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Solvent Extraction Recovery of Byproduct 137Cs and QoSr from HN03 
Solutions-A Technology Review and Assessment 

w. w. SCHULZ 

HOCKWELL HANFORD OPERATIONS 
P. 0. Box 800 
RICHLAND. WASHINGTON 9 9 3 5 2  

L. A. BRAY 

PACIFIC NORTI-IWEST LABORATORY 

RICHLAND, WASHINGTON 9 9 3 5 2  
P. 0. nox 9 9 9  

ABSTRACT 

A p r i n c i p a l  purpose of t h i s  paper  is t o  ca l l  o u t  what is 
perce ived  t o  be a t i m e l y  need f o r  increased  r e s e a r c h  t o  
develop improved a d new s o  vent  e x t r a c t i o n  technology 
for recovery  o f  13?Cs and 9'Sr from s t r o n g  (20.55 HN03)  
a c i d  media, technology which can be  q u i c k l y  s c a l e d  up t o  
r o u t i n e  p l a n t - s c a l e  o p e r a t i o n  w i t h  h i g h l y  r a d i o a c t i v e  
waste s o l u t i o n s  when needed. 

The e s e n t  and f o r s e e a b l e  f u t u r e  (2020) U.S. i n v e n t o r y  
of 13'Cs and gost- is  l i s t e d ;  much of t h i s  i n v e n t o r y  i s  
expected t o  be a v a i l a b l e  o n l y  i n  s t r o n g l y  a c i d i c  n u c l e a r  
waste s o l u t i o n s .  Comparison of a v a i l a b l e  methods - 
p r e c i p i t a t i o n  and i o n  exchan as  well s s o l v e n t  

and a c i d  media demonst ra tes ,  as expec ted ,  t h a t  very  
l i m i t e d  technology is  a v a i l a b l e  f o r  u s e  wi th  s t r o n g l y  
a c i d i c  s o l u t i o n s .  Solvent  e x t r a c t i o n  procedures  which 
employ e i ther  macrocycl ic  p o l y e t h e r s  (crown e t h e r s )  o r  
d i c a r b o l i d  
'37Cs and ' 'Sr from >0.5M_HN03 s o l u t i o n s  have r e c e n t l y  
been proposed. But, i n  t h e i r  p r e s e n t  s t a t e  of develop- 
ment, bo th  t h e  crown e t h e r  and d i c a r b o l i d e  e x t r a c t i o n  

e x t r a c t i o n  - f o r  recover ing  f37Cs and 98 Sr from a l k a l i n e  

H+{[v-(3)-1, 2-BgC2H1 1C12]2Co]-, t o  e x t r a c t  
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192  SCHULZ AND BRAY 

processes  have s e v e r a l  drawbacks and/or  unknowns. Thus, 
t h e  p r e s e n t  r e s u l t s  should be  considered as a spr ingboard  
and a s p u r  n o t  o n l y  t o  fur ther  development and testing o f  
t h e s e  p a r t i c u l a r  compounds, b u t  a l s o  t o  c o n t i n u e  t h e  s e a r c h  
f o r  o t h e r  e x t r a c t a n t s  which o f f e r  even g r e a t e r  p o t e n t i a l  
for p l a n t - s c a l e  recovery  o f  byproduct cesium and s t r o n t i u m  
from a c i d i c  wastes. 

INTRODUCTION 

I n t e r e s t  i n  t h e  U.S. i n  recovery  and p u r i f i c a t i o n  of so-ca l led  
‘by-productsna from aqueous n u c l e a r  f u e l  reprocess ing  h igh- leve l  
waste (HLW) s o l u t i o n s  h a s  waxed h o t  and t h e n  waned s e v e r a l  times 
o v e r  t h e  las t  q u a r t e r  f a c e n t u r y .  For example, i n  t h e  e a r l y  
1960’8 megacuries of 98Sr were recovered a t  t h e  U.S. Atomic Energy 
Commission (AEC)b Hanford S i t e  f o r  u s e  i n  n a v i g a t i o n a l  buoys and i n  
s e v e r a l  m i l i t a r y  a p p l i c a t i o n s  as well. T h i s  e a r l y  s u c c e s s  i n  
recovery  and u t i l i z a t i o n  of by-product prompted one p r o s p e c t i v e  
c o n t r a c t o r  t o  t h e  AEC t o  propose ( i n  1965) c o n s t r u c t i o n  and opepat ion  
o f  a p l a n t  o rejjTer (and m r k e t  commercially) v a r i o u s  r a d i o i s o t o p e s  
i n c l u d i n g  9’Sr, C s ,  and le7Pm from Hanford defense  HLW. A s h o r t  
two y e a r s  later,  t h e  h a r s h  economic r ea l i t i e s  were a l l  t o o  apparent  -- t h e r e  was no demand and no market for. n u c l e a r  by-products. The 
proposed r e c o v e r y / p u r i f i c a t i o n  p l a n t  was n o t  b u i l t ,  and t h e  cont rac-  
t o r  was rep laced .  

i n t e  est i n  and 
lY.tS.’ 98 

During t h e  l a s t  two decades i n  t h e  
a p p l i c a t i o n  o f  technology f o r  removing C s  and Sr from HLW h a s  
been motivated almost  e x c l u s i v e l y  by waste management needs (e .g . ,  
removal of heat energy ,  inexpens ive  n e a r  s u r f a c e  disposal . ,  e tc . )  
r a t h e r  t h a n  by p o t e n t i a l  u s e  of s e p a r  ed n u c l e a r  byproducts .  
t h e  Hanford S i t e  megacuries o f  bo th  1J5Cs and 90Sr have been removed 
from HLW genera ted  i n  t h e  per iod  1944 t o  1972. The recovered 
radiocesium a d r a d i o s t r o n t i u m  have been p u r i f i e d ,  converted t o  s o l i d  
’ 3 7 ~ ~ ~ 1  and 9ifSrF2, r e s p e c t i v e l y ,  and placed i n  double-walled 
c a n i s t e r s  for s t o r a g e  i n  water b a s i n s .  

A t  

I n  t h e  las t  y e a r  or two, however, t h e  pendulum of  b e n e f i c i a l  
u s e s  of by-products h a s  been on t h e  upswing. 
a c t i v e  i n t e r e s t  i n  t h e  U.S. concerning u s e  o f  F37Cs gamma r a d i a t i o n  
f o r  s t e r i l i z a t i o n  o f  medical s u p p l i e s  and v a r i o u s  f r u i t s  and o t h e r  
f o o d s t u f f s  as well as f o r  t h e  t r e a t m e n t  o f  sewage s ludge .  (Recent 
a c t i o n  o f  t h e  U.S. government i n  banning f u r t h e r  u s e  o f  e t h y l e n e  

u w e n t l y  t h e r e  is 

‘Uranium, plutonium, and, i n  some cases, neptunium are t h e  p r o d u c t s  
recovere  by t y h  r e p r o c e s s i n g  w h i l e  bo th  r a d i o a c t i v e  ( e . g . ,  
137Cs, ggSr, 
products  are by-products. 

T c ,  etc.)  and i n e r t  ( e . g . ,  Rh, Pd, e t c . )  f i s s i o n  

bA p redecessor  of t h e  p r e s e n t  U.S. Department o f  Energy (DOE) .  
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137C.3 AND 9 0 S r  FROM H N 0 3  SOLUTIONS 193 

dibromide a s  a fumigant f o r  f r u i t  prod c s has been a major d r i v i n g  
force i n  t h e  renewed c o n s i d e r a t i o n  o f  '3fCs and i t s  p r o p e r t i e s . )  
Indeed,  s o  s t r o n g  is t h e  c u r r e n t  i n t e r e s t  i n  b e n e f i c i a l  u s e s  o f  137Cs 
t h a t  l i c e n s e d  p r i v a t e  U.S. i r r a d i a t i o n  f ac i l i t i e s  have placed o r d e r s  
fo r  t h e  e n t i r e  i n v e n t o r y  o f  encapsula ted  137CsC1 a t  t h e  Hanford S i t e .  
Although n o t  n e a r l y  as i n t e n s e  as t h o s e  for 137Cs, t h e r e  are  a l s  
strong s i g n s  of renewed i n t e r e s t  i n  b e n e f i c i a l  a p p l i c a t i o n s  o f  98Sr. 

