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A n  approach to  managing high-level radioactive waste i s  t o  separate 

i t  into fractions of d i f fe ren t  half-l ives.  Short-lived fractions would 
then decay to  become radioactively non-toxic i n  r e la t ive ly  short  times--- 

times short enough t o  consider storage and to  be within man's capabi l i t ies  

to  predict events which would cause changes in the ea r th ' s  c rus t .  The 
long-lived fract ion,  much reduced in mass, decay heat output, and 
penetrating radiation output could be considered for  other treatment 

such as transmutation to  non-radioactive or short-lived nuclides, 

ex t ra te r res t r ia l  disposal or special storage. 

The objectives for  t h i s  study were t o  review existing separations 

technologies and assess t he i r  potential for  t h i s  application, t o  define 

process concepts expected to  be capable of these separations, t o  identify 
areas where R & D  to  develop and design an effect ive process i s  required, 

and to  prepare an R&D plan for  selection and development of a parti t ioning 

process. 

The scope of t h i s  study was par t ia l ly  determined by r isk analyses 

performed as part of the PNL studies on advanced methods for  management and 
disposal of high-level radioactive waste. These r i sk  analyses determined 

tha t  the act inides ,  selected f iss ion products ( I ,  Tc, Sm, and S n ) ,  and nickel 

a re  the elements with isotopes of highest radioactive toxici ty  and potential 

need for  removal from high-level waste. Separations techniques for  a l l  of 
these elements were therefore reviewed. 

The r isk analyses a lso made preliminary determinations of which of 

these potentially toxic elements would const i tute  a r isk  t o  man. With 

assumed repository waste release character is t ics  and current knowledge of 
isotope pathways and toxici ty  as a basis,  these analyses indicated t h a t  the 

separations process would have to  remove transuranics from waste with 

decontamination factors  on the order of 100 in order to  reduce the potential 
long-term r isk to  insignificant levels.  These estimates are  preliminary, 



however, and f u r t h e r  work should  be done t o  v e r i f y  and r e f i n e  t h e  process 

~ e r f o r m a n c e  requ i rements  . 
A  wide spectrum o f  t e c h n o l o g i e s  was i n i t i a l l y  cons ide red .  The r e v i e w  

conc luded t h a t ,  o f  a l l  o f  t h e  a l t e r n a t i v e s  a v a i l a b l e ,  s o l v e n t  e x t r a c t i o n  

and i o n  exchange s e p a r a t i o n s  o f  t h e  t ypes  a l r e a d y  w i d e l y  used i n  t h e  

n u c l e a r  i n d u s t r y  o f f e r  t h e  h e s t  p rospec ts  f o r  a  c o s t  e f f e c t i v e  process.  

P a r t i  t i o n i q g  u s i n g  these  techno1 o g i e s  t o  ach ieve t ransuran ium element 

decon tamina t ion  f a c t o r s  on t h e  o r d e r  o f  100 i s  expected t o  be f e a s i b l e .  

Whi le  these  t e c h n o l o g i e s  e x i s t ,  t h e y  have g e n e r a l l y  been a p p l i e d  f o r  

r e c o v e r y  purposes r a t h e r  than  f o r  t h e  s e p a r a t i o n s  purposes needed f o r  

p a r t i t i o n i n g .  An R&D program t o  s e l e c t  and deve lop a  p a r t i t i o n i n g  processes 

i s  t h e r e f o r e  needed. 

E v a l u a t i o n s  t o  determine t h e  p a r t i t i o n i n g  process R&D program needs 

determined t h e  f o l l o w i n g :  

e P a r t i t i o n i n g  o f  h i g h - l e v e l  waste produced f rom conven t iona l  

r e p r o c e s s i n g  f l owshee ts  i s  p r e f e r r e d  o v e r  r e v i s i o n  o f  

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

e An Am/Cm r e c o v e r y  process proposed by  researchers  a t  K a r l s r u h e  

shows promise b u t  has a l t e r n a t i v e s  and may encounter  o p e r a t i o n a l  

problems i n  s e r v i c e .  

e R e t e n t i o n  o f  t r a n s u r a n i c s  on suspended s o l i d s  i n  process streams 

may p r e v e n t  achievement o f  des ign  performance. E v a l u a t i o n  o f  t h e  

need t o  account  f o r  suspended s o l i d s  i n  p a r t i t i o n i n g  process 

des ign  s h o ~ ~ l d  be a  m a j o r  R&D a c t i v i t y .  

e A n a l y t i c a l  measurement c a p a b i l i t y  comnensurate w i t h  p a r t i t i o n i n g  

process needs may n o t  now e x i s t  depending on s e p a r a t i o n s  requ i rements .  

The r e s u l t s  o f  these  e v a l u a t i o n s  were used f o r  f o m u l a t e  an R&D program 

p l a n  f o r  waste p a r t i t i o n i n g .  The o b j e c t i v e  f o r  t h e  p l a n  i s  t o  s e l e c t  and - 
deve lop  a  p a r t i t i o n i n g  process.  Ma jo r  s u p p o r t i n g  a c t i v i t i e s  i n c l u d e  waste 4 

c h a r a c t e r i z a t i o n ,  aimed a t  d e t e r m i n i n g  t h e  s i g n i f i c a n t  p r o p e r t i e s  o f  t h e  . 
*. 



waste feed f o r  the  process and t h e i r  e f f e c t  on process design; so l ids  removal 

from waste, aimed a t  determining needs and methods t o  accommodate suspended 

so l ids  in process design; a n d  analyt ica l  techniques development, which will  

provide the  laboratory and process instrumentation and procedures needed. 

These a c t i v i t i e s  will  provide information t o  the separat ions process 

develop~ilent a c t i v i t y  which i s  expected t o  s e l e c t  par t i t ioning processes fo r  

p i l o t  plant  demonstration by mid-FY-1975. 

The R&D program t o  s e l e c t  and develop a par t i t ioning process i s  expected 

t o  require  f i v e  years f o r  completion. Total est i~i iated f u n d i n g  required i s  

approximately 3.0 mil l ion do l l a r s .  

i i i  



FEASIBILITY EVALUATIOIV AND R&D PROGRAM PLAN FOR 

TRANSURArlIC PARTITIONING OF HIGH-LEVEL FUEL REPROCESSING WASTE 

INTRODUCTION 

T h i s  r e p o r t  p resen ts  t h e  r e s u l t s  of an assessment o f  t h e  t e c h n i c a l  

f eas i  b i  1  i ty o f  separa t ing  h igh-1 eve l  waste from fue l  rep rocess ing  p l a n t s  i n t o  

f r a c t i o n s  w i t h  d i f f e r e n t  long- te rm b i o l o g i c a l  t o x i c i t y .  A p l a n  f o r  research  

a.nd development t o  s e l e c t  and develop a  separa t ions  process i s  a l s o  presented. 

The r e p o r t  i n c l udes  a  r ev i ew  o f  separa t ions  methods and c u r r e n t  i n f o rma t i on ,  

d e f i n i t i o n  o f  methods t h a t  m igh t  be used t o  separate  h i g h - l e v e l  waste, d e f i n i t i o n  

of areas where R&D i s  requ i red ,  and d e f i n i t i o n  o f  t h e  ?&D a c t i v i t i e s  and 

schedules. 

The bas i c  o b j e c t i v e  f o r  t h e  separa t ion  process would be t o  e l i m i n a t e ,  

o r  reduce t o  acceptab le  1  eve l  s, t h e  p o t e n t i a l  1  ong-term ( a f t e r  approx imate ly  

1,000 yea rs )  r i s k  t o  man f rom h i g h - l e v e l  waste i n  t e r r e s t r i a l  s to rage .  

The l o n g - l i v e d  hazardous i so topes  would be i s o l a t e d  as a  separate  waste 

f r a c t i o n  s u i t a b l e  f o r  management by  methods such as t ransmuta t ion ,  d i sposa l  

t o  space, o r  spec ia l  s torage.  

T h i s  rev iew was r e s t r i c t e d  t o  e v a l u a t i o n  o f  t echno log ies  t h a t  m igh t  be 

used t o  make such separa t ions  f o r  h i g h - l e v e l  waste. Assessment o f  p r a c t i c a l  

f e a s i b i l  i t y  ( i  .e., b e n e f i t s  ob ta i ned  f o r  cos t s  i n c u r r e d )  can be ob ta ined  

o n l y  by comprehensive a n a l y s i s  o f  t h e  separa t ions  i n  c o n t e x t  as p a r t  of  t h e  

t o t a l  waste management system. It w i l l  r e q u i r e  d e f i n i t i o n  and e v a l u a t i o n  

o f  t r a d e - o f f ' s  i n v o l v i n g  f a c t o r s  beyond t h e  scope o f  t h i s  e f f o r t .  I t  a l s o  

w i l l  r e q u i r e ,  as shown i n  t h e  r e p o r t ,  i n f o r m a t i o n  n o t  now a v a i l a b l e .  

11. SCOPE AND METHODOLOGY FOR THE STUDY 

A.  Separat ions Requirements 

Design and s e l e c t i o n  o f  a  p a r t i t i o n i n g  process r e q u i r e  de te rm ina t i on  o f  

t h e  elements t o  be removed and t h e  amount o f  removal needed. These de te rm ina t i ons  

i n v o l v e  t h r e e  bas ic  f ac to r s :  (1  ) d e f i n i t i o n  of t o x i c  i so topes ;  ( 2 )  e v a l u a t i o n  



o f  p r o b a b i l i t i e s  o f  r e l e a s e  o f  t o x i c  i s o t o p e s  f r o m  a  waste  r e p o s i t o r y ;  

and ( 3 )  e v a l u a t i o n  of r a d i a t i o n  dose t o  man. Release p r o b a b i l  i t i e s  and 

dose e v a l u a t i o n s  a r e  combined t o  e s t i m a t e  t h e  r i s k  t o  man. 

R a d i o l o g i c a l  ana lyses  showed t h a t  t h e  a c t i n i d e s ,  s e l e c t e d  f i s s i o n  

p r o d u c t s  ( v i z . ,  I ,  Tc, Sm, and Sn), and n i c k e l ,  wh ich  e n t e r s  t h e  waste  as a  

r e s u l t  o f  d i s s o l u t i o n  of non - fue l  c o r e  components, a r e  t h e  p o t e n t i a l l y  

t o x i c  i s o t o p e s .  Techno log ies  f o r  s e p a r a t i n g  each of t h e s e  e lements  f r o m  

t h e  h igh -1  eve1 waste  were t h e r e f o r e  rev iewed .  

A t  t h e  t i m e  t h a t  t h i s  s t u d y  on waste s e p a r a t i o n  was s t a r t e d ,  t h e  s t u d y  

b a s i s  f o r  s e p a r a t i o n  was t o  produce a  s h o r t - l i v e d  waste  f r a c t i o n  wh ich  wou ld  

decay t o  n e g l i p i b l e  r a d i o a c t i v e  t o x i c i t y  t o  man i n  abou t  1,000 y e a r s .  To 

accomp l i sh  t h i s ,  removal o f  t h e  e lements  l i s t e d  i n  t h e  p r e v i o u s  paragraph 

f r o m  t h e  s h o r t - 1  i ved f r a c t i o n  would be r e q u i r e d .  Removal requ i remen ts  (decontami  - - 
n a t i o n  f a c t o r s )  needed f o r  t hese  e lements  were expec ted  t o  range  f r o m  100 t o  

6 1,000 f o r  t h e  f i s s i o n  p r o d u c t s  t o  t h e  o r d e r  o f  10 f o r  a c t i n i d e  e lements .  , 

C o i n c i d e n t  w i t h  t h e s e  waste  s e p a r a t i o n  s t u d i e s ,  r i s k  and pathway ana lyses  

were b e i n g  made as p a r t  o f  advanced waste  management s t u d y  t o  e v a l u a t e  t h e  

p o t e n t i a l  r a d i a t i o n  dose t o  man wh ich  m i g h t  r e s u l t  f r o m  a  r e l e a s e  o f  

r a d i o a c t i v e  i s o t o p e s  from a  waste  r e p o s i t o r y .  These r i s k  ana lyses  have been 

comple ted f o r  sample cases o n l y  and t h e i r  use f o r  d e t e r m i n i n g  t h e  d e s i r e d  

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

A l t h o u g h  p r e l i m i n a r y  and incomp le te ,  t h e s e  s t u d i e s  p r o v i d e  an i n d i c a t i o n  

o f  t h e  o r d e r  o f  magni tude o f  per formance requ i remen ts  f o r  t h e  waste s e p a r a t i o n  

process.  P resen t  i n d i c a t i o n s  a r e  t h a t  o n l y  t h e  a c t i n i d e  e lements  need be 

removed f r o m  t h e  s h o r t - l i v e d  waste  f r a c t i o n  and t h a t  removal  o f  t h e s e  

e lements  by  d e c o n t a m i n a t i o n  f a c t o r s  o f  abou t  100 may be adequate.  There  

i s  i n d i c a t i o n  t h a t  t h e  o n l y  t r a n s u r a n i u m  element o f  concern  i s  Am and t h a t  

U-233, U-234 and t h e  daugh te rs  o f  t h e s e  i s o t o p e s  a r e  t h e  dominant  t o x i c  
5 

i s o t o p e s  f o r  t i m e  p e r i o d s  g r e a t e r  t h a n  1 0  y e a r s .  S ince  Pu-238 i s  a  m a j o r  1 

source  o f  U-234, removal  o f  Pu m i g h t  be r e q u i r e d .  4 

These s t u d i e s  t o  d e t e r m i n e  process per formance requ i remen ts  need t o  be '. 
extended,  however, t o  v e r i f y  and r e f i n e  t h e  DF needs. The r e p o s i t o r y  r e l e a s e  



s tud ies  a r e  incomplete, and f a c t o r s  o ther  than reposi tory re lease  may control 

the DF requirements. Possible cont ro l l ing  f a c t o r s  include alpha-induced 

rapid degradation of s o l i d i f i e d  waste, puri ty requirements f o r  ac t in ide  

streams produced from the  separat ion process, and avoidance of problems due 

t o  californium in the  fuel  cycle.  

B.  Basic Separations Concepts 

Two basic concepts f o r  pa r t i t ion ing  have been defined. One i s  t o  perform 
a l l  operat ions on the  waste as  i t  i s  produced in ex i s t ing  nuclear fuel  

reprocessing operat ions.  With t h i s  approach, pa r t i t ion ing  would not be 

within,  or  have any e f f e c t  on, the  reprocessing operat ions.  This concept 

has been defined as  "adjunct pa r t i t ion ing" .  In p r inc ip le ,  i t  could be 

applied t o  the waste any time a f t e r  i t  i s  produced. 

The o the r  basic approach f o r  pa r t i t ion ing  i s  t o  incorporate i t  within 

the reprocessing operation. A t  minimum, t h i s  might involve only adjustments 

to  operating parameters and con t ro l s .  Beyond t h i s  minimum, various degrees 

of revis ion  t o  the  reprocessing operation could be conceived. Implementation 

of t h i s  concept, herein ca l led  "repro-part i t ioning,"  could require flowsheet 

and equipment modifications f o r  ex i s t ing  and now-in-design reprocessing p lants .  

The separat ions would, of course, be done only f o r  f resh  waste as i t  i s  produced. 

Combinations of adjunct pa r t i t ion ing  and repro-par t i t ioning may be 

possible and des i rab le .  

C .  Guidelines and Methodology 

The basic guidel ine  f o r  t h i s  study was t o  obtain a comprehensive, 

overview evaluation of separat ions technologies and t h e i r  a p p l i c a b i l i t y  f o r  

removing the  ac t in ides  and long-lived hazardous f i s s i o n  products from 

high-level waste. Major r e s u l t s  sought from the  review were i d e n t i f i c a t i o n  

of separa t ions  concepts which show promise f o r  high-level waste separa t ions ,  

and i d e n t i f i c a t i o n  of areas  where R & D  i s  required.  
4 

Since waste co~iiposition will  depend on many f a c t o r s  ( e . g . ,  r eac to r  
k 

type, fuel  exposure h i s to ry ,  cooling time, e t c . )  the study sought t o  make 
b 



the  e v a l u a t i o n s  independent of waste composi t ion.  Separat ions processes 

w i l l ,  i n  p r a c t i c e ,  have t o  accommodate wastes o f  va r i ous  types.  However, 
most i n f o r m a t i o n  c u r r e n t l y  a v a i l a b l e  i s  based on waste f rom LWR f u e l  w i t h  

r e l a t i v e l y  low burnup i n  corr~parison w i t h  exposures a n t i c i p a t e d  f o r  t h e  f u t u r e ,  

Resu l ts  o f  t h i s  s tudy a re  t h e r e f o r e  p o t e n t i a l l y  l i m i t e d  by t h e  p o s s i b i l i t y  

t h a t  present  i n f o rma t i on  caznot be ex t rapo la ted  r e l i a b l y  t o  wastes from t h e  

mixed nuc lea r  power economy o f  t he  f u t u r e .  Present expec ta t ions  a r e  t h a t  

t h i s  s tudy has i d e n t i f i e d  t h e  problems which should be gener ic  f o r  a l l  types 

o f  waste; d i f f e r e n c e s  f o r  va r i ous  f u e l s  a r e  expected t o  be o f  degree r a t h e r  

than k ind .  A d d i t i o n a l  work i s  r equ i red  t o  v e r i f y  t h i s ,  however. 

The separa t ions  techno log ies  shown i n  F igure  1  were evaluated.  F i gu re  1 

i s  cons t ruc ted  t o  i l l u s t r a t e  t h e  f a c t  t h a t  suspended s o l i d s  o r  c o l l o i d s  i n  

t he  waste a r e  p o t e n t i a l l y  a  s i g n i f i c a n t  problem which cou ld  l i m i t  o r  d e f i n e  

t h e  f e a s i b l e  separa t ions  techno log ies  (see Sect ion I1  I ) .  Sol i d s  a r e  expected 

t o  be p resen t  i n  t h e  waste; i f  t rea tment  o f  them i s  needed, opera t ions  such as 

shown i n  F igu re  1  would be needed p r i o r  t o  separat ions.  The p o s s 4 b i l i t y  t h a t  

separa t ions  would have t o  be done on a  s o l i d  waste in t roduces ,  as shown i n  

F iau re  1  , t h e  need t o  cons ider  pyrometal  l u r g i c a l  , s lagg ing ,  and o the r  

s o l  ids-based separa t ions  techniques w i t h i n  t h e  scope of t h i s  s tudy.  

Rapid dec i s i ons  on f e a s i b i l i t y  o f  concepts were sought v i a  c o n s u l t a t i o n  

w i t h  acknowledged exper ts .  Approx imate ly  t w e n t y - f i v e  expe r t s  o u t s i d e  BNW 

were con tac ted  d u r i n g  t h i s  study. 40) These inc luded  i n d i v i d u a l  consul t a n i s ,  

personnel o f  o t h e r  AEC l a b o r a t o r i e s ,  and i n d u s t r i a l  f i r m s  w i t h  e x p e r t i s e  i n  

spec ia l  separa t ions  techniques. The c o n t r i b u t i o n s  o f  these exper ts  a re  

r e f l e c t e d  i n  t h e  con ten t s  o f  t h i s  r e p o r t .  

I n  a d d i t i o n  t o  these con tac t s  w i t h  i n d i v i d u a l s ,  an exhaus t i ve  l i t e r a t u r e  

search was conducted by an exper ienced and h i g h l y  q u a l i f i e d  l i b r a r i a n .  The 

l i t e r a t u r e  on separa t ions  i s  extens ive;  sources c i t e d  i n  t h i s  r e p o r t  a re  o n l y  

r e p r e s e n t a t i v e  o f  t h e  i n f o r m a t i o n  a v a i l a b l e .  

Three major  problem areas were de f i ned  and eva lua ted  w i t h i n  t h i s  rev iew:  

( 1 )  suspended s o l i d s  i n  waste, ( 2 )  separat ions techno log ies ,  and ( 3 )  

a n a l y t i c a l  measurements. Sect ions I11 through V I  o f  t h e  r e p o r t  a re  devoted t o  

these areas. I n d i v i d u a l  summaries a r e  g i ven  a t  t h e  end o f  each o f  these  

sec t i ons .  
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R e s u l t s  o f  t h e  rev iews  were ana lyzed  and i n t e r p r e t e d  t o  deduce process 

concepts  expected t o  be f e a s i b l e  f o r  h i g h - l e v e l  waste p a r t i t i o n i n g  and t o  

d e f i n e  prob lem areas r e q u i r i n g  f u t u r e  R&D. These u t i l i z a t i o n s  o f  t h e  rev iews  

a r e  r e p o r t e d  i n  Sec t ions  V I I  and V I I I .  

111. SUSPENDED SOLIDS I N  WASTE 

One o f  t h e  m a j o r  problems f o r  a d j u n c t  (and p o s s i b l y  r e p r o - )  p a r t i t i o n i n g  

i s  t h e  presence o f  suspended s o l i d s  i n  t h e  waste.  I n  broad terms, t h e  

prob lem i s  t h a t  suspended s o l i d s  can g r e a t l y  reduce o r  d e s t r o y  t h e  e f f e c t i v e -  

ness o f  a  p a r t i t i o n i n g  o p e r a t i o n .  I f  components t o  be removed a r e  i n  t h e  

s o l  i d s  (and /o r  c o l l o i d s ) ,  t h e y  w i l l  n o t  be " a v a i l a b l e "  f o r  removal by a  

p a r t i t i o n i n g  agent  such as an e x t r a c t i n g  s o l v e n t .  Thus, f o r  example, i f  t h e  

suspended s o l i d s  c o n t a i n  a  l a r g e  f r a c t i o n  o f  t h e  Pu t o  be p a r t i t i o n e d ,  a  

process des igned t o  produced a  Pu DF of  100 m i g h t  a c t u a l l y  a c h i e v e  a  DF o f  

o r ~ l y  10 o r  l e s s .  

