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The Extraction of Am(lll) and Fe(lll) by Selected Dihexyl 
N,N-Dialkylcarbamoylmethyl-Phosphonates, 
-Phosphinates and -Phosphine Oxides from Nitrate Media 

D. G .  KALINA, E. P. HORWITZ, L. KAPLAN, and A. C. MUSCATELLO 
CHEMISTRY DIVISION, ARGONNE NATIONAL LABORATORY 
9700 SOUTH CASS AVENUE, ARGONNE, ILLINOIS 60439 

ABSTRACT 

A series of n e u t r a l  b i func t iona l  e x t r a c t a n t s  r e l a t e d  t o  
dihexyl N,N,-diethylcarbamoylmethylphosphonate (DHDECMP) have 
been prepared and s tudied f o r  the l iqu id- l iqu id  e x t r a c t i o n  of 
Am(II1) and F e ( I I 1 )  from n i t r a t e  so lu t ions .  Changes i n  the 
s t e r i c  bulk of the  s u b s t i t u t e n t  a l k y l  chains  and i n  the  e lec t ro-  
n e g a t i v i t y  of t h e  groups at tached to  the  phosphoryl cen ter  i n  
these compounds have brought about l a r g e  changes i n  d i s t r i b u t i o n  
r a t i o s  and s e l e c t i v i t i e s  f o r  the  ex t rac t ion  of these metals .  
Comparisons of these e x t r a c t a n t s  t o  r e l a t e d  monofunctional 
phosphorus-based compounds have revealed t h a t  these  b i f u n c t i o n a l  
spec ies  behave as monodentate, r a t h e r  than che la t ing ,  e x t r a c t -  
an ts .  The presence of the  carbamoyl por t ion  of the e x t r a c t a n t  
molecules i s  important no t  f o r  coordinat ion t o  the  m e t a l ,  but 
f o r  t h e  a b i l i t y  t o  buf fer  the  e x t r a c t a n t  aga ins t  t h e  e f f e c t s  of 
HN03. 

INTRODUCTION 

The so lvent  e x t r a c t i o n  behavior of n e u t r a l  b i func t iona l  

organophosphorus compounds has received a g r e a t  d e a l  of a t t e n -  

tion r e c e n t l y  (1-8) due, i n  l a r g e  p a r t ,  to  the a b i l i t y  of these 
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1128 KALINA ET AL. 

compounds t o  e x t r a c t  t r i v a l e n t  a c t i n i d e  ions  from n i t r i c  ac id  

s o l u t i o n s  ( 7 ) .  The f e a s i b i l i t y  of t h i s  e x t r a c t i o n  is  very 

important i n  the development of compounds f o r  t he  s e l e c t i v e  

removal of a c t i n i d e ( I I 1 )  i o n s  from f i s s i o n  products i n  n i t r i c  

a c i d  s o l u t i o n s  of high l e v e l  l i q u i d  waste generated i n  the  

reprocessing of spent  nuclear  f u e l .  

Our previous i n v e s t i g a t i o n s  i n  t h i s  area (1,Z) focused on 

t h e  e x t r a c t i o n  of T h ( I V ) ,  U ( V I )  and s e l e c t e d  t r i v a l e n t  l an than ide  

and a c t i n i d e  ions  by d ihexy l  N,N-diethylcarbamoylmethylphosphon- 

a te  (DHDECMP). Our r e s u l t s  i nd ica t ed  t h a t  the s u p e r i o r i t y  of 

DHDECNP over a t y p i c a l  monofunctional e x t r a c t a n t  such a s  d i b u t y l  

butylphosphonate f o r  t h e  e x t r a c t i o n  of t hese  metal ions from 

a c i d i c  media is n o t  due t o  the  a b i l i t y  of DHDECMP t o  act a s  a 

b i d e n t a t e  e x t r a c t a n t ,  as had been previously proposed (7,8), 

b u t  is  a r e s u l t  o f  t he  c a p a b i l i t y  of the amide group t o  act  

a s  a s o r t  of i n t e r n a l  bu f fe r  t o  p r o t e c t  t h e  metal-phosphoryl 

bond i n  t h e  e x t r a c t a b l e  complex from a t t a c k  by hydrogen ions.  

Our o b j e c t i v e  i n  t h i s  i n v e s t i g a t i o n  w a s  t o  study the e f f e c t  

of changes wi th in  the  e x t r a c t a n t  molecule on the  s e l e c t i v i t y  and 

e f f i c i e n c y  of ex t r ac t ion .  S u b s t i t u t i o n s  of a l k y l  s u b s t i t u e n t s  

f o r  alkoxy groups bound t o  the phosphoryl moiety were performed 

t o  determine the  e f f e c t  of changes i n  the  b a s i c i t y  of the P=O 

group ( a s  w e l l  a s  t o  inc rease  t h e  hydro ly t i c  s t a b i l i t y  of the 

compounds) wh i l e  branched s u b s t i t u t e n t s  were introduced,  both 

i n  the  amide and phosphoryl po r t ions  of t he  molecule,  t o  study 

t h e  consequences of increased s t e r i c  bulk of t he  e x t r a c t a n t .  