The r e c e n t  a c t i v i t y  concerning 1 3 7 C s  and has  motivated us 
t o  conduct  t h i s  examination of t h e  p r e s e n t  s t a t e  o f  technology f o r  
s o l v e n t  e x t r a c t i o n  o f  radiocesium and rad ios t ront ium from HLW so lu-  
t i o n s .  For waste managemen purposes ,  a r i o u s  s o l v e n t  e x t r a c t i o n  

a c i d  s o l u t i o n s  have been developed on a bench-scale  and, i n  a t  least  
one case, a p p l i e d  on a p l a n t - s c a l e .  Ion  exchange and p r e c i p i t a t i o n ,  
and,  t o  a much smaller e x t e n t ,  s o l v e n t  e x t r a c t i o n  processes  for 
i s o l a t i o n  of 137Cs and 90Sr from s t r o n g  a c i d  ( H N 0 3 f  waste s o l u t i o n s  
have a l s o  been developed. The major emphasis and t h r u s t  of t h i s  
paper  is t o  alert  t h e  s e p a r a t i o n s  chemis t ry  community t o  what is 
perce ived  t o  be  a t imely  need f o r  r e s e a r c h  t o  develop improved and 
new s o l v e n t  e x t r a c t i o n  technology for  ac id-s ide  recovery o f  137Cs and 
90Sr, technology which can be  q u i c k l y  s c a l e d  up t o  l a r g e  scale u s e  
i f  and when needed. 

p r o c e s s e s  f o r  removal o f  l 3 $ C s  and/or  9 8  Sr from a l k a l i n e  or weak 

INVENTORY AND APPLICATIONS OF 1 3 7 ~ 8  AND 9 0 ~ r  

Estimated Inventory  

Table  1 summarizes amounts o f  137Cs and a v a i l a b l e  i n  t h e  
U.S. from b o t h  defense  and commercial sources .  As i n d i c a t e d  i n  
Table  1 ,  a s u b s t a n t i a l  p o r t i o n  o f  t h e  e x i s t i n g  inventory  of 137Cs 
and 90Sr a t  t h e  Hanford S i t e  h a s  been recovered,  p u r i f i e  
t o  e i t h e r  C s C l  o r  SrF , and encapsula ted  as 137CsC1 and $'SrF2, 
r e s p e c  ve ly .  Accordfng t o  the  p r e s e n t  Hanford Waste Management P lan  
(31, 18+Cs w i l l  b e  removed from f u t u r e  ( p o s t  1 9 8 3 )  waste b u t  w i l l  n o t  
be  p u r i f i e d  and encapsula ted .  

converted 

There are no f a c i l i t i e s  t t h e  U.S. DOE Savannah River  P l a n t  t o  
p u r i f y  o r  e n c a p s u l a t e  e i t h e r  '37Cs o r  90Sr. Although t h e r e  c u r r e n t l y  
a re  n o  p l a n s  t o  r e c o v e r  any Savannah River  P l a n t  by-product cesium 
and s t r o n t i u m ,  a recent DOE s t u d y  examined t h e  f e a s i b i l i t y g p d  pro- 
j e c t e d  costs of s e p a r a t i o n  and e n c a p s u l a t i o n  o f  137Cs and Sr a t  
Savannah River  and t h o s e  o f  recovery  a t  Savannah River  and sh ipping  
t o  Hanford as a d r i e d  s o l i d  sorbed on an i o n  exchange r e s i n  ( 1 ) .  Both 
approaches appear  t o  be feasible  i f  r e g u l a t i o n s  permi t  shipment and 
t h e  
and 8aSr. 

mand j u s t i f i e s  c o s t s  fo r  recovery and encapsula t ion  o f  137Cs 

Not unexpec e d l y ,  o f  c o u r s e ,  c u r r e n t  and,  e s p e c i a l l y ,  S u t u r e  
i n v e n t o r i e s  o f  187Cs and 90Sr i n  i r r a d i a t e d  U.S. commercial r e a c t o r  
fuel  far exceed - by about  a factor of 10 - t h o s e  a v a i l a b l e  from 
U.S. d e f e n s e  sources .  S tored  s p e n t  commercial ower r e a c t o r  fuel  
r e p r e s e n t s  t h e  prime s o u r c e  of both  137Cs and "Sr. 
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194 SCHULZ AND BRAY 

Source 

DEFENSE WASTES 

TABLE 1 
Estimated O.S. Supply o f  137Cs  and 90Sra 

Estimated Inventory ,  M C i  

Hanford S i t e  
Encapsulatedb 
F u t u r e  ( t o  1995)' 

Savannah River P l a n t  
Present'  
F u t u r e  ( t o  2000)e 

COMMERCIAL FUEL 

f P r e s e n t  
F u t u r e  ( t o  202Olg 

9% 

70 40 
50 42 

100 120 
1000 920 

500 370 
11,000 9,000 

a Taken from d a t a  i n  References 1 and 2 
A s  137csc1 and "SrF2, r e s p e c t i v e l y  
From o p e r a t i o n  (1983 through 1995) of Manford PURM p l a n t  
I n  e x i s t i n g  tank  waste 
From o p e r a t i o n  (1985 through 2000) o f  Savannah River  PURM 
p r o c e s s e s  
S tored  i n  water b a s i n s  

g I n  s p e n t  f u e l  accumulated by 2020 

B e n e f i c i a l  Uses 

b e n e f i c i a l  u s e s  of 137Cs and 98Sr. I o t e c h ,  Inc .  i n  Denver, Colorado 
is  c u r r e n t l y  u s i n g  Hanford-type 37CsC1 c a p s u l e s  f o r  i n d u s t r i a l -  
scale s t e r i l i z a t i o n  of medical  s u p p l i e s .  A very active r e s e a r c h  
program t o  demonst ra te  a p p l i c a b i l i t y  of 137Cs gamma r a d i a t i o n  for 
d i s i n f e s t a t i o n  and p r e s e r v a t i o n  of v a r i o u s  a g r i c u l t u r a l  p roducts  
(e .g . ,  c h e r r i e s ,  a p p l e s ,  h i d e s ,  e t c . )  is  c u r r e n t l y  i n  p r o g r e s s  a t  t h e  
P a c i f i c  Northwest Laboratory i n  Richland,  Washington ( 4 ) .  
i n d u s t r i a l - s c a l e  i r r a d i a t o r  [Cesium-137 A g r i c u l t u r a l  Commodities 
I r r a d i a t o r  (CACI) 1 f o r  treating f o o d s t u f f s  is being designed and 
b u i l t  (5 ) .  

Tables  2 and 3 r e s p e c t i v  l y ,  l ist  some t y p i c a l  and impor tan t  

An 

Appl ica t ions  of 90Sr stem from its a b i l i t y  t o  f u n c t i o n  very  
e f f e c t i v e l y  as a f u e l  f o r  t h e r m o e l e c t r i c  and thermomechanical power 
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TABLE 2 
Some B e n e f i c i a l  Uses of 137Cs 

0 FOOD PRESERVATION BY IRRADIATION 

- D r i e d  F r u i t s  a n d  N u t s  
- C i t r u s  F r u i t s  
- F r e s h  P o r k  - S h e l l f i s h  
- S p i c e s  

0 STERILIZATION OF MEDICAL SUPPLIES 

0 IRRADIATION OF HIDES 

0 IRRADIATION OF MUNICIPAL SEWAGE SLUDGE 

TABLE 3 
Some B e n e f i c i a l  Uses of  90Sr 

0 RADIOISOTOPE-FUELED THERMOELECTRIC GENERATORS (RTGs) 

- Remote W e a t h e r  Stat ions 
- Remote Surveil lance S ta t ions  
- Navigational A i d s  

0 RADIOISOTOPE-FUELED THERMOMECHANICAL GENERATORS ( RTblGs) 

- Remote Emergency  Power  

0 HEAT-SOURCE APPLICATIONS 

195 

- Mil i t a ry  A p p l i c a t i o n s  
- P e t r o l e u m  A p p l i c a t i o n s  

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



196 SCHULZ AND BRAY 

g e n e r a t o r s  (e.g., Rank'ne, Brayton,  and S t i r l i n g  c y c l e  e n g i n e s ) .  As 
i n d i c a t e d  i n  Table  4, 40Sr-powered RTG's ( 1  t o  100 watts) have been 
used as a s o u r c e  o f  electric power f o r  remote weather and s u r v e i l -  
l a n c e  s t a t i o n s  and for v a r i o u s  t y p e s  of command and c o n t r o l  systems.  
Vogt (6) h a s  descr ibed  p r o g r e s  toward c o n s t r u c t i o n  o f  a 500 w a t t ( e )  
RTG f u e l e d  w i t h  encapsula ted  9'SrF2 from the  Hanford Site. I n  
a d d i t i o n  t o  its u s e  i n  RTGs and RTMGs, 90Sr, when s u i t a b l y  encapsu- 
l a t e d  and s h i e l d e d ,  can  also b e  used as a v a l u a b l e  h e a t  source .  