The s o l i d s  a r e  known t o  e x i s t .  The t y p i c a l  c o n c e n t r a t i o n  range i s  1-10 

w e i g h t  p e r c e n t .  They may be i n t r o d u c e d  b y  two p r i m a r y  sources:  c a r r y o v e r  f r o m  

t h e  d i s s o l u t i o n  o p e r a t i o n ,  o r  as  a  r e s u l t  o f  t h e  r e p r o c e s s i n g  c h e m i s t r y  

(e.g. ,  exceed ing s o l u b i l i t y  l i m i t s ) .  I f  waste i s  s t o r e d  (as l i q u i d  o r  a  

s o l i d  t o  be subsequen t l y  r e d i s s o l v e d )  f o r  sollie p e r i o d  o f  t i m e  b e f o r e  

p a r t i t i o n i n g ,  s o l i d s  would s t i l l  be p r e s e n t .  The p h y s i c a l  and chemica l  

c h a r a c t e r i s t i c s  o f  t h e s e  s o l i d s  would, however, be expected t o  be q u i t e  

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

Another  p o t e n t i a l  source o f  s o l i d s  i s  t h a t  t h e y  m i g h t  be generated 

d u r i n g  t h e  p a r t i t i o n i n g  o p e r a t i o n  as  a  r e s u l t  o f  chemica l  e f f e c t s  such as 

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

I n  suinmary, s o l i d s  t h a t  may a d v e r s e l y  a f f e c t  a d j u n c t  p a r t i t i o n i n g  

o p e r a t i o n s  can be produced i n  severa l  ways. I f  t h e y  c o n t a i n  a  s ' g n i f i c a n t  

f r a c t i o n  o f  t h e  i s o t o p e s  t o  be p a r t i t i o n e d ,  o r  i f  t h e y  would o t h e r w i s e  



i n t e r f e r e  w i t h  the  operation,  they would have t o  be separated from the  waste. 

The removed so l ids  would then be a  separate,  small-mass waste stream which 

could be, but might not be, subjected t o  fu r the r  treatment pr ior  t o  storage 

o r  disposal .  

The present problem i s  t o  determine i f  the so l ids  would i n t e r f e r e  with 

adjunct par t i t ioning.  This section reviews avai lable  l i t e r a t u r e  on the 

subject  a n d  assesses the s ta tus  of knowledge. For convenience, the  so l ids  

problem i s  divided in to  several areas of concern: 

A .  Dissolution of Spent Fuel Elements 

B. Separation of Sol ids  from Dissolver Solutions 

C .  Characterization of Solid Residues 

D. Volume and Characterization of Solids in High-Level 
Acid-Stored Waste 

E. Summary of Current Knowledge 

F.  Major R&D Needs 

A .  Dissolution of Spent Fuel Elements 

Excellent review a r t i c l e s  by K. L .  Rhode and J .  A. ~uckharn,(' ) J .  H .  Goode, ( 2 )  

and W .  Baehr and T .  Dippsl , ( 3 )  as well as o thers ,  provide a  s ta te-of- the-ar t  

review on the  dissolution of fuel mater ia ls .  

The dissolution of PuOZ-U02 in n i t r i c  acid i s  affected by ( 1 )  the 

percentage of PuOZ,  (2 )  the  method of f a b r i ~ a t i o n , ' ~ )  and (3) the  i r rad ia t ion  

l eve l .  ( 5 )  Plutonium dioxide(6)  does not dissolve readily in HN03 (about 15% 

of the  t o t a l  Pu was inso lub le ) (7 )  unless i t  i s  combined with U02 in a  so l id  

solution.  Usually a  ca ta lys t  such as f luor ide  i s  required fo r  complete 

dissolution.  However, t he  use of f luor ide  causes corrosion problems. The 

addition of th ree  moles of aluminum n i t r a t e  per mole of f luor ide  t o  prevent 

corrosion t o  the dissolver  negates the e f f ec t  of t he  f luor ide .  
(8 )  

Sol id solutions of Pu02-U02 ( u p  t o  35% Pu02) were f o u n d t o  be soluble 

in HN03. Studies with unirradiated fuel demonstrated t ha t  mechanically 

blended 15% Pu02- 85% U02 could be converted t o  so l id  solut ions  with increased 



s i n t e r i n g  t imes .  (') When 25% Pu02- 75% U02 f u e l  was i r r a d i a t e d  i n  t h e  ETR 

t o  20,000 MWd/T t h e  f u e l  was more so lub le ;  Pu i n  t h e  r es i due  decreased f rom 

about 16% f o r  t h e  u n i r r a d i a t e d  p e l l e t s  t o  l e s s  than 5% f o r  i r r a d i a t e d  

m a t e r i a l .  Vol o x i d a t i o n  (Pu02-UG2 o x i d i z e d  t o  P U O ~ - U ~ O ~ )  had o n l y  a  

modest e f f e c t  on t h e  d i s s o l u b i l i t y  o f  u n i r r a d i a t e d  f u e l .  

H o t - c e l l  d i s s o l u t i o n  o f  h i g h l y  i r r a d i a t e d  20% Pu02- 80% U02, s t a i n l e s s -  

s t e e l  c lad ,  f a s t  r e a c t o r  f u e l  specimens i r r a d i a t e d  t o  l e v e l s  as h i qh  as - 
99,000 IYWd/T was repo r t ed .  (') More than 99% of  t h e  Pu02-U02 d i sso l ved  i n  

l e s s  than  5  hours i n  a l l  concen t ra t i ons  o f  HN03 g r e a t e r  than  3M. No f l u o r i d e  - 
was requ i r ed .  Undisso lved res idues  cons i s t ed  of  co re  ox ides and f i s s i o n  

p roduc t  No, Z r ,  Pd, Ru, and Rh. As t h e  U  and Pu became more s o l u b l e  w i t h  

inc reased  burnup, t h e  r a t i o  o f  Pu/(U+Pu) i n  t h e  r es i dues  became sma l l e r .  

The average r a t i o  o f  t h e  Pu/(U+Pu) i n  t h e  res idues  f rom t h e  t h r e e  d i f f e r e n t  

f u e l  specimens was about 0.64, 0.52 and 0.29 a t  17,000, 45,700, and 66,300 

MWd/T, r e s p e c t i v e l y .  

Rhode and Buckham noted t h a t  a  more complete unders tanding o f  t h e  e f f e c t s  

o f  i r r a d i a t i o n  on t h e  chemical r e a c t i v i t y  o f  these a l l o y s  and ox ides appears 

dependent upon a  g r e a t e r  unders tanding o f  t h e  fundamental changes i n  

composi t ion and s t r u c t u r e  which occur  on i r r a d i a t i o n . " )  Even i f  a  s o l i d  

s o l u t i o n  o f  Pu02-U02 o r i g i n a l l y  e x i s t s  ( p r o v i d i n g  complete d i s s o l u t i o n ) ,  

these ox ides may tend  t o  segregate i n  t h e  r e a c t o r  environment t o  p rov ide ,  

upon d ischarge,  a  m i x t u r e  which i s  p a r t l y  a s o l i d  s o l u t i o n  enr i ched  w i t h  

r espec t  t o  U02 b u t  which a l s o  con ta i ns  some r a t h e r  pure PuQ2 i n  t h e  cen te r  

o f  t h e  f u e l  r od .  ( l O y l l  ) T h i s  segrega t ion  i s  caused by a  m i g r a t i o n  o f  U02 

away f rom t h e  c e n t e r  o f  t h e  r o d  w h i l e  i n  t h e  r e a c t o r .  The d i s s o l t u i o n  

requi rements  f o r  t h i s  m a t e r i a l  a r e  p robab ly  more severe than f o r  t h e  

o r i g i n a l  so l  i d  s o l u t i o n .  (12) 

For Pu02-U02 f ue l s ,  i t  may be a t t r a c t i v e  t o  d i s s o l v e  t h e  major  f r a c t i o n  

o f  t h e  f u e l  by f i r s t  us i ng  a  b r i e f  l each ing  s tep  f o l l o w e d  by separa t ion  o f  

t h e  f u e l  r e s i d u e  f rom t h e  s o l u t i o n  f o r  a  more r i g o r o u s  t rea tment .  (13) 

Schulz (14y15)  r e p o r t s  t h e  use o f  HR03NH4F; ~ i v i n e " ~ )  and o the rs  (17-19) 



suggest t h e  use of complexing agents t o  dissolve PuO?; Uriar te  and Rainey (8)  
- 

review the d issolut ion of high-density U02, Pu02, and U02-Pu02 p e l l e t s  in 

inorganic ac ids ,  and ~ i l m a n ( ~ 0 3 ~ ~ )  r e f e r s  t o  many approaches t o  the 

d i s so lu t ion  of P u n 2  using mineral ac ids ,  fusion , ( 2 2 y 2 3 )  halogenation, (6,241 

and complexing agents.  

B. Separation of Solids from Dissolver Solutions 

As the  fuel elements receives higher burnup the  amount of f i s s i o n  

products wil l  increase. In d issolut ion t e s t s  a t  ORNL w i t h  LMFBR fuel  

specimens of 20,000 t o  73,000 MWd/T burnup, the mass of undissolved residues 

varied widely but usually was in the  range of 1 t o  10% of the i n i t i a l  fuel 

mass. These residues s e t t l e d  f a i r l y  rapidly in t h e  fuel  so lut ion.  F i l t r a t i o n  

through Whatman No. 42 f i l t e r  paper was extremely slow. (25,26) 

The operating experience in La Hague ( the  AT 1 p i l o t  p lan t )  with highly 

i r r ad ia ted  (up t o  60,000 MWd/T) f u e l s  containing 25% Pu02 indicated t h a t  

the f i l t r a t i o n  of the feed solut ion coming out of t h e  d issolver  was a  major 

problem. They found a  ra ther  high quanti ty of insoluble material (some g/kg U )  

which contained some meta l l ic  elements such a s  Mo and R u ,  but very few f i s s i l e  

mater ia ls . (27)  In a  USSR operat ion,  the i n i t i a l  d issolver  solut ion was 

t rea ted  with a  f loccu la to r ,  heated, and then f i l t e r e d  to  prevent t h e  formation 

of i n t e r f a c i a l  suspensions. (28) 

A number of f u e l s  being reprocessed a t  Idaho Chemical Processing Plant  

(ICPP) produced considerable quan t i t i e s  of sol ids  a f t e r  t h e i r  d issolut ion.  

Undissolved so l ids  in the  d issolver  product solut ions  have caused l i n e  

blockage and contributed t o  in te r face  cruds. A cent r i fuge  has been i n s t a l l e d  

t o  remove so l ids  from the  d issolver  solut ions  before they a re  fed in to  the 

ext rac t ion columns. (29930) 

Extensive s tud ies  of aluminum-uranium-silicon a l loys  show t h a t  dissolved 

J s i l i c o n  may polymerize forming a  gelat inous p r e c i p i t a t e .  Very l i t t l e  i s  

known about the  k ine t i c s  of the  polymerization of dissolved s i l i c o n ,  and the  

quanti ty of t h i s  type of so l id  ( o r  c o l l o i d )  which may form with d i f f e r e n t  . 
process condit ions i s  not known. (29)  The aluminum-fuel d issolver  solut ion 



i s  sometimes t r e a t e d  w i t h  g e l a t i n  t o  p r e v e n t  emuls ion f o r m a t i o n  i n  t h e  

e x t r a c t i o n  columns; ( 3 1 )  g e l a t i n  has a l s o  been used as a  f l o c c u l a n t  p r i o r  t o  

c e n t r i f u g a t i o n  t o  remove s i l i c a .  (32 )  

D u r i n g  t h e  r e p r o c e s s i n g  o f  Z i r c a l o y - c l a d  fuc:  i n  t h c  ICPP, c o n s i d e r a b l e  

z i r c o n i u m  o x i d e  s o l i d s  were encountered.  A c e n t r i f u g a l  f o r c e  o f  100 x  G 

removed t h e  b u l k  o f  t h e  s o l i d s  f r o m  t h e  s o l u t i o n  i n  l e s s  t h a n  one m inu te .  

D e t e r m i n a t i o n  o f  t h e  uranium l o s s  t o  t h e  s o l i d s  was n o t  a t tempted  i n  t h e  

s i m u l a t e d  process s o l u t i o n .  (29 ) 

Four l a b o r a t o r y - s c a l e  hydrocyc lones were e v a l u a t e d  f o r  t h e i r  e f f i c i e n c y  

i n  c l a r i f i c a t i o n  o f  p r o d u c t  s o l u t i o n  f rom e l e c t r o l y t i c  d i s s o l u t i o n  o f  EBR-I1 

f u e l  a t  ICPP. N i n e t y - f i v e  p e r c e n t  removal o f  s t a i n l e s s - s t e e l  s o l i d s  and 10% 

removal o f  ERR-I1 f i s s i o n  a1 l o y  was a t t a i  ned. (33)  Cyclone s e p a r a t o r s  wsre 

used t o  c l e a n  up t h e  f l u i d  o f  t h e  aqueous homogeneous r e a c t o r  a t  ORNL. (34 ) 

H. C .  Rathvon, f o r m e r l y  o f  Nuc lea r  Fue l  Serv ices,  I n c . ,  i n d i c a t e s  t h a t  

2-5 we igh t  p e r c e n t  s o l i d s  were found i n  d i s s o l v e r  s o l u t i o n  t e s t s .  Plugged 

l i n e s  have been c leaned  w i t h  NH4F; success w i t h  t h i s  method i n d i c a t e s  t h a t  

t h e  p l u g  was m a i n l y  due t o  Z r  f i n e s  f rom t h e  chop- leach s t e p .  (35 )  

C .  I d e n t i f i c a t i o n  o f  S o l i d  Residues 

Very  few s t u d i e s  have been made t o  de te rm ine  t h e  volume and i d e n t i t y  

of  t h e  i n s o l u b l e  r e s i d u e s  r e s u l t i n g  f rom t h e  d i s s o l u t i o n  o f  v a r i o u s  f u e l  

e lements .  These s o l  i d s  a r e  p r i m a r i l y  i n s o l u b l e  c l a d d i n g  o x i d e s  and 

u n d i s s o l v e d  c o r e  m a t e r i a l s ,  such as No, Pd, Rh, Nb, Z r ,  Mn, A l ,  Ce, Ba, La, 

P,u, and S i .  (12,361 

J .  H. ~ o o d e ( ~ )  found t h a t  t h e  f i s s i o n  p r o d u c t s  f r o m  U02-Pu02 i r r a d i a t e d  

t o  99,000 MWd/T were s o l u b l e  i n  a  5M - HriO3-o.53M - U O ~ ( N O ~ ) ~ - O .  12M P U ( N O ~ ) ~  

s o l u t i o n  w i t h  t h e  e x c e p t i o n  o f  an i n s o l u b l e  r e s i d u e  amounting t o  2  t o  3% of  

t h e  w e i g h t  o f  t h e  c o r e .  Spec t rog raph ic  and chemica l  a n a l y s i s  showed t h a t  

t h e  r e s i d u e s  c o n t a i n e d  1.5 mg o f  U, 2.0 mg o f  Pu, 28 nig o f  Mo, 24 mg o f  Z r ,  b 

1 mg o f  Pd, and 3  mg o f  Rh, t o t a l i n g  59 mg o r  2.2% o f  t h e  f u e l  o x i d e  w e i g h t .  

Gamma-ray scann ing showed t h a t  n e a r l y  a l l  t h e  r a d i o a c t i v i t y  was due t o  lo611u. 
d 



The gamma spectrum f o r  one of the l each  r e s idues  from t h e  4-8M HN03 - 
d i s s o l u t i o n  of a 20% Pu02- 80% U02 c o p r e c i p i t a t e d ,  50,000 MWd/T specimen 

suppl i ed  by NUMEC,  showed t h e  fo l  1 owing p r inc ipa l  radionucl  i d e s  with the 
-1 -1 12 103Ru ind i ca t ed  a c t i v i t y  l e v e l s  ( i n  d i s  m i n  g ) :  lo6Ru, 20.9 x 10 ; , 

11.  125sb 8 .5  x 10"; 1 4 4 ~ e ,  7 .2  x 10"; 9 5 ~ r - ~ b ,  5.1 x 10 , , ~ 3 . 0  x 10 11 ; and 
l 4 O ~ a - ~ a ,  7 .0  x 10 . ( I 3 )  The amount of undissolved Pu ranged from 0.08 t o  

8 .3% i n  o t h e r  l each ing  b s t s w i t h  100,000 RWd/T NUMEC rods  i n  bo i l i ng  8M HN03. - ( 3 7 )  

To reduce the Pu l o s s  t o  the undissolved r e s i d u e s ,  use  of F- i s  u s u a l l y  

r equ i r ed .  Disso lu t ion  tests  were made w i t h  vo lox id ized ,  mechanically blended 

25% Pu02- 75% U02 f u e l .  (38) Af t e r  10  hours of d i s s o l u t i o n  with 8M HN03 the  - 
r e s idue  contained 5%, 5.5%, 80%, 50%, 4%, and 3.5% of  the P u ,  U ,  R u ,  Nb, Zr 

and Ce, r e s p e c t i v e l y .  An add i t i ona l  2 hours of 8M HN03- 0.05M HF t rea tment  - - 

reduced t h e  l o s s  t o  t h e  r e s idue  t o  0.05% P u ,  0.01% U, 75% R u ,  15% Nb, 0.4% Zr, 

and 0.17% Ce. 

B .  C .  Musgrave (39) i n d i c a t e s  t h a t  t h e  s o l i d  r e s idues  r e s u l t i n 9  from the 
chemical o r  e lec t rochemica l  d i s s o l u t i o n  of t h e  EBR-I1 uranium-fissium a l l o y  

contained a l l  of t h e  components of t h e  f i s s i o n  a l l o y  except  Mo. The Mo was 

q u a n t i t a t i v e l y  d i s so lved ;  Ru  was about  20% disso lved  ( i  . e . ,  80% of t h e  Ru  

remained i n  t h e  r e s i d u e ) .  On t h e  b a s i s  of t h e s e  Mo and Ru d a t a ,  i t  was 

es t imated  t h a t  t h e  r e s idues  amounted t o  about 2% of t h e  f i s s i um a l l o y .  

0 .  Volume and I d e n t i f i c a t i o n  of S o l i d s  i n  High-Level Acid-Stored Wastes 

Very l i t t l e  informat ion i s  a v a i l a b i e  on t h e  e f f e c t s  of concent ra t ion  and 

long-term s t o r a g e  of boi l  ing high-level  a c i d i c  wastes on sol  i d s  con t en t .  

Hanford and NFS c u r r e n t l y  s t o r e  on t h e  a l k a l i n e  s i d e .  No informat ion has 

been found r e l a t i n g  t o  a c i d  s t o r a g e  exper ience  i n  Europe. 

Cooley, e t  a1 ., note  t h a t  in  f u t u r e  fue l  reprocess ing  p l a n t  des igns  

more emphasis w i l l  be placed or1 rou t i ng  a1 1 r a d i o a c t i v e  wastes  t o  tile 

iiigii-level was& streams t o  minimize t h e  amount of in te rmedia te  and l o w  

leve l  wastes .  ('" k i t h  t h i s  approdcii w i l l  a l s o  c0.e add i t io i ia l  c a t i o n s  and 

a ~ l i o r ~ s  sucn a s  po i  t n a t  w i l l  e f f e c t  tne u l t ima te  s o l i a s - s o l u t i o n  

r e l a t i o n s h i p .  



E. Summary o f  Cur ren t  Knowledge 

Data on spent  f u e l  d i s s o l u t i o n  show t h a t  t h e  e f f e c t i v e n e s s  o f  v a r i o u s  

techniques w i l l  depend on many f a c t o r s ,  i n c l u d i n g  f u e l  composi t ion and 

h i s t o r y .  P lu ton ium has been i n d e n t i f i e d  i n  t h e  r e s i d u a l  s o l  i d s .  Data a r e  

q u i t e  sparse f o r  p resen t  purposes b u t  suggest t h a t  t h e  amount o f  so l  i d s  i n  

t h e  d i s s o l v e r  e f f l u e n t  and i t s  Pu con ten t  may be h i g h l y  v a r i a b l e  (1-10 w/o). 

A v a i l a b l e  da ta  (again  sparse) on separa t ion  o f  s o l i d s  f rom t h e  d i s s o l v e r  

e f f l u e n t  show t h a t  sepa ra t i on  i s  f r e q u e n t l y  d i f f i c u l t .  C o l l o i d s  a r e  

i n d i c a t e d  t o  be p resen t .  These s o l i d s  appa ren t l y  cause problems i n  t h e  

reprocess ing  ope ra t i ons .  However, c o n t r i b u t i o n s  t o  these problems v i a  

s o l i d s  formed as a  r e s u l t  o f  process chemis t ry  have n o t  been d i s t i n g u i s h e d .  

Few s t u d i e s  have been made t o  c h a r a c t e r i z e  t h e  compos i t i on  and amounts 

o f  s o l i d s  i n  t h e  d i s s o l v e r  s o l u t i o n .  P lu ton ium has been i d e n t i f i e d ,  however, 

i n  t h e  r es i dues  examined. 

There i s  no i n f o r m a t i o n  on t h e  s o l i d s  con ten t  o f  waste immediate ly  

a f t e r  p roduc t i on  i n  t h e  reprocess ing  ope ra t i on .  

There i s  no u s e f u l  i n f o r m a t i o n  on t h e  s o l i d s  con ten t  o f  waste a f t e r  

pe r i ods  o f  a c i d  s torage.  

