0002 P I ,  .. CHDHDTP variahl~. C 

= 0.0002 M, u ( V I )  
‘alcohol = 0.1 g,  pH = 0.4, 

U ( V F )  

of the organic reagents. The variation in U ( V 1 )  distribution 

coefficient a s  a function of the concentration of the possible 

species involved in the extraction equilibrium are plotted in 

Fig. 4. It can be inferred from the slopes that the extraction 

mechanism is : 

(2) 
+ + 2(H )aq + [U02(DBDTP)2 NO; TLMA Iorg. 

This reveals a coordinated NO- ion, contrary to what is 3 
observed with extraction by the equivalent synergistic mixtures 

containing the oxygen donor, where extracted species with the 

formula U02(DBP) S were observed. 3 
ammonium or hydrogenotr ia lkylammonium cations.) T h i s  difference 

can be attributed to the higher affinity of U ( V 1 )  for the dialkyl- 

phosphate ion. Table 1 gives the values of the formation constants B 
of the aqueous 1:l complex of U ( V 1 )  with DBP- and DBDTP- ions. 

(S+ represents either the tetraalkyl- 

1 

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



URANIUM(V1) AND RUTHENIUM EXTRACTION 851 

0.01 I , , I , 
0 20 LO 60 80 100 

TLMA ni t ra te 
( m o l e  "/.I 

FIGURE 3. D i s t r i b u t i o n  c o e f f i c i e n t s  o f  U ( V 1 )  between m i x t u r e s  
of  trilaurylmethylammoniurn n i t r a t e  p l u s  d i b u t y l -  
d i t h i o p h o s p h o r i c  a c i d  i n  benzene and aqueous n i t r i c  
a c i d  s o l u t i o n s :  + r  ~ I D R , ) T I ,  = 0.1 ;I, where 'TLMA -N:)? 

= 1 and pH = 0.6.  

The d i f f e r e n c e  i n  U ( V 1 )  a f f i n i t y  f o r  t h e  two k i n d s  o f  

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

v a l u e s .  However, t h e  p r e f e r e n t i a l  i n t e r a c t i o n  o f  U(V1) 

w i t h  t h e  a l k y l p h o s p h a t e  d o e s  n o t  n e c e s s a r i l y  l e a d  t o  h i g h e r  

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 i s  i s  i l l u s t r a t e d  by t h e  

h i g h e r  e x t r a c t i o n  o f  U(V1) from c o n c e n t r a t e d  p h o s p h o r i c  a c i d  

o b t a i n e d  by u s i n g  s u l f u r  d o n o r s .  I n  F i g .  5 ,  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 uranium are p l o t t e d  v e r s u s  t h e  c o m p o s i t i o n  of  

v a r i o u s  s y n e r g i s t i c  m i x t u r e s  c o n t a i n i n g  d i ( 2 - e t h y l h e x y l )  d i t h i o -  

p h o s p h o r i c  a c i d  (HDEHDTP) p l u s  one n e u t r a l  o rganophosphor i c  oxygen 

donor .  The h i g h e r  d i s t r i b u t i o n  c o e f f i c i e n t s  a re  o b t a i n e d  

by u s i n g  a 1:l m i x t u r e  o f  POX 11 and HDEHDTP. The v a r i a t i o n  

i n  d i s t r i b u t i o n  c o e f f i c i e n t s  as  a f u n c t i o n  o f  TOPO and HDEHDTP 

c o n c e n t r a t i o n s  i s  p l o t t e d  i n  F i g .  6.  From F i g s .  5 and 6 ,  i t  
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100 

10 

y/  

0,l L , 
0,Ol 0 1 

CHDBDTP ( 1 )  

C T L M A ( 3 1  

10 i 

FTGURE 4 .  V a r i a t i o n  of- D as a f u n c t i o n  of  the c o n c e n t r a t i o n  
o f  t h e  speciesU&x$Lh p a r t i c i p a t e  in t h e  f o r m a t i o n  of  
t h e  o r g a n i c  coinplex o f  U ( V 1 ) :  (1) CTLMA-NO = 0.01 g, 

c NO3 - =  1 I, CHDBDTP v a r i a b l e ,  pH = 0 . 6 ;  (23 cTLM-NO3 = 

0.02 !!T CHDI3DTp = 0.08 g, CNo- v a r i a b l e ,  pH = 0 .6 ;  
3 

variable ,  O) 'HDBDTP 
pH = 0 . 6 .  