RECOVERY PROCESSES 

A l k a l i n e  and Acidic  Feeds tocks  

High-level wastes (HLW) g e n e r a t e d  a t  t h e  U.S. Hanford and 
Savannah River  S i t e s  are  c u r r e n t l y  made a l k a l i n e  by a d d i t i o n  o f  NaOH 
and s t o r e d  i n  underground t a n k s  (F ig .  1 ) .  I r o n ( I I 1 )  and v a r i o u s  
o t h e r  t r a n s i t i o n  group metal i o n s  i n  t h e  a c i d i c  HLW p r e c i p i t a t e  as 
hydrous o x i d e s  when NaOH is added t o  t h e  a c i d i c  waste. 
p r e c i p i t  es have a g r e a t  a f f i n i t y  f o r  and,  t h u s ,  e v e n t u a l l y  
a l l  t h e  @Sr ' t h e  waste r e p o r t s  t o  t h e  s o l i d  ("sludge") phase. 
Conversely,  $?Cs does n o t  p r e c i p i t a t e  and remains almost e n t i r e l y  
i n  t h e  a l k a l i n e  (pH >9) l i q u i d  s u p e r n a t a n t .  Thus, from n e u t r a l i z e d  
HLW, t h e  s l u d g e  and a l k a  i n e  s u p e r n a t a n t  phases  c o n s t i t u t e  feed 
s t o c k s  f o r  recovery  o f  9'Sr and 137Cs,  r e s p e c t i v e l y .  

These  

There are ,  o f  c o u r s e ,  no c u r r e n t l y  a c t i v e  p l a n s  i n  t h e  U.S. t o  
r e p r o c e s s  i r r a d i a t e d  commercial power r e a c t o r  fuel t o  r e c o v e r  
uranium and plutonium va lues .  But, when and i f  such  reprocess ing  
d o e s  o c c u r ,  t h e  HLW would almost c e r t a i n l y ,  fo l lowing  t h e  p r a c t i c e  
i n  o t h e r  c o u n t r i e s ,  (e.g., France ,  United Kingdom, e t c . ) ,  be s t o r e d  
as an a c i d i c  s o l u t i o n  and n t u a l l y  v i  i f i e d  wi thout  e v e r  being 
n e u t r a l i z e d .  Recovery o f  'j?Cs and/or  trz;Sr from commercial power 
r e a c t o r  f u e l  w i l l  t h u s  have t o  d e a l  w i t h  s t r o n g l y  a c i d i c  r a t h e r  
than  a l k a l i n e  media. A similar s i t u a t i o n  may e v e n t u a l l y  p r e v a i l  
even a t  t h e  Hanford and Savannah River  sites. A t  bo th  l o c a t i o n s ,  
f a c i l i t i e s  t o  v i t r i f y  HLW are e i t h e r  be ing  b u i l t  or are planned;  
after exis t ing backlogs of HLW are v i t r i f i e d ,  it may be  p o s s i b l e  
and/or  d e s i r a b l e  t o  e l i m i n a t e  f u r t h e r  underground s t o r a g e  of 
n e u t r a l i z e d  HLW. 

Removal/Recovery o f  137Cs from Alkaline Media 

L i s t e d  i n  Table  5 are  v a r i o u s  p r e c i p i t a t i o n ,  i o n  exchange, 
and s o l v e n t  e x t r a c t i o n  p r o c e s s e s  which have been developed and, i n  
some cases, used i n  large-scale removal and/or  recovery o f  137Cs 
from a l k a l i n e  waste s o l u t i o n s .  Some amplifying comments on use  of 
t h e s e  procedures  are provided i n  t h e  fo l lowing  t ex t .  

P r e c i p i t a t i o n  Processes .  I n  t he  19501s ,  i n v e s t i g a t o r s  a t  t h e  
Hanford S i t e  examined many d i f f e r e n t  metal f e r r o c y a n i d e  and f e r r i -  
cyanide  compounds t o  c o - p r e c i p i t a t e  ( o r  scavenge) '37Cs from aged , 
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198 SCHULZ AND BRAY 

DEFENSE 
COMMERCIAL 

ACIDIC HLW 

NaOH m I 
ALKALINE SLUDGE 

SUPERNATANT 90Sr 
1 3 7 ~ s  (INSOLUBLE) 

(SOLUBLE) 

STORE IN 
STAINLESS STEEL TANKS 

1 3 7 ~ s  
9 0 ~ r  

(SOLUBLE) 

Fig .  1. 137Cs and 90Sr i n  Defense and Commercial 
High Level Waste 

a l k a l i n e  n i t r a t e  waste s o l u t i o n s .  Highly s u c c e s s f u l  r e s u l t s  were 
obta ined  by p r e c i p i t a t i o n  of C 
1950's large-scale removal o f  7sTCs from aged BiP04 p r o c e s s  a l k a l i n e  
wastes was performed by p r e c i p i t a t i o n  o f  t h i s  compound. 
workers adapted t h e  n i c k e l  f e r r o c y a n i d e  p r e c i p i t a t i o n  p r o c e s s  t o  
e f f i c i e n t  removal and recovery  o f  137Cs from freshly-produced 
Hanford PURM p l a n t  h i g h - l e v e l  waste. 

i[Fe(CNI6]; and, i n  t h e  middle 

Later 

More r e c e n t l y  (1982) ,  Lee, K i l p a t r i c k  and o t h e r s  a t  t h e  Savannah 
River  S i t e  s t u d i e d  a p p l i c a t i o n  of he well-known a n a l y t i c a l  r e a g e n t ,  
t e t r a p h e n y l b o r o n ,  t o  removal of 13'Cs from t h e  l a r g e  volume o f  a lka-  
l i n e  wastes s t o r e d  a t  t h a t  s i te.  A s u c c e s s f u l  t e s t  o f  t h e  proposed 
p r e c i p i t a t i . o n  scheme w i t h  a c t u a l  waste was performed i n  1984. 
Eventual  r o u t i n e  p l a n t - s c a l e  o p e r a t i o n  o f  t h e  te t raphenylboron  
p r e c i p i t a t i o n  p r o c e s s  is a n t i c i p a t e d .  