F. Ma jo r  R&D Needs 

A v a i l a b l e  da ta  a r e  i n s u f f i c i e n t  t o  answer adequate ly  e i t h e r  o f  t h e  two 

key ques t ions  concern ing t h e  e f f e c t  o f  suspended s o l i d s  on ad junc t  

p a r t i t i o n i n g ,  i . e . ,  w i l l  t h e  s o l i d s  c o n t a i n  s i g n i f i c a n t  amounts o f  elements 

t o  be p a r t i t i o n e d ,  and, i s  removal o f  s o l i d s  f rom t h e  waste necessary? 

Perhaps most s i g n i f i c a n t ,  none o f  t h e  da ta  address t h e  problem o f  Am, which 

i s  expected t o  be t h e  element most i n  need o f  p a r t i t i o n i n g .  

For a  v a r i e t y  o f  reasons ( c h i e f l y ,  t o  avo id  h i g h  r a d i a t i o n  l e v e l s  and 

problem n u c l i d e s )  a d j u n c t  p a r t i t i o n i n g  i s  p r e f e r r e d  t o  be done severa l  yea rs  % 

a f t e r  t h e  reprocess ing .  Th i s  means t h a t  s o l i d s  t h a t  e x i s t  a f t e r  s to rage  and * 
ag ing o f  t h e  wastes would be o f  most s i g n i f i c a n c e .  A t  one extreme, such 

s o l i d s  m igh t  be adequate ly  represented by s o l i d s  p resen t  d u r i n g  t h e  d i s s o l u t i o n  #. 



and/or reprocess ing  opera t ions .  Data such as those c i t e d  above would then 

be r e p r e s e n t a t i v e .  On t h e  o t h e r  hand, s o l i d s  p resen t  a f t e r  ag ing m igh t  be 

markedly  d i f f e r e n t  f rom those i n  a  f r e s h  waste stream. Th i s  would be 

expected e s p e c i a l l y  i f  t h e  waste i s  s o l i d i f i e d  and r e d i s s o l v e d  p r i o r  t o  

p a r t i t i o n i n g .  As noted above, t h e r e  i s  no i n f o r m a t i o n  on s o l i d s  assoc ia ted  

w i t h  aged, ac i d - s to red  waste. 

For  p r a c t i c a l  purposes, then, h i s t o r y  p rov ides  a t  bes t  a  t e n t a t i v e  

i n d i c a t i o n  o f  t h e  s o l i d s  problem assoc ia ted  w i t h  a d j u n c t  p a r t i t i o n i n g .  

Only i f  p resen t  data on d i s s o l v e r  and reprocess ing  s o l u t i o n s  a r e  assumed 

r e p r e s e n t a t i v e  can any i n f e rences  be made. Such an assumption i s  p robab ly  

u n r e a l i s t i c .  An R8D program t o  eva lua te  t h e  ex i s t ence  and r e s o l u t i o n  o f  

problems t h a t  s o l i d s  m igh t  pose f o r  a d j u n c t  p a r t i t i o n i n g  i s  t he re fo re  

needed. 

Bas ic  elements o f  t h i s  program should be: 

0 Fo l low on-going work i n  Europe t h a t  i s  s i g n i f i c a n t  t o  t h i s  

problem. Coord inate our  programs w i t h  European e f f o r t  

i n s o f a r  as poss ib l e .  

0 Devise and implement a  program f o r  s o l i d s  s t ud ies  de r i ved  f rom 

c a l c i n e d  wastes now i n  s to rage  a t  Idaho F a l l s .  The bas i c  

o b j e c t i v e  f o r  t h i s  work would be t o  c h a r a c t e r i z e  problems 

t h a t  m igh t  a r i s e  f o r  p a r t i t i o n i n g  o f  waste t h a t  had been 

s o l i d i f i e d  and red i sso l ved .  

r Devise and implement a  program o f  s t u d i e s  on s o l i d s  p resen t  

i n  ac i d - s to red  waste. Represen ta t i ve  m a t e r i a l s  m igh t  be 

ob ta ined  f rom e x i s t i n g  reprocess ing  f a c i l i t i e s  e i t h e r  here o r  

i n  Europe. 

0 Attempt  t h e o r e t i c a l  p r e d i c a t i o n s  o f  s o l i d s  fo rmat ion .  The 

c a p a c i t y  o f  t h e o r e t i c a l  concepts ( s o l  u b i l  i t y  products ,  e t c .  ) 
t o  p r o v i d e  u s e f u l  i n f o r m a t i o n  i s  p robab ly  h i g h l y  l i m i t e d .  A 

modest e f f o r t  should  be made, however, t o  t e s t  t he  p o s s i b i l i t y .  



I V .  WASTE SEPARATIONS METHODS 

T h i s  s e c t i o n  r e p o r t s  t h e  rev iew and e v a l u a t i o n  o f  methods t h a t  m igh t  

be used t o  accompl ish waste p a r t i t i o n i n g  and f r a c t i o n a t i o n .  The methods 
descr ibed a r e  i n  p r i n c i p l e  a p p l i c a b l e  t o  e i t h e r  a d j u n c t  p a r t i t i o n i n g  o r  

r e p r o - p a r t i t i o n i n g .  S p e c i f i c  requi rements  f o r  use p robab ly  would d i f f e r  

markedly,  however, f o r  t h e  two s i t u a t i o n s .  

The con ten ts  of t h i s  s e c t i o n  r e f l e c t  t h e  o b j e c t i v e  o f  comprehensiveness. 

A t t e n t i o n  has been g i ven  t o  a l l  a c t i n i d e  elements t h a t  m igh t  be candidates 

f o r  p a r t i t i o n i n g  and those f i s s i o n  products  shown by t he  r i s k  analyses t o  

be candidates f o r  f r a c t i o n a t i o n .  No assumptions concern ing l e v e l  o f  removal 

( i . e . ,  DF a t t a i n e d  i n  p r a c t i c e )  were made, s i nce  ac tua l  DF requi rements  w i l l  

depend on t h e  outcome o f  t h e  r e l ease  and pathways s tud ies  r e f e r r e d  t o  i n  

Sec t ion  11. 

Present  i n d i c a t i o n s  a r e  t h a t  t h e  f a c t o r s  i nvo l ved  i n  waste s to rage  and 

any escape o f  i so topes  from s to rage  may have r i s k  r e d u c t i o n  e f f e c t s  such 

t h a t  t h e  o n l y  requi rements  f o r  p a r t i t i o n i n g  would be t o  reduce Am, Pu, and 

p o s s i b l y  Cm concen t ra t i ons  i n  t h e  waste t o  be s to red  by f a c t o r s  o f  about 100 

i n  conlparison w i t h  t h e i r  i n i t i a l  concen t ra t i ons .  F r a c t i o n a t i o n  would n o t  be 

requ i r ed .  I n  c o n t r a s t ,  i n  t h e  absence o f  these waste holdup e f f e c t s  t h e  

concen t ra t i on  r educ t i ons  demanded o f  p a r t i t i o n i n g  would be on the  o r d e r  o f  
6 10 t o  lo8 ;  f r a c t i o n a t i o n  would a l s o  be requ i r ed .  

These i n d i c a t i o n s  o f  p a r t i t i o n i n g  r e q ~ i r e m e n t s  i n  p r a c t i c e  a r e  

p r e l i m i n a r y  and l i m i t e d  i n  scope. More comprehensive r i s k  analyses migh t  

change t h e  l i s t  o f  elements t o  be removed and t h e  DF's r e q u i r e d .  The 

comprehensive r ev i ew  r e p o r t e d  here i s  in tended t o  cover  a l l  p o s s i b l e  needs 

and t o  i n d i c a t e  the  method a l t e r n a t i v e s  a v a i l a b l e .  

A .  P a r t i t i o n i n g  o f  S o l i d s  

A  need t o  p a r t i t i o n  waste i n i t i a l l y  i n  a  s o l i d  phase cou ld  a r i s e  e i t h e r  
b 

i f  a l l  waste i s  s o l i d i f i e d  o r  i f  suspended s o l i d s  a r e  i s o l a t e d  from the  

l i q u i d  phase ( c f .  F i gu re  I ) . *  A s o l i d  c o n s i s t i n g  o f  t he  t o t a l  would be 

* 1. 
A t h i r d  a l t e r n a t i v e  f o r  p r ima ry  t rea tment  o f  t h e  waste i s  t o  d i s s o l v e  a l l  
s o l  i d s  ( F i g u r e  1  ) . T h i s  i s  cons idered i m p r a c t i c a l  and n o t  d iscussed f u r t h e r  
i n  t h i s  r e p o r t .  The s o l i d s  a r e  p resen t  because o f  d i s s o l u t i o n  d i f f i c u l t i e s ;  
l a r g e  volumes, perhaps w i t h o u t  e f f ec t i veness ,  would be r e q u i r e d  t o  complete 
t h e  d i s s o l u t i o n .  



produced i f ,  f o r  example, l iquid  storage was not permitted and storage of 

waste f o r  some period pr ior  t o  pa r t i t ion ing  was required. I t  might a l so  be 

produced as  the  f i r s t  s t ep  in a par t i t ioning process (which would have t o  

be demonstrably advantageous in comparison w i t h  a 1 iquid-based process) 

which requires a sol id  as  the  s t a r t i n g  material .  

A.l Par t i t ioning Methods f o r  So l id i f i ed  Waste 

Review and evaluation to  date indicates  t h a t  solid-phase par t i t ioning 

promises formidable problenis. Three major problems stand out:  high 

temperatures, and therefore  high energy inputs ,  would be required; the  

separat ions a r e  not clean ( i  .e .  , good decontamination fac to r s  a r e  not 

inherently a t t a i n a b l e )  ; and major R&D, including extension of basic knowledge, 

would be required t o  prove and develop a feas ib le  and e f fec t ive  process. 

Other potential  problems include generation of large  volumes of s lag waste, 

control of v o l a t i l e  components, and the  p o s s i b i l i t y  of higher inherent hazard 

t o  operating personnel and the  process environs ( i n  comparison with a1 t e r n a t i  ves 

such as  ex t rac t ion) .  

These potential  problems (defined primarily from consul t a t ion  with 

experienced personnel a t  ORML, A N L ,  and the  Bureau of Mines) were s u f f i c i e n t  

t o  preclude in-depth study of t h i s  approach t o  pa r t i t ion ing .  Further 

evaluation i s  possible but not recommended. Alternatives based on l iquid-  

phase operat ions appear much more a t t r a c t i v e .  

For overal l  cos t  ef fec t iveness ,  par t i t ioning based on sol ids-phase 

treatment has therefore been dropped from considerat ion.  A possible need 

remains, however, t o  devise treatments f o r  so l ids  t h a t  a r e  present .  

A.2 Waste So l id i f i ca t ion  Pr ior  t o  Par t i t ioning 

If a l l  waste i s  s o l i d i f i e d  p r io r  t o  pa r t i t ion ing ,  process concepts f o r  

redissolution of the  waste pr ior  t o  the  par t i t ioning operations would be 

needed. A major concern would be t o  s o l i d i f y  the  waste so t h a t  i t  could be 

e a s i l y  redissolved by agents t h a t  would be compatible with the  par t i t ioning 
b process. There i s  no experience t o  indicate  s o l i d i f i e d  forms t h a t  wil l  

I optimize the  process. Certainly,  however, a h igh- in tegr i ty  so l id  such as  

boros i l i ca te  g lass  would not be appropriate.  Calcines such a s  a r e  formed 

a t  Idaho Fa1 1 s  may be s a t i s f a c t o r y .  



P u r s u i t  o f  t h i s  approach ( i . e . ,  s o l i d i f i c a t i o n  o f  a l l  waste p r i o r  t o  

p a r t i t i o n i n g )  does n o t  appear d e s i r a b l e  un less a1 1  o p p o r t u n i t y  f o r  1  i q u i d  

s torage o f  waste i s  banned and p a r t i t i o n i n g  immediately a f t e r  o r  du r i ng  

reprocess ing  i s  proven i n f e a s i b l e .  The concept would i n t r o d u c e  waste 

managelllent cos t s  and opera t ions  t h a t  need n o t  be i n c u r r e d  un less  mandatory. 

It may be argued t h a t  i n t e r i m  s torage ( i  .e., p r i o r  t o  p a r t i t i o n i n g )  o f  

s o l i d i f i e d  waste i s  s a f e r  than  1  i q u i d  s torage,  b u t  t he  v a l i d i t y  of t h i s  

argument would have t o  be t e s t e d  v i a  a  t r a d e - o f f  a n a l y s i s .  The e x t r a  

ope ra t i ons  and m a t e r i a l s  r e q u i r e d  t o  s o l i d i f y  and r e d i s s o l v e  t h e  waste may 

o f f s e t  t h e  b e n e f i t  f o r  t he  s torage form. 

A.3 Treatment o f  Suspended So l i ds  

I f  suspended s o l i d s  a r e  i s o l a t e d  from t h e  waste s o l u t i o n ,  the  s o l i d s  

c o n s t i t u t e  a  separate waste stream. Th i s  waste may be managed w i t h o u t  

f u r t h e r  t reatment ,  o r  p a r t i t i o n i n g  may be a p p l i e d  t o  i t .  The choice may 

depend on t h e  composi t ion and amount of t h e  separated s o l i d s  (see Sect ion 111). 

As i n d i c a t e d  by the  f a c t  t h a t  they  a r e  present ,  t h e  suspended s o l i d s  

a r e  expected t o  be d i f f i c u l t  t o  d i s s o l v e .  However, fus ion  fo l lowed by 

d i s s o l u t i o n  and l i qu id -phase  p a r t i t i o n i n g  were i d e n t i f i e d  du r i ng  t h i s  s tudy as 

processes which cou ld  p rov ide  f o r  t h e  s o l i d s  a  p a r t i t i o n i n g  e f f e c t i v e n e s s  

comparable t o  t h a t  f o r  t h e  l i qu id -phase  waste. Eva lua t i on  o f  whether such 

ope ra t i ons  should be done i s  a  task  f o r  f u t u r e  s tudy.  The d e c i s i o n  w i l l  

depend on f a c t o r s  such as t he  c h a r a c t e r i s t i c s  o f  t h e  s o l i d s  and t h e  

requirements f o r  t h e  f u s i o n - d i s s o l u t i o n  opera t ions .  

B. L iquid-Phase P a r t i t i o n i n g  

As shown i n  F igu re  1, many bas i c  l i qu id -phase  p a r t i t i o n i n g . c o n c e p t s  were 

considered. A consensus was q u i c k l y  es tab l i shed ,  however, among the  s t a f f  

and consu l t an t s  who p a r t i c i p a t e d  i n  t h e  study, t h a t  so l ven t  e x t r a c t i o n  and 

i o n  exchange o f f e r e d  f a r  g r e a t e r  promise f o r  e f f e c t i v e n s s  and f l e x i b i l i t y  

than  t h e  a l t e r n a t i v e  concepts.  Th is  consensus was conf i rmed by communication 

w i t h  expe r t s  on t h e  o t h e r  concepts (e.g. ,  f l o t a t i o n ,  d i a l y s i s ,  e t c . ) .  These 

1. 



other  concepts a re  a t  t h i s  t ime  n o t  s u f f i c i e n t l y  developed, o r  a re  no t  

s u f f i c i e n t l y  e f f e c t i v e  f o r  use, o r  a re  beset by process problems (e.g., 

membrane degradat ion)  t h a t  would prec lude t h e i r  use. For these reasons, 
major  a t t e n t i o n  was centered on so l ven t  e x t r a c t i o n  and i o n  exchange. Use 
o f  these techniques f o r  separat ions such as would be requ i red  by p a r t i t i o n i n g  

has been w ide l y  explored.  T h e i r  use would t h e r e f o r e  represent  re1 a t i  ve l  y  

s t r a i g h t f o r w a r d  extens ion o f  e x i s t i n g  technology, maximum c o m p a t i b i l i t y  w i t h  

present  opera t ions ,  and mi nimum investment i n  f u t u r e  R&D programs. 

Problems which cou ld  l i m i t  p r a c t i c a l  a p p l i c a t i o n  o f  so lven t  e x t r a c t i o n  

and i o n  exchange (e.g., generat ion o f  l a r g e  volumes o f  low- leve l  1  i q u i d  

wastes o r  contaminated, waste i o n  exchange r e s i n )  were recognized bu t  no t  

t r e a t e d  i n  depth. D e t a i l e d  e v a l u a t i o n  o f  such problems was beyond t h e  

scope o f  t h i s  work and can be done w i t h  maximum c o s t  e f f ec t i veness  a f t e r  

ac tua l  p a r t i t i o n i n g  requirements a r e  b e t t e r  def ined.  

Radioisotopes which would be candidates f o r  l i qu id -phase p a r t i t i o n i n g  

o r  f r a c t i o n a t i o n  were i d e n t i f i e d  i n  t h e  r i s k s  s tudy t h a t  p a r a l l e l e d  t h i s  

work. The i n i t i a l  r i s k s  s tudy was a l s o  gener ic  and a l l - i n c l u s i v e .  It 

i n d i c a t e d  t h a t  t h e  isotopes l i s t e d  i n  Table I are  those most l i k e l y  t o  be 

candidates f o r  f r a c t i o n a t i o n  o r  p a r t i t i o n i n g .  I so tope  p r o p e r t i e s  shown i n  

Table I were der ived  from O R I G E N  runs f o r  D iab lo  Canyon Reference LWR 
fue l .  ( 4 2 y 4 3 )  A c t i v a t i o n  products  ( f rom c ladd ing ,  e t c .  ) a re  inc luded because 

the  p o t e n t i a l  hazard f rom some o f  these i s  comparable t o  t h a t  f o r  some o f  

t h e  f i s s i o n  products.  

Table I provides no i n d i c a t i o n  o f  t h e  ac tua l  rank ing  o f  t h e  nuc l i des  

as a p o t e n t i a l  hazard t o  man. Such a rank ing  i s  a  complex f u n c t i o n  o f  t h e  

r i s k  and pathway analyses, as p r e v i o u s l y  noted. Analyses t o  e s t a b l i s h  

these rank ings a re  a t  present  incomplete b u t  i n d i c a t e  t h a t  Am, Pu, and Cm 

a re  t h e  a c t i n i d e s  o f  major  concern and I, Te, Sm, and Sn are t he  f i s s i o n  

products  o f  most concern. The scope of t h i s  s tudy was l i m i t e d  t o  these 

f i s s i o n  products,  t he  a c t i n i d e s ,  and t h e  major problem from neutron 

a c t i v a t i o n ,  n i c k e l .  Expected waste concent ra t ions  f o r  these elements are 
t 

shown i n  Table 11. 
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TABLE 11. Candidate Elements t o  be I s o l a t e d  - 
Expected Concentrat ions i n  Waste 

Concentrat ion i n  Waste 
(1  0 Year Storage) 

g/ e (3 ) 

Notes: (1)  Represents 0.5% o f  spent f u e l  va lue.  

(2 )  Not a f i s s i o n  product .  

(3 )  1,000 1 i t e r s / t o n  . 



B.1 S o l v e n t  E x t r a c t i o n  

Many thousands o f  man-years o f  research  and development have been a p p l i e d  

t o  s o l v e n t  e x t r a c t i o n .  Much of t h i s  work has been f o r  t h e  n u c l e a r  i n d u s t r y ,  

w i t h  t h e  outcome o f  making s o l v e n t  e x t r a c t i o n  t h e  b a s i c  techno logy  f o r  n u c l e a r  

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

As a  r e s u l t  o f  t h i s  e f f o r t ,  t h e r e  i s  a  v a s t  l i t e r a t u r e  on t h i s  t o p i c  

The s p e c i f i c  problem o f  waste p a r t i t i o n i n g  has n o t  been p r e v i o u s l y  cons idered,  

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

a t t r a c t i v e  processes and e s t i m a t i o n  o f  a d d i t i o n a l  s t u d y  r e q u i r e d .  

B. 1.1 I o d i n e  --- I o d i n e  can, i n  p r i n c i p l e ,  be remcved by s o l v e n t  

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

s o l v e n t s .  Problems e x i s t ,  however: i o d i n e  e x i s t s  i n  s e v e r a l  va lence  s t a t e s  

and can be d i f f i c u l t  t o  e x t r a c t  f rom an aqueous phase o f  h i g h  i o n i c  s t r e n g t h .  

A lso ,  as Purex o p e r a t i n g  exper ience  has shown, i o d i n e  tends t o  combine 

c h e m i c a l l y  ( i r r e v e r s i b l y )  w i t h  some s o l v e n t s .  ( 4 4 )  ~ h u s ,  e x t e n s i v e  removal 

of i o d i n e  by  v o l a t i l i z a t i o n  i n  s t e p s  p r i o r  t o  o r  j u s t  a f t e r  f u e l  d i s s o l u t i o n  

i s  e x t r e m e l y  advantageous n o t  o n l y  t o  t h e  p r e s e n t  p a r t i t i o n i n g  problem b u t  

t,o t h e  main  f u e l  r e p r o c e s s i n g  Drogram. A t  t h e  p resen t  t i m e  r e t e n t i o n  o f  a t  

l e a s t  one p e r c e n t  o f  t h e  i o d i n e  i n  t h e  d i s s o l v e r  s o l u t i o n  seems l i k e l y .  (45 )  

T h i s  f i g u r e  i s  assumed f o r  Tab le  11. Subsequent v o l a t i l i z a t i o n  s t u d i e s  may 

p rove  t h i s  v a l u e  t o  be h i g h  b y  as much as a  f a c t o r  of 100, i . e . ,  a l l  b u t  

0.01 p e r c e n t  o f  t h e  I m i g h t  be blown o u t  o f  t h e  d i s s o l v e r .  The f a c t  t h a t  a  

v e r y  smal l  f r a c t i o n  o f  t h e  i o d i n e  appears t o  be " r e f r a c t o r , y n  towards 

v o l a t i l i z a t i o n ,  exchange w i t h  c o l d  i o d i n e ,  e t c . ,  suggests t h a t  removal 

by s o l v e n t  e x t r a c t i o n  may be e q u a l l y  d i f f i c u l t .  On t h e  o t h e r  hand, t h e  spec ies  

r e s i s t i n a  v o l a t i l i z a t i o n  c o u l d  be r e a d i l y  e x t r a c t a b l e .  F u r t h e r  work i s  needed 

on t h e  c h e m i s t r y  of i o d i n e  a t  l o w  c o n c e n t r a t i o n s  i n  aqueous s o l u t i o n s .  

lnlhatever t h e  method, i o d i n e  s e p a r a t i o n  may r e q u i r e  a  separa te  s t e p  f rom t h e  

o t h e r  p a r t i t i o n  o p e r a t i o n s .  I s o t o p i c  d i l u t i o n  w i t h  n o n r a d i o a c t i v e  i o d i n e  may 

be an e f f e c t i v e  I - w a s t e  management method. 

