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SYNEKGISTIC EXTKACTION OF TKIVALENT ACTINIDES AND LANTHANIDES 
USING HTTA AND AN MA-CROWN ETHEK 

Dale D. Ensor and Margo Nicks David J. Pruett 
Chemistry Department Oak Ridge National Laboratory 
Tennessee Technological University Post Office Box 2008 
Cookeville, Tennessee 38505 Oak Ridge, Tennessee 37831-6223 

ABSTRACT 

An aza-crown ether, 4,13-didecyl-1,7,10,16-tetraoxa-4,13- 
diazacyclooctadecane (K22DD) has been shown to have a 
synergistic effect on the extraction of trivalent 
lanthanides and actinides by thenoyltrifluoroacetone 
(HTTA). The extraction of Am(II1). Cm(IIl), Am(III), 
Eu(III), Ce(III), and Pm(II1) from an aqueous acetate 
buffer system (pH = 4.8) into HTTA/K22DD/chloroform phase 
was studied at 25'C. Distribution coefficients were 
measured as a function of HTTA concentration, K22DD 
concentration, and pH user radiotracer techniques. The 
synergistic species was determined from these studies to 
be M(TTA)3*K22DD. The results show that the presence of 
K22DD synergizes the extraction of each of the metals 
studied by factors of approximately 104-105. Slightly 
larger organic phase stability constants were measured 
for the trivalent actinides relative to the trivalent 
lanthanides. 

INTRODUCTION 

The separation of the trivalent actinide and lanthanide elements 
from each other remains one of the most difficult challenges in 
radiochemistry and nuclear waste management. These elements are 
very similar in their chemical and physical properties, and so are 
not easily separated by methods that rely on such differences. Most 
solvent extraction reagents, for example, extract the elements of 
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1346 ENSOR, N I C K S ,  AND PRUETT 

one group about as w e l l  as t h e  elements  of t h e  o t h e r .  T h e n o y l t r i -  
€ luoroace tone  (HTTA) i s  a n  a c i d i c  e x t r a c t a n t  t h a t  works w e l l  f o r  
bo th  groups,  but  is s e l e c t i v e  f o r  n e i t h e r .  E f f o r t s  t o  i n c r e a s e  t h e  
s e l e c t i v i t y  of HTTA and o t h e r  a c i d i c  e x t r a c t a n t s  by t h e  a d d i t i o n  of 
n e u t r a l  oxygen donors (which act as s y n e r g i s t i c  r e a g e n t s )  t o  t h e  
o r g a n i c  phase (1,2) have been l a r g e l y  unsuccessfu l ,  as the syner-  
g i s t s  i n c r e a s e d  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 a l l  the elements  
by about  t h e  same amount. 

A r e c e n t  review (3) summarizes much of t h e  thermodynamic and 
k i n e t i c  d a t a  f o r  cat ion-macrocycle  i n t e r a c t i o n s  i n  aqueous and 
nonaqueous systems. F igure  1 shows t h e  s t r u c t u r e s  of t h e  l i g a n d s  
used i n  t h e  p r e s e n t  s tudy .  The s i z e - s e l e c t i v e  coord ina t ing  proper-  
t i e s  of macrocycl ic  compounds have been used t o  s e p a r a t e  a v a r i e t y  
of metals ( 4 , 5 ) .  Crown e t h e r s  and cryptands have a l s o  been used as 
s y n e r g i s t i c  agents  i n  t h e  e x t r a c t i o n  of a c t i n i d e s  and l a n t h a n i d e s  
(6,7). The r e s u l t s  from t h e s e  s t u d i e s ,  though i n t e r e s t i n g ,  are 
i n c o n c l u s i v e  s i n c e  t h e  p a r t i t i o n i n g  of t h e  crown e t h e r s  and cryptands 
between t h e  aqueous and o r g a n i c  phases was apparent ly  not accounted 
f o r .  The use of a l i n e a r  p o l y e t h e r ,  (1,13-bis-quinoly)-1,4,7,lO,13- 
peri taoxatr idecane (K-5) i n  combination wi th  HTTA showed enhanced 
s e l e c t i v i t y  f o r  t h e  t r i v a l e n t  a c t i n i d e  ions  (8) .  This  s e l e c t i v i t y  
was a t t r i b u t e d  t o  t h e  s l i g h t l y  g r e a t e r  a f f i n i t y  of t h e  a c t i n i d e  i o n s  
f o r  n i t r o g e n  donors .  This  paper r e p o r t s  the  use of an aza-crown 
e t h e r ,  4,13-didecyl-1,7,10,16-tetraoxa-4,13-diazacyclooctadecane 
( K 2 2 D D ) ,  a s  a s y n e r g i s t i c  agent .  The experiments  were undertaken 
t o  determine what e€€ect  t h e  steric d i f f e r e n c e s  between t h e  l i n e a r  
compound ( K 5 ) ,  which is f l e x i b l e ,  and t h e  crown ( K 2 2 D D ) ,  which has  a 
f i x e d  c a v i t y  s i z e ,  would have on t h e  s e l e c t i v i t y  of t h e  s y n e r g i s t i c  
s y s  ten .  