Addit ional ly ,  comparisons between these  new b i f u n c t i o n a l  ex t r ac t -  

a n t s  and r e l a t e d  monofunctional compounds w e r e  made t o  evaluate 

d i f f e r e n c e s  i n  e x t r a c t i o n  behavior a s  a method of determining 

t h e  mode of coordinat ion of t hese  b i f u n c t i o n a l  spec ie s .  

EXPERIMENTAL 

The source and p u r i f i c a t i o n  of t he  e x t r a c t a n t s  DHDECMP, 

DBEBP], B[DBP] and TOP0 (see Table 1 f o r  explanat ion of abbre- 
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TABLE 1. 
M 
x Abbreviations for the Extractants Employed in this Work. 

2 n Abbreviation Extractant Nomenclature I+ 

H 

DHDECMP 

HHDECMP 

DHDECMPO 

DHDBCMPO 

DHD ( IB) CMPO 

DHD (SB) CMPO 

D ( EB) DECMPO 

DB [ BPI 

B[DBP] 

TOP0 

CH 0 0 

‘gH13” 

l3, ;cH~~N(c~H~)~ 

Dihexyl N,N-diethylcarbamoylmethylphosphonate 

Hexyl hexyl-N,N-diethylcarhamoylmethylphosphinate 

Dihexyl N,N-diethylcarbamoylmethylphosphine oxide 

Dihexyl N,N-dihutylc~rbamoylmethylphosphine oxide 

Dihexyl N,N-diisohutylcarhamoylmethylphosphine oxide 

Dihexyl N,N-di(sec-buty1)carbamoylmethylphosphine oxide 

Di(2-ethylbutyl) N,N-diethylcarbamoylmethylphosphine oxide 

Dibutyl hutylphosphonate 

Butyl dibutylphosphinate 

Trioctylphosphine oxide 
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1130 KALINA ET AL. 

v i a t i o n s )  have been descr ibed p rev ious ly  (1 ,9 ) .  Crude DHDECMPO 

w a s  synthesized i n  58% y i e l d  by r e a c t i o n  of d i b u t y l  phosphonate 

w i t h  t h r e e  equ iva len t s  of hexylmagnesium bromide i n  e t h e r  

followed by t reatment  of t h e  r e s u l t i n g  dihexylphosphonylmagnesium 

bromide wi th  one equ iva len t  of N,N-diethyl-2-chloroacetamide 

(10). 
o v e r a l l  y i e l d  using t h e  procedure of mercury sal t  p u r i f i c a t i o n  

r epor t ed  f o r  DHDECMP (11).  The r e l a t e d  compounds DHDBCMPO, 

DHD(IB)CMPO, DHD(SB)WO and D(EB)DECMPO were prepared s i m i l a r l y  

from t h e  appropr i a t e  Grignard r eagen t s  and N,N-dialkyl-2- 

chloroacetamides (10).  Conversion t o  crude product w a s  g r e a t e r  

than 50% i n  each case whi l e  f i n a l  products  of p u r i t y  i n  the  

range of 94-99% were obtained i n  o v e r a l l  y i e l d s  of 20-55%. The 

s p e c t r a l  p r o p e r t i e s  of t hese  phosphine oxide compounds were 

f u l l y  c o n s i s t e n t  with t h e  assigned s t r u c t u r e .  MS: small pa ren t  

peak of a p p r o p r i a t e  mass and base peak corresponding t o  t h e  

amino moiety R2N . W: 

C C 1  s o l u t i o n s  exh ib i t ed  two d i s t i n c t  NCH2 resonances between 

3.1 and 3.5 ppm ( r e 1  t o  TMS) (DHD(SB)CMPO; NCH a t  2.93 and 3.96); 

OPCH CO a t  2.9 ppm (2.69 and 2.93 f o r  DHD(SB)CMPO); remaining 

resonances from 0.8 t o  2.0 ppm. I R :  s t r o n g  bands a t  2850-2960 

c m  (C-H str) ,  1632-1638 (C=O s t r ) ,  1422-1465 (C-H bend) and 

1167-1172 (P=O str) .  