Ion  Exchange Processes .  Fixed beds of c a t i o n  exchangers  have 
long been used a t  t h e  Hanford S i t e  t o  r e c o v e r  and p u r i f y  megacurie 
amounts of 137Cs from a l k a l i n e  waste s o l u t i o n s .  
(e .g . ,  s y n t h e t i c  z e o l i t e s )  and s p e c i a l  o r g a n i c  (e .g . ,  D u o l i t e  
ARC-359) c a t i o n  exchange materials have been used i n  p l a n t - s c a l e  
o p e r a t i o n s .  The D u o l i t e  ARC-359 r e s i n  is p a r t i c u l a r l y  u s e f u l  f o r  
f e e d s  which c o n t a i n  s u f f i c i e n t  NaOH t o  a t t a c k  and d i s s o l v e  alumino- 
s i l i c a t e  materials. 
cesium e f f i c i e n t l y ;  s i m p l e  b o i l i n g  of t h e  e l u a t e  s e r v e s  t o  ireconsti- 

Both i n o r g a n i c  

Concentrated (NH4I2CO3 s o l u t i o n s  e l u t e  sorbed 
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137Cs AND 'OSr FROM HN03  SOLUTIONS 199 

TABLE 5 
Methods f o r  Removal/Recovery o f  137Cs from A l k a l i n e  Wastes 

Method Reagent 

P r e c i p i t a t i o n  
a Metal f e r r o c y a n i d e s  

a Tetraphenylborona 
and S e r r i c y a n i d e s  

I o n  Exchange 
DECAL SO^ 

a LINDE AkJ-500' 
a IONSIV IE- 5' 
a ZEOLON 900 
a ARC-35ge 

% 

Solvent  E x t r a c t i o n  
B A M B P ~  

a Dipicry lamine  - n i t r o -  

a Tetraphenylboron - 
a Polybromides - n i t r o -  

a P o l y i o d i d e s  - n i t r o -  

a 2-Thenoyltrifluoroacetone 

benzene 

methyl i sobuty lke tone  

benzene 

benzene 

References 

7-1 5 

16 

10, 17-20 
21 -24 

25 
26-29 

25, 30-34 

35-37 
38-42 

43,  44 

45,  46 

47 

48 

a Avai lab le  from AAF I n c . ,  Marietta, G A ,  for  example. 
An a l u m i n o s i l i c a t e  gel  made by I o n i c  Chemical Co., P f a u d l e r  
P e r m u t i t ,  I n c . ,  Birmingham, N J .  
A s y n t h e t i c  z e o l i t e  made by Union Carbide Corporaat ion,  Tarry-town, 
NY. 
A s y n t h e t i c  z e o l i t e  made by Norton Co., Akron, OH. 
AR o rganic  e l u t i o n  exchanger  made by Diamond Shamrock Corp., 
Redwood C i t y ,  CA. 
4-sec-butyl-2(u-methylbenzyl) phenol .  
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200 SCHULZ AND BRAY 

t u t e  t h e  e l u  n t .  

West Val ley ,  New York f u e l  r e p r o c e s s i n g  s i te .  

cesses f o r  removal and/or  recovery  o f  137Cs from a l k a l i n e  media have 
been demonstrated on a bench- and,  i n  some cases, on a p i l o t - p l a n t  
scale. For example, Horner a t  t h e  Oak Ridge Nat iona l  Laboratory i n  
t h e  e a r l y  1960’s found t h a t  phenols  such as 4-sec-butyl-2-(a-methyl- 
benzy1)phenol (BAMBP) e x t r a c t  cesium w e l l  from aqueous phases  a t  pH’s 
above 10. Subsequent ly ,  Bray and Richardson a t  t h e  H nford  s i t e  
developed a BAMBP e x t r a c t i o n  p r o c e s s  for  removal o f  137 C s  from 
v a r i o u s  Hanford s i t e  wastes. 

IONSIV IE-96 has r e c e n t l y  been chosen f o r  u s e  
i n  removing 737 C s  from a l k a l i n e  waste s o l u t i o n s  s t o r e d  a t  t h e  former 

Solvent  E x t r a c t i o n  Processes .  Various s o l v e n t  e x t r a c t i o n  pro- 

I/ 

1960 t o  1962 t h a  
t i v e l y  extract  I s 7  C s  from a l k a l i n e  aqueous s o l u t i o n s .  Bray and 
Richardson eloped a d i p i c r y l a m i n e  s o l v e n t  e x t r a c t i o n  process  f o r  
removal o f  @’Cs from v a r i o u s  Hanford a l k a l i n e  wastes; t h i s  p r o c e s s  
was demonstrated on a p i l o t - p l a n t  scale w i t h  s y n t h e t i c  waste solu- 
t i o n s .  
t h e  d ip ic ry la rn ine  e x t r a c t i o n  p r o c e s s .  

Kyrs and h i s  c o l l e a g u e s  in Czechoslovakia  repor ted  i n  the  per iod  
n i t r o b e n z e n e  s o l u t i o n s  of d ip ic ry lamine  w i l l  selec- 

The t o x i c i t y  o f  n i t robenzene  is a recognized d isadvantage  o f  

Other  systems and/or  e x t r a c t a n t s  s t u d i e d  f o r  e x t r a c t i o n  o f  137Cs 
from a l k a l i n e  wastes inc lude :  tetraphenylboron-methylisobutylketone; 
polybromides-nitrobenzene; polyiodides-nitrobenzene; and 2-thenoyl- 
t r i  f l u o  roace  t one. 

Removal/Recovery of 137Cs from Acidic  Media 

L i s t e d  i n  Table  6 are v a r i o u s  p r l e c i p i t a t i o n ,  l o n  exchange, and 
s o l v e n t  e x t r a c t i o n  p r o c e s s e s  which have been developed 
case, used i n  large-scale removal and/or  recovery  o f  13?:: ’ f;:,,,One 

a c i d i c  waste s o l u t i o n s .  The fo l lowing  t e x t  p r o v i d e s  some explana tory  
informat ion  about  t h e s e  procedures .  

cesium i o n  reacts w i t h  phosphotungs ta te  i o n  t o  produce an h s o l u b l e  
p r e c i p i t a t e .  
p r o c e s s  which h a s  be  n used on a large-scale a t  t h e  Hanford S i t e  t o  
recover  >95% o f  t h e  737Cs from PURM p r o c e s s  HLW. The cesium phos- 
p h o t u n g s t a t e  p r e c i p i t a t e  is  s o l u b l e  i n  NaOH s o l u t i o n s ;  i o n  exchange 
procedures  can  be  used t o  c o n c e n t r a t e  and p u r i f y  137Cs Piaom t h e  
rvesulting NaOH s o l u t i o n .  

P r e c i p i t a t i o n  Processes .  I n  s t r o n g  (0.5 t o  2 . 0 w  HNO s o l u t i o n s  

T h i s  chemis t ry  forms t h e  basis  of a p r e c i p i t a t i o n  

Ion Exchange Processes .  Ion  exchange p r o c e s s e s  for  recovery of 
137Cs from a c i d  waste s o l u t i o n s  have been developed. These processes  
employ i n o r g a n i c  i o n  exchangers  such  as t i t a n i u m  phosphate ,  z i rconium 
phosphate ,  and f e r r o c y a n i d e  molybdate. The materials are expensive 
and n o t  r e a d i l y  a v a i l a b l e ;  f o r  t h e s e  r e a s o n s ,  p roces  which employ 

medium. 
them have n o t  been used for p l a n t - s c a l e  recovery  o f  ‘539 Cs from a c i d i c  
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TABLE 6 
Methods f o r  Removal/Recovery of 137Cs from Acidic  Wastes 

Met hod 

P r e c i p i t a t i o n  
0 

I o n  Exchange 

0 

Solvent  E x t r a c t i o n  

R e x e n t  

Phosphotungst ic  Acid 
(0.5-2.OM HNO3) 

Ti tanium phosphate  
Zirconium phosphate  
Fer rocyanide  molybdate 

BAMBP-KDEHP-d i l u e n t a  

PP-HDEHP-diluentb 

Crown ether-HDEHP-( o r  

H+CoBa--Nitrobenzene- 

TBP-NNS-Crown X V I I -  

(PH 4 )  

(PH 4-61 

HDDNS‘) - d i l u e n t  

cc1 
( 0 . 8 ~  H N O ~ )  

d i l .uente  
(3% HN03 1 

References 

49-52 

53,  54 
55, 56 

57 

58-61 

62 

63-66 

67-76 

77 

a HDEHP = bis(2-ethylhexyl)phosphoric  a c i d  
PP = 2-phenylphenol 
HDDNS = didodecylnaptha lene  s u l f o n i c  a c i d  
H+CoB2’ = D i c a r b o l i d e ,  

NNS = dinonylnaptha lene  s8&0!11c %?d 
Crown X V I I  = b A  4,41-(5)[1-hydroxy-2-ethylhexyl]benzo 18-crown-6 