EXPERIMENTAL 

Mat e r i a l a  -- 
K22DD (Kryptof ix  K22DD) w a s  ob ta ined  from PCR Research 

Chemicals, Inc .  and used without  f u r t h e r  p u r i f i c a t i o n .  HTTA (Sigma 
Chemical Co.) was r e c r y s t a l l i z e d  from cyclohexane (mp 42-43°C) and 
s t o r e d  away from l i g h t  under vacuum u n t i l  used. A l l  o t h e r  chemicals  
used i n  t h i s  s tudy  were a n a l y t i c a l  reagent  grade.  

All o r g a n i c  phase s o l u t i o n s  were prepared by d i s s o l v i n g  weighed 
amounts of HTTA and t h e  d e s i r e d  s y n e r g i s t  i n  chloroform and d i l u t i n g  
t o  t h e  requi red  volume. The aqueous phase f o r  a l l  experiments  con- 
t a i n e d  0.5 M NaN03 t o  f i x  t h e  i o n i c  s t r e n g t h  and 0.01 acet ic  a c i d /  
a c e t a t e  b u f l e r  t o  main ta in  t h e  pH of t h i s  hase  a t  4.8. The pH w a s  
d e f i n e d  as t h e  -log[H+] us ing  a 1.00 x loeg M HC1 + 0.50 5 N a N 0 3  
s o l u t i o n  as B s tandard .  
e q u i l i b r a t e d  w i t h  f r e s h  aqueous phase t o  s a t u r a t e  t h e  chloroform 
w i t h  water and minimize t h e  mass t r a n s p o r t  of HTTA d u r i n g  the 
e x t r a c t i o n  process .  

A l l  o r g a n i c  phase s z l u t i o n s  were pre- 
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~-ono-ono 

(1.13-bis-quinolyl)-l,4,7,10,13 
pentaoxatridecane 

(K-5) 

, 4.13,didecyl-1,7,10,16-tetraoxa- 
4,13-diazacyclooctadecane 

(K22DD) 

4-tertbutylcyclohexo-15-crown-5 
(15-C-5) 

5.6.1 4.1 5-dibenro-4,7,13.16.21,24- 
hexaoxa-l ,I Odiazabicyclo. [8,8,81 

hexacorane 
(22288) 

Fig. 1.  Linear and c y c l i c  polyethers tes ted  as synerg is t s .  