B . l  .2  N i c k e l  -- N i c k e l  may be a  f o r m i d a b l e  problem. I t  does fo rm 

e x t r a c t a b l e  c o m ~ l e x e s  such as  t h e  one w i t h  d i m e t h y l g l y o x i m e .  However, t o  

form these  complexes r e q u i r e s  a  un ique  environment,  e.g. ,  b u f f e r e d  a c e t i c  



acid solution.  Such a solution i s  not compatible wit4 reprocessing wastes. 
I t  i s  possible that  other chelating reagents can be found which will a s s i s t  

extraction.  A t  t h i s  time no solvent extraction technique sui table  for  

nickel has been ident i f ied.  

The source of the nickel i s  stainless-steel  reactor components. I t  

may be possible and desirable t o  remove t h i s  contamination before the fuel 

reprocessing step i f  removal of nickel from the waste i s  actually required. 

B.1.3 Actinides, Lanthanides, Technetium and Tin -- The primary target  
for  waste parti t ioning i s  expected to  be the act inides ,  the lanthanides, 
technetium, and t i n .  Sirllultaneous removal of neptunium and plutonium will 
be required, including the ?u which resulted from higher act inide decay 

during storage. Separation of the lanthanides and the t r iva len t  actinides 
(Am,  C m )  i s  d i f f i c u l t ,  b u t  nature i s  kind i n  one respect: since samarium i s  

the only lanthanide to  be removed and since lanthanides with atomic numbers 

above samarium are  a small fraction of the tota l  lanthanide mass, i t  may be 

adequate t o  separate lanthanides into two groups, Sm and higher atomic 

numbers, and Pm and  lower atomic numbers. Since the actinides and lanthanides 

are  very similar in extraction behavior, and since both show a progression 

i n  extraction with atomic number, t h i s  abundance dis t r ibut ion with the 

division l ine  a t  samarium can be a n  important factor i n  separations 

f e a s i b i l i t y  and effectiveness. 

Americium appears t o  be the element of major concern as a hazard. 

Curium, which i s  present in much smaller concentration, will follow the 

americium in the parti t ioning process. 

Solvent extraction can be described in terms of solvent types. The 

a t t rac t ive  ones fo r  the present problem appear t o  be: (1)  neutral 

organophosphorus compounds; ( 2 )  acid organophosphorus compounds; (3)  organic 
amines; and ( 4 )  chelating reagents. Other neutral solvents such as ethers 

and ketones and other acidic compounds such as carboxylic acids may have 

appl ication.  



Neu t ra l  Organophosphorus Compounds -- T r i  b u t y l  phosphate (TBP) i s  

p robab ly  t h e  bes t  known s o l v e n t  i n  t h e  nuc lea r  i n d u s t r y .  The e x t r a c t i o n  
o f  Flp and Pu has been adequate ly  demonstrated w i t h  t h i s  reagent .  Americium 
and Cm can be e x t r a c t e d  from t h e  n i t r a t e  s o l u t i o n  b u t  a  h i g h  s a l t i n g  s t r e n g t h  

and low a c i d i t y  a r e  r equ i r ed .  These c o n d i t i o n s  can be tempered somewhat 

by u s i n g  a  h i g h  TBP concen t ra t i on  i n s t e a d  o f  t h e  conven t iona l  15-30% 

s o l u t i o n .  Rober ts  and Bray a t  Hanford demonstrated t h e  recove ry  o f  Am and 

Cm f rom waste f rom t h e  Redox p rocess ing  o f  Sh ipp ingpo r t  f u e l s .  (46) 

F i f t y  percen t  TBP i n  "U l t rasene"  ( p u r i f i e d  kerosene) was used f o r  

ba t ch  e x t r a c t i o n  o f  Am-Cm f rom 6M - No3' - 0.4M H' s o l u t i o n  f o r  t h e  i n i t i a l  

t r ansp lu ton ium campaign a t  Savannah R i ve r .  (4T) I n  a d d i t i o n  t o  t h e  a c t i n i d e s ,  

t h e  l an than ides  and a  cons iderab le  f r a c t i o n  o f  o t h e r  f i s s i o n  p roduc ts  such 

as Zr a re  a l s o  e x t r a c t e d .  Thus, a l though  t h i s  s o l v e n t  m i g h t  be used f o r  a  

p r e l i m i n a r y  separa t ion ,  complete removal of t h e  a c t i n i d e s  would be d i f f i c u l t .  

41 so, b e t t e r  s e l e c t i v i t y  i s  des i r ed .  S t ronger  complexing so lven ts ,  t h e  

phosphonates t y p i f i e d  by d ibu ty lbu ty lphosphona te  (DBBP) o r  t h e  phosphine ox i des  

such as t r i o c t y l  phosphine ox i de  (TOPO) a re  b e t t e r .  However, t h e  bas i c  

p a t t e r n  ( i  .e. ,  t h e  e x t r a c t i o n  o f  t h e  l an than ides  a long  w i t h  some o f  t h e  

o t h e r  f i s s i o n  p roduc ts )  remains t he  same as w i t h  TBP. The mechanism o f  

Am e x t r a c t i o n  has been s tud ied  i n  d e t a i l  s t a r t i n g  w i t h  t h e  work o f  Sheppard (48 1' 
and a  number o f  separa t ion  schemes have been demonstrated f o r  bo th  Am and 

Cm . (49-57) 

Other phosphonates t h a t  l o o k  a t t r a c t i v e  i n  t e s t s  i n c l u d e  2 -e thy l hexy l -  

phosponic a c i d  which has been used f o r  t r ansp lu ton ium element e x t r a c t i o n  

by Baybarz. ( 5 2 )  E x t r a c t i o n  us i ng  n e u t r a l  organophosphone compounds has been 

s t u d i e d  i n  d e t a i l  by  workers a t  Hanford, Savannah R iver ,  ANL, and ORNL. (53 ) 

Peppard has r e c e n t l y  rev iewed t h i s  work i n  h i s  d i scuss ion  o f  e x t r a c t i o n  o f  

meta l  i ons .  (54 ) 

TOP0 i s  t h e  most w i d e l y  used phosphine ox ide .  Watanabe (55)  and o t h e r s  

have demonstrated i t s  e f f e c t i v e n e s s  i n  e x t r a c t i n g  Cm and Am f rom n i t r i c  a c i d  

s o l u t i o n s .  G o f f a r t  and Duyckaerts have compared TOPO w i t h  t h e  tri b u t y l  
(56! homalog f o r  t h e  e x t r a c t i o n  o f  t h e  i n d i v i d u a l  a c t i n i d e s  and l an than ides .  =. 

T h e i r  da ta  show a  maximum i n  d i s t r i b u t i o n  c o e f f i c i e n t  a t  about 0.2-0.3M - H'. 



Technetium e x i s t s  as t h e  per techneta te  i o n  and hence i s  e x t r a c t a b l e  

e i t h e r  as t h e  a c i d  o r  as metal  s a l t s .  The comp i l a t i on  of e x t r a c t i o n  data 

o f  t h e  Japan Atomic Energy Research 1 n s t i  t u t e ( 6 1  ) i n d i c a t e s  an e x t r a c t  i o n  

c o e f f i c i e n t  g rea te r  than u n i t y  fo r  bo th  TBP and TOPO systems. 

T i n  i n  t h e  4 -ox ida t i on  s t a t e  i s  e x t r a c t a b l e  by TOPO s o l u t i o n s .  The 
c h l o r i d e  seems t o  be more h i g h l y  e x t r a c t a b l e  b u t  even i n  HN03 so lu t i ons  

e x t r a c t i o n  c o e f f i c i e n t s  o f  g rea te r  than u n i t y  f o r  5 percent TOPO i n  to luene 

a re  repor ted .  (57) 

It i s  thus  f e a s i b l e  t o  c a r r y  ou t  a t  l e a s t  a  p r e l i m i n a r y  e x t r a c t i o n  of 

t he  a c t i n i d e s  and lan than ides  w i t h  n e u t r a l  organophosphorus e x t r a c t a n t s .  

If des i rab le ,  a  p r e l i m i n a r y  e x t r a c t i o n  w i t h  30 percent  TBP f rom n i t r i c  

a c i d  s o l u t i o n s  would remove Np and Pu ( a f t e r  proper  adjustment o f  Np 

o x i d a t i o n  s t a t e ) .  Th is  would be f o l l owed  by a  low-acid,  h i g h - n i t r a t e  

e x t r a c t i o n  w i t h  DBBP s o l u t i o n  t o  remove the a c t i n i d e s  and lanthanides.  
- 

Separat ion o f  t h e  a c t i n i d e s  and Sm from t h e  o t h e r  lan than ides  i s  more 

of a  problem. Al though the  f i r s t  separa t ion  may be c a r r i e d  o u t  t o  some 

ex ten t  w i t h  t h e  use o f  aqueous complexants, i t  i s  probably  more reasonable 

t o  t u r n  t o  another so l ven t  o r  t o  i o n  exchange if t h i s  separa t ion  i s  needed. 

B i f u n c t i o n a l  organophosphorus compounds have been proposed by 

S i d d a l l  . (58y59 )  H i s  s tud ies  i n d i c a t e  t h a t  these compounds ( f o r  example, 

methyl  ene d i  phosphonates) have some promise as e f f i c i e n t  e x t r a c t i o n  agents 

f o r  the  a c t i n i d e s .  They are, however, i n e f f e c t i v e  i n  d i s t i n g u i s h i n g  between 

a c t i n i d e s  and lan than ides  i n  t h e  absence o f  o t h e r  complexants. 

e Ac id  Organophosphorus Compounds -- Ac id  organophosphorus compounds, 

such as b i  s  (2 -e thy l  hexyl  ) phosphoric a c i d  and 1  -methyl hep ty l  phenyl phosphonic 

a c i d  cover  a  wide spectrum o f  s t r u c t u r e s ,  a c i d i t i e s  and o the r  p r o p e r t i e s  

and a re  e x c e l l e n t  candidates f o r  t h i s  p a r t i t i o n i n g  t ask .  L i k e  t h e  n e u t r a l  

es te rs ,  they  have been e x t e n s i v e l y  s tud ied  and used f o r  nuc lear  separat ions . problems. T h e i r  ve rsa t  i 1  i ty as metal  i o n  e x t r a c t a n t s  has been recognized 

f o r  many years.  A  decade ago, one- four th  o f  t he  papers a t  t h e  Solvent  

E x t r a c t i o n  Chemistry Symposium a t  Gat l inburg ,  Tennessee, were devoted t o  

t h e  s tudy and rev iew o f  these systems. Since then many d e t a i l e d  i n v e s t i g a t i o n s  

have proven t h e  usefu lness o f  t h e  a c i d  organophosphates and phosphonates f o r  

f i s s i o n  product  recovery and f o r  t ransuranium element recovery.  



As e a r l y  as 1957, workers a t  ANL po in ted  o u t  t he  a b i l i t y  of 

d i  (2 -e thy l  hexy l  ) phosphor ic a c i d  (HDEtiPA) t o  e x t r a c t  l an than ides  and 

a c t i n i d e s .  (60)  Systemat ic  s t u d i e s  by these workers showed t h a t  e x t r a c t a b i l  i t i e s  

o f  these two groups o f  meta ls  over lapped and t h a t  Am was s i m i l a r  t o  Pr .  (61 ) 

Demonstrat ion o f  l a n t h a n i d e  e x t r a c t i o n  was c a r r i e d  o u t  a t  Hanford by  Bray, (62 

Schul z, (63)  and Richardson. (64) The feed f o r  these s t u d i e s  was n e u t r a l i z e d  

Purex waste and hence was of l ow  a c i d i t y  and 2-3M i n  n i t r a t e  i o n .  - 

The a c i d  phosphates can be used a t  h i g h e r  a c i d i t i e s .  Michelson and 

Smu t z  (65)  us i ng  HDEHPA found a r e d u c t i o n  i n  e x t r a c t i o n  c o e f f i c i e n t  f o r  

l an than ides  of  about f i v e  on go ing f rom 1M t o  2M i n  e i t h e r  HN03 o r  HC1. ,4 - - 
min-irnum was reached a t  about  7M. Shaw and Bauer had p r e v i o u s l y  no ted  a 

s i m i l a r  e f f e c t  w i t h  cer ium.  ( 667  

Quresh i  and coworkers a t  t h e  Na t i ona l  Bureau o f  Standards s tud ied  t h e  

e x t r a c t i o n  of a number o f  elements o f  concern t o  t h e  p resen t  problem. (67)  

T h e i r  da ta  f o r  HDEHP e x t r a c t i o n  f rom HC1, HC104 o r  HF103 s o l u t i o n s  i n d i c a t e  

a number of problems. For  example, Tc e x t r a c t s  ve ry  p o o r l y  compared t o  Zr ,  

Nb and Mo. 

The c o e x t r a c t i o n  o f  t h e  l an than ide  and a c t i n i d e  groups has a l r e a d y  

been mentioned as a  p o t e n t i a l  problem f o r  p a r t i t i o n i n g .  A p o s s i b l e  s o l u t i o n  

t o  t h i s  i s  t h e  use o f  aqueous complexing agents.  These were employed by 

Bray and o t h e r s  i n  t h e  f i s s i o n  p roduc t  recovery  program (62)  and were more 

e x t e n s i v e l y  developed a t  ORNL i n  connect ion w i t h  t h e  t r ansp lu ton ium program. 

A wide v a r i e t y  of c a r b o x y l i c  ac ids  and polyamino c a r b o x y l i c  ac i ds  has been 

employed. (68) T h e i r  genera l  e f f e c t  i s  t o  reduce t h e  e x t r a c t a b i l  i t y  o f  t h e  

a c t i n i d e s  r e l a t i v e  t o  t h e  l an than ides  and t h e  scheme prov ides  a method o f  

separa t ing  Am and Cm by r e t a i n i n g  them i n  t h e  aqueous phase. Th i s  approach 

has been demonstrated i n  t h e  TALSPEAK (69)  process and o t h e r  work r e l a t e d  t o  

t h e  t r ansp lu ton ium p roduc t i on  program. K o l a r i k  and coworkers a t  Ka r l s ruhe  

have used t h e  same approach t o  remove Am and Cm f rom waste s o l u t i o n s .  (70 

One of t h e i r  concepts ( s i m i l a r  t o  t h e  TALSPEAK process) cou ld  be adapted t o  

so l ve  a t  l e a s t  p a r t  o f  t h e  p a r t i  t i o n i n n  problem. 'The procedure would be: 



(1 ) Lower t he  n i t r i c  a c i d  concent ra t ion  by decomposit ion w i t h  

formic ac id .  

( 2 )  Complex Zr ,  Fe, e t c . ,  w i t h  l a c t i c  a c i d  o r  o the r  ac ids .  

( 3 )  E x t r a c t  Am, Cm and lan than ides  w i t h  an organophosphorus ac id .  

(4)  Back-ext ract  Am and Cm w i t h  polyamino ac ids .  

A ve ry  l a r g e  amount o f  work has been done i n  t h i s  area and p u b l i c a t i o n s  

a re  f a r  t oo  numerous t o  l i s t .  Peppard has e x t e n s i v e l y  reviewed the  bas ic  . . 

e x t r a c t i o n  chemist ry  of t h e  var ious  organophosphorus ac ids. (53)  Ac ids 

o the r  than HDEHP may prove t o  have b e t t e r  s e l e c t i v i t y .  (71) 

The organophosphorus ac ids  cou ld  have a  s i g n i f i c a n t  r o l e  i n  t he  

p a r t i t i o n i n g  o f  r a d i o a c t i v e  wastes and may p o s s i b l y  be the best  candidates 

f o r  t h e  removal o f  Am and Cm. P a r t i t i o n i n g  o f  Sm f rom the o the r  Lanthanides 

may be achieved i f  s u f f i c i e n t  e x t r a c t i o n  stages a r e  employed. A l t e r n a t i v e l y ,  

another technique such as i o n  exchange cou ld  be used. The removal of t i n  

and technet ium may r e q u i r e  another approach. 

a Organic Amines -- Pu and Np a r e  e a s i l y  ex t rac ted  from a c i d  s o l u t i o n s  

by a l k y l  amines. The chemist ry  i s  w e l l  understood and a  m u l t i t u d e  of  

p u b l i c a t i o n s  have appeared s ince  Sheppard showed t h a t  the  hexan i t r a te  complexes 

o f  Np(1V) and PU( IV )  were e x t r a c t a b l e  w i t h  t r i o c t y l  amine. (72) 

On the  o t h e r  hand, the  t r i v a l e n t  a c t i n i d e s  and lan than ides  a re  ve ry  

poo r l y  ex t rac ted  from n i t r i c  a c i d  and o n l y  moderate ly  w e l l  from c h l o r i d e  

and s u l f a t e  systems. (73)  

The key f a c t o r  i n  these separat ions i s  t h a t  t he  an ion i c  complexes o f  

t h e  t r i v a l e n t  s ta tes  a r e  r e l a t i v e l y  weak and a  h i g h  s a l t i n g  s t r e n g t h  i s  

r equ i red .  Thus the  "Tramex" process f o r  t ransp lu ton ium elements requ i res  

concentrated L i C l  s o l u t i o n s .  (74! The recover ies  of Am and Crn appear good 

and the r e j e c t i o n  of Ru, Z r ,  and o the r  f i s s i o n  products  on s t r i p p i n g  the 

a c t i n i d e s  w i t h  HC1 i s  good. I t  i s  i n t e r e s t i ~ g  t o  no te  t h a t  n i c k e l  f o l l o w s  

Am and Cm. However, the  necess i t y  o f  conver t inq  from h inh  HF103 concent ra t ion  

t o  h igh  L i C l  concen t ra t i on  and the  a t tendant  l a r g e  new waste volumes make 

the  concept u n a t t r a c t i v e .  



Since amine ex t rac t ion  requi res  formation of an anionic complex of the  

metal ion,  a  search f o r  o the r  promising anions has been ca r r i ed  out .  The 
thiocyanate ion i s  f a i r l y  e f f e c t i v e .  (72,751 

Primary, secondary and t e r t i a r y  amines have been extens ive ly  employed 

f o r  ex t rac t ion .  Fewer s tud ies  have been made with quaternary amines. 

Moore found, however, t h a t  with the thlocyanate,  t h e  quaternary amine, 

t r i c a p r y l  methyl ammonium chlor ide  (TCMAN) was superior  t o  o the r  amines f o r  

Am e x t r a c t i o n . ( 7 5 )  I n  t h i s  system the  +3 a c t i n i d e s  e x t r a c t  considerably 

b e t t e r  than t h e  lanthanides.  

Kock found t h a t  TCMAN could be used t o  e x t r a c t  Am and Cm from ammonium 

n i t r a t e  sa l t ed  systems. (76)  

Technetium a s  the  TcOq' ion i s  r ead i ly  ext rac ted  by organic amines. 

Boyd and Larson (77)  reported good ex t rac t ion  with both t e r t i a r y  and 

quaternary amines. 

In summary, amines have a potent ial  appl ica t ion  f o r  pa r t i t i on ing  by - 
\ b .. c:*- solvent  e x t r a c t i o n .  The major disadvantage i s  the  high s a l t i n g  s t r eng th  

? ,! '.- > 
, . 

\ I .  . 
. >> required t o  form the  anion complex. The chlor ide  system i s  highly co r ros ive ,  
' .. ..';. * 

1.' <-.I, 5 
and the  s u l f a t e  system adds waste volume. In order  t o  avoid these  problems 

', <.;: 
. . , . .  an aqueous phase which can be decomposed (such a s  ammonium n i t r a t e )  would 

,< - 
~ .. . . .  have t o  be employed. 

Actinides genera l ly  have higher ex t rac t ing  c o e f f i c i e n t s  than lanthanides .  

As with the  phosphorus-based so lvents ,  i t  may be necessary t o  add o ther  

complexants t o  suppress the  ext rac t ion  of o ther  f i s s i o n  products.  

0 Chelating Extrac tants  -- The acid organophosphorus compounds and, 

perhaps, the  neutral  phosphorus compounds previously discussed,  form 

bidendate complexes and hence could be considered chela t ing  e x t r a c t a n t s .  

For the present  d iscuss ion ,  however, t h i s  c l a s s i f i c a t i o n  i s  reserved f o r  

organic compounds containing a t  l e a s t  two o ther  atoms ( C - C ,  C - N ,  e t c . )  

between the  e lec t ronegat ive  atoms forming the metal bond. The @-diketones 

a r e  good examples and a r e  perhaps the most widely s tudied f o r  nuclear 

appl i c a t  ions.  By using these  with thenoyl t r i  f l  uoroacetone, (HTTA)  , 
Pu(1V) and Np( I \ i )  can be ext rac ted  from moderately strong ac id .  I f  t h e  pH 

i s  ra ised  t o  about 3.5, Am and Cm can be ex t rac ted .  