Hf{[n-(3)-1,2-B C H C l  1 CO]’ 
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20 2 SCHIJLZ A N D  B R A Y  

Solvent  E x t r a c t i o n  Processes .  Bray and Keder a t  t h e  Ea t te l le  
Pacific Northwest Laboratory found t h a t  mix tures  o f  BAMBP and HDEHP 
s y n e r g i s t i c a l l y  e x t r a c t  b o t h  C s +  and Sr2+ from d i l u t e  (pH 4-61 acid 
waste s o l u t i o n s .  An e x t r a c t i o n  p r o c e s s  (CSRM process)  based upon 
t h i s  s y n e r g i s t i c  effect  f o r  e x t r a c t i o n  and s e p a r a t i o n  (by  s e l e c t i v e  
s t r i p p i n g )  of C s + ,  Sr2+,  and t r i v a l e n t  ].anthanides was s u c c e s s f u l l y  
demonstrated on a p i l o t  p l a n t  scale w i t h  s imula ted  waste s o l u t i o n .  
Because o f  concern about  t h e  r a d i a t i o n  and chemical s t a b i l i t y  o f  
t h e  BAMEP e x t r a c t a n t ,  t h e  CSRM p r o c e s s  was n o t  used on a p l a n t  
s c a l e .  

Later (1974) ,  Smelov and Lanin repor ted  t h a t  a mixture  o f  
HDEHP and 2-phenylphenol would s y n e r g i s t i c a l l y  e x t r a c t  C s +  and Rb+ 
from d i l u t e  a c i d i c  media. 

McDowell and v a r i o u s  coworkers have s t u d i e d  e x t r a c t i o n  o f  C s +  
and o t h e r  a l k a l i  metal i o n s  from d i l u t e  a c i d i c  (pH 2 t o  6)  media by 
mixtures  o f  v a r i o u s  macrocycl ic  p o l y e t h e r s  (crown e t h e r s )  and HDEHP 
o r  d idodecylnaptha lene  s u l f o n i c  a c i d  (HDDNS). The l a t t e r  two o r g a n i c  
c a t i o n  exchangers  provide  a means o f  t r a n s f e r r i n g  t h e  crown ether-Cs+ 
complex i n t o  t h e  o r g a n i c  phase;  HDEHP and HDDNS a l s o  produce a 
s y n e r g i s t i c  e x t r a c t a n t .  No p l a n t  scale ap l i c a t i o n  o f  crown e t h e r -  
HDEHP (or HDDNS) s o l v e n t s  f o r  recovery  o f  937Cs from d i l u t e  a c i d  
media has  been made. 

Davis and h i s  coworkers a t  t h e  U n i v e r s i t y  of South C a r o l i n a  have 
scored  what appears  t o  be a real breakthrough i n  developing a 
p r a c t i c a b l e  s o l v e n t  e x t r a c t i o n  p r o c e s s  f o r  removal/recovery o f  137Cs 
from s t r o n g  (k0.5E) HN03 s o l u t i o n s .  Da.vis e t  a l .  r e p o r t  t h a t  c e r t a i n  
4-component o r g a n i c  s o l u t i o n s  c o n t a i n i n g  TBP ( t r i - n , b u t y l p h o s p h a t e ) ,  
NNS (d inonylnaptha lene  s u l f o n i c  a c i d ) ,  a macrocycl ic  p o l y e t h e r  (crown 
compound), and a hydrocarbon d i l u e n t  s e l e c t i v e l y  extract C s +  from 
s imula ted  (3M_ HN03) PURM p r o c e s s  HLW. 

t h e  most e f f i c i e n t  cesium e x t r a c t a n t  was a s o l u t i o n  o f  t h e  composi- 
t i o n  27 v o l %  TBP-5 vol% NNS-68 vol% kerosene-0.05M- Crown X V I I .  
(Crown X V I I  is  b 2  4,41,  (5)~1-hydroxy-2-ethylhexy1Ibenzo-18-Crown-6., 
F i g .  2). 
s o l u t i o n  wi th  s imula ted  PUREX HLW (3M_ HN03) c o n t a i n i n g  0.006M- C s  a t  
23-25OC, t h e  d i s t r i b u t i o n  r a t i o  f o r  C s  (DCs) is 1.6. 
c o n d i t i o n s ,  D Z  The h i g h  DZr is a t t r i b -  
u ted  t o  t h e  wefl-known p r o p e n s i t y  o f  TBP t o  e x t r a c t  zirconium from 
strong HN03 s o l u t i o n s .  

1 .6  t o  1.0 when t h e  TBP-NNS-Cro XVII-kerosene s o l u t i o n  was 

s o l u t i o n s  can be used t o  s t r i p  C s  from t h e  4-component e x t r a c t a n t ;  
such  s t r i p p i n g  does  n o t  appear  t o  be  e n t i r e l y  e f f e c t i v e ,  however. 
For  example, data p l o t t e d  i n  F ig .  3 of Reference 73 i n d i c a t e s  s i x  
e q u a l  volume c o n t a c t s  of a pregnant  TBP-NNS-Crown XVII-kerosene 
s o l u t i o n  o n l y  removed about  80% of t h e  cesium. 

O f  s e v e r a l  4-component e x t r a c t a n t s  s t u d i e d  by Davis e t  a l . ,  

F o r  an e q u a l  volume c o n t a c t  o f  t h i s  p a r t i c u l a r  o r g a n i c  

Under these 
= 2.1 w h i l e  Dothers 50.31. 

I n  r e l a t e d  tes ts ,  Davis et a l .  found t h a t  DCs decreased  from 

i r r a d i a t e d  t o  an exposure of 10 Ji" rad .  D i l u t e  (0.5 t o  l.O&) HN03 
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13'Cs AND 9 0 S r  FROM HN@3 SOLUTIONS 203 

Fig. 2. CROWN XVII: 4,41(5')[1-hydroxy- 
2'-eLhylheql]benzo 18-crown-6 

i For almost  a decade now, Kyrs ,  Rais, and t h e i r  a s s o c i a t e s  a t  t h e  
Nuclear Research I n s t i t u t e  i n  Czechoslovakia  have pioneered u s e  o f  
t h e  compound "d icarbol ide" ,  H+{[~r-(3)-1,2-B C2H, ,Cl2I2Co]- i n  s o l v e n t  
e x t r a c t i o n  of cs+ from H N O ~  s o l u t i o n s .  S a a L  c o n c e n t r a t i o n s  o f  
d i c a r b o l i d e  d i s s o l v e d  i n  a p o l a r  s o l v e n t  such  as n i t robenzene  
e f f e c t i v e l y  and p r e f e r e n t i a l l y  e x t r a c t  C s  from aqueous O.5M_HNO3; 
under  these c o n d i t i o n s ,  i o n  p a i r s ,  e.g., Cs+B-(B- = "~-(3) -1 ,2-  
B9C2Hl1Cl2l2Co]-) e x i s t  i n  t h e  organic  phase.  

Kyrd et a l .  have e s t a b l i s h e d  t h a t  Cs+ can be r e a d i l y  s t r i p p e d  
from t h e  dicarbolide-nitrobenzene phase by s t r o n g  (i.e.,  33M_ HN03) 
s o l u t i o n s .  The Czechoslovakian group h a s  a l s o  conducted v a r i o u s  
experiments  which s u g g e s t  t h a t  cesium e x t r a c t i o n  p r o p e r t i e s  o f  t h e  
d i c a r b o l i d e  e x t r a c t a n t  may n o t  be s e r i o u s l y  impaired by large 
doses  of mma i r r a d i a t i o n .  R e s u l t s  o f  bench-scale  tests o f  e x t r a c -  
t i o n  of I5?Cs from a c t u a l  a c i d i c  high l e v e l  waste s o l u t i o n s  have 
been r e p o r t e d .  

The e x t e n s i v e  r e s e a r c h  o f  t h e  Czech s c i e n t i s t s  on p r o p e r t i e s  and 
a p p l i c a t i o n  of t h e  d i c a r b o l i d e  e x t r a c t a n t  is well documented. To our 
knowledge, however, s c i e n t i s t s  i n  o t h e r  c o u n t r i e s  have n o t  conducted 
similar s t u d i e s .  

