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THE REDUCTION OF' PLUTONIUM(1V) USING PHOTOCHEMICALLY GENERATED URIWIUM(1V) 

L. M. Toth arid L. K. Fe lke r  

ABSTRACT 

The r e d u c t i o n  of P u ( I V )  us ing  photochemically generated 
U(1V) has  been eva lua ted  as a procedure f o r  p o s s i b l e  i n c l u s i o n  
i n  t h e  Savannah River  P l a n t ' s  nuc lea r  f u e l  r ep rocess ing  f a c i l -  
i t y .  The "Purex 2nd Uranium Cycle" wi th  feed c o n d i t i o n s  of 
400 g / L  U ,  1 M H N 0 3 ,  and lo-* t o  M Pu w a s  i d e n t i f i e d  pre- 
v i o u s l y  as t h e  most promising Etage for a p p l i c a t i o n  of a pho- 
tochemical  method. Laboratory tests w e r e  conducted under 
similar c o n d i t i o n s  t o  determine i f  t h e  plutonium could be suc- 
c e s s f u l l y  reduced and sepa ra t ed  i n  a two-phase flowing system, 
The l a b o r a t o r y  scale tests,  which used p r i m a r i l y  a 0.01 M buta- 
nol/O. 0 1 M hydrazine r e d u c t a n t  combination, demonstrated-that 
r e d u c t i v e s t r i p p i n g  of P u ( 1 V )  t . s ing photochemically generated 
U ( I V )  i s  a p r a c t i c a l  method for  removing plutonium from t h e  
o r g a n i c  phase. The k i n e t i c s  of' t h e  r e d u c t i v e  s t r i p p i n g  proce- 
d u r e  w e r e  found t o  be determined by t h e  mixing ra tes  of t h e  
o r g a n i c  and aqueous phases i n  t .his simple l abora to ry - sca l e  
s y s t em. 

1 .  INTRODUCTION 

The p o s s i b i l i t y  of u s ing  photoc.hernica1 techniques i n  nuc lea r  f u e l  

r e p r o c e s s i n g  o p e r a t i o n s  has  been an a t t r a c t i v e  i d e a  f o r  a t  least 15 

yea r s .  The impetus f o r  t h i s  a p p l i c a t i o n  comes l a r g e l y  from a compelling 

need t o  reduce t h e  amount of waste s o l u t i o n  generated du r ing  reproeess- 

ing.  A photochemical p rocess  could e l i m i n a t e  customary chemical redox 

a g e n t s ,  such as f e r r o u s  su l f ama te ,  t .hat  c o n t r i b u t e  s u b s t a n t i a l l y  t o  t h e  

waste. 

During t h e  p a s t  decade, w e  have accumulated much information on t h e  

fundamental photochemistry of uranium, plutonium, and neptunium i n  aqueous 

a c i d  s o l u t i o n s ;  1-4 also, p a t e n t s  for  s e v e r a l  a t t r a c t i v e  photochemical 



2, 

p rocesses  have been f i l e d  or granted.5-7 The 

of t h e s e  processes  involves  t h e  s e p a r a t i o n  of  

mo s t t e c'nni @ a l l y  

neptunium, us ing  

promising 

n i t r i t e  

i o n  genera ted  by t h e  photochemical r educ t ion  of some of t h e  HN03 so lven t .  

We have examined t h i s  chemistry t o  some e x t e n t ,  and t h e  r e s u l t s  are 

desc r ibed  i-n an ear l ie r  r e p o r t  on phatochemical a p p l i c a t i o n s  t o  t h e  

Savannah River  P l a n t  (SRP) reprocess ing  f a c i l i t y .  
8 

The more immediate requirement appears  t o  be t h a t  of plutonium 

s e p a r a t i o n  i n  t h e  Purex 2nd Uranium Cycle f eed ,  as desc r ibed  i n  r e f .  8. 

A r e sea rch  eEEart  w a s  t h e r e f o r e  i n i t i a t e d  t o  determine t h e  f e a s i b i l i t y  of 

i nco rpora t ing  a photochemical redox process  i n t o  t h e  SRP plutonium sepa- 

r a t i o n  scheme and also t o  determine t h e  optimum cond i t ions  f a r  t h e  use o f  

t h e  process .  

which i s  genera ted  by t h e  photochemical s educ t ion  o f  U022-t us ing  a s u i t -  

a b l y  chosen secondary" r educ tan t .  The advantage gained by t h i s  two-step 

p rocess  e 

The b e s t  r educ tan t  €o r  PULI+ f o r  t h e s e  purposes i s  U'++, 

i s  t h a t  uranyl  i o n  i s  reduced w i t h  a higher quantum e f f i c i e n c y  i n  n i t r i c  

a c i d  s o l u t i o n s  than  i s  PU'++. 

The secondary r e d u c t a n t ,  des igna ted  as "R'* i n  Eq. ( l ) ,  i s  de f ined  " 
h e r e  as t h a t  which i s  e f f e c t i v e  i n  photochemically reducing UQZ2+ t o  UbC, 

t h e  primary r educ tan t  which, i n  t u r n ,  reduces  t h e  Pub+ t o  P U ~ + .  The 

des igna t ion  U ( V 1 )  and U ( 1 V )  w i l l  be used t o  denote  ox ida t ion  s ta tes  with 

no d e f i n i t i a n  of t h e  spec ie s .  The i o n s  involved ,  however, w i l l  be ind i -  

c a t e d  as UQz2' and U4+, r e spec t ive ly .  
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. Although the interaction of light with uranyl ion has been exten- 

sively studied over the past several decades, relatively little has been 

done regarding direct photochemical reduction of uranyl ion in nitric 

acid solutions. 

formation of U4+ from the photochemical reduction of LTOZ2+ in 1 - M HN03.  

We have sought to remedy this omission by measuring the 

These data were necessary in order to determine the best conditions 

(i.e., identity and concentration of secondary reductant) €or U4+ pro- 

duction that were compatible with the SRP reprocessing system. 

This report describes our preliminary studies of uranyl nitrate 

photochemistry in 1 I M HN03. 