Because of t h e  h i g h  s e l e c t i v i t y  o f  c h e l a t i n g  reagents,  t h e  development 

and s tudy  o f  these compounds has been l a r g e l y  d i r e c t e d  towards a n a l y t i c a l  

chemist ry .  I n  a d d i t i o n  t o  t he  d iketones,  many o t h e r  c lasses o f  c h e l a t i n g  

reagents can be i d e n t i f i e d .  They i n c l u d e  hyd roxyqu ino l i n  d e r i v a t i v e s ,  

dioximes and acy l  oximes, n i t rosopheno ls ,  hydroxa~nic ac ids ,  th iocarbazone 

d e r i v a t i v e s ,  and numerous o the rs .  

The g r e a t  p o t e n t i a l  of c h e l a t i n g  so lven ts  l i e s  i n  t h e  wide range o f  

p r o p e r t i 2 s  such as a c i d  s t r eng th ,  s o l u b i l i t y ,  s t e r i c  hindrance, and na tu re  

o f  t h e  coo rd ina t i ng  atoms t h a t  a r e  a v a i l a b l e  as a  r e s u l t  o f  v i r t u a l l y  

u n l i m i t e d  p o s s i b i l i t i e s  i n  mo lecu la r  s t r u c t u r e .  

Meta l  che la tes  a r e  no rma l l y  n e u t r a l  compounds and need no f u r t h e r  

s o l v a t i o n  f o r  e x t r a c t i o n  i n t o  t h e  o rgan ic  phase. However, a t  l e a s t  two 

poss ib l e  m o d i f i c a t i o n s  o f  che la te  e x t r a c t i o n  can be recognized: ( 1 )  
s o l v a t i o n  o f  t h e  n e u t r a l  c h e l a t e  s a l t  by a  s t r o n g l y  p o l a r  so l ven t  such as 

TBP and (2 )  f o rma t i on  o f  a n i o n i c  che la te  complexes which i n  t u r n  form i o n - p a i r  

complexes w i t h  o rgan ic  amines. Few examples o f  t h e  l a t t e r  case have been 

repor ted;  however, t h e  a n i o n i c  complexes themselves have been e x t e n s i v e l y  

s tud ied  i n  l a s e r  chemis t ry .  I n  e x t r a c t i o n ,  t h e  compe t i t i on  o f  t he  reagent  

i t s e l f  f o r  t h e  amine o f t e n  i n t e r f e r e s .  The p o l a r  so l ven t  m o d i f i c a t i o n  i s  

ve ry  common and o f t e n  leads t o  enhanced e x t r a c t i o n  o r  a  s y n e r g i s t i c  e f f e c t .  

The d i v i d i n g  l i n e  between what some au thors  descr ibe  as s imple so l ven t  

e f fec ts  and o the rs  as synergism i s  r a t h e r  fuzzy. For  example, t h e  

e x t r a c t i o n  of Am(I I1)  and E u ( I I 1 )  by 0.1M d i b u t y l  phosphate (HDEP) i n  a  

v a r i e t y  of  o t h e r  so l ven t s  (termed "d i  l u e n t s "  by some workers)  showed 
5 

d i s t r i b u t i o n  f a c t o r s ,  E:, f o r  Eu which v a r i e d  by a  f a c t o r  o f  10 and a  

separa t ion  f a c t o r ,  E ~ ( E u ) / E ~ ( A ~ )  which v a r i e d  over  a  range f rom 20 i n  

CHC13 t o  2 i n  hexanol.  (78) 

The TTA-TBP system has rece ived  cons iderab le  a t t e n t i o n .  Healy found 
4 

d i s t r i b u t i o n  r a t i o s  f o r  Am i n  t h i s  system t h a t  v a r i e d  f rom >10 t o  l e s s  

than 1.0 as t h e  d i l u e n t  was v a r i e d  f rom hexane t o  CC14, t o  benzene, t o  

CHC1 3. ( 7 9 )  Davis, Hol t and Tou rn ie r  have examined t h e  a c t i n i d e - l a n t h a n i d e  

separa t ion  problem us ing  t h i s  system. (80) They worked w i t h  low concent ra t ions  

o f  HTTA and TBP i n  kerosene, -0.01 t o  0.1M - f o r  each reagent,  and found 



d i s t r i b u t i o n  c o e f f i c i e n t s  t h a t  ranged from about 0.002 t o  20 w i t h  e s s e n t i a l l y  t h e  

sane o rde r  as was found f o r  t h e  pure TBP system, i . e . ,  Sm>Am, Cm, Nd>Pr>Ce, 

La. I n  agreement w i t h  o t h e r  workers t hey  suggested t h e  complex t o  be meta l  

(TTA)3(TBP)2. 

The combinat ions o f  c h e l a t i n g  an ions and p o l a r  so l ven t s  a r e  t o o  numerous 

t o  7 i s t .  Many o f  t h e  systems have been i n v e s t i g a t e d  i n  cons iderab le  d e t a i l ,  

com?lexing cons tan ts  a r e  known, and so l ven t  d i s t r i b u t i o n  da ta  a re  a v a i l a b l e .  

l h i s  t ype  o f  sol.vent e x t r a c t i o n  i s  wor th  f u r t h e r  cons ide ra t i on  s ince  h igh  

e x t r a c t i o n  c o e f f i c i e n t s  and h igh  s e l e c t i v i t y  a re  bo th  i n h e r e n t l y  poss ib l e .  

Many o t h e r  s o l v e n t  e x t r a c t i o n  reagents  can and should be considered. 

To i n d i c a t e  t h e  wide cho ice  o f  types a v a i l a b l e ,  a  few examples can be l i s t e d :  

su l f on i c  ac ids,  analogs o f  organophosphorus compounds such as phenylarsonium 

deu i va t i ves ,  o t h e r  oxygen-conta in ing compounds such as ketones and po lye thers ,  

su7 fu r  analogs o f  t h e  oxygen-conta in ing compounds, n i t r ogen -con ta in i ng  

conpounds such as amides and hydroxamic ac ids ,  and t h e  m u l t i t u d e  o f  o t h e r  

o raan ic  a n a l y t i c a l  reagents.  

B.1.5 Summary o f  Solvent  E x t r a c t i o n  Review -- Th i s  p r e l i m i n a r y  survey 

af so l ven t  e x t r a c t i o n  i n d i c a t e s  t h a t  t h e  approach can be used t o  accomplish 

the p a r t i t i o n i n g  and/or f r a c t i o n a t i o n  t h a t  m igh t  be needed. E x t r a c t i o n  o f  

t h e  a c t i n i d e s ,  Sm, Tc and probably  Sn, can be achieved. T racer  exper iments 

9a.ve shown t h a t  t he  concent ra t ions  can be reduced t o  low l e v e l s  a t  l e a s t  

f o r  t h e  a c t i n i d e s ,  and convent iona l  techniques employing m u l t i s t a g e  e x t r a c t i o n  

shnul d accompl i s h  t h e  des i r ed  degree o f  removal and separa t ion  ( p r e s e n t l y  

unde f ined) .  However, s e l e c t i v i t y  t o  p rov ide  a  smal l  package o f  these 

elements has n o t  been adquate ly  demonstrated. Compl icat ions f rom r a d i a t i o n  

daqage t o  t h e  so l ven t  a re  o f  some concern, a l though f o r  a  ten-year-cooled 

waste these do n o t  appear ser ious  a t  f i r s t  cons ide ra t i on .  C a p a b i l i t y  t o  do 

th?  p a r t i t i o n i n g  w i t h o u t  producing major  new waste streams which a r e  e i t h e r  

con tan ina ted  w i t h  t h e  problem elements o r  so l a r g e  i n  volume such t h a t  t hey  

c r e a t e  new s to rage  problems remains t o  be demonstrated. 



This review has generally assumed t h c t t  waste which has been stored in 

the ( n i t r i c )  acid form would be the feed for  solvent extraction.  From a 
materials standpoint, t h i s  i s  the preferred s i tuat ion.  Even though the 
wastes might be stored for  an interim period as  l igh t ly  calcined sol ids ,  

as suggested by Rupp, they can be reconverted t o  n i t ra tes .  On the other 

hand, other acid systems should n o t  be ruled out a t  t h i s  time. 

Although the long-lived hazardous elements probably can be removed by 

solvent extraction,  there i s  no cer ta inty a t  present that  the sharpness of 

separation required can be met w i t h  a simple flowsheet and without producing 

an excessive amount of new waste. Research i s  required t o  determine the 

best solvents t o  make the separations a t  the desired points. A several-step 

process possibly involving several di f ferent  solvents may be required. A 

logical approach i s  to  follow one or more solvent extraction steps with 

another technique such as ion exchange. Nickel may be a special problem 

and every attempt should be made t o  keep i t  out of the feed. 

B . 2  Ion Exchange 

Ion exchange processes have been used extensively for  nuclear separations. 

As with solvent extraction,  there i s  extensive l i t e r a tu re  and experience. 

Also, however, as for  solvent extraction,  use of ion exchange technology 

specif ical ly  to par t i t ion high-level waste has not been explored. B u t  
previous work has included investigation of ion exchange as a method to 

i so la te  the elements of concern fo r  parti t ioning. 

0.2.1 AnionExchange 

B.2.1.1 - Primary Processes 

a Neptunium and Plutonium -- Soluble Pu and Np can both be 

removed d i rec t ly  from typical high-level waste by anion exchange. Anion 

exchange absorption of both Pu(1V) and Np(1V) i s  very e f f i c i en t  i n  the n i t r a t e  

concentration range expected (%8M-) for  these wastes. Since Np would be expected 
+ 

to be present in typical waste (3E H and 28M - ~ 0 ~ ~ )  as #p(V), reduction to  

Np(IV) would be required. Processes have been devised to  recover N p  from 

nuclear processing wastes and these have used ferrous sulfamate followed by 



heat  k i l l ,  (82) fe r rous  su l famate and h y d r a ~ i n e , ' ~ ~ )  o r  n i t r i t e  (84) as 

reduc ing  aqent f o r  Np. With t h e  fe r rous  sulfamate-heat k i l l  and n i t r i t e  

methods, Np and Pu a r e  co-absorbed. Ferrous sulfamate i s  p robab ly  n o t  the  

most d e s i r a b l e  as reduc tan t  because i t  adds t o  t he  t o t a l  waste. N i t r i t e  

( o r  NO2) does n o t  comple te ly  reduce Np(V) a t  t he  a c i d i t y  o f  t h e  t y p i c a l  

waste. There a r e  undoubtedly severa l  reduc ing  agents (o rgan i cs ) ,  e t c . ,  

which would reduce Np and n o t  add permanent components t o  the  waste, and 

some research would be i nvo l ved  i n  making t h e  b e s t  cho ice .  Wi th  t he  proper  

choice o f  reduc tan t ,  p o s s i b l y  f o l l owed  by heat  k i l l ,  s imultaneous abso rp t i on  

of bo th  Np and Pu would be no r e a l  problem i n  t he  absence o f  h i g h  r a d i a t i o n  

1  eve1 s. 

Snyder 183) has r e p o r t e d  t h a t  w i t h  h i g h  r a d i a t i o n  l e v e l s  and moderate ly  

low a c i d  waste (,%3M - was assumed as t y p i c a l  here)  i t  i s  somewhat d i f f i c u l t  t o  

ma in ta i n  neptunium o x i d a t i o n  c o n t r o l  s u f f i c i e n t l y  w e l l  t o  produce low waste 

losses  i n  Np recovery  by an ion exchange. He found t h a t  a  m i x t u r e  of f e r r o u s  

su l famate and hydraz ine  performed t h i s  f u n c t i o n  s a t i s f a c t o r i l y .  Since t h i s  

m i x t u r e  has been used i n  n i t r i c  a c i d  systems t o  min imize the  abso rp t i on  o f  

Pu and t o  e l u t e  i t  from t h e  resin,(85i  t h e r e  i s  some ques t ion  as t o  whether 

bo th  Np and Pu cou ld  be co-absorbed and research would be necessary t o  

determine how bes t  t o  do t h i s .  Both Np and Pu cou ld  be absorbed sepa ra te l y  

i f  m a i n t a i n i n g  them s imu l taneous ly  i n  t h e  t e t r a v a l e n t  s t a t e  and co-absorbing 

them d i d  n o t  prove f e a s i b l e .  Some work would be needed t o  determine t he  

optimum reduc ing  agent t o  use and t o  determine whether Np and Pu can be 

co-absorbed. 

The anion exchange abso rp t i on  o f  Pu(1V) has been thorough ly  s tud ied  and 

t h e  e f f e c t s  of process v a r i a b l e s  a r e  known. (86) The concentrated waste i s  

expected (on t h e  bas i s  o f  100 ga l l ons  o f  waste per  t o n  o f  f u e l )  t o  be about 

2 g / g  i n  Np, and a t  t h i s  concen t ra t i on  h i g h  r e s i n  l oad ings  would occur .  

Idowever, t h e  feed may have t o  be cons ide rab l y  more d i l u t e  than t h i s  because 

s o l i d s  fo rmat ion  may l i m i t  t h e  evapora t ion  t o  waste volumes more than 100 

q a l / t o n .  A t  a  concen t ra t i on  o f  2 g  Np/e  o r  even a t  o n l y  0.2 g/a, t h e  

c a p a c i t y  o f  t h e  r e s i n  w i l l  reasonably be o f  t h e  o rder  o f  50 t o  60 g 

N p j l i t e r  o f  r e s i n  w i t h  abso rp t i on  of 99 t o  99.9% o f  t h e  Pllp on t he  bas i s  o f  



2 g/a of feed (380 2 waste/ton of f u e l )  t h i s  amounts t o  25 t o  30 bed volumes 
of feed.  The degree of removal of Np and Pu  by fu r the r  cycles of anion 
exchange wil l  of course depend on the  amount of feed fed t o  the column. 
For removal of 99% of the Np and P u  per anion exchange cycle a t  low Pu and 

Np feed concentrat ions,  feed volumes of about 200 column volumes can probably 

be used b u t  experimental runs will  be needed t o  es tab l i sh  the optimum feed 
volume and DF per cycle.  

On the  bas is  of feeding wastes concentrated t o  380 al ton d i r e c t l y  t o  

anion exhange columns a f t e r  ten years cooling, the  useful l i f e  of the  res in  
would be expected t o  be of the order of 200 t o  400 hours of actual feed 
contact .  Discard of used res in  should not be too severe a  problem s ince  

the res in  i s  an organic material of r e l a t i v e l y  low ash content.  

One advantaqe of anion exchange f o r  recovery of Np and Pu  i s  t h a t  they 
a r e  eluted from the res in  with a  l a rge  concentration fac to r  over the  feed 

(-100 f o r  d i l u t e  feeds)  by 10.5M - HN03. The product can then be concentrated 
readi ly  much f u r t h e r  by evaporation. Another advantage i s  t h a t  the  process 
i s  very spec i f i c  f o r  Np and Pu and they a r e  well separated from f i s s i o n  

products. The chief disadvantage i s  t h a t  Am and Cm a r e  not recovered. 

Although Am and Cm absorb t o  some extent  from some highly sa l ted  n i t r a t e  
solut ions ,  the  d i s t r ibu t ion  coef f i c ien t s  a r e  only high enough t o  be of any 
possible value in Plg2+, A I ~ ' ,  ~ i ' ,  and l4i2' n i t r a t e s .  (87) Even with these 

n i t r a t e s ,  i t  i s  questionable whether the  d i s t r ibu t ion  coef f i c ien t s  a r e  high 

enough to  make an e f f i c i e n t  process. The absorption of Am and Cm (a1 ong 

w i t h  a l l  lanthanides)  from such highly sa l t ed  solut ions  a l s o  requires very 
low a c i d i t i e s  (88-90) and the  reduction of Np to  Np(1V) may be d i f f i c u l t  under 
such condit ions.  There may be no advantage t o  removing Pu and Np by anion 
exhange i f  Am and Cm a r e  t o  be removed by a  solvent extract ion process 

t h a t  would a l so  e x t r a c t  Pu  and Np. 

e Americium and C u r i u m  -- As mentioned above, t r i v a l e n t  

 actinide^'^^'^^^) a s  well as  t r i v a l e n t  l a n t h a n i d e ~ ( ~ * . ~ ~ )  absorb on anion 

exchange res ins  from highly s a l t e d ,  low acid ,  n i t r a t e  solut ions .  Of the 

various metal n i t r a t e s  t h a t  have been studied,(88) i t  appears t h a t  only 



i n  ~i', ~ 1 ~ ' .  M ~ " ,  and ~i*' n i t r a t e s  a r e  d i s t r i b u t i o n  c o e f f i c e n t s  h i g h  

enough t o  be even considered. Even w i t h  these n i t r a t e s ,  d i s t r i b u t i o n  

c o e f f i c i e n t s  a re  low (<500) and o n l y  moderate ly  smal l  volumes of feed can 

be processed be fo re  app rec iab le  breakthrough.  

Th i s  method has been used f o r  t h e  recovery of Am, Cni, and o the r  

t r i v a l e n t  a c t i n i d e s  from p lu ton ium process wastes generated by t h e  removal 

o f  p lu ton ium from s o l u t i o n s  o f  i r r a d i a t e d  Pu-A1 a l l o y .  (94,951 ~h~ 
absorp t ion  k i n e t i c s  a re  poor, and low f l o w  r a t e s  and r e s i n s  o f  smal l  p a r t i c l e  

s i z e  a re  requ i red .  F a i r l y  h i gh  pressure drops occur w i t h  t h e  v iscous 

s o l u t i o n s .  Because of t h e  r e l a t i v e l y  poor d i s t r i b u t i o n  c o e f f i c i e n t s ,  n o t  

more than  15 column volumes o f  feed can be processed per  c y c l e .  Decontaminat ion 

f a c t o r s  f rom i r o n  and f i s s i o n  p roduc ts  o t h e r  than lan than ides  a re  moderate ly  

h igh .  The des i red  low a c i d i t y  can be ob ta ined  by t h e r m a l l y  evapora t ing  t he  

feed t o  140°C t o  remove HN03 fo l l owed  by d i l u t i o n  back t o  2.6M - A1 (N03)3. 

A p p l i c a t i o n  o f  t h i s  process t o  t h e  c u r r e n t  problem would r e q u i r e  

a d d i t i o n  of A1(N03)3 o r  another n i t r a t e  such as LiN03, thermal removal o f  

HN03, and d i l u t i o n .  The c h i e f  disadvantage o f  t h e  process, o t h e r  than t h e  

r e l a t i v e l y  low e f f i c i e n c y  and process problems descr ibed above, i s  t h e  f a c t  

t h a t  t h a t  the process r e q u i r e s  t h e  a d d i t i o n  o f  a  q u i t e  cons iderab le  amount o f  

n i t r a t e  s a l t s  t o  t h e  waste. It i s  a lmost  c e r t a i n  t h a t  t h e  s o l i d s  con ten t  

of t h e  waste would be increased s e v e r a l - f o l d  by such a process. 

It has been shown t h a t  an ion exchange r e s i n s  absorb t h e  t r i v a l e n t  

lan than ides  and a c t i n i d e s  s t r o n g l y  f rom m ix tu res  o f  many o rgan ic  so l ven t s  

w i t h  n i t r i c  ac i d .  (96-98) Americium d i s t r i b u t i o n  c o e f f i c e n t s  (Kg)  o f  as 

h i g h  as 6,000 have been observed i n  90 v /o  ethanol -10% 55j HH03 (aq.). (98)  

T h i s  method has been app l i ed  t o  separat ions on a t r a c e r  sca le  
(96,97,99) 

b u t  n o t  on a macro sca le .  Date on absorp t ion  k i n e t i c s  a re  comple te ly  l a c k i n g  

b u t  un less k i n e t i c s  a r e  ext remely  poor, good r e s i n  l oad ing  would be expected 

on t h e  bas i s  o f  t h e  d i s t r i b u t i o n  data.  Use o f  a  mixed so l ven t  system would 

avo id  many o f  t h e  disadvantages o f  t h e  meta l  n i t r a t e  system (e.g., v i s c o s i t y ,  

low d i s t r i b u t i o n  c o e f f i c i e n t s ,  and a d d i t i o n  o f  permanent components t o  t he  

waste) b u t  would c e r t a i n l y  c r e a t e  some problems o f  i t s  own. Many o f  t h e  



solvents a r e  flammable, although some tha t  have been studied are  perhaps 

not highly so. Resin s t a b i l i t y  fo r  prolonged use in such solvents, radiation 
s t a b i l i t y ,  e f fec t s  of degradation products, s a l t  so lub i l i t i e s  in the mixed 

solvents, separation factors  in the mixed solvents, and as mentioned, 

absorption kinet ics ,  would a1 1 have to  be determined before the f ea s ib i l i t y  
of such a  process could be defined. 

Technetium -- Technetium i s  absorbed strongly on anion exchange 

resins as the pertechnetate ion, Tc04-. I t  does not absorb to  any appreciable 
extent from strong n i t r i c  acid solutions b u t  does absorb strongly from d i lu t e ,  

\O.lM, - n i t r i c  acid. ('0°) I t  i s  also known that  Tc absorbs well from neutral 
or basic solutions even though these are  h i g h  (%8M) - in n i t r a t e  and n i t r i t e  

and t h i s  fac t  i s  the basis for  a  method for  the recovery of Tc from alkaline 
high-1 eve1 wastes. ( I o 1  ) Distribution coefficent data have not been measured 
for  Tc as a  function of pH and n i t r i t e  and n i t r a t e  concentration. Because 

of t h i s ,  i t  i s  not known whether Tc can be loaded from low acid-high n i t r a t e  

solutions. I t  has been reported 02) that  one Russian-made anion exchange 

resin will absorb Tc from low acid as well as neutral or basic high n i t r a t e  

solution. With a lkal ine Hanford wastes, u p  t o  50 column volumes of solution 

could be passed through a  column without s ignif icant  Tc breakthrough. This 

value would be smaller under conditions of h i g h  Tc feed concentration and 

1 imi ted resin capacity. There are  reports ( I o 3 )  tha t  Rh  and Pd also load 
to  an appreciable extent from Hanford alkal ine wastes. The natures of the 

Rh and Pd species loading are  not known, b u t  they are probably n i t r i t e  

complexes of some type. I t  appears l ike ly  tha t  the Rd and P d ,  b u t  not T c ,  

behavior i n  freshly neutralized feeds m i g h t  be qui te  dif ferent .  Because of 

the limited amount of information on Tc anion exchange in n i t r a t e  media, 

considerable research would be needed t o  optimize the process and determine 
i t s  efficiency for  Tc removal. 