F u r t h e r  d i s c u s s i o n  yf t h e  s i g n i f i c a n c e  of t h e  r e s u l t s  of 
Davis ,  e t  a l .  and of Kyrs, Rais, e t  a l .  t o  d elopment of  a prac- 

p r o c e s s  HLW is given later ( ~ f .  pp. lg-20). 

Removal/Recovery of 90Sr from Acidic  Media 

"Sr are intended f o r  use  w i t h  a c i d i c  media. 

t i c a b l e  p r o c e s s  f o r  p l a n t - s c a l e  removal o f  137 C s  from a c t u a l  PURM 

A l l  t h e  p r o c e s s e s  developed for  recovery  of l a r g e  amounts of 
As noted i n  Fig. 1 ,  
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204 SCHULZ AND BRAY 

"Sr c o p r e c i p i t a t e s  wi th  Fe ( I I1 )  when U.S. defense wastes a r e  made 
a l k a l i n e .  

Table 7 lists t h e  var ious  p r e c i p i t a t i o n ,  ion  exchange and so lven t  
e x t  
of  @Sr from a c i d i c  media. The text  accompanying Table 7 provides 
add i t iona l  information about t hese  processes.  

c t i o n  processes which have been developed f o r  removal and recovery 

P rec ip i t a t ion  Processes. Lead s u l f a t e  c a r r i e r  p r e c i p i t a t i o n  of 
90Sr from d i l u t e  HNO 3 Af ter  success fu l  p i lo t -p l an t  sc l e  t e s t s ,  t h e  p r e c i p i t a t i o n  scheme was 
used t o  recover megacuries o f  Sr from HLW. The ad s u l f a t e  carrier 
p r e c i p i t a t i o n  technology was a l s o  used t o  recover $'Sr from d i l u t e  HN03 
s o l u t i o n s  of d i sso lved  s ludge  ( c r .  Fig. 1). 

s o l u t i o n s  was developed a t  Hanford i n  1961. 

98 

Ion Ekchanae Processes.  The inorganic ion  exchanger, antimonic 
a i d ,  has exce l l en t  a f f i n i t y ,  and good s p e c i f i c i t y  t o o ,  f o r  sorbing 
gsSr from s t rong  (0.5 to 7M_HN03) ac id  waste so lu t ions .  European 

TABLE 7 
Methods f o r  Removal/Recovery of from Acidic Wastes 

Method Reagent References 

P r e c i p i t a t i o n  
Lead S u l f a t e  Car r i e r  

(pH 1-21 

Ion Exchange 
An t imnic  Acid 

(0.5-7E HN03) 

Solvent Ext rac t ion  
HDEHP-TBP-dodecane 

0 H+CoBa--Nitrobenzene- 

TBP-NNS-Crown XVI-diluent' 

(pH = 4) 

cc1 
(0.2~- H N O ~ ) ~  

(3% HN03 

78-81 

35, 37, 84-86 

67-76 

77 

a H+CoB2- = d ica rbo l ide  (cf. Table 6) 
With addi t ion  of  s u i t a b l e  complexing agent ( e .g . ,  polyethylene 
g lyco l ,  e t c . )  added to  t h e  aqueous phase. 
Crown XVI = b& 4,4'-(5) (1-hydroxyheptyl)cyclohexo-l8-crom-6 
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13'Cs AND 9 0 S r  FROM HNO,, SOLUTIONS 205 

i n v e s t i g a t o r s ,  i n  p a r t i c u l a r ,  have e x t e n s i v e 1  s t u d i e d  and t e s t e d  
a p p l i c a t j o n  of ant imonic a c i d  to  recovery  of 8oSr from PURM p r o c e s s  
HLW. Major d i sadvantages  o f  ant imonic a c i d  i n c l u d e  poor loading  
k i n e t i c s  and t h e  i n e f f i c i e n c y  o f  common minera l  a c i d  s o l u t i o n s  i n  
e l u t i n g  sorbed  'OSr. 
by o p e r a t i o n  a t  e l e v a t e d  tempera ture  whi le  Ag(1)  and Pb(I1)  s o l u t i o n s  
w i l l  e l u t e  9 O ~ r .  

The former d isadvantage  c a n  b e  p a r t i a l l y  overcome 

Solvent  E x t r a c t i o n  P r o c e s s e s .  B~-(2-ethylhexyl)phosphoric a c i d  
(HDEHP) d i l u t e d  wi th  TBP and a h rocarbon d i l u e n t  is a well-known and 

s o l u t i o n s .  The HDEHP e x t r a c t i o n  p r o c e s s  was f irst  (1962-1963) f n v e s t i -  
g a t e d  by Eorner  and Wischow a t  t h e  Oak Ridge Nat iona l  Laboratory 2nd 
t h e n  modified by Schulz  and Richardson f o r  p l a n t - s c a l e  a p p l i c a t i o n .  
The HDEHP p r o c e s s  was used for  o v e r  10 y e a r s  n t h e  Hanford B P l a n t  

p r o c e s s  s l u d g e  (cf. F ig .  1 )  h y d r a u l i c a l l y  mined from underground 
t a n k s .  I n  t h e  p r o c e s s  used a t  Hanford, v a r i o u s  o r g a n i c  c h e l a t i n g  
a g e n t s  ( e . g . ,  EDTA, c i t r ic  a c i d ,  HEDTA, hydroxyacet ic  a c i d )  were added 
t o  t h e  a c i d i c  waste which was t h e n  a d j u s t e d  t o  pH by a d d i t i o n  of 
NaOH. The HDEHP-TBP-dodecane s o l v e n t  c o e x t r a c t e d  Sr and f i s s i o n  
product  rare earths which were t h e n  s e p a r a t e d  by s e l e c t i v e  s t r i p p i n g  
a g e n t s .  

Although t h e  HDEHP 90Sr e x t r a c t i o n  p r o c e s s  performed very  w e l l ,  
i t  d i d  s o  a t  an unforeseen  h i g h  p r i c e .  The o r g a n i c  r e a g e n t s  used t o  
complex i r o n ,  aluminum and t h e r  i n e r t  metals and prevent  t h e i r  
e x t r a c t i o n  a long  w i t h  t h e  98Sr a re  very  resistant t o  e i t h e r  chemical  or 
r a d j o l y t i c  degrada t ion .  
i n  t h e  aqueous r a f f i n a t e  from t h e  
stantial  evapora t ion  o f  e r a f f i n a t e .  Moreover, t h e s e  o r g a n i c  
r e a g e n t s  a lso complexed '"Am and t h e  plutonium i n  t h e  a c i d  feed t o  t h e  
HDEHP e x t r a c t i o n  process .  
m i l l i o n  g a l l o n s  o f  so-ca l led  Complex Concent ra te  c u r r e n t l y  s t o r e d  j n  
underground t a n k s .  
ment t o  make it a non-TRU waste and/or  t o  d e s t r o y  r e s i d u a l  o r g a n i c  
compounds. 

proven e f f e c t i v e  e x t r a c t a n t  f o r  88 Sr from d i l u t e  (pH 4-6) a c i d  

t o  recover  and p u r i f y  about  40 megacuries of 40 Sr from a c i d i f i e d  PURM 

30 

High conc n t r a t i o n s  o f  such  o r g a n i c  compounds 
e x t r a c t i o n  s t e p  prevent  sub- 

The n e t  r e s u l t  was g e n e r a t i o n  o f  about  f o u r  

F u t u r e  d i s p o s a l  o f  t h i s  waste w i l l  r e q u i r e  t reat-  