The d i s t r i b u t i o n  of the metal ions w a s  measured using a tracer 
technique. A sp ike  of 144Ce, 14?Pm, 1 5 2 - 1 5 ~ u ,  241Am, or  244Cm was 
added t o  equal volumes of the aqueous and organic phases. Equi l ib-  
rium w a s  e s t ab l i shed  by in t ima te ly  mixing the  two phases f o r  2 t o  4 
hours i n  a themos ta t ed  vesse l  at 25 * O.lO°C. Experimental r e s u l t s  
showed t h a t  t h i s  t i m e  period was s u f f i c i e n t  t o  e s t a b l i s h  equilibrium. 
Af te r  cen t r i fug ing ,  the  phases were separa ted  and the  pH of t h e  
aqueous phase measured. Duplicate a l iquot6  of each phase were 
assayed using gamma spectroscopy o r  l i q u i d  s c i n t i l l a t i o n  counting a s  
appropr ia te  f o r  t he  tracer being studied. I n  order t o  avoid 
quenching by chloroform, the  organic  phase was back ex t rac ted  i n t o  
0.01 HC1 before counting. The experiment d i s t r i b u t i o n  r a t i o ,  DeXp, 
was defined a s  the  a c t i v i t y  of the organic phase divided by the 
a c t i v i t y  of the aqueous phase. This experimental method produced 
va lues  of Dexp t h a t  were reproducible t o  <2%. 
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1348 ENSOR, N I C K S ,  AND PRUETT 

Data Treatment 

The extraction of trivalent metal ions by HTTA can be repre- 
sented by equation (1). 

The equilibrium constant for this reaction is :  

The addition of a synergistic agent, S, yields the following overall. 
reaction and equilibrium constant. 

M+3 (as) + 3HTIA(org) + S(org) * M(TTA)gS(org) + 3B+(aq) ( 3 )  

The formation of the synergistic complex can be described as an 
organic phase reaction represented by the organic phase stability 
constant, Berg. 

The experimental distribution coefficient, DexP, Of the metal 
ion was corrected for the presence of acetate ion in the aqueous 
phase using equation (7). The values for the stability constants, 
Bacetate, for the reaction of the metal ions and acetate were taken 
from reference (9). 
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SYNFRGT STTC, EXTRACTION 1349 

The o r g a n i c  phase s t a b i l i t y  c o n s t a n t s  were c a l c u l a t e d  us ing  t h e  
s l o p e  a n a l y s i s  method. The combination of equat ions  ( 4 )  and ( 6 )  can 
be rear ranged  t o  y i e l d :  

Usyn = DTTA i- DTTA~org[S] 

The Ds 
a l l  o t g e r  parameters  he ld  c o n s t a n t .  
t h i s  t rea tment  w a s  used t o  c a l c u l a t e  KTTA and compared t o  the 
exper imenta l ly  measured value. The dependance of t h e  e x t r a c t i o n  on 
pH and [HTTA] were eva lua ted  by vary ing  t h e  parameter  of i n t e r e s t  
and holding all o t h e r s  cons tan t .  The e q u i l i b r i u m  c o n s t a n t s  calcu- 
l a t e d  i n  t h i s  manner a r e  c o n d i t i o n a l  c o n s t a n t s  and are based on 
t h e  assumption t h a t  t h e  a c t i v i t y  c o e € f i c i e n t s  of a l l  t h e  s p e c i e s  
involved i n  t h e  r e a c t i o n  do n o t  change s i g n i f i c a n t l y  under t h e  
exper imenta l  c o n d i t i o n s .  T h i s  t rea tment  is c o n s i s t e n t  wi th  the 
t rea tment  of s y n e r g i s t i c  e q u i l i b r i u m  descr ibed  by Sekine and 
Hasegawa (10). 

was measured as a f u n c t i o n  of t h e  c o n c e n t r a t i o n  of S with  
The va lue  of DTTA obta ined  from 

RESULTS AND DISCUSSION 

K22DD a lone  showed no a b i l i t y  to  e x t r a c t  any of t h e  t r i v a l e n t  
metal i o n s  examined under t h e  exper imenta l  c o n d i t i o n s  t h a t  w e r e  used 
i n  t h i s  s tudy .  The combination of HTTA and K22DD showed a s i g n i f i -  
c a n t  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  of t h e s e  metal ions  t o  t h e  o r g a n i c  
phase r e l a t i v e  t o  t h a t  ob ta ined  us ing  HTTA alone.  