A product  of 99% p u r i t y  (by GC) w a s  obtained i n  36% 

+ 205-208 IXU; E~~~ %7800. NMR: ‘max 

4 

2 

-1 

HHDECMP w a s  synthesized by t h e  Arbuzov r e a c t i o n  between 

N,N-diethyl-2-chloroacetamide and dihexyl  hexylphosphonite 

(prepared by t reatment  of t r i hexy lphosph i t e  with one equivalent  

of hexylmagnesium bromide). Mercury s a l t  p u r i f i c a t i o n  (11) 

r e s u l t e d  i n  a 28% y i e l d  of product (based on t r ihexy lphosph i t e )  

contaminated w i t h  ca. 5% DHDECMP, which w a s  formed as a r e s u l t  

of t h e  Arbuzov r e a c t i o n  with r e s i d u a l  t r i hexy lphosph i t e .  

S p e c t r a l  p r o p e r t i e s  were q u i t e  s i m i l a r  t o  those reported above 

f o r  t h e  phosphine oxide compounds with t h e  except ion of a 

resonance a t  3.90 ppm i n  t h e  NMR spectrum (OCH2) and t h e  appear- 
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EXTRACTION OF AM(II1) AND FE(II1) 1131 

ance of t h e  P=O str  a t  1222 c m - I  and a new band due t o  P-0-C 

str a t  1015 cm-'. 

Ex t r ac t an t  s o l u t i o n s  were prepared using p-diisopropyl- 

benzene d i l u e n t  (Aldrich,  99%) while  aqueous s o l u t i o n s  were 

prepared using materials described previously (1) .  Ex t r ac t ion  

s t u d i e s  were performed using 241Am (from ANL s tocks )  and 55Fe 

(New England Nuclear). 

A l l  d i s t r i b u t i o n  r a t i o  measurements were performed a t  25" 

using t h e  procedure descr ibed previously (1). Radiometric assays 

of 55Fe were performed by l i q u i d  s c i n t i l l a t i o n  counting. 

RESULTS AND DISCUSSION 

I n  a n  at tempt  t o  f u r t h e r  e l u c i d a t e  the  e x t r a c t i o n  mechanism 

and behavior of n e u t r a l  b i func t iona l  organophosphorus compounds 

s t u d i e s  were undertaken on a series of e x t r a c t a n t s  i n  which 

t h e  b a s i c i t y  of t h e  phosphoryl group and the  steric bulk of t he  

s u b s t i t u e n t  groups were sys t ema t i ca l ly  va r i ed .  

t hese  changes on the  e x t r a c t i o n  of Am(II1) and Fe ( I I1 )  were 

s tud ied  t o  eva lua te  modif icat ions which would be d e s i r a b l e  i n  

t h e  s y n t h e s i s  of e x t r a c t a n t s  f o r  t he  s e l e c t i v e  removal of t he  

a c t i n i d e s  from co r ros ion  products i n  l i q u i d  waste s o l u t i o n s .  

The e f f e c t  of 

Ex t rac t an t  Dependency 

For t h e  e x t r a c t a n t s  D H D E W O  and HHDECMP i t  was found, 

a s  i n  the  case  of DHDEW(2), that t h e  d i s t r i b u t i o n  r a t i o  f o r  

t h e  e x t r a c t i o n  of Am3+ v a r i e d  as t h e  t h i r d  power of t h e  e x t r a c t a n t  

concentrat ion.  Thus, t he  expression f o r  t he  e x t r a c t i o n  of Am 
by these  compounds can be w r i t t e n  as 

3+ 

where n=3 and E i s  DHDECMP, HHDECMP o r  DHDECMPO. 
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1132 KALINA ET AL. 

It w a s  q u i t e  s u r p r i s i n g  t o  f i n d  t h a t  when t h e  e x t r a c t a n t  

DHDBCMPO w a s  s u b s t i t u t e d  f o r  DHDECMPO t h e  e x t r a c t a n t  dependency 

f o r  Am(II1) decreased from t h i r d  t o  second power. This depen- 

dency w a s  a l s o  found f o r  t h e  o the r  two e x t r a c t a n t s  containing 

isomeric b u t y l  groups a t t ached  t o  the  amide ni t rogen.  Therefore 

the  s toichiometry f o r  e x t r a c t i o n  by t h e s e  compounds can be 

w r i t t e n  a s  i n  Eq. 1 with n=2 f o r  E=DHDBCMPO, DHD(1B)CMPO or  

DHD (SB) CMPO. 

I n  the case of t h e  e x t r a c t a n t  with branched alkyl groups 

at tached d i r e c t l y  t o  t h e  phosphoryl group, D(EB)DECMPO, an 

e x t r a c t a n t  dependency of 2.4 w a s  found. Such a dependency may 

be due i n  t h i s  ca se  t o  t h e  g r e a t l y  increased steric demands of 

t h e  e x t r a c t a n t  r e s u l t i n g  from t h e  branching. Apparently 

americium is  unable t o  accommodate t h r e e  coordinated n i t r a t e  

ions as w e l l  a s  t he  t h r e e  bulky e x t r a c t a n t  molecules ( c f .  

e x t r a c t a n t  dependency of Th(1V) wi th  DHDECMP (1)). 