TABLE 1 

Formation C o n s t a n t  o f  t h e  U ( V I ) ,  1:l Aqueous Complex w i t h  
D i b u t y l p h o s p h a t e  o r  D i a l k y l d i t h i o p h o s p h a t e  I o n s  

- 
P!ethod o f  R e f e r e n c e  
I n v e s t i g a t i o n  61 Compl'x 

___ 

104a3 S o l u b i l i t y  (9) + U02DBI' 

U0,DMI~TP 0.8 Raman s p e c t r o s c o p y  (10) 

UO$FI)TP 1 . 2  Raman s p e c t r o s c o p y  (10) 

1 . 0  UV s p e c t r o s c o p y  (10)  

+ 
- 

+ 

-__ 
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D u  (V11 

100 

10 

1 

0.1 

0.01 

1 

3 

0 25 0.50 0.75 
R E A G E N T S  FRACTION 

O X Y G E N  
D O N O R  

1 

853 

FIGURE 5. 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 U ( V 1 )  between 5 g aqueous  
p h o s p h o r i c  a c i d  and a m i x t u r e  of HDEHDTP p l u s  n e u t r a l  
oxygen d o n o r s  i n  dodecane as a f u n c t i o n  of t h e  
e x t r a c t a n t s  c o n c e n t r a t i o n  r a t i o :  ( 1 )  0 .5  4 (HDEHDTP 
+ POX ll), ( 2 )  0 .5  - M (HDEHDTP + TOPO), ( 3 )  0 .5  
(HDEHDTP + TBP). 

a p p e a r s  t h a t  t h e  s p e c i e s  e x t r a c t e d  i n  t h e s e  m i x t u r e s  i s  a 

mixed complex w i t h  t h e  fo rmula  U 0 2  ( H 2 P 0 4 ) ( ~ ~ ~ ~ ~ ~ ) ( T o P o ) .  

The i n t r o d u c t i o n  of  an H PO- i o n  i n  the c o o r d i n a t i o n  s p h e r e  
2 4  

o f  uranium i s  n e c e s s a r y  f o r  two r e a s o n s :  t h e  b a l a n c e  of c h a r g e s  

and t h e  s a t u r a t i o n  o f  t h e  e q u a t o r i a l  c o o r d i n a t i o n  o f  U q  t o  5.  

Hence i t  a p p e a r s  t h a t  t h e  r e p l a c e m e n t  o f  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  (HDEHP) by  HDEHDTP c o m p l e t e l y  a l te rs  t h e  e x t r a c t i o n  mechanism. 

S e v e r a l  a u t h o r s  a g r e e  t h a t  t h e  e x t r a c t i o n  d a t a  of  U ( V 1 )  f r o m  

c o n c e n t r a t e d  p h o s p h o r i c  a c i d  (11) o r  o t h e r  aqueous  media (12-14) 

i s  c o n s i s t e n t  w i t h  t h e  f o l l o w i n g  mechanism: 
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005 0.1 0.2 0.5 1 

D u  IVII C T O P O ‘ M ’  

0.05 0.1 0.2 0.5 1 

‘HDEHDTP 

FIGURE 6 .  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 U(V1) between 5 
aqueous phosphor i c  a c i d  and m i x t u r e s  of HDEHDTP p l u s  . .  

TOPO i n  dodecane:  (1) 0 .01  
and (2 )  0 .01 g TOPO, CHDEHDTP v a r i a b l e .  