F i g u r e  2 shows a p l o t  of l o g  D s y n / D ~ ~ ~  vs [K22DD] f o r  Am(III), 
Cm(II1) and E u ( 1 I I ) .  The magnitude of t h e  s y n e r g i s t i c  e f f e c t  on t h e  
e x t r a c t i o n  of each of these i o n s  i n c r e a s e s  r a p i d l y  w i t h  i n c r e a s i n g  
K22DD c o n c e n t r a t i o n ,  then l e v e l s  of f  a t  the h i g h e s t  c o n c e n t r a t i o n s  
s t u d i e d .  It is a l s o  apparent  from Figure  2 that  t h e  presence  of 
K22DD enhances t h e  e x t r a c t i o n  of Am(II1) and Cm(II1) more than  t h e  
e x t r a c t i o n  of E u ( I I 1 ) .  The e x t r a c t i o n  cons tan t  f o r  each metal 
s t u d i e d  i s  r e p o r t e d  i n  Table  1. The a d d i t i o n  of K22DD t o  t h e  TTA- 
chloroform phase i n c r e a s e d  t h e  d i s t r i b u t i o n  of both t h e  l a n t h a n i d e  
and a c t i n i d e  i o n s  by f a c t o r s  of 104-105. 

R e s u l t s  of the s l o p e  a n a l y s i s  i n d i c a t e  t h a t  t h e  composi t ion 
of t h e  s y n e r g i s t i c  complex is M(TTA)3*K22DD. The HTTA dependence 
( F i g u r e  3) was found t o  vary  from 2.7 t o  3.1 f o r  t h e  f i v e  metals 
s t u d i e d .  The pH dependence v a r i e d  from 2.9 t o  3.2 over  t h e  pH range 
of 4.0 t o  5.0. F i n a l l y ,  the K22DD dependence approached one, and 
t h e r e  was no i n d i c a t i o n  of more than  one K22DD molecule p e r  metal 
i o n  even a t  t h e  h i g h e s t  c o n c e n t r a t i o n  of s y n e r g i s t .  I n  t h e  case of 
t h e  HTTA and pH dependencies ,  the s l i g h t  d e v i a t i o n s  of t h e  s l o p e s  
from 3.0 could  be caused by the format ion  of mixed or s l i g h t l y  
s o l u b l e  complexes or by a c t i v i t y  e f f e c t s  i n  the o r g a n i c  phase. 
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1.1 

< 0.9 
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2 0.7 
0 
0 

0.5 

0.3 

0.1 
-0.2 4.8 9.8 14.8 19.8 24.8 

[K 2 2001 1 o - ~  

Fig. 2. Effect of the concentration of K22DD on the 
synergistic extraction of Am(III), Cm(III), and EU(II1). 

Table 1. Equilibrium values for the extraction of M(II1) 
into HTTA/KZPDD/Chloroform mixtures at 25OC 

Ce -9.95 -9.63 -4.70 
Pm -9.28 -9.62 -5.08 
Eu -8.58 -8.48 -3.87 
Am -9.10 -9.01 -3.95 
Cm -9.10 -9.06 -4.10 

'Measured using HTTA alone, 
2Calculated from the synergistic extraction data. 
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2.0 

1.5 

1.0 

0.5 
a 
(3 0 '  
0, 

-1.0 

-1.5 

-2.0 
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- k2200] - 2 X lo-' hj 

- 
- 

- 
0 CURIUM - 
0 AMERICIUM 
o CERIUM /" - 

0 
1 I I I I 1 -  J 

+" 
Fig. 3.  Dependence of the distribution coefficient 

on the concentration of TTA. 