This argument of s te r ic  crowding f o r  t he  low e x t r a c t a n t  

dependency of D(EB)DECMPO cannot be invoked t o  exp la in  the  

second order  dependency of DHDBCMPO and i ts  isomers, however. 

Other r e s u l t s  ( s ee  below) i n d i c a t e  changes i n  t h e  amide sub- 

s t i t u e n t s  have l i t t l e  e f f e c t  on e x t r a c t i o n  behavior.  It is 

a l s o  q u i t e  d i f f i c u l t  t o  exp la in  the  d i f f e r e n c e  i n  e x t r a c t a n t  

dependency between DHDECMPO and DHDBCMPO, where t h e  l eng th  of 

t h e  a l k y l  chains  a t t ached  t o  t h e  n i t rogen  atom i s  t h e  only mod- 

i f  i c a t i o n .  

The d i f f e r e n c e s  i n  e x t r a c t a n t  dependency f o r  t h e s e  compounds 
3+ is  even more extreme i n  t h e  e x t r a c t i o n  of Fe . Whereas a 

f o u r t h  power dependency i s  found f o r  t h e  e x t r a c t i o n  of i r o n  by 

DHDECMF'O, t h e  o t h e r  b i f u n c t i o n a l  phosphine oxide e x t r a c t a n t s ,  

D(EB)DECMPO, DHDBCMPO, DHD(1B)CMPO and DHD(SB)CMPO, were found 

t o  have a second power of dependency. A s  with Am(III), i t  

may be poss ib l e  t o  r e c o n c i l e  some of t hese  l a r g e  d i f f e rences  

on t h e  b a s i s  of t h e  s ter ic  r equ i r anen t s  of t h e  e x t r a c t a n t s ,  
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EXTRACTION OF AM(II1) AND FE(II1) 1133 

while  d i f fe rences  i n  the  k i n e t i c s  of ex t rac t ion  i n d i c a t e  t h a t  

t h e r e  may be g r o s s  d i f fe rences  i n  the  e x t r a c t i o n  mechanism as 

wel l .  

Kine t ics  of Fe( I I1)  Extract ion 

Preliminary s t u d i e s  of t h e  ex t rac t ion  of Fe( I I1)  by these  

b i f u n c t i o n a l  compounds produced incons is ten t  r e s u l t s  f o r  dupl i -  

c a t e  experiments with s e v e r a l  of the ex t rac tan ts .  Upon f u r t h e r  

i n v e s t i g a t i o n  i t  w a s  found t h a t  the  source of t h i s  inconsis tency 

was t h e  slow k i n e t i c s  of e x t r a c t i o n  by DHDBCMPO and i t s  isomers. 

It w a s  therefore  necessary t o  determine d i s t r i b u t i o n  r a t i o s  

f o r  these  e x t r a c t a n t s  by back-extraction of Fe( I I1)  from t h e  

organic  phase. D i s t r i b u t i o n  r a t i o s  s o  determined were found 

t o  be reproducible  and one t o  two orders  of magnitude g r e a t e r  

than those determined by forward e x t r a c t i o n  performed with t h e  

usual  1-2 minute mixing period. Extract ion of Fe( I I1)  by 

DHDECIQO, D(EB)DECMPO and HHDECMPO, as w e l l  as the  e x t r a c t i o n  

of Am(II1) by a l l  of t h e  e x t r a c t a n t s ,  proceeded rap id ly ,  

showing no evidence of slow k i n e t i c s .  

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

of fundamental d i f fe rences  i n  the  e x t r a c t i o n  mechanism of these  

compounds. Fur ther ,  more d e t a i l e d  inves t iga t ions  i n t o  these 

k i n e t i c  d i f fe rences  may prove valuable  i n  e luc ida t ing  mechanistic 

v a r i a t i o n s  i n  t h e  ex t rac t ion  of i ron.  

E f f e c t  of S t e r i c  Bulk of Extractant  

A s e r i e s  of e x t r a c t a n t s  i n  which t h e  ex ten t  of branching 

i n  t h e  a l k y l  s u b s t i t u e n t s  w a s  var ied was s tudied  t o  eva lua te  

t h e  e f f e c t  of such changes on t h e  d i s t r i b u t i o n  r a t i o s  of Am(II1) 

and F e ( I I 1 ) .  When branching was introduced i n t o  t h e  a l k y l  

s u b s t i t u e n t s  bonded d i r e c t l y  t o  the  phosphorus atom i t  was 

found t o  have a marked e f f e c t  on t h e  e x t r a c t i o n  of both Am 

and Fe3+ (Fig. 1 and 2,  Table 2 ) .  