HDEHDTP, CTOpO v a r i a b l e ;  

The maximum d i s t r i b u t i o n  c o e f f i c i e n t  o c c u r s  f o r  t h e  r a t i o  

(HDEHP)/(TOPO) e q u a l  t o  4 .  There  i s  no  i n d i c a t i o n  of t h e  p r e s e n c e  

oE H2POi i o n s  i n  t h e  o r g a n i c  p h a s e .  

obse rved  ( F i g .  6 ) ,  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  o f  u r a n y l  i o n s  

d e c r e a s e  when t h e  n e u t r a l  oxygen d o n o r s  are  p r e s e n t  i n  e x c e s s  

( 1 3 , 1 4 ) .  T h i s  d rop  h a s  been a t t r i b u t e d  t o  t h e  c o m p e t i t i o n  

between U(V1) and TOPO f o r  t h e  c o o r d i n a t i o n  s i te  o f  (HDEHP)2. 

C o n t r a r y  t o  what w e  

T h e  e x c e s s  of  n e u t r a l  d o n o r s  c a u s e s  a n e t  d e c r e a s e  i n  t h e  

a c t i v i t y  of t h e  a c i d i c  (HDEHP)2 l i g a n d .  

concluded t h a t  d e s p i t e  t h e  h i g h e r  a f f i n i t y  o f  u r a n y l i o n  f o r  

Consequen t ly ,  i t  can  b e  
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URANIUM (VI) AND RUTHENIUM EXTRACTION 855 

d i a l k y l p h o s p h o r i c  a c i d ,  h i g h e r  d i s t r i b u t i o n  c o e f f i c i e n t s  are 

o b t a i n e d  w i t h  t h e i r  s u l f u r  homolog- bec,ausp ( a )  t h e  we.3ki . r  

hydrogen bonds formed by P<:>H g roups  do n o t  c a u s e  d e c r e a s e s  

i n  l i g a n d  a c t i v i t y  and ( b )  t h e  weaker S- to-metal  bond a l l o w s  a n  

i o n  p r e s e n t  i n  t h e  aqueous  p h a s e  t o  p a r t i c i p a t e  i n  t h e  

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

i o n  ( 1 5 ) .  

Ruthenium E x t r a c t i o n  

Ruthenium e x t r a c t i o n  h a s  n o t  been s t u d i e d  e x t e n s i v e l y  

p r o b a b l y  because  o f  t h e  .;low k i n e t i c s  of  l i g a n d  s u b s t i t u t i o n .  I n  

n u c l e a r  f u e l s  r e p r o c e s s i n g ,  Ru i s  a s o u r c e  o f  t r o u b l e  a t  

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

may h e l p  t o  e l i m i n a t e  i t .  Fur the rmore ,  i t  i s  p r e s e n t  i n  w e i g h a b l e  

amounts i n  t h e  f i s s i o n  p r o d u c t s ,  p o s s i b l y  c o n s t i t u t i n g  a non- 

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

p h o s p h a t e s  t h a t  have two s u l f u r  donor  a toms are good l i g a n d s  f o r  

s o f t  uranium i o n s .  It i s  w e l l  known t h a t  d i t h i o c a r b d m a t e  

bonds s t r o n g l y  w i t h  Ru t o  form t h e  h e x a c o o r d i n a t e d  complexes : 

R u ( S ~ C N R ~ ) ~ ,  R u ( S ~ C N R ~ ) ~  and Ru(S2CNR2);, where R i s  an  a l k y l  

r a d i c a l  ( 1 6 ) .  D i t h i o c a r b a m a t e  ions (DTC-) a r e  n o t  s t a b l e  i n  

a c i d i c  s o l u t i o n s ,  so t h a t  it appea red  i n t e r e s t i n g  t o  i n v e s t i g a t e  

t h e  e x t r a c t i o n  o f  Ru w i t h  dialkyldithiophosphates. I n  a l l  t h e  

e x p e r i m e n t s  d e s c r i b e d  below, w e  used a Ru s o l u t i o n  p r e p a r e d  as 

mentioned p r e v i o u s l y .  The metal c o n c e n t r a t i o n  w a s  0.0026 _M. I t  

w a s  found t h a t  i n  t h e  absence  of a n  a n t i n i t r i t e  r e a g e n t  s u c h  as 

h y d r a z i n e  o r  s u l f a m i c  a c i d ,  Ru i s  n o t  e x t r a c t e d  t o  a s i g n i f i c a n t  

e x t e n t  i n  0.5 HDEHDTP s o l u t i o n s  i n  dodecane from 3 H N 0 3  

s o l u t i o n s .  Tempera tu re  i s  a n  i m p o r t a n t  f a c t o r  i n  t h e  e x t r a c t i o n .  