The organic phase stability constant, Berg, for K 2 2 D D ,  along 
with the available data for tert-butylcyclohexyl-15-crown-5 (15-C-5) 
( l l ) ,  a crown ether, and 5,6,14,15-dibenzo-4,7,13,16,21,24-hexaoxa- 
l,l0-diazabicyclo[8,8,8]hexacosane ( 2 2 2 B B )  ( l l ) ,  a cryptand, are 
reported in Table 2. For K-5, 15-C-5 and K22DD the magnitude of 
Bor is greater for the trivalent actinides than for the trivalent 
lanfhanides of similar ionic size. 
tylphosphine (TOPO) does not show a similar effect for Am(II1) and 
Eu(I1I). 
5 . 3 7  for Am(II1) (12) and 5.40 for Eu(II1) ( 1 3 ) .  Similar results 
for TBP/HTTA in chloroform have also been reported (14). 
the synergists shown in Table 2 enhance the extraction of Am and Cm 
in a similar manner. 

The data available for trioc- 

The log Berg values for TOPO/HTTA in chloroform were 

All of 

The importance of the nitrogen donor groups in the synergistic 
mechanism can be clearly seen by comparing 15-C-5, which has no 
nitrogen donor groups, to K22DD. Each compound has a fixed cavity 
of similar size with K22DD being slightly larger. For each of the 
trivalent metals studied, K22DD shows an enhancement that is greater 
than that shown by 15-C-5 by a factor of lo2. 
reported similar results using other ligands containing soft donor 
atoms such as nitrogen and sulfur (15). 

Other workers have 
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1352 ENSOR, NICKS, AND PRUETT 

Table  2. Comparison of K 2 2 D D  wi th  o t h e r  
n e u t r a l  macrocycl ic  s y n e r g i s t i c  agents  

I o n i c  
r a d i u s  

Metal ( n m ) ( l l )  K-5(7) 15-C-5(10) 222BB( 10) K22DD 

Ce 0.101 4.15 2.61 4.64 4.93 
4.54 Pm 0.098 3.97 

Eu 0.095 3.62 2.61 4.73 4.61 
Am 0.098 4.35 2.95 4.74 5.06 
Cm 0.097 4.21 2.89 4.76 4.96 

---- ___- 

Comparison of K22DD w i t h  K-5 shows a n  i n c r e a s e d  s t a b i l i t y  f o r  
t h e  aza-crown e t h e r ,  which has a f i x e d  c a v i t y  s i z e .  The e x t r a  
s t a b i l i t y  could be a r e s u l t  of s t r o n g e r  bonding by t h e  n i t r o g e n  
donor groups i n  K22DD due t o  i t s  r e l a t i v e l y  f i x e d  s t e r e o c h e m i s t r y  
compared t o  t h e  more f l e x i b l e  K-5 molecule. Another f a c t o r  could 
be t h e  d i E f e r e n t  b a s i c i t y  between t h e  a l i p h a t i c  n i t r o g e n  groups i n  
K2211D and t h e  a romat ic  n i t r o g e n  groups i n  K-5. More d e t a i l e d  
s t u d i e s  of t h e  two systems w i l l  be necessary t o  f u r t h e r  understand 
t h e  e f f e c t s  of t h e s e  v a r i a b l e s .  

The r e s u l t s  of t h i s  s tudy  r e i n f o r c e s  t h e  i d e a  t h a t  n i t r o g e n  
donor groups can be an impor tan t  f a c t o r  i n  t h e  s y n e r g i s t i c  a c t i v i t y  
of  macrocycl ic  compounds. L i t t l e  evidence f o r  s i g n i f i c a n t  s i z e  
s e l e c t i v i t y  of t h e s e  compounds f o r  t h e  t r i v a l e n t  l a n t h a n i d e s  and 
a c t i n i d e s  was observed. However, the s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  
o r g a n i c  phase s t a b i l i t y  c o n s t a n t s  of the  s y n e r g i s t i c  complexes of 
t h e  two f a m i l i e s  of e lements  provides  promise t h a t  t h e s e  molecules  
may be u s e f u l  i n  t h e  development of group s e p a r a t i o n s  based on 
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  processes .  
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