D u p l i c a t i n g  t h e i r  exper ience  with Cs, Davis e t  a l .  r e p o r t  t h a t  a 
4-component organic e x t r a c t a n t  c o n t a i n i n g  27 vol% TBP 
v o l z  kerosene-O.O2M_ Crown X V I  s e l e c t i v e l y  e x t r a c t s  Sr2+ from s imula ted  
PURM HLW (3M_ HN03). 
cyclohexo 18-crown-6; Fig. 3 ) .  
l a t t e r  4-component s l v e n t  w i t h  s imula ted  PUREX HLW (3.OKHNo3) 
c o n t a i n i n g  0.003g Sr'+ a t  23-25OC, DSr is 2.0. Under t h e s e  c o n d i t i o n s ,  
DZr = 2.0, DB DSr decreased from 2.0 t o  1.6 
when t h e  TBP-8 S-Crown X V I  kerosene  s o l v e n t  was i r r a d i a t e d  t o  a n  
exposure of loB rad .  Davis e t  a l .  s ta te  t h a t ,  j u s t  as t h e  case for  
C s + ,  d i l u t e  HN03 s o l u t i o n s  s t r i p  Sr from t h e  Crown X V I  s o l v e n t ;  d a t a  
p l o t t e d  i n  F i g .  4 of Reference 73 d o  n o t  e n t i r e l y  suppor t  t h i s  l a t t e r  
c o n t e n t i o n .  F u r t h e r  d i s c u s s i o n  of t h e  s i g n i f i c a n c e  of t h e  r e s u l t s  of 

5 vol'b NNS-68 

(Crown XVI is b& 4,41-(5v)(1-hydroxyheptyl) 
For a n  e q u a l  volume c o n t a c t  o f  t h i s  

= 2.4,  and Dothers 20.16. 
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206 SCHULZ AND BRAY 

Fig. 3. CROWN XVI: his 4,4'(5')[1-hydroxy- 
hepty l ]  cyclohcxo 18-crown-6 

Davis e t  a l .  t o  deve pment o f  an engineer ing-sca le  p r o c e s s  for 
removal / recovery of %x- from a c t u a l  P U R H  HLW is  presented  l a t e r  
(cf. PP. 19-20). 

/ R e s u l t s  ob ta ined  by Kyrs, Rais, and t h e i r  Czechoslovakian col- 
leagues  i n d i c a t e  d i c a r b o l i d e - n i t r o  benzene w i l l  e x t r a c t  Sr2+ very  effi- 
c i e n t l y  from aqueous 0.5KHNO provided a s u i t a b l e  complexing agent 
[e.g., a polye thyleneglycol  (?EG), crown e t h e r  compound c o n t a i n i n g  t h e  

grouping -P-CH2-P-, etc.] is added t o  t h e  aqueous phase.  
I I 

The Czech 
I I  11 
0 0 

workers p r e f e r  t o  u s e  an inexpens ive  and commercial ly-avai lable  PEG 
s o l d  i n  Czechoslovakia  under t h e  tradename S l o v a f o l  909. 

Strong ( 2 M  HN03) s o l u t i o n s  s t r i p  Sr2+ from t h e  d i c a r b o l i d e -  
n i t r o b e n z e n e  e x t r a c t .  

I8Sr i n  b i o l o g i c a l  media. But ,  tests of  d i c a r b o l i d e  e x t r a c t i o n  of J8k 
from PUREX p r o c e s s  HLW have a p p a r e n t l y  n o t  been made. 

Use of t h e  a f f i n i t y  o f  H+CoB2'-nitrobenzene 
l u t i o n s  f o r  Sr2+ h a s  been made i n  d e v i s i n g  a n a l y t i c a l  procedures  

ACID-SIDE SOLVENT EXTRACTION OF 1 3 7 ~ s  AND/OR 9 ' ~ r  

Some T h e o r e t i c a l  Cons idera t ions  

C l e a r l y ,  a complete  d i s c u s s i o n  o f  a l l  t h e  reasons  why conven- 
t i o n a l  l i q u i d - l i q u i d  e x t r a c t i o n  r e a g e n t  
amines, e t c . )  do n o t  extract  C s +  and Sr'+ from s t r o n g  HN03 media 
w h i l e  c a r b o l i d e  and some crown e t h e r s  do is o u t s i d e  t h e  scope  o f  
t h i s  paper .  But ,  a s t a t e m e n t  of some of t h e  impor tan t  reasons  under- 
l y i n g  t h e s e  observed phenomena is worthwhile. 

(e .g . ,  organophosphates ,  
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13'Cs AND 90Sr FROM H N 0 3  SOLUTIONS 2 0 7  

Because o f  t h e i r  r e l a t i v e l y  l a r g e  i o n i c  r a d i i  (volume) and low 
As a consequence, charge ,  Cs+ and Sr2+ have a low c h a r g e  d e n s i t y .  

t h e  energy of t h e  bond between large mono- and d i v a l e n t  c a t i o n s  
and f u n c t i o n a l  groups  ( e . g . ,  P=O) of o r g a n i c  e x t r a c t a n t s  j.s n o t  
s u f f l c i e n t  t o  dehydra te  ( i . e . ,  remove water molecules)  such l a r g e  
c a t i o n s .  The n e t  resu l t  is t h a t  most commonly used r e a g e n t s  do n o t  
e x t r a c t  e i t h e r  Cs+ or Sr2+ from aqueous s o l u t i o n s .  

To compensate f o r  charge  d e n s i t y  e f f e c t s  s p e c i a l  o r g a n i c  ex- 
t r a c t a n t s  f o r  a l k a l i  and a l k a l i n e  earth i o n s  from aqueous media 
must be  found. One class o f  such  e x t r a c t a n t s  is t h e  macrocycl ic  
p o l y e t h e r s  (crown e t h e r s ) .  Because of t h e i r  c y c l i c a l  n a t u r e ,  some 
o f  t h e  crown e t h e r s  possess  cage s t r u c t u r e s  which are  of e x a c t l y  
t h e  c o r r e c t  dimensions t o  accommodate Cs+, Sr2+ and o t h e r  a l k a l i  
and a l k a l i n e  e a r t h  metal i o n s .  E n e r g e t i c s  f o r  crown ether e x t r a c -  
t i o n  o f  t h e s e  i o n s  from aqueous s o l u t i o n s  are f a v o r a b l e  s i n c e  
l i t t l e  or no change i n  conformat iona l  energy o f  t h e  e x t r a c t a n t  
molecule  is involved.  One d i f f i c u l t y  w i t h  crown ether  e x t r a c t a n t s ,  
as noted p r e v i o u s l y  i n  t h i s  paper ,  is t h a t  t h e  e x t r a c t e d  C s +  or 
Sr2+ is  he ld  so  t i g h t l y  it is d i f f i c u l t  t o  f i n d  a s u i t a b l e  s t r i p p i n g  
a g e n t ,  

An a l t e r n a t i v e  approach t o  e x t r a c t i n g  a l k a l i  and a l k a l i n e  earth 
metal i o n s  from aqueous s o l u t i o n s  c o n s i s t s  of us ing  an a c i d i c  
r e a g e n t  which, when d i s s o l v e d  i n  a p o l a r  s o l v e n t ,  is ca.pable of 
forming an organic-phase s o l u b l e  "ion a s s o c i a t i o n "  t y p e  of complex 
w i t h  t h e  metal i o n .  T h i s  approach has been e x t e n s i v e l y  i n v e s t i g a t e d  
by Czechoslovakian s c i e n t i s t s  (cf. Tables  5-71. 
r e a g e n t s  used i n c l u d e  poly iodides  , polybromides, d i p i c r y l a m i n e ,  and,  
more r e c e n t l y ,  d i c a r b o l i d e .  