B.2.1.2 Secondary Processes: Trivalent Actinide-Lanthanide 

e Partitioning -- I n  addition t o  anion exchange processes 

direct ly  applicable t o  n i t r a t e  waste solution,  there a r e  processes tha t  a re  

applicable t o  the separation of t r iva len t  act in id?^, i n  t h i s  case Am and C m ,  



f rom l a n t h a n i d e  e lements  a f t e r  b o t h  groups have been removed f rom t h e  waste.  

Because o f  t h e  amount of l a n t h a n i d e s  p r e s e n t  (abou t  o n e - t h i r d  of t h e  t o t a l  

f i s s i o n  p r o d u c t s )  t h i s  s e p a r a t i o n  i s  cons ide red  necessary .  

e L i C l  An ion Exchange -- Anion exchange i n  c o n c e n t r a t e d  L i C l  

s o l u t i o n  a l l o w s  a  group s e p a r a t i o n  i n  wh ich  t h e  a c t i n i d e s  a r e  absorbed and 

t h e  l a n t h a n i d e s  a r e  n o t  a p p r e c i a b l y  absorbed. (104-106) T h i s  process has o f t e n  

been used f o r  a n a l y t i c a l  s e p a r a t i o n s  and has been used on a  r e l a t i v e l y  l a r g e  

(mu1 t i g r a m )  s c a l e  f o r  t h e  s e p a r a t i o n  o f  t r a n s p l  u ton ium a c t i n i d e s  f rom f i s s i o n  

p r o d u c t  l a n t h a n i d e s .  ( 1  07-1 10)  

The method, as developed and used a t  ORNL (108-110) f o r  mu1 t i g r a m  

q u a n t i t i e s ,  c a l l s  f o r  l o a d i n g  t h e  a c t i n i d e s  from 12.5M - LiCl-O.1M - HCl a t  80°C 

o n t o  n o t  more than  t h e  t o p  20% ( 4  t o  15 g /a  o f  r e s i n  average l o a d i n g )  o f  

a  column o f  Dowex 1, X-10 (200-300 mesh). N i c k e l  and l a n t h a n i d e s  a r e  

washed o f f  w i t h  10M - LiC1-O.1M - NH40H-HC1-5 v /o  CH30H u n t i l  a l p h a  a c t i v i t y  i n  

t h e  e f f l u e n t  i n c r e a s e s  ( 5  t o  8 column d isp lacement  volumes).  I f  no s e p a r a t i o n  

o f  t r a n s p l u t o n i u m  a c t i n i d e s  i s  d e s i r e d ,  t h e  a c t i n i d e s  a r e  e l u t e d  w i t h  8M - HC1 

wh ich  leaves  F e ( I I I ) ,  U ( V I ) ,  e t c . ,  on t h e  column t o  be e l u t e d  w i t h  d i l u t e  HC1. 

The purpose o f  t h e  methanol  i s  t o  e l i m i n a t e  t h e  r a d i o l y t i c  d e s t r u c t i o n  o f  HC1 

and t o  marked ly  reduce g a s s i n ? .  ( ' I 1  ) T h i s  method has a l s o  been used a t  

K a r l  s ruhe.  , '12) A  s i m i l a r  method has been used f o r  t h e  p u r i f i c a t i o n  o f  
2 4 ' ~ m . ( 1 1 3 )  Because t h e  poor  a b s o r p t i o n  k i n e t i c s  n e c e s s i t a t e  l o w  f l o w  r a t e s ,  

e l e v a t e d  tempera tu re  o p e r a t i o n ,  and f i n e  mesh r e s i n ,  t h e  use o f  e x t r e m e l y  

f i n e  mesh r e s i n  w i t h  v e r y  h i g h  p r e s s u r e  f e e d  has been s u c c e s s f u l l y  t e s t e d .  ( 1  14) 

T h i s  method o f  s e p a r a t i o n  o f  Am and Cm f r o m  l a n t h a n i d e  f i s s i o n  p r o d u c t s  

possesses t h e  e x t r e m e l y  severe d isadvantages of b e i n g  v e r y  c o r r o s i v e  t o  

process equipment and o f  g e n e r a t i n g  a  l a r g e  amount o f  v e r y  c o r r o s i v e  h i g h  

s a l t  waste.  The s e v e r i t y  o f  these  problems i s  such as t o  p r o b a b l y  make i t s  

use f o r  t h e  p r e s e n t  purpose i m p r a c t i c a l  

0 Th iocyana te  An ion  Exchange -- A group s e p a r a t i o n  between 

t r i v a l e n t  a c t i n i d e s  and l a n t h a n i d e s  i s  a l s o  p o s s i b l e  b y  an ion  exchange i n  

t h i o c y a n a t e  s o l u t i o n .  (115-117) T h i s  t e c h n i q u e  has been a p p l i e d  t o  macro-sca le  
(118y119) The method c o n s i s t s  o f  l o a d i n g  s e p a r a t i o n  and p u r i f i c a t i o n  o f  Am. 

t h e  Am p l u s  l a n t h a n i d e s  from 5-81? NH4SCN feed (p repared  b y  e l u t i o n  o f  Am, e t c .  



f rom c a t i o n  exchange r e s i n ) ,  washing w i t h  5-8M - NH4SCN u n t i l  a l l  l an than ides  

a re  removed and e l u t i n g  Am w i t h  d i l u t e  HC1. Since lan than ides  l oad  onto t h e  
r e s i n ,  t h e  resin-to-Am r a t i o  needed w i l l  depend on t h e  lanthanide-to-Am 

r a t i o .  For a  lanthanide-to-Am r a t i o  of about 300 t o  1, about 20 m l  o f  r e s i n  

per  gram of lan than ide  i s  r equ i red  f o r  good sepa ra t i on . ( l 18 )  No s tud ies  o f  
t h e  anion exchange k i n e t i c s  have been made, bu t  i t  has been noted t h a t  low 

f l o w  r a t e s  are necessary ( a t  l e a s t  w i t h  50-100 o r  100-200 mesh X-8 o r  X-10 

r e s i n ) .  (119) 

A very  ser ious  disadvantage o f  t h i s  method i s  t h a t  th iocyanate i s  n o t  

very  s t a b l e  toward r a d i o l y t i c  decomposit ion. It w i l l  form f r e e  s u l f u r .  The 

i n s t a b i l  i ty i s  so severe t h a t  i t  has n o t  proven poss ib le  t o  p u r i f y  2 4 4 ~ m  by 

t h i s  rou te .  ( '19)  Because o f  t h i s ,  i t  appears doubt fu l  t h a t  t he  method would 

be usable f o r  t h e  c u r r e n t  a p p l i c a t i o n  even w i t h  ten-year-cooled m a t e r i a l .  

B.2.2 Cat ion Exchange 

Cat ion exchange absorp t ion  of metal  i ons  does n o t  e x h i b i t  the  very  h i g h  

s e l e c t i v i t y  o f t en  found f o r  an ion exchange processes. Cat ion exchange 

s e l e c t i v i t y  i s  based t o  a  l a r g e  ex ten t  on i o n i c  charge and thus separat ions 

of,  f o r  example, monovalent meta ls  f rom t r i v a l e n t  meta ls  are f e a s i b l e .  

Separat ion o f  i n d i v i d u a l  i ons  o f  s i m i l a r  charge i s  normal ly  c a r r i e d  o u t  on 

c a t i o n  exchange r e s i n s  by us ing  complexing agents having d i f f e r e n t  tendency 

t o  complex t h e  metal ions  being separated and us ing t he  r e s i n  s imply  as a  

ho ld ing  o r  r e t a r d i n g  agent f o r  t h e  metal ions .  

Since t h e  lan than ides  represent  about one - th i r d  o f  the  t o t a l  mass o f  

f i s s i o n  products,  a  separa t ion  o f  Am and Cm from the  lan than ides  appears 

des i rab le .  Cat ion exchange processes f o r  separa t ion  o f  ad jacent  lan than ides  

and t r i v a l e n t  a c t i n i d e s  a re  we l l  developed f o r  bo th  a n a l y t i c a l  separat ions 

and process-scale separat ions.  A l l  o f  these methods c o n s i s t  o f  t he  

absorp t ion  o f  t h e  metal i ons  on a  c a t i o n  exchange r e s i n  f o l l owed  by e l u t i o n  

down a  l e n g t h  o f  r e s i n  bed by a  complexing agent. The separa t ion  i s  achieved 

because o f  d i f f e r e n c e s  i n  t h e  s t reng th  o f  t h e  complexes formed w i t h  the  

. d i f f e r e n t  metal  ions .  Complexing agents which have been used i nc lude  c i t r a t e ,  

l a c t a t e ,  a1 pha-hydroxybutyrate,  g l y c o l  l a t e ,  polyaniino carboxy l  i c  ac ids,  and 

o thers .  Among t h e  more des i rab le  o f  t he  e l u t i n g  agents because of t h e  h igh  

separat ion f a c t o r s  obta ined are  t h e  var ious  po l  yam i n o  carboxy l  i c  ac ids .  I n  



p a r t i c u l a r ,  diethylenetriamine-pentaacetic a c i d ,  (DTPA), shows good promise 

f o r  t h e  s e p a r a t i o n  o f  Am and Cm from f i s s i o n  p r o d u c t  r a r e  e a r t h s .  ( l 2 0 )  

S ince b o t h  s e p a r a t i o n  e f f i c i e n c y  and r e a g e n t  c o s t s  va ry ,  o t h e r  po lyamino 

c a r b o x y l i c  a c i d s  should,  of course,  be cons ide red .  For  a n a l y t i c a l  s e p a r a t i o n s  
( t r a c e r  l e v e l s )  t h e  pH o f  t h e  complex ing e l u t r i a n t  i s  a d j u s t e d  such t h a t  t h e  

v a r i o u s  m e t a l s  a r e  separa ted  i n t o  w ide ly -spaced r e l a t i v e l y - n a r r o w  bands upon 

e l u t i o n  down t h e  r e s i n  column. Fo r  s e p a r a t i o n  of v e r y  sma l l  macro amounts, 

t h i s  t e c h n i q u e  i s  a l s o  f e a s i b l e ,  b u t  f o r  mu l t i g ram,  and p a r t i c u l a r l y  f o r  t h e  

m u l t i - k i l o g r a m  s e p a r a t i o n s  necessary  here ,  t h e  use o f  a  r e t a i n i n g  i o n  t o  

compress and h o l d  t h e  bands a d j a c e n t  t o  one a n o t h e r  i s  mandatory t o  a v o i d  

p r o h i b i t i v e  r e s i n  i n v e n t o r y .  

C a t i o n  exchange s e p a r a t i o n  and p u r i f i c a t i o n  o f  Am and Cm f rom l a n t h a n i d e  

s s i o n  p r o d u c t s  u s i n g  DTPA has been done on a  m u l t i g r a m  s c a l e .  (120) I n  t h e  

.PA e l u t i o n  sequence u s i n g  zn2+ as a  r e t a i n i n g  i o n ,  Am and Cm e l u t e  between 

Gd and t h e  Zn r e t a i n i n g  i o n .  Separa t ion  f r o m  t h e  l a n t h a n i d e s  h e a v i e r  t h a n  

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

v e r y  smal l  amounts. The r a t i o  o f  Am p l u s  Cm t o  l a n t h a n i d e s  above Gd i s  

abou t  55. On t h e  o t h e r  hand, t h e  r a t i o  o f  Am + Cm t o  t o t a l  l a n t h a n i d e s  i s  

& b o u t  0.016. Even Gd i s  expected t o  be p r e s e n t  o n l y  t o  an e x t e n t  about  equa l  

t o  Am p l u s  Cm so t h a t ,  depending upon t h e  p lanned d i s p o s i t i o n  o f  t h e  Am and 

Cm, i t  m i g h t  be p o s s i b l e  t o  s p l i t  t h e  e l u t i o n  f r a c t i o n s  i n  such manner a s  t o  

l e a v e  t h e  Am-Cm f r a c t i o n  contaminated w i t h  some Gd t o  m i n i m i z e  t h e  a c t i n i d e  

c o n t a m i n a t i o n  o f  l a n t h a n i d e  f r a c t i o n s .  I n  f a c t ,  i f  Sm removal i s  a l s o  

cons ide red  necessary,  two f r a c t i o n s  m i g h t  be c o l l e c t e d .  One would be 

r e l a t i v e l y  pu re  Am-Cm and t h e  o t h e r  c o u l d  be Sm p l u s  Eu and Gd (wh ich  

c o n s t i t u t e  o n l y  abou t  30 p e r c e n t  o f  t h e  mass o f  t h e  Sm). T h i s  f r a c t i o n  

would c o n t a i n  o n l y  t r a c e s  o f  Am-Cm. The l i g h t e r  l a n t h a n i d e s  shou ld  be 

e x t r e m e l y  f r e e  of Am-Cm. 

Advantages o f  c a t i o n  exchange s e p a r a 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  

i n  t h i s  manner i n c l u d e  l a c k  o f  c o r r o s i o n  problems and l a c k  o f  a d d i t i o n  of 

s i g n i f i c a n t  amounts o f  permanent components ( m e t a l l i c  s a l t s )  t o  t h e  waste .  

It m i g h t  p rove  d e s i r a b l e  and shou ld  be f e a s i b l e  t o  r e c y c l e  t h e  r e t a i n i n g  

i o n  i f  a  meta l  such as zn2+ i s  used as t h e  r e t a i n i n g  agen t .  Problems w i t h  



the  method a r e  pr incipal ly  those caused by rad io ly t i c  decomposition of the  

res in  and of the  organic complexant. The chief problem caused by the  

l a t t e r  e f f e c t  i s  gassing in the res in  bed. This problem has been handled 

by periodic bed degassing and i t  has been suggested (120) t h a t  operation a t  

moderately high pressure (150-200 p s i )  would a l l e v i a t e  t h i s  problem. I t  
a?pears extremely des i rable  t h a t  ten years be allowed t o  provide f o r  decay 

of 144ce. 

This process and s imi lar  processes have been used very successfully 

f o r  pur i f i ca t ion  of ' O S ~ ,  1 4 7 ~ m ,  2 4 1 ~ m - 2 4 3 ~ m  mixture, and 2 4 4 ~ m .  20,121 ) 

The process i s  operated a t  elevated temperature t o  improve kinet ics  and 

decrease separat ions times t o  minimize radia t ion damage. Even higher 

processing r a t e s  have been achieved by the use of extremely f i n e  res in  and 

very high pressure, ( 1 2 2 y 1 2 3 )  but such conditions find g rea tes t  appl ica t ion 

t o  the  processing of the  much more ac t ive  transcurium isotopes and would 

probably not be economically j u s t i f i a b l e  f o r  t h i s  appl ica t ion.  I t  has 

a lso  been reported t h a t  addit ion of l a c t i c  acid markedly improves the 
separation r a t e s  which can be achieved with EDTA e lu t ion .  Such an e f f e c t  

might a lso  occur with DTPA. 

Chromatographic cat ion exchange separation of lanthanides and t r i v a l e n t  

ast.inides has normally been applied t o  a lanthanide-actinide concentrate 

which has already been separated from other f i s s i o n  products by another 

process such a s  solvent  ext rac t ion.  I t  i s  qu i t e  possible t h a t  these o ther  

s teps  might be eliminated and the waste, d i lu ted  with water t o  proper t o t a l  

ionic strength (probably 0.5-2.O!), could be loaded d i r e c t l y  onto cat ion 

exchanqe res in .  The more highly charged ca t ions  would be expected t o  load 

most s trongly.  These include the  lanthanides,  dm3+, ~ r n ~ ' ,  and, i f  a Droper 

reducing agent i s  used, ~ p ~ +  and pu3+. Other ions expected t o  load include 
+ + 

~ e ~ ' ,  sr2+, and 6a2+. The monovalent ca t ions ,  Na , Cs , e t c . ,  and anionic 

f i s s i o n  products Tc, I ,  e t c . ,  would e i t h e r  load weakly o r  not a t  a l l .  

They could be e a s i l y  eluted by d i l u t e  HN03 Some sr2' and 3a2' might a l s o  

be removed by t h i s  technique, but s ince  they a r e  among the  more strongly 

absorbed d i v a l e r t  icns ,  i t  might nct be possible t o  completely remove 

them from t h e  res in  by t h i s  method without removal of some t r i v a l e n t  

ac t in ides .  



D u r i n g  DTPA e l u t i o n ,  ~ e ~ '  i s  expected t o  pass t h r o u g h  t h e  Zn 2+ 

r e t a i n i n g - i o n  bed and t h u s  t o  be r a p i d l y  removed. 20) ~ e ~ t u n i u m ~ '  i s  a1 so 

expected t o  pass t h r o u g h  t h e  r e t a i n i n g  bed, and i f  an o x i d a n t  i s  added t o  

c o n v e r t  pu3' t o  pu4+, t h e  Pu shou ld  a l s o  pass t h r o u g h  t h e  zn2+ bed. ( 120) 

A  f r a c t i o n  c o n t a i n i n g  p r i n c i p a l l y  Fe, Np, and Pu would t h u s  be o b t a i n e d  

E i t h e r  s o l v e n t  e x t r a c t i o n  o r  n i t r a t e  a n i o n  exchange would r e a d i l y  separa te  

t h e  Pu and Np from Fe. T h i s  shou ld  l e a v e  o n l y  t r i v a l e n t  a c t i n i d e s  and 

l a n t h a n i d e s  and S r  and Ba on t h e  column. D u r i n g  chromatograph ic  DTPA 

e l u t i o n ,  t h e  Sr  and Ba shou ld  n o t  e l u t e  as r e a d i l y  as t h e  l a n t h a n i d e s ,  and 

t h u s  shou ld  be w e l l  separa ted  from t h e  Am and Cm which e l u t e  more r e a d i l y  

t h a n  t h e  l a n t h a n i d e s .  

The b e h a v i o r  o f  some o t h e r  f i s s i o n  p r o d u c t s  i n  such a  c a t i o n  system 

i s  n o t  known a t  t h i s  t i m e .  There i s  some reason t o  b e l i e v e  t h a t  Ru, Z r ,  

and Nb m i g h t  l o a d  t o  some e x t e n t .  ( I z 6 )  A method o f  m i l  1  i g ram-sca le  c a t i o n  

exchange p u r i f i c a t i o n  o f  2 4 2 ~ m  has been devel  o w d ;  i n  t h i s  process Ru 

i s  removed from t h e  r e s i n  by  0.5M - H2S04 e l u t i o n  f o l l o w e d  by 0.5% o x a l  i c  

a c i d  e l u t i o n  o f  Z r ,  Nb, and Pu(1V). 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  

a r e  l e f t  on t h e  r e s i n .  They can be separated c h r o m a t o g r a p h i c a l l y  by a  

complexant .  The f a t e  o f  Ru, Zr ,  and Nb i n  DTPA e l u t i o n  i s  n o t  known and 

i t  i s  p o s s i b l e  t h a t  a  separa te  i n i t i a l  s t e p  such as j u s t  d e s c r i b e d  m i g h t  be 

r e q u i r e d  t o  remove them. It i s  a1 so p o s s i b l e  t h a t  i f  s u f f i c i e n t  S r  cannot  

be removed b e f o r e  DTPA e l u t i o n ,  i t  m i g h t  be d e s i r a b l e  t o  add a  sma l l  

amount o f  n a t u r a l  Y t o  d i l u t e  t h e  v e r y  na r row and h i g h l y  a c t i v e  band o f  

t h a t  would be expected t o  form.  One o t h e r  p o s s i b l e  c o m p l i c a t i o n  t h a t  

m i g h t  o c c u r  i n  such a  process i s  t h a t  t h e r e  may be some p r e c i p i t a t i o n  o f  

l a n t h a n i d e  o r  o t h e r  ( Z r ? )  phosphates d u r i n g  d i l u t i o n  t o  l o w e r  f w d  a c i d i t y  

p r i o r  t o  l o a d i n g .  ( T h i s  prob lem m i g h t ,  a f  course,  occu r  w i t h  o t h e r  

processes wh ich  a l s o  r e q u i r e  decrease i n  t h e  waste a c i d i t y .  ) 

The f e a s i b i l i t y  o f  such d i r e c t  c a t i o n  exchange chromatography o f  t h e  

waste  i s  n o t  proven. The p o s s i b i l i t y  l o o k s  s u f f i c i e n t l y  p r o m i s i n g  and has 

s u f f i c i e n t  advantages i f  f e a s i b l e ,  though, t h a t  i t  d e f i n i t e l y  m e r i t s  t h e  

exper imen ta l  work r e q u i r e d  t o  t e s t  i t s  f e a s i b i l i t y .  