3+ 

Such a reduct ion of K with d 
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rn'l ' ' ' ' ""I ' ' ' ' " " I  ' ' ' " " ' I  I 

FIGURE 1. D i s t r i b u t i o n  r a t i o s  f o r  t he  e x t r a c t i o n  of Am(II1) by 
0.50 DHDECMPO and D(EB)DECMPO as  a func t ion  of aqueous ac id  
concentrat ion.  

increased branching near  t h e  phosphoryl group, which has been 

observed previously i n  t h e  e x t r a c t i o n  of Am(II1) (12)  ( a s  w e l l  

as Eu(II1) (12 )  and Th(1V) ( 9 ) )  by n e u t r a l ,  monofunctional 

phosphorus-based e x t r a c t a n t s ,  appa ren t ly  i s  a n  en t rop ic  e f f e c t  

r e s u l t i n g  from increased congest ion about t h e  metal cen te r  i n  

t h e  ex t r ac t ed  complex. From t h e s e  d a t a  i t  seems t h a t  t h i s  

e f f e c t  i s  a l s o  r e spons ib l e  f o r  t h e  r educ t ion  i n  t h e  d i s t r i b u t i o n  

r a t i o  f o r  t h e  e x t r a c t i o n  of Fe ( I I1 )  by D(EB)DECMPO. 

When the  a l k y l  groups a t t ached  t o  t h e  amide po r t ion  of 

t h e  e x t r a c t a n t  molecule w e r e  modified i n  t h e  series DHDBCMPO, 
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lo-, 10-1 loo lo1 
[HN03Iaqt M 

FIGURE 2 .  D i s t r i b u t i o n  r a t i o s  f o r  t h e  e x t r a c t i o n  of F e ( I I 1 )  by 
0.50 - M DHDBCMPO and D(EB)DECMPO from HN03. 

DHD(1B)CMPO and DHD(SB)OfPO, t h e r e  w a s  l i t t l e  n o t i c e a b l e  e f f e c t  

on t h e  e x t r a c t i o n  of Am (Fig.  3) .  A l l  t h r e e  e x t r a c t a n t s  

produced ve ry  similar e x t r a c t i o n  behavior a l though i t  i s  i n t e r -  

e s t i n g  t o  n o t e  t h a t  t h e  K d ' s  i n  t h e  1 t o  6 

g e s s i v e l y  decrease s l i g h t l y  as t h e  steric hindrance about t h e  

amide group inc reases .  

branching of t h e  amide s u b s t i t u e n t s  r e s u l t e d  in q u i t e  s u b s t a n t i a l  

r educ t ions  in t he  e x t r a c t i o n  of t h e  metal, a l though t o  a lesser 

degree than t h a t  observed when branching occurred i n  t h e  

phosphoryl s u b s t i t u e n t s .  

moiety p l ays  a more important r o l e  i n  t h e  e x t r a c t i o n  of Fe 

than  of Am . Based on t h e  d i f f e r e n c e s  i n  t h e  i o n i c  r a d i i  of 

3+ 

HN03 range pro- 

With Fe3+, however , (Fig.  4 )  t h e  

This behavior i n d i c a t e s  t h a t  t h e  amide 
3+ 

3+ 
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1 4 B l . i  2. 

D i s f r i b u t l o n  Ratios  and S e p a r a t i o n  F a c t o r s  f o r  the I r t r . lCLlOn 0 1  ~\rn( l I I )  and I'c(II1) hy 0.50 M LYtraCtBnt ,&s a tunitLon 
o t  Ailueauc Pti.Isc h r i d  C o n c c n t r . i t i o n  

E x t r a c t . i n t  

DHDLCMP 

HHDECMP 

UHUFCMPlI 

D(ER)DLCYPO 

DHIJBCMPO 

DHD(1B)CMPO 

DHD(SH)CbI!X 

Kdnm 5.21~10-~ 5 . 9 8 ~ 1 0 - ~  1 . 9 1  2 . 6 3  2 . 2 0  1 . 2 4  9 . 2 C ~ I 0 - ~  1 . 2 5  

K~~~ i . i e  9 . 7 9 Y l O d  1 . 1 :  7 . 8 ~ 1 0 - I  9 . 5 2 ~ 1 0 - ~  4 . 5 7  5 . 1 8 ~ 1 0 ~  

<. 6 . 1 1 ~ 1 0 ~ ~  5.3x10- '  2.0 1 .  I 2 . 8  1 . 3  2.0, 10.' z . 1 + ~ 1 n - ~  

Kdh 3.65 1.44~10~ 2 . 1 0 ~ 1 0 ~  1 . 7 2 ~ 1 0 ~  l.14n101 1 . 9 7 ~ 1 0 ~  h . 0 5  4 . 3 9  