Typica l  a c i d i c  

P r a c t i c a l  Cons idera t ions  

The crown e v e r  p r o c e s s e s  o f  Davis et a l .  and t h e  d i c a r b o l i d e  
p r o c e s s e s  of Kyrs ,  Rais, et a l .  a re  both  p o t e n t i a l l y  t h e  sought  for  
p r a c t i c a b l e  v e n t  ex a c t i o n  schemes for r o u t i n e  engineer ing-sca le  
recovery  o f  'jbCs and "Sr from s t r o n g  HN03 so lu t i .ons .  But ,  t o  r e a l i z e  
t h i s  p o t e n t i a l ,  many u n c e r t a i n t i e s  and gaps i n  t h e  e x i s t i n g  d a t a  bases 
must be  r e s o l v e d ,  Important  i s s u e s  inc lude :  

Commercial a v a i l a b i l i t y  o f  e x o t i c  r e a g e n t  
Inadequate  s t r i p p i n g  agent /performance (crown e t h e r )  
Toxic d i l u e n t  r e q u i r e d  ( d i c a r b o l i d e )  
P o t e n t i a l  r a d i o l y t i c  g e n e r a t i o n  o f  c o r r o s i v e  c h l o r i d e  i o n  
( d i c a r b o l i d e )  
I n s u f f i c i e n t  or n o n e x i s t e n t  tests w i t h  a c t u a l  PURM p r o c e s s  
HLW 
Decontamination performance 
No c o u n t e r c u r r e n t  test  d a t a  
Appl ica t ion  t o  c o e x t r a c t i o n  of 137Cs and 90Sr 
Reference chemical  p r o c e s s  f lowshee t  
Process  economics 
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208 SCHULZ AND BRAY 

Only small amounts o f  t h e  crown ethers ( X V I  d XVII, F i g s .  2 and 
3) recommended by Davis e t  al. for  e x t r a c t i o n  o f  @Sr a n d ~ ' ~ ~ C s ,  
r e s p e c t i v e l y ,  have a p p a r e n t l y  ever  been synthes ized .  Kyrs and Rais 
s t a t e  t h a t  300 kg o f  d i c a r b o l i d e  have r e c e n t l y  been prepared by a 
Czechoslovakian chemical  f i r m .  R e l i a b l e  s y n t h e t i c  procedures  and 
s o u r c e s  of large amounts of adequate ly  pure  crown e t h e r s  and 
d i c a r b o l i d e  are obvious ly  needed b e f o r e  p l a n t - s c a l e  u s e  o f  t h e s e  
e x t r a c t a n t s  can b e  s e r i o u s l y  cons idered .  

Limited t e s t s  o f  t h e  d i c a r b o l i d e  r e a g e n t  w i t h  a c t u a l  PURM HLW 
have been performed. Crown ethers  X V I  and X V I I  have been t e s t e d  
o n l y  on a ba tch-sca le  w i t h  s y n t h e t i c  waste. Extens ive  tes ts  o f  
t h e s e  r e a g e n t s  under  c o u n t e r c u r r e n t  c o n d i t i o n s  w i t h  a c t u a l  HLW are 
needed t o  confirm t h e i r  a b i l i t y  t o  recover  and d e c o n t a n i n a t e  rad io-  
cesium and rad ios t ront ium.  

To f u n c t i o n  as an e f f e c t i v e  cesium e x t r a c t a n t ,  t h e  d i c a r b o l i d e  
compound must be  d i s s o l v e d  i n  a p o l a r  s o l v e n t ;  t h e  t o x i c i t y  o f  t h e  
p r e f e r r e d  d i l u e n t ,  n i t robenzene ,  is a s t r o n g  d e t e r r e n t  t o  p l a n t  
scale a p p l i c a t i o n s .  
r e a g e n t  is t h a t  r a d i - o l y t i c  a t t a c k  might g e n e r a t e  s u f f i c i e n t  c h l o r i d e  
i o n  t o  c a u s e  e x c e s s i v e  cor+rosion o f  s t a i n l e s s  s t ee l  equipment. 

Another p o t e n t i a l  d i sadvantage  t o  t h e  d i c a r b o l i d e  

Obviously, much further bench-scale  work is needed t o  r e s o l v e  
concern about  t h e  s u i t a b i l i t y  of d i c a r b o l i d e  and crown e t h  rs X V I  
and XVII f o r  r o u t i n e  recovery  o f  megacuries o f  137Cs and 98Sr. 
Accompanying engineer ing  s t u d i e s  t o  d e f i n e  p r a c t i c a l  chemical  flow- 
sheets and t o  e s t a b l i s h  p r o c e s s  economics are a l s o  a n e c e s s i t y .  

SUMMARY AND CONCLUSIONS 

The demand by U.S. i n d u s t r i a l  firms for  s e p a r a t e d  and p u r i f i e d  
137Cs is a t  an a l l  time h i g h ;  demand f o r  t h i s  r a d i o n u c l i d e  f o r  v a r i o u s  
i r r a d i a t i n g  purposes  i n  t h e  U.S. is expected t o  cont  n e t o  grow. 
Although c u r r e n t l y  nowhere ne r as h i g h  as t h a t  f o r  ts';,,, i n t e r e s t  

impor tan t  factors which i n f l u e n c e  t h e  f u t u r e  demand for are t h e  
a v a i l a b i l i t y  and c o s t  o f  a large supply  of t h i s  byproduct .  

i n  p o t e n t i a l  a p p l i c a t i o n s  o f  80 Sr c o n t i n u e s  t o  be  maintained.  Two 

The a c i d i c  HLW r e s u l t i n g  from process ing  o f  U.S. d e f e n s e  produc- 
t i o n  reactor fuels and,  perhaps e v e n t u a l l y ,  commercial 
fuels is a logical and a t t r a c t i v e  s o u r c e  o f  byproduct 1 g q ~ ~ r a ~ ~ a 8 ' ~ ~ .  
Proven cont inuous  c o u n t e r c u r r e n t  s o l v e n t  e x t r a c t i o n  o c e s s e s  u i t a b l e  
for engineer ing-sca le  recovery  and p u r i f i c a t i o n  of 13'Cs and 98Sr, 
either s e p a r a t e l y  or i n  combinat ion,  do n o t  now e x i s t ;  such  processes  
n e t 0  be  developed and demonstrated.  

J 
Recent r e s u l t s  of Davis e t  a l .  (crown e t h e r s )  and o f  Rais, Kyrs 

a l .  ( d i c a r b o l i d e )  o f f e r  great promise t h a t  t h e  d e s i r e d  p l a n t - s c a l e  
'j7Cs and 
But, i n  t h e i r  p r e s e n t  s t a t e  of development, bo th  t h e  crown e t h e r  and 
d i c a r b o l i d e  e x t r a c t i o n  processes  have s e v e r a l  drawbacks and/or  

s o l v e n t  e x t r a c t i o n  p r o c e s s e s  can  indeed b e  r e a l i z e d .  
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unknowns, e . g . ,  e x o t i c  e x t r a c t a n t s  n o t  commercially a v a i l a b l e  i n  
l a r g e  q u a n t i t i e s ,  i n e f f i c i e n t  s t r i p p i n g  r e a g e n t s ,  n o n e x i s t e n t  or 
i n s u f f i c i e n t  c o u n t e r c u r r e n t  tes ts  wi th  a c t u a l  waste s o l u t i o n s ,  poten- 
t i a l  c o r r o s i o n  p r o b l e m ,  etc. Thus, t h e  p r e s e n t  r e s u l t s  should b e  
cons idered  o n l y  as a spr ingboard  and a s p u r  n o t  o n l y  t o  f u r t h e r  
development and testing o f  d i c a r b o l i d e  and crown ether  e x t r a c t a n t s  but  
also t o  cont inue  t o  s e a r c h  f o r  other e x t r a c t a n t s  which o f f e r  even 
g r e a t e r  p o t e n t i a l  f o r  p l a n t - s c a l e  recovery  o f  byproduct cesium and 
s t r o n t i u m .  

The t a s k  o f  f i n d i n g  p r a c t i c a b l e  a c i d - s i d e  137Cs and '*Sr s o l v e n t  
e x t r a c t i o n  processes  is a c h a l l e n g i n g  and d i f f i c u l t  one which w i l l  
r e q u i r e  a l l  t h e  i n n o v a t i v e  s k i l l s  o f  s e p a r a t i o n  s p e c i a l i s t s .  Success  
i n  t h i s  v e n t u r e ,  however, w i l l  n o t  o n l y  provide  great i n t e l l e c t u a l  
and s c i e n t i f i c  s a t i s f a c t i o n  b u t  w i l l  a l s o  have a s i g n i f i c a n t  and 
b e n e f i c i a l  impact upon c o s t  and a v a i l a b i l i t y  o f  t h e s e  two rad io-  
n u c l i d e s .  
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