8.2.3 Inorgan ic  I on  Exchangers 

These exchangers, which a re  a v a i l a b l e  as bo th  n a t u r a l  minera l  and 

syn the t i c  m inera l  exchangers, do n o t  gene ra l l y  perform w e l l  i n  s t r o n g l y  

ac id (pH< l )  s o l u t i o n s .  Also, t h e i r  s e l e c t i v i t i e s  a re  such t h a t  a p p l i c a t i o n s  

t o  t h e  p a r t i t i o n i n g  of wastes a re  no t  apparent. T h e i r  c h i e f  use has been 

i n  removing a  r a t h e r  wide v a r i e t y  o f  isotopes from ve ry  l a r g e  volumes o f  

low- o r  i n te rmed ia te - l eve l  wastes o f  low t o t a l  i o n i c  s t reng th  and i n  t he  

separat ion of Cs from Na i n  a l k a l i n e  s o l u t i o n s  con ta in i ng  few o the r  f i s s i o n  

products .  There i s  solile p o s s i b i l i t y  t h a t  they migh t  f i n d  some use i n  a  

f r a c t i o n a t i o n  opera t ion  t o  remove a c t i v i t y  (such as 1 3 7 ~ s ,  gost-, e t c .  ) f rom 

pe r i phe ra l  low- leve l  waste streams which might  be generated (such as steam 

condensates, e t c .  ) .  I t  should be noted t h a t ,  on a  t r a c e r  sca le,  t h e  

separat ion of i n d i v i d u a l  t r i v a l e n t  lanthanides and a c t i n i d e s  has been 

accomplished by chro~natographic  e l u t i o n  w i t h  concentrated LiN03 from a  

z i rconium phosphate exchanger. ( l Z 7 )  The method does n o t  appear t o  be 

des i rab le  f o r  process-scale separat ion.  

B.2.4 Che la t ing  I o n  Exchangers 

Che la t ing  o r  complexing i o n  exchange r e s i n s  have been prepared which 

show ve ry  h igh  a f f i n i t i e s  f o r  meta ls  which tend t o  complex r e a d i l y .  They 

a r e  very usefu l ,  f o r  example, i n  t h e  separat ion o f  t r a n s i t i o n  metals such 

as Cu, Fe, Co, N i ,  e tc . ,  f rom s o l u t i o n s  con ta in i ng  very  l a r g e  amounts o f  

a l k a l i  and a l k a l i n e  e a r t h  s a l t s  such as seawater. There i s  some p o s s i b i l i t y  

t h a t  they migh t  be use fu l  f o r  t h e  removal o f  N i  isotopes i f  such removal i s  

r equ i red  a l though the re  i s  no record  o f  t h e i r  use f o r  t h i s  purpose even on 

an a n a l y t i c a l  sca le.  Unfor tuna te ly ,  they can be expected t o  absorb al ,so 

some o the r  t r a n s i t i o n  metal  f i s s i o n  products  s t rong l y .  Since they, i n  

common w i t h  o t h e r  c a t i o n  exchange res ins ,  e x h i b i t  h i g h  d i s t r i b u t i o n  c o e f f i c i e n t s  

f o r  h i g h l y  charged ca t i ons ,  they  w i l l  show l i t t l e ,  i f  any, s e l e c t i v i t y  f o r  

N i  over t r i v a l e n t  l an than ides . ( lZ8 )  Other problems w i t h  t h e i r  use a re  t h a t  

they  a re  g e n e r a l l y  use fu l  o n l y  a t  moderately h i g h  pH (>4 )  and the  exchange 

k i n e t i c s  a r e  o f t e n  very  poor. (129) 



B.2.5  Resin S t a b i l i t y  

Organic i o n  exchange r e s i n s  based on cross-1 inked po lys ty rene  a r e  

r e l a t i v e l y  s t a b l e  t o  r a d i a t i o n  damage. Because o f  t h e  ve ry  h i g h  r a d i a t i o n  

l e v e l s  of t h e  wastes under cons ide ra t i on ,  though, cool  i n g  o f  t h e  wastes f o r  

a  pe r i od  o f  t e n  years be fo re  i o n  exchange process ing i s  ext remely  d e s i r a b l e .  

I on  exchange processes w i l l  a l l  generate degraded and contaminated r e s i n .  

Since t h e  r e s i n s  a r e  p r i n c i p a l l y  o rgan ic ,  processes f o r  t h e i r  d e s t r u c t i o n  

such as i n c i n e r a t i o n  o r  r a d i o l y t i c  decomposit ion i n  f r e s h  waste s o l u t i o n  

may be developed which do n o t  add app rec iab l y  permanent components t o  t he  

waste. A process such as t o t a l  r a d i o l y t i c  degradat ion i n  f r e s h  waste may 

add some ammonium i o n  i n  t h e  case o f  an ion r e s i n s  and can be expected t o  add 

s u l f a t e  i n  t he  case o f  c a t i o n  r e s i n s .  It may n o t  be poss ib l e  t o  comple te ly  

decontaminate i n o r g a n i c  i o n  exchange r e s i n s .  Hence, t h e i r  use w i l l  add 

some volume t o  t h e  waste. 

0.2.6 Summary o f  I o n  Exchange Review 

In fo rma t i on  reviewed i n  t h i s  s tudy  i n d i c a t e s  t h a t  i o n  exchange 

technology t h a t  can meet p a r t i t i o n i n g  o r  f r a c t i o n a t i o n  needs i s  a v a i l a b l e .  

Some exper ience has been obta ined w i t h  each o f  t he  elements t h a t  m igh t  have 

t o  be i s o l a t e d .  

Process problems r a t h e r  than separa t ions  e f f e c t i v e n e s s  a re  most l i k e l y  

t o  r e s t r i c t  t h e  p r a c t i c a l  use o f  i o n  exchange f o r  p a r t i t i o n i n g  o r  f r a c t i o n a t i o n .  

The major  problem seems t o  be t h e  f a c t  t h a t  lan than ides  would be e x t r a c t e d  

w i t h  Am and Cm. Since t h e  lan than ides  a r e  a  l a r g e  f r a c t i o n  o f  the  t o t a l  

f i s s i o n  p roduc t  mass, secondary processes would be requ i red  t o  separate 

t h e  Am and Cm f rom t h e  lan than ides  i n  t he  b u l k  waste. 

Other p o t e n t i a l  process problems i n c l u d e  co r ros ion ,  a d d i t i o n  o f  e x t r a  

components and volumes t o  t h e  waste, gassing o f  t h e  r e s i n  bed, hand l ing  and 

d isposa l  o f  contaminated waste r e s i n ,  s o l i d s  fo rmat ion ,  s h o r t  r e s i n  bed 

l i f e ,  and a  need t o  avo id  h i gh  r a d i a t i o n  l e v e l s .  Storage o f  waste f o r  up 

t o  t e n  years p r i o r  t o  p a r t i t i o n i n g  appears mandatory i f  problems f rom h igh  

r a d i a t i o n  l e v e l s  a re  t o  be avoided. 



Many of the ion exchange techniques have not been demonstrated a t  a  

scale corresponding t o  process operations. Extensive scale-up development 

would probably be necessary. Also, i t  can be anticipated t h a . t  highly 

precise process control would be required in practice. 

B.3 Sorption Processes 

Absorption or adsorption processes other than ion exchange in general 

have the same disadvantages as inorganic ion exchange. The select ivi t ies  of 

such absorbents or adsorbents are sometimes fa i r ly  high b u t  their capacities 

are generally low and they tend to be better suited t o  the removal of trace 

constituents from low ionic strength solutions t h a n  to partitioning of macro 

components from strongly electrolytic solutions (which i s  the situation for 

partitioning). A possible application might be the use of a  solid absorbent 

such as activated carbon t o  remove iodine from either a solution or a gas 

stream af ter  volatilization of iodine. 

B.3.1 Precipitation - Methods 

There are undoubtedly a rather large number of precipitation methods 

t h a t  could be devised for partitioning of radioactive wastes. Considerable 

research during the Manhattan Project and for some time la ter  was devoted t o  
precipitation methods for process-scale as well as analytical and 

research-scale separations. To a very large extent these methods have been 

rep1 aced on the process-scale by sol vent extraction and ion exchange methods. 

There are rather fundamental reasons why this  i s  so for large-scale processing, 

b u t  n o t  necessarily so for analytical and research-scale. The principal 

reasons are that recovery of the desired product i s  improved and waste 

volumes generated are smaller w i t h  extraction. 

There are basically two ways in which separations by precipitation can 

be done. The f i r s t  i s  direct precipitation of a compound of the desired 

product and the second i s  carr ier  precipitation. The f i r s t  has the 

disadvantage of generally having relatively low recoveries. I t  does not 

appear applicable t o  the high degree of removal of specific elements required 

in the current partitioning problem. The disadvantage of carr ier  precipitation, 

which i s  capable of removinq desired elements t o  a  very high degree of 



decontamination, i s  t ha t  the desired material ends u p  di luted with a large  

amount of c a r r i e r  p rec ip i ta te .  Although other steps can remove the desired 

element from the  c a r r i e r ,  i t  i s  usually not easy t o  recycle such materials  

and they end up a s  contaminated wastes. As such they must a l so  be stored 
The greater  waste volumes t ha t  these methods produce and the greater  

d i f f i c u l t y  of recycling are  major reasons t ha t  they have been replaced by 

solvent extraction and ion exchange methods i n  nuclear fue l s  processing. 

Precipitat ion methods are  par t i cu la r ly  useful in removing moderately 

low levels  of a c t i v i t y  from large volumes of solutions where the decontaminated 

solutions can be d i r ec t l y  discharged t o  the environment. I t  must be 

remembered, t h o u g h ,  t h a t  in the present part i t ioning problem b o t h  the long-lived 

and shorter-1 ived f rac t ions  will be high-level wastes and appreciable addition 

t o  the volumes of e i t he r  i s  undesirable. For t h i s  reason, i t  does not appear 

t ha t  precipi ta t ion methods would be competitive with solvent extraction and 

ion exchange methods wherein recycle of the solvent or resin i s  e a s i l y  

accomplished and high removal eff ic iency i s  a lso  possible. 

B.4 Other Methods 

Virtual l y  a1 1 known separations methods have been proposed and examined 

for  the separation and/or purif ication of nuclear materials .  Most have been 

considered fo r  radioactive wastes. The methods include techniques such as :  

v o l a t i l i t y ,  biological ,  f lo ta t ion  and e lec t ro f lo ta t ion ,  molecular sieve 

f i l t r a t i o n  of metal complexes, d i a ly s i s ,  electrophoresis ,  and other 

el ectrochemical and pyroche~iiical methods. 

All of these methods a r e  def ic ient  in one or more ways when considered 

for  the present problem, although i t  i s  possible tha t  some may have 

application t o  f inal  separation of specif ic  nuclides. Deficiencies f o r  

these methods ( in  comparison with solvent extraction and ion exchange) 

were n o t  evaluated in de ta i l  during the course of t h i s  study. 



V .  A N A L Y T I C A L  MEASUREMENTS 

In  practice,  analytical  measurements will be needed t o  confirm tha t  
decontamination goals required of the parti t ioning or fractionation process 

have actually been achieved. Measurements of residual concentrations of 
the hazardous nuclides i n  the b u l k  waste are  ~iiost crucial ;  the parti t ioning 

operations will have accomplished noth-ing i f  the absence of long-term 
hazard for  the bulk waste cannot be verified.  

The fac t  that  hazardous residuals in the bulk waste are  most s ignif icant  
means tha t  the most d i f f i c u l t  measurements are most important. Low-level 
concentrations of a-emitting isotopes will have t o  be detected and measured 
with high accuracy i n  a  strong 6-y f i e l d .  Moreover, these measurements 
should be made on-1 ine (during parti t ioning operations) t o  avoid possible 

need for  post-operations holdup ( t o  make measurements) and recycle of 

out-of-specifications waste. 

A t  present, there are no effect ive methods to  make on-line process 

measurements of the type required. A system of sensors and related readout 
and process control equipment will have to  be developed. Also, development 
work will be required for  laboratory measurements t o  be made on samples 

removed from process streams. Development of such methods i s  a  necessary 

precursor t o  development of an in- l ine  process measurement system and  

development of the parti t ioning process i t s e l f .  

In br ie f ,  the s t a t e  of the a r t  fo r  analytical measurements may not be equal 

to the requirements expected for  parti t ioning depending on separations require- 
ments. Concepts fo r  measurements a re  available,  however, and problem areas have 
been ident i f ied.  

A .  Measurements Procedure Problems 

A logis t ical  support system will be required fo r  in-l ine and laboratory 

measurements. Since development of in- l ine  process measurement systems will 

be a  resu l t  of development of laboratory methods, the present concern i s  the 

laboratory system. Solutions t o  the laboratory problems will be d i rec t ly  
applicable t o  the parti t ioning process and i t s  support f a c i l i t i e s .  



The f i r s t  concern i s  t h e  problem of g e t t i n g  samples t o  t h e  l a b o r a t o r y  

and prepared f o r  a n a l y s i s .  The r a d i o a c t i v i t y  l e v e l s  of t h e  c o n s t i t u e n t s  

t o  be measured a r e  ext ren ie ly  low as compared t o  t h e  t o t a l  a c t i v i t y  o f  t h e  

waste (which i s  es t imated  t o  be 825 C i l a ) .  Th i s  h i gh  l e v e l  o f  t o t a l  

r a d i o a c t i v i t y  p laces  a  r e s t r i c t i o n  on t h e  sample s i z e  which can be 

conven ien t l y  t r anspo r t ed  t o  t h e  a n a l y t i c a l  f a c i l i t y .  A lso,  a n a l y t i c a l  

p re t rea tment  and sepa ra t i on  s teps would have t o  be c a r r i e d  o u t  i n  a  

sh i e l ded  f a c i l  i t y .  Th is  requi rement  may reduce t h e  f l e x i  b i l  i t y  of t he  methods 

t o  be used. 

I n  a d d i t i o n  t o  t h e  genera l  problem of separa t ion  and measurement o f  

t h e  i so topes  o f  concern,  t h e  a n a l y t i c a l  chemist  must develop e f f e c t i v e  

methods f o r  sampling and t r e a t i n g  t h e  s o l i d  phase present  i n  t h e  wastes 

t o  ensure t h e  v a l i d i t y  o f  t h e  samples and t o  conve r t  t he  s o l i d s  i n t o  

chemical forms which a r e  compat ib le  w i t h  the  proposed measurement procedure.  

Th i s  need f o r  concern about suspended s o l i d s  i n  t h e  waste repea ts  and 

d u p l i c a t e s  t h e  concern d iscussed i n  Sec t ion  111. I n  o t h e r  words, t h e  s o l i d s  

a r e  a  p o t e n t i a l  problem n o t  o n l y  f o r  t h e  p a r t i t i o n i n g  ope ra t i on  b u t  a l s o  f o r  

t h e  a n a l y t i c a l  measurements assoc ia ted  w i t h  t h a t  ope ra t i on .  I f  s o l i d s  a r e  

p resen t  and c o n t a i n  s i g n i f i c a n t  q u a n t i t i e s  o f  t h e  n u c l i d e s  o f  concern, t hey  

can have a  ma jo r  adverse e f f e c t  on a n a l y t i c a l  accuracy.  

One obv ious p o t e n t i a l  problem i s  lack o f  hoinogeneity and r e p r o d u c i b i l i t y .  

Another i s  t h a t  s o l i d s  can a f f e c t  t h e  r e l i a b i l i t y  o f  p re t rea tment  s teps .  

The g r e a t e s t  concern, however, i s  t h a t  s o l i d s  would be p resen t  i n  t h e  waste and 

n o t  be p icked  up i n  t h e  sample o r  measured i n  t h e  a n a l y t i c a l  sequence. The 

a c t u a l  concen t ra t i on  o f  t o x i c  i so topes  i n  t h e  waste cou ld  then  be much 

h i ghe r  than  t h e  measurements i n d i c a t e .  A l t e r n a t i v e l y ,  a  sample w i t h  an 

unusua l l y  h i g h  s o l i d s  concen t ra t i on  cou ld  i n d i c a t e  a  h i g h  a c t i v i t y  l e v e l  

n o t  a c t u a l l y  p resen t .  

For  these reasons, i t  i s  i m p e r a t i v e  t h a t  any s o l i d s  p resen t  be p r o p e r l y  

accounted f o r  i n  t h e  sampl ing and a n a l y t i c a l  procedures.  I d e a l l y ,  o f  course, 

s o l i d s  w i l l  n o t .  be p resen t .  But  t h e  a n a l y t i c a l  procedure must c o n f i r m  t h i s  

and dea l  w i t h  any t h a t  a r e  p resen t .  



B. Measurement Methods 

I n  spite of the d i f f icul t ies  envisioned for the analyses of the 

long-lived isotopes, a number of methods have been identified which 

potentially can be developed t o  achieve the requirements of the partition 

program. 

B.l Actinide Elements 

The most promising approach t o  the analysis of Np, Pu, Am and  Cm i s  

separation into individual elements fol 1 owed by conventional a-energy 

analysis. To apply a-counting techniques, a reasonably good separation of 

each of the elements i s  required, b u t  analytical ion exchange procedures 

are already developed for th is .  (130) A more d i f f icul t  problem i s  the 

isolation of the actinides as a group from the b u l k  of the constituents in 

the wastes. A number of effective and selective carrier precipitation and  

solvent extraction methods have been identified which, with further 

development, appear t o  be feasible for this  bulk separation. For example, 

carr ier  precipitation on lanthanum fluoride or oxalate effectively scavenges 

the trivalent actinides as a group even from very dilute solutions. (131) 

Alternate methods t o  the a-counting techniques for measurement of the 

actinides include a-track counting and isotopic dilution mass spectrometry. 

The a-track counting may possibly present a method for measurement without 

separation, b u t  i t  suffers the drawback of n o t  being specif ic ,(132) i . e . ,  

i t  does not distinguish between the different alpha-emitting elements. 

Isotopic dilution-mass spectrometry i s  extremely sensitive, b u t  requires a 
separation of the elements and requires standards for each element with 

isotopic abundances considerably different than those encountered in the 

sample. A t  this  time such a standard i s  available only for p:utonium. 

B.2 Samarium 

Mass spectrometry-isotopic dilution is  ideally suited to the measurement 

of samarium. This technique i s  extremely sensitive for this  application. 

Isotopic standards are available, and I5'sm can be measured directly. A 

separation from the adjacent rare earths i s  required, b u t  ion exchange 

methods currently in use can achieve the required degree of purity. 



B.3. Technetium 

The a n a l y s i s  o f  technet ium a t  t h e  0.01 ppm l e v e l  by & c o u n t i n g  

techniques can be achieved o n l y  i f  a  decontaminat ion f a c t o r  o f  about 10 10 

from o t h e r  a -em i t t e r s  can be a t t a i n e d .  Th is  does n o t  appear t o  be f e a s i b l e ,  

E l e c t r o a n a l y t i c  techniques such as polarography show some promise b u t  

w i l l  r e q u i r e  t h e  i s o l a t i o n  o f  technet ium from t h e  b u l k  of t h e  r a d i o a c t i v i t y .  

Sol ven t  37) and anion exchange p u r i f i c a t i o n  procedures a re  

known b u t  may need a d d i t i o n a l  development . 
6.4 I o d i n e  

The measurement o f  iod ine-129 can be achieved by neut ron a c t i v a t i o n  

ana l ys i s  b u t  w i l l  r e q u i r e  a  good separa t ion  f rom o t h e r  r a d i o a c t i v e  

components o f  t h e  waste. Also, e l e c t r o a n a l y t i c a l  techniques can be used 

and w i  11 r e q u i r e  l e s s  o f  a  separa t ion  from o t h e r  components i n  t h e  waste. 

B.5 T i n  - 
A t  t h i s  t ime,  no f e a s i b l e  methods have been i d e n t i f i e d  f o r  measurement 

o f  t i n  when p resen t  a t  low l e v e l s  i n  a  h i g h l y  r a d i o a c t i v e  waste. 

B.6 N i cke l  

The r a d i o a c t i v e  i so topes  o f  n i c k e l  which a re  expected t o  be p resen t  i n  

t h e  waste a r e  59~i  and 63~i. The p r i n c i p a l  mode o f  decay i s  e l e c t r o n  cap tu re  

f o r  59~i  and very  low-energy be ta  emission f o r  63~i; both  a re  t h e r e f o r e  very  

d i f f i c u l t  t o  measure by coun t i ng  techniques even i f  very  good separa t ion  

from o the r  r a d i o a c t i v i t i e s  i s  obta ined.  However, nonrad ioac t i ve  n i c k e l  i s  

a  ma jo r  component o f  t h e  waste (as a  r e s u l t  o f  c o r r o s i o n  o f  s t a i n l e s s  s t e e l  

process equipment), and t h e  de te rm ina t i on  o f  n i c k e l  decontaminat ion f a c t o r s  

by  measurement o f  t o t a l  n i c k e l  may n o t  be a  se r i ous  problem. Convent ional  

techniques such as atomic abso rp t i on  photometry, c a l o r i m e t r y ,  o r  po larography 

a f t e r  separa t ion  may s u f f i c e .  

C. Surr~mary o f  A n a l y t i c a l  Measurements Review 

The problems i nvo l ved  i n  develop ing adequate a n a l y t i c a l  c a p a b i l i t y  a r e  

i n  many ways p r e c i s e l y  t h e  problems i n v o l v e d  i n  develop ing t h e  p a r t i t i o n i n g  



process i t s e l f .  Development o f  these procedures w i l l  i n v o l v e  t e s t i n g  and 

v e r i f i c a t i o n  o f  separa t ion  techniques t h a t  may t r a n s l a t e  d i r e c t l y  t o  t h e  

process i t s e l f .  For t h i s  reason, developrrient o f  a n a l y t i c a l  c a p a b i l i t y  i s  

considered t o  be a  necessary p recursor  t o  p a r t i t i o n i n g  process development. 