T h i s  f a c t  shows t h a t ,  as p r e d i c t e d ,  t h e  k i n e t i c s  of  e x t r a c t i o n  i s  

s low.  The Ru d i s t r i b u t i o n  c o e f f i c i e n t s  are  p l o t t e d  i n  F i g .  7 

as a f u n c t i o n  o f  t i m e ,  a t  d i f f e r e n t  t e m p e r a t u r e s .  The e f f e c t  

o f  s u l f a m i c  a c i d  i s  a l s o  shown on t h e  same f i g u r e .  ( F i g u r e  8 
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10 
50°C 

0.1 

0 100 200 300 
Time ( m i n )  

FIGURE 7 .  E f f e c t  of  t e m p e r a t u r e  and s u l f a m i c  a c i d  c o n c e n t r a t i o n  
on 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  o f  Ru as a f u n c t i o n  
o f  t h e  mix ing  t i m e :  o r g a n i c  p h a s e ,  0.5 HDEHDTP i n  
dodecane ;  and aqueous  p h a s e ,  HNO 3 M, s u l f a m i c  a c i d  
0.25 M .  

3 

shows t h e  e f f e c t  of  h y d r a z i n e . )  I n c r e a s e d  aqueous p h a s e  

a c i d i t y  is accompanied by a d r o p  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 s .  

T h i s  i s  shown i n  F i g .  9 .  In t h e  c o n d i t i o n s  used t o  e x t r a c t  Ru, t h e  

s p e c i e s  U ( V I ) ,  P u ( I V ) ,  and N p ( T V )  o r  N p ( V )  are  n o t  e x t r a c t e d ,  hence  

d i a l k y l d i t h i o p h o s p h o r i c  a c i d s  a p p e a r  t o  a l l o w  r a t h e r  e a s y  

s e p a r a t i o n s  of  ru then ium from a c i d i c  n i t r a t e  s o l u t i o n s .  A s  t h e  

e x t r a c t i o n  i s  governed by k i n e t i c s  f a c t o r s ,  i n v e s t i g a t i o n s  of 

p o s s i b l e  e x t r a c t i o n  c a t a l y s t s  are  p a r t i c u l a r l y  d e s i r a b l e .  Because 

o f  t h e  s low e x t r a c t i o n  k i n e t i c s  i t  was n o t  p o s s i b l e  t o  deduce t h e  

e x t r a c t i o n  mechanism from e x t r a c t i o n  d a t a .  However, c o n s i d e r i n g  

t h e  n a t u r e  o f  t h e  aqueous  Ru complexes which have t h e  fo rmula  

Ru(N0) (NOp)x (N03)y(H20) ( 1 7 )  and t h e  well-known (3-x-y ) + 

s t a b i l i t y  of  Ru NO3+ s p e c i e s ,  i t  c a n  be  assumed t h a t  i n  t h e  o r g a n i c  
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D Ru 

100 

10 

5 
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0.5 
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0.05 

0.1 M NH2 NH2 c- 
857 

0.01 M NH2NH2 

I I , 
0 100 200 300 

Time (min)  

FIGURE 8. Effect of aqueous hydrazine concentrations on the 
distribution coefficients of ruthenium as a function of 
the mixing time: organic phase, 0.5 p1 HDEHDTP in 
dodecane; aqueous phase, HN03 3 N; and temperature, 
7 0 ° C .  

phase, Ru complexes probably have the formula: Ru(N0) (DEHDTP)3 or 

Ru(DEHDTP)~. The presence of these species is also substantiated 

by the successful synthesis and the stability of Ru(NO)(DTC)~ 

and Ru(DTC)~. 

surrounded by five sulfur atoms of three dithiocarbamate ions, 

one being monodentate and the others bidentate. 