Kdl'e 8 . 0 5  6. J h  R .  12 1 . 4 4  5.21 1 .25  1.47xlOl 1 . 1 4 ~ 1 0 ~  

IX 4.5nlO-' 2 .3h101 2 . 4 ~ 1 0 ~  2 . 3 ~ 1 1 1 ~  l . ' ~ x l O 1  3 . R  4 .  i h1o- l  4 . 6 r 1 n - ~  

0 3+ 0~ 3+ t hese  two ions  (0.962 A f o r  Am ( 1 3 )  v s  0.645 A f o r  Fe (14))  

i t  i s  not t o t a l l y  unexpected t h a t  changes i n  t h e  bulk of t h e  

amide s u b s t i t u e n t s  should have a g r e a t e r  e f f e c t  on t h e  e x t r a c t i o n  

of Fe ( I I1 ) .  
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0 0  
II II 

(C~H,,),PCH,CNR, 

1137 

FIGURE 3. 
DHD(1B)CMPO and DHD(SB)CMPO. 

Extraction of Am(II1) from HN03 by 0.50 M DHDBCMPO, 

0 0  
II II 

(C6H1312 PCH2CNR2 

lo2 t DHDBCMPO 

.I - A H 3  
Rz-CH2CH 

'CH, 

10-1 100 lo1 Ioul"'l;-2 ' ' ' ' ' ' ' ' 1  ' ' " " " I  ' ' ' ' 1 ' ' 1  ' 
[HN0310q M 

FIGURE 4 .  
DHD (IB) CMF'O and DHD (SB) CMPO . Extraction of Fe(II1) from HN03 by 0.50 - M DHDBCMPO, 
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t 1 
1.31, , ,,I , I , , , , , , , , , u I  , , , , , , ,,, J, 

10-1 loo 10' 
[HN03Ioq1 M 

FIGURE 5 .  
0.50 DHDECMP, HHDECMP and DHDECMPO. 

Comparison of t h e  e x t r a c t i o n  of Am(II1) from HN03 by 

Ef fec t  of Phosphoryl Bas- 

It w a s  of g r e a t  i n t e r e s t  t o  s e e  what e f f e c t  mod i f i ca t ion  

of t he  b a s i c i t y  of t he  phosphoryl group would have not  only on 

t h e  e f f i c i e n c y  of e x t r a c t i o n  of Am(III) ,  but a l s o  on t h e  selec- 

t i v i t y  of e x t r a c t i o n  of Am(II1) over P e ( I I 1 ) .  I n  f i g u r e s  5 and 

6 t h e  d i s t r i b u t i o n  r a t i o s  f o r  t h e  e x t r a c t i o n  of Am(II1) and 

Fe ( I I1 )  are p l o t t e d  as a f u n c t i o n  of aqueous phase a c i d i t y  f o r  

t h e  series of  e x t r a c t a n t s  DHDECMP, HHDECMP and DHDECMPO. These 

e x t r a c t a n t s ,  i n  which t h e  b a s i c i t y  of t h e  P=O group should be 

t h e  major f a c t o r  inf  lueiicing e x t r a c t i o n  (15) ,  show major 
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c 1 , 1 1 1 ,  I I , , , , , , ,  , , (  ""', , , ( , , , , ,  , 

lo3 - 

lo2 ; - 

lo' c - 

- 100: - - E l ,  

b lVIz 
a LL 

r , :  
- 

Y -  

c - 

(R012PCH,CNR; 
DHDECMP 

, , , , , , , , ,  10-1 ,I,,,. 100 10' 

I R z - C H  6 I3 

2 5  10-4- R'z-C H 

1139 

FIGURE 
0.50 g 

differences i n  behavior fo r  the extract ion of Am3+ and even 

grea te r  differences f o r  the extract ion of Fe3+. 

of the  ex t rac tan t  increases,  so do the d i s t r ibu t ion  r a t i o s  f o r  

Am(1II) and Fe(II1).  But as  the extent  of ex t rac t ion  increases 

f o r  these two metal ions,  the se l ec t iv i ty  decreases. For 

example, with 0.50 g HNO, i n  the aqueous phase, the separation 

A s  the bas i c i ty  

Am d 

f ac to r  ($) fo r  0.50 g DHDECMP i s  5.1 x lo3,  compared to  

2 2.6 x 1 0  fo r  HHDECMP and only  6 . 1  fo r  DHDECMPO. Thus, a s  has 
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1140 KALINA ET AL. 

FIGURE 7 .  
LiN03 by 0.50 5 DHDECMP and DB[BP]. 

Comparison of t h e  e x t r a c t i o n  of Am(II1) from HN03 and 

been observed be fo re  f o r  monofunctional e x t r a c t a n t s  (161, 

i n c r e a s e s  i n  t h e  b a s i c i t y  of t h e  phosphoryl group r e s u l t  i n  

i n c r e a s e s  i n  t h e  d i s t r i b u t i o n  r a t i o  a t  t h e  expense of s e l e c t i v i t y .  