Suspended s o l i d s  a re  p o t e n t i a l l y  a  major problem. Sampling and 

a n a l y t i c a l  procedures must con f i rm  the  ex is tence and r a d i o a c t i v i t y  con ten t  

o f  any t h a t  a re  present .  Assurance t h a t  r e s u l t s  are. r e l i a b l e  must be 

prov ided . 
Because o f  i n t e r f e r e n c e  from h i g h  t o t a l  r a d i o a c t i v i t y  i n  the  waste, 

t he  isotopes o f  concern must be i s o l a t e d .  Th is  i s  n o t  a  major r e s t r i c t i o n ;  

t h e  measurement methods are ve ry  e f f e c t i v e  i f  the  separat ion i s  performed. 

Measurement methods a re  a v a i l a b l e  f o r  t h e  ac t i n i des ,  which a re  expected 

t o  be t he  elements o f  most concern. The major developmental need i s  

associated w i t h  t h e  separa t ion  process t o  i s o l a t e  the  a c t i n i d e s  f o r  

measurement. 

V I .  MODIFICATION OF REPROCESSING OPERATIONS 

The p a r t i t i o n i n g  method concepts discussed i n  Sect ion I V  can, i n  p r i n c i p l e ,  

be app l i ed  t o  any process stream con ta in ing  t he  i so topes  t o  be removed. One 

approach would be t o  mod i fy  the  reprocess ing opera t ions  t o  produce the  requ i red  

p a r t i t i o n e d  waste streams. A separate eva lua t i on  o f  t h i s  approach t o  

p a r t i t i o n i n g  was made. It was concluded t h a t  i t  would be imprac t i ca l  t o  

at tempt t o  o b t a i n  p a r t i t i o n i n g  o f  a l l  o f  t he  a c t i n i d e  elements from t h e  b u l k  

waste i n  e x i s t i n g  o r  near f u t u r e  Purex process type  f u e l  reprocess ing p l a n t s .  

The t r i v a l e n t  a c t i n i d e  elements a re  i n t e n t i o n a l l y  rou ted  t o  t h e  f i r s t  c y c l e  

waste along w i t h  t h e  lan than ides  and o the r  f i s s i o n  products.  Major changes i n  

c u r r e n t  Purex processes f lowsheets and a d d i t i o n s  o f  i n - p l a n t  equipment would 

he requ i red  t o  achieve i n  p l a n t  separa t ion  o f  the  t r i v a l e n t  a c t i n i d e s  from 

t h i s  stream. 

P o t e n t i a l  does e x i s t  through process m o d i f i c a t i o n ,  improved process 

c o n t r o l  and m o d i f i c a t i o n  o f  columns t o  improve U, Pu and perhaps Np recovery,  

i . e . ,  improve removal o f  them from the s h o r t - l i v e d  waste f r a c t i o n .  The 

p o t e n t i a l  f o r  improved. recovery, p a r t i c u l a r l y  Pu , i s  ques t ionab le  u n t i  1  more 



i s  known about t h e  presence of c o l l o i d a l  s o l i d s  and TBP degradat ion products  

i n  t h e  process streams. Adequate recovery  migh t  be achieved i f  t h e  r e q u i r e d  

DF f rom sho r t - 1  i v e d  waste i s  n o t  t o o  g r e a t  -- perhaps a DF o f  100 o r  l e s s  

over  what i s  now achieved. 

Coupl ing such a m o d i f i e d  Purex process w i t h  an a d j u n c t  f a c i l i t y  t o  

remove t h e  t r i v a l e n t  a c t i n i d e s  f rom t h e  h i gh - l eve l  waste stream i s  an 

a t t r a c t i v e  p o s s i b i l i t y  f o r  ach iev ing  adequate separa t ion  o f  a l l  o f  t h e  

a c t i n i d e  elements and e v a l u a t i o n  o f  t h e  combinat ion should be a p a r t  o f  t h e  

R&D program. G. Koch, e t  a l .  (139) a re  s tudy ing  a process a t  Kar lsruhe f o r  

t h e  removal of Am and Cm from h i g h - l e v e l  waste. The process be ing  developed 

i s  a recovery process and may n o t  p rov ide  t h e  degree o f  separa t ion  o f  a c t i n i d e s  

f rom lan than ides  and o t h e r  f i s s i o n  products  ( s h o r t - l i v e d  f r a c t i o n )  needed 

f o r  waste p a r t i  t i o n .  However, cons ide ra t i on  o f  the  Karl  sruhe process and 

s i m i l a r  processes f o r  coup l i ng  w i t h  a Purex p l a n t  operated f o r  h i g h  U, Pu 

and Np recovery  should be p a r t  o f  t he  R&D program. 



V I I .  INTERPRETATION OF RESULTS 

The r e s u l t s  o f  t h i s  r ev i ew  can be i n t e r p r e t e d  t o  i n d i c a t e  conceptual  

f lowsheets  f o r  implementat ion o f  p a r t i t i o n i n g  processes and t h e  key d e c i s i o n  

p o i n t s  i nvo l ved  i n  e v a l u a t i n g  a l t e r n a t i v e s  fo r  a  p a r t i t i o n i n g  process. 

A .  P a r t i t i o n i n g  Flowsheets 

F igures  2 and 3 show conceptual  f l owshee ts  f o r  p a r t i t i o n i n g  by  s o l v e n t  

e x t r a c t i o n  and i o n  exchange, r e s p e c t i v e l y .  These f lowsheets do n o t  show 

d e t a i l s  b u t  r e f l e c t  t h e  bas i c  process s teps i n d i c a t e d  i n  Sec t ion  I V  t o  be 

necessary. So lvents  used i n  each o f  t h e  e x t r a c t i o n  ope ra t i ons  (F i gu re  2 )  

would n o t  n e c e s s a r i l y  be t h e  same; s i m i l a r l y ,  e l u t a n t s ,  e t c . ,  shown i n  

F i gu re  3 would n o t  be t h e  same f o r  each o f  t h e  i o n  exchange ope ra t i ons .  

The d i scuss ion  i n  Sec t ion  I V  enumerates and descr ibes  the  va r i ous  o p t i o n s  

t h a t  a r e  a v a i l a b l e  f o r  each o f  t h e  process streams o r  agents. 

Comparison o f  F igures  2 and 3 shows t h a t  they  a r e  s t r i k i n g l y  s i m i l a r .  

On an o v e r a l l  bas i s ,  t h e  same types and nurr~ber o f  process s teps would be 

r e q u i r e d  f o r  s o l v e n t  e x t r a c t i o n  and i o n  exchange. I n  p r a c t i c e ,  however, 

t h e r e  would be s i g n i f i c a n t  d i f f e r e n c e s  i n  d e t a i l  ( c f .  Sec t ion  I V ) .  

A process of  t h e  t ype  shown i n  F igures  2 and 3 has been proposed and 

p a r t i a l l y  developed by researchers  a t  ~ a r l  sruhe. ( '45) Th i s  process has 

been t e s t e d  i n  t h e  l a b o r a t o r y  w i t h  s y n t h e t i c  waste and found t o  g i v e  TRU 
2 

DF's on t h e  o r d e r  o f  10 . I f  s i m i l a r  performance can be ob ta ined  i n  p r a c t i c e ,  

t h i s  process may t h e r e f o r e  be a b l e  t o  meet t h e  requi rements  c i t e d  i n  Sec t i on  

11. 
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B .  P a r t i t i o n l u g  Process Eva lua t ion  Log ic  

As i n d i c a t e d  by p r i o r  d iscuss ion ,  eva lua t i on  o f  p a r t i t i o n i n g  ope ra t i on  

a l t e r n a t i v e s  i s  o n l y  one p a r t  o f  t he  t o t a l  problem o f  d e f i n i n g  and s e l e c t i n g  

a complete process. The p r e f e r r e d  process w i l l  be se lec ted  by cons ide ra t i on  

o f  f a c t o r s  such as t h e  e f f e c t  o f  suspended s o l i d s ,  process f l u i d  c h a r a c t e r i s t i c s  

and consumption, t o t a l  waste volume and c h a r a c t e r i s t i c s  ( a f t e r  p a r t i t i o n i n g ) ,  

and c o m p a t i b i l i t y  o f  t h e  var ious  opera t ions  i nvo l ved  i n  t h e  process. 

The t o t a l  spectrum o f  problem elements and dec i s i on  p o i n t s  i s  t h e r e f o r e  

q u i t e  la rge ,  as shown i n  F igure  4. I n  t h i s  con tex t ,  t h e  cho ice  between 

p a r t i t i o n i n g  ope ra t i ons  (e.g. ,  F igures  2 and 3) represen ts  a  cho ice  f o r  o n l y  

t h e  b l ock  l a b e l l e d  " P a r t i t i o n  Operat ions"  i n  F igure  4.. Th is  choice must be 

couoled t o ,  and r e f l e c t ,  a l l  t h e  o t h e r  dec i s i on  p o i n t s  shown i n  F i g u r e  4. 

F i gu re  4 r e f l e c t s  and r e l a t e s  a11 o f  t h e  problem elements p r e v i o u s l y  

discussed. The pa th  through t h e  l o g i c  diagram ( i . e . ,  t he  cho ice  o f  e x i t  

from each d e c i s i o n  p o i n t )  w i  11 be determined by appl  i c a t i o n  o f  app rop r i a te  

c r i t e r i a  a t  each p o i n t .  For  example, t h e  key c r i t e r i a  f o r  t h e  d e c i s i o n  on 

s to rage  o f  waste p r i o r  t o  p a r t i t i o n i n g  a r e  process t o l e rance  f o r  t h e  h i g h  

r a d i a t i o n  l e v e l s  and chemis t ry  t h a t  a re  c h a r a c t e r i s t i c  o f  f r e s h  waste. The 

c r i t e r i a  f o r  t h e  d e c i s i o n  on s o l i d s  removal a r e  a c t i n i d e  con ten t  o f  t h e  

s o l i d s  and process t o l e r a n c e  o f  t h e i r  presence. The i n f o r m a t i o n  needed t o  

app ly  t he  c r i t e r i a  w i l l  be ob ta ined  from pas t  data and exper ience o r ,  when 

t h e  needed i n f o r m a t i o n  i s  l ack ing ,  from f u t u r e  R&D. 

F i gu re  4 can serve as t he  bas i s  f o r  f o rmu la t i on  of t h e  R&D program 

f o r  waste p a r t i t i o n i n g .  I t  de f i nes  and s t r u c t u r e s  t h e  bas ic  problem 

elements f o r  t he  program. By adding t o  i t  t h e  c r i t e r i a  and c r i t e r i a - s u p p o r t i n g  

da ta  needs, t h e  t o t a l  spectrum o f  i n f o r m a t i o n  needed t o  d e f i n e  and s e l e c t  a  

p a r t i t i o n i n g  process w i l l  be i d e n t i f i e d .  Th i s  spectrum o f  i n f o rma t i on  needs 

can then be compared t o  e x i s t i n g  data and, as a  r e s u l t ,  t he  R&D program 

needs wi  11 be de f ined .  

To p l ace  p a r t i t i o n i n g  i n  i t s  proper  waste management con tex t ,  t h e  problem 

elements shown i n  F igu re  4 must a1 so be coupled t o  t h e  requi rements and 

a l t e r n a t i v e s  f o r  d i sposa l  o f  t h e  waste f r a c t i o n s  t h a t  would be produced. For  
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example, p a r t i t i o n i n g  i s  expected n o t  t o  change t h e  c h a r a c t e r i s t i c s  o f  t h e  

f i s s i o n  p roduc t  f r a c t i o n  (e.g., volume, e t c .  ) except t o  e l i m i n a t e  t h e  

long- term r i s k  t o  man. C o r r ~ p a t i b i l i t y  w i t h  c u r r e n t  concepts f o r  d i s p o s i t i o n  

o f  f i s s i o n  product  waste i s  t he re fo re  expected. But c o m p a t i b i l i t y  o f  t h e  

a c t i n i d e  f r a c t i o n  w i t h  concepts f o r  d isposa l  (e.g., t ransmuta t ion ,  space) may 

r e q u i r e  spec ia l  a c t i o n  as p a r t  o f  t he  p a r t i t i o n i n g  process. For  example, 

the  mass and volume o f  t he  a c t i n i d e s  themselves w i l l  be q u i t e  smal l  ; they  

may be produced, however, as c o n s t i t u e n t s  o f  a  d i l u t e  s o l u t i o n .  E f f e c t i v e  

methods of volume r e d u c t i o n  would then  be requ i red .  

V I  I I. SUMMARY OF PROBLEM AREAS 

Th is  rev iew has i d e n t i f i e d  severa l  ma jo r  problem areas t h a t  would be 

expected t o  be p a r t  o f  an R&D program on waste p a r t i t i o n i n g .  These problem 

areas a r e  i r r ~ p l i c i t l y  de f i ned  by  F igu re  4. For convenience, however, t hey  

a r e  l i s t e d  here i n  summary form. 

1.  Waste Storage P r i o r  t o  P a r t i t i o n i n g  

n e c e s s i t y  f o r  s torage 

e acceptab le  s torage methods 

- i n t a c t  spent f u e l  

- l i q u i d  

- s o l i d  

0 e f f e c t  o f  s torage on suspended s o l i d s  

e t ime p e r i o d  f o r  s to rage  

2. Suspended S o l i d s  i n  Waste 

e sources o f  s o l i d s  

8 a c t i n i d e  con ten t  o f  s o l i d s  

e e f f e c t  o f  s o l i d s  on process ing 

e s o l i d s  fo rmat ion  d u r i n g  p rocess ing  

e method o f  s o l i d s  removal i f  needed 

need f o r  s o l i d s  t rea tment  

e method o f  so l  i d s  t rea tment  i f  needed 



m method of solids disposal 

m compatibility of treated solid fraction with other wastes 

3. Solvent Extraction Partitioning 

m selection of solvents 

m effectiveness of separation 

m compatibility of interacting streams 

4. Ion Exchange Partitioning 

m selection of ion exchange resins 

m selection of salting agents and elutants 

m effectiveness of separation 

m compatibility of interacting streams 

5. Partitioning Process Imp1 ementation (Solvent Extraction or 
Ion Exchange) 

m design details and process conditions 

m corrosion 

m process stability 

m radiation damage 

m interference from suspended solids 

m process measurements and control 

6. Repro-Partitioning 

m economic impacts 

m implementation options 

m feasibility for fresh waste 

m interference from suspended solids 



. - 

7 .  A n a l y t i c a l  Measurements 

0 l o g i s t i c s  o f  sample h a n d l i n g  

0 sample method and v a l i d a t i o n  

0 sample p re t rea tment  and separa t ions  

e f f e c t s  o f  suspended s o l i d s  

0 i n - 1  i n e  process measurenients 

8. P a r t i t i o n i n g  Process E f f l u e n t  Waste Streams 

volume o f  waste streams 

0 waste stream c h a r a c t e r i s t i c s  (composi t ion,  r a d i o a c t i v i t y ,  e t c .  ) 

0 r e c o v e r y  o f  process ing agents 

c o m p a t i b i l i t y  w i t h  d i s p o s a l  requ i rements  

9. Comparat ive Eva1 u a t i o n s  

0 r e p r o - p a r t i  t i o n i n g  a1 t e r n a t i v e s  

0 s o l v e n t  e x t r a c t i o n  versus i o n  exchange f o r  a d j u n c t  p a r t i t i o n i n g  

0 s o l v e n t  e x t r a c t i o n  and i o n  exchange combinat ions 

0 a d j u n c t  versus r e p r o - p a r t i t i o n i n g  

c r i t e r i a  

- economics 

- e f f e c t s  on waste d i s p o s a l  (volumes, hazards, e t c . )  

- e f f e c t s  on hazard t o  man (near-  versus long- term,  e t c . )  



IX. PARTITIONING COSTS 

The operating cos t s  t o  separate high-level waste in to  a long-lived and 

a short-lived f ract ion w i l l ,  of course, depend on the  degree of separation 

(DF's) required, the  number of elements which must be removed from the  

short-lived f ract ion and the required pur i ty  of the long-lived f rac t ion .  A 

Delphi-type procedure was used t o  obtain an est imate of t he  cost  t o  produce 

a short- l ived f rac t ion  which will decay t o  negl ig ible  radioactive t ox i c i t y  

in about 1,000 years ,  i . e . ,  removing the long-lived elements t o  high DF's. 
Several people knowledgeable in the  cos t s  of fuel reprocessing were asked 

t o  estimate the fac to r  by which fuel reprocessing cos t s  would be increased 

by the addit ion of f a c i l i t i e s  t o  accomplish t h i s  separation. The est imates 

ranged from a fac to r  1.25 t o  a f a c to r  of 4 with a mean fac to r  of 2 or about 

$35,000 per metric tonne of f ue l .  

A s e r i e s  of cos t  est imates were made on separating 99% (DF=100) of the  

ac t in ide  elements only from high-level waste. This degree of separation 

i s  s imi lar  t o  t ha t  achieved in a process developed a t  Karlsruhe f o r  

removing Am and Cm from waste. This process was considered in making 

the  following operating cost  est imates.  

Cost/MT Fuel, $_ 

Actinides plus 1 %  of the  Fission Pi-odlucts 10,000 

Actinides l e s s  U + 1% of the  Fission Products 15,000 

Actinides l e s s  U + 0.1% of the  Fission Products 20,000 

X .  OUTLINE OF R&D PROGRAM 

Data a r e  needed on what can be accomplished toward long-lived isotope 

removal and a t  what cos t  t o  assess the  technical and economic f e a s i b i l i t y  

of the  various approaches t o  managing the  long-lived f rac t ion  as well as 

the overall  economic impact on the  nuclear fuel cycle.  Hence, R&D work on 

par t i t ioning (and f rac t iona t ion)  should not be delayed awaiting completion 

of the  a l t e rna t ive  disposal s tudies .  



The f o l  l ow ing  summary o f  waste separa t ion  R&D requi rements i s  based 

on t h e  assumption t h a t  waste f r a c t i o n a t i o n  w i l l  n o t  be r e q u i r e d  and t h a t  

removal o f  a c t i n i d e  elements ( p a r t i t i o n i n g )  from t h e  s h o r t - l i v e d  f r a c t i o n  

t o  1  ess than 1% (DF'100) o f  t h e i r  concen t ra t i on  i n  f u e l  reprocess ing  p l a n t  

waste w i l l  be requ i red .  I f  f u r t h e r  s tud ies  of r i s k  analyses i n d i c a t e  waste 

f r a c t i o n a t i o n  o r  v e r y  h i gh  a c t i n i d e  DF's  a r e  requ i red ,  t h e  R&D program must 

be mod i f i ed  acco rd ing l y .  

I t  has been emphasized d u r i n g  these s tud ies  t h a t  s o l i d s  i n  waste 

c o n s t i t u t e  a  ma jo r  problem i n  waste p a r t i t i o n i n g  and t h a t  l i t t l e  i s  known 

about t h e  amount and composi t ion of such s o l i d s .  A program t o  o b t a i n  and 

c h a r a c t e r i z e  waste comparable t o  those expected f rom f u e l  reprocess ing  

p l a n t s  i s  needed. Reso lu t i on  o f  problems o f  adequate s o l i d - l i q u i d  separa t ion ,  

o f  whether o r  n o t  t rea tment  o f  t h e  s o l i d s  t o  remove a c t i n i d e s  i s  r equ i red ,  

and d e f i n i t i o n  o f  processes f o r  t e s t i n g  t h e  s o l i d s  would be p a r t  o f  t h i s  

program. 

Labora to ry -sca le  s t u d i e s  a r e  r e q u i r e d  t o  t e s t  conceptual  f l owsheets  

f o r  a t t a i n i n g  t he  r e q u i r e d  a c t i n i d e  element p a r t i t i o n i n g .  I d e a l l y  these 

should be done w i t h  process ing p l a n t  waste o r  process streams. However, 

these a r e  n o t  r e a d i l y  a v a i l a b l e  and work w i t h  s imu la ted  m a t e r i a l s  should 

be done i n i t i a l  l y  t o  d e f i n e  bas ic  separa t ions  parameters; r e s o l u t i o n  of 

problems posed by  p l a n t  de r i ved  waste would be done as  i t  becomes 

a v a i l a b l e .  

As conceptual  f l owsheets  a r e  t e s t e d  and processes a r e  developed, 

c a p i t a l  and ope ra t i ng  c o s t  es t imates  p e r t i n e n t  t o  t h e  processes a re  needed 

bo th  t o  gu ide  t he  s e l e c t i o n  o f  a  process o r  processes f o r  f u r t h e r  s tudy  

and t o  p rov ide  c o s t  i n p u t  t o  o t h e r  f a c e t s  o f  waste management s tud ies .  

P i l o t  p l a n t  sca le  t e s t i n g  o f  t h e  most p r o ~ n i s i n g  f lowsheets  w i l l  be 

needed. Th i s  w i l l  e n t a i l  f a c i l i t y  design, c o n s t r u c t i o n  o r  n l o d i f i c a t i o n  o f  

a  f a c i l i t y  and ope ra t i on  o f  t h e  f a c i l i t y  t o  demonstrate t h e  f lowsheets ,  

r e s o l v e  problems posed by p l a n t  sca le  ope ra t i on  and p rov ide  more re1  i a b l e  

c o s t  data.  



Development o f  a n a l y t i c a l  techniques should para1 l e l  f l owsheet  

development s tud ies .  S p e c i f i c  a n a l y t i c a l  requirements w i l l  be de f i ned  

i n  p a r t  by t h e  f lowsheets  devised. These developments should be 

scheduled t o  pe rm i t  t e s t i n g  o f  i n - l i n e  a n a l y t i c a l  techniques du r i ng  

p i l o t  p l a n t  t e s t i n g  o f  f lowsheets .  

An approximate schedule f o r  t h e  needed R&D program i s  shown i n  

F igu re  5. Approximate cos t s  f o r  R&D as a f u n c t i o n  o f  t ime  a re  shown i n  

F igu re  6. 
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