Ru is surrounded by six sulfur atoms (18). The acceleration 

of extraction kinetics by addition of hydrazine or sulfamic acid 

is probably due to the destruction of NO; and (or) NO 

which allows the dialkyldithiophosphate ions to enter more 

I n  Ru(NO)(DTC)~, the Ru(N0l3+ linear i on  is 

In  Ru(DTC)~, 

+ ions 
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0.5 1 2 3  5 8  
C H N O O  

FIGURE 9 .  E f f e c t  of  aqueous n i t r i c  a c i d  c o n c e n t r a t i o n  on t h e  

v a r i a b l 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  o f  Ru: o r g a n i c  p h a s e ,  0 .5  
HDEHDTP i n  dodecane;  aqueous phase ,  

p l u s  0.25 s u l f a m i c  a c i d ;  t e m p e r a t u r e  5 d ° C ,  mixing 
t ime  300 min. 

'HNO 

r a p i d l y  i n t o  t h e  c o o r d i n a t i o n  s p h e r e  of  Ru. 

t h e  o r g a n i c  phases  were t aken  i n  o r d e r  t o  d e t e r m i n e  whether  o r  

n o t  t h e  p r e s e n c e  of  RU(NO)~' i o n s  [ f o r  which t h e  V1 (NO s t r e t c h i n g )  

v i b r a t i o n  is i n t e n s i v e l y  I R  a c t i v e  ( 1 9 ) ]  cou ld  be  d e t e c t e d .  No 

a b s o r p t i o n  w a s  found i n  t h e  r e g i o n  1700 t o  2000 cm . T h i s  

s u g g e s t s  t h a t  t h e  e x t r a c t e d  s p e c i e s  i s  Ru(DEHDTP) 

I n f r a r e d  s p e c t r a  of  

-1 

3'  

CONCLUSIONS 

Th i s  s t u d y  showed t h a t  d i a l k y l d i t h i o p h o s p h o r i c  a c i d s  e x t r a c t  

U ( V 1 )  by mechanisms t o t a l l y  d i f f e r e n t  from t h e  more f a m i l i a r  

d i a l k y l p h o s p h o r i c  a c i d s .  I n  s p i t e  of t h e  lower a f f i n i t y  o f  t h e  

s u l f u r  donors  f o r  U(VI),  t h e y  can p a r t i c i p a t e  i n  t h e  fo rma t ion  of  
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URANIUM ( V I )  AND RUTHENIUM EXTRACTION 859 

mixed complexes i n  t h e  o r g a n i c  p h a s e s ,  g i v i n g  h i g h e r  e x t r a c t i o n  

c o e f f i c i e n t s  t h a n  t h e i r  oxygen homologs.  

D i a l k y l d i t h i o p h o s p h o r i c  a c i d s  a re  good e x t r a c t a n t s  f o r  Ru 

c o n t a i n e d  i n  a c i d i c  n i t r a t e  s o l u t i o n s ,  b u t  t h e  e x t r a c t i o n  k i n e t i c s  

i s  v e r y  s l o w  i n  t h e  absence  of a n t i n i t r i t e s .  Q u a n t i t a t i v e  e x t r a c t i o n  

i s  a c h i e v e d  a t  70°C a f t e r  30 min of  mix ing  of an  o r g a n i c  phase  

10.5 M d i ( 2 - e t h y l h e x y l )  d i t h i o p h o s p h o r i c  a c i d ]  w i t h  a 3 N_ HN03 p l u s  

0 . 1  h y d r a z i n e  aqueous phase .  The e x t r a c t e d  s p e c i e s  i s  most 

l i k e l y  t h e  t r i s  d i a l k y l d i t h i o p h o s p h a t e  R u ( 1 I I ) .  
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