E x t r a c t i o n  of Am(II1) from LiNO and HNO Using Mono- and 
B i func t iona l  E x t r a c t a n t s  

3 

A series of experiments w a s  undertaken t o  compare t h e  

e x t r a c t i o n  behavior of Am(II1) from HN03 and LiNO 

using t h e  series of e x t r a c t a n t s  DHDECMP, HHDECMP and DHDECM€'O 

and t h e i r  monofunctional analogues DB[BP], B[DBP] and TOPO. 

The r e s u l t s  of t h i s  s tudy,  shown i n  Figs.  7 ,  8 and 9, reveal 

s o l u t i o n s  3 
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t / \ i  

10-2 10-1 100 10‘ 
“oiloq I M 

FIGURE 8. 
LiN03 by 0.50 

Comparison of t h e  e x t r a c t i o n  of Am(II1) from HN03 and 
HHDECMP and B[DBP]. 

t h e  s t r i k i n g  d i f f e r e n c e s  between t h e  monofunctional and 

b i f u n c t i o n a l  e x t r a c t a n t s  a t  moderate t o  high l e v e l s  of aqueous 

a c i d  concen t r a t ion ,  whereas when t h e  e x t r a c t i o n s  were c a r r i e d  

ou t  u s ing  a n  aqueous phase of L i N O  (containing 0.01 HNO ) 3 3 
t h e  d i f f e r e n c e s  between t h e  p a i r s  of e x t r a c t a n t s  are considerably 

less. While t h e  e x t r a c t i o n  of Am3+ from LiN03 by t h e  p a i r s  of 

r e l a t e d  compounds fo l low t h e  same gene ra l  t r end  wi th  d i s t r i b u t i o n  

r a t i o s  of s imilar  magnitude, t h e  e x t r a c t i o n  from HN03 r e s u l t s  

i n  i n c r e a s i n g l y  d ive rgen t  Kd va lues  as t h e  a c i d i t y  i s  increased.  

This  behavior has  been discussed p rev ious ly  f o r  t h e  

e x t r a c t i o n  of Th(1V) and Am(II1) by DHDECMP and DB[BP] (1,2) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1142 KALINA ET AL. 

v ' " " " I  ' ' ' ' ' " 1 1  ' ' 1  " " ' I  I 
0 

DHDECMPO/LiN03 f i  4 

FIGURE 9. Comparison of t h e  e x t r a c t i o n  of Am(II1) from HNO and 
LiN03 by 0.50 - M DHDECMPO and TOPO. 

3 

and w a s  a t t r i b u t e d  t o  t h e  a b i l i t y  of DHDECMP t o  a c t  as an  

intramolecular  a c i d  b u f f e r ,  which p r o t e c t s  t h e  phosphoryl oxygen- 

metal bond from a t t a c k  by hydrogen i o n s ,  r e s u l t i n g  i n  s i g n i f i -  

c a n t l y  larger  K va lues  f o r  t h e  e x t r a c t i o n  from a c i d i c  media 

as compared t o  DB[BP] (1,2). Since t h e r e  w a s  no s i g n i f i c a n t  

d i f f e r e n c e  between DHDKCMP and DB[BP] f o r  t h e  e x t r a c t i o n  of 

Am3+ from L i N O  3 
of t h e  DHDECMP w a s  r u l e d  t o  b e  an  unimportant f a c t o r  i n  

e x t r a c t i o n  ( 2 ) .  

d 

s o l u t i o n ,  c h e l a t i o n  o r  b i d e n t a t e  coord ina t ion  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



EXTRACTION OF AM(II1) AND FE(II1) 1143 

For the  e x t r a c t a n t s  HHDECMP and DHDECMPO, when compared 

t o  t h e  monofunctional compounds B[DBP] and TOPO, r e s p e c t i v e l y ,  

s i m i l a r  behavior i s  observed. The monofunctional e x t r a c t a n t s  

are equa l ly  as e f f e c t i v e  as t h e i r  b i f u n c t i o n a l  c o u n t e r p a r t s  

f o r  t h e  e x t r a c t i o n  of Am(II1) from LiN03,  i n d i c a t i n g  b i d e n t a t e  

behavior of t h e  b i f u n c t i o n a l  compounds (which would be expected 

t o  r e s u l t  i n  g r e a t l y  enhanced d i s t r i b u t i o n  r a t i o s  r e l a t i v e  t o  

monodentate coordinat ion (3))  i s  not  an  important f a c t o r .  The 

d i f f e r e n c e s  i n  t h e  d i s t r i b u t i o n  r a t i o s  as a func t ion  of HNO 

concen t r a t ion  p a r a l l e l  q u i t e  c l o s e l y  those  observed f o r  Am 

e x t r a c t i o n  by DHDECMP and DB[BP] (Z) ,  i n d i c a t i n g  a s i m i l a r  

bu f fe r ing  e f f e c t  i s  ope ra t iona l .  

3? 

It can be noted from t h e  d a t a  i n  F i g s .  5 and 7-9 that t h e  

change i n  d i s t r i b u t i o n  r a t i o  as a f u n c t i o n  of aqueous phase 

a c i d i t y  a l s o  v a r i e s  depending upon t h e  b a s i c i t y  of t h e  phosphoryl 

group. Whereas t h e  Kd va lues  f o r  Am(II1) e x t r a c t i o n  by t h e  

most b a s i c  b i f u n c t i o n a l  e x t r a c t a n t ,  DHDECMPO, reach a maximum 

a t  approximately 0.50 HNO t h e  maximum occurs  a t  ca. 3-4 

HNO f o r  HHDECMP whi l e  no maximum is observed f o r  e x t r a c t i o n  by 

DHDECMP. This  behavior,  which is  a l s o  observed t o  a lesser 

degree f o r  t h e  e x t r a c t i o n  by the  monofunctional e x t r a c t a n t s ,  

r e f l e c t s  t h e  g r e a t e r  a f f i n i t y  of hydrogen f o r  t h e  phosphoryl 

oxygen as t h e  b a s i c i t y  of t h i s  group i s  increased.  This 

i nc reased  a f f i n i t y  apparent ly  coun te rac t s  t he  bu f fe r ing  e f f e c t  

of t h e  amide group, r e s u l t i n g  i n  a g r e a t e r  i n f luence  of t h e  

a c i d i t y  on e x t r a c t i o n  i n  the  more b a s i c  e x t r a c t a n t s .  

3’ 
3 

SUMMARY AND CONCLUSIONS 

The study of t h e  e x t r a c t i o n  of Am(II1) and F e ( I I 1 )  from 

aqueous media by a series of mono- and b i f u n c t i o n a l  e x t r a c t a n t s  

r e v e a l s  t h e  importance of steric and induc t ive  e f f e c t s  i n  the  

s e l e c t i v i t y  and e f f i c i e n c y  i n  t h i s  process.  The use of bifunc- 
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1144 KALINA ET AL. 

t i o n a l  e x t r a c t a n t s  permits  t h e  e x t r a c t i o n  of Am(II1) from a 

wide range of aqueous a c i d i t y  through the  a b i l i t y  of t hese  

compounds t o  b u f f e r  t h e  e f f e c t s  of h igh  hydrogen i o n  concen- 

t r a t i o n s ,  r a t h e r  t han  through b i d e n t a t e  coordinat ion.  Subs t i t u -  

t i o n  of R-0-P groups by R-P should i n c r e a s e  the  s t a b i l i t y  of 

t h e s e  compounds towards hydro lys i s ,  i n  a d d i t i o n  t o  inc reas ing  

t h e  e x t r a c t i n g  c a p a b i l i t y  by inc reas ing  t h e  b a s i c i t y  of t he  

coordinat ing group. Th i s  has  t h e  e f f e c t ,  however , of diminishing 

t h e  s e l e c t i v i t y  of t h e  e x t r a c t a n t s .  The s e l e c t i v i t y  can be 

increased somewhat by t h e  i n t r o d u c t i o n  of branched a l k y l  groups 

i n  the  amide moiety. Branching near  t h e  phosphoryl group 

dec reases  t h e  e x t e n t  of e x t r a c t i o n  without  i nc reas ing  s e l e c r i v i t y .  

The HHDECMP and t h e  DHDECMPO compounds show promise f o r  

, a c t i n i d e ( I I 1 )  p u r i f i c a t i o n s .  The high K d ' s  f o r  Am(II1) from 

n i t r i c  a c i d  s o l u t i o n s  ranging i n  concen t r a t ions  from 0 .1  to  

3 HN03 using DHDECMPO may be t h e  b a s i s  f o r  a g e n e r a l  

a c t i n i d e (  111) "clean-up'' procedure.  In  a d d i t i o n ,  the s t a b i l i t y  

of t h e  phosphine oxide compound t o  hydro lys i s  i s  an advantage. 

The HHDECMP compound has  p o t e n t i a l  as an  improved e x t r a c t a n t  

f o r  a c t i n i d e ( I I 1 )  i o n  r e c o v e r i e s  from high l e v e l  l i q u i d  waste. 

However, as observed i n  t h e  s t u d i e s  of DHDECMJ? ( 4 1 ,  scrubbing 

with 3 g HN03/0.05 2 o x a l i c  a c i d  s o l u t i o n  is necessary t o  

ach ieve  decontamination from c e r t a i n  f i s s i o n  products ;  e .g . ,  

zirconium. Both of t h e s e  a p p l i c a t i o n s  are being i n v e s t i g a t e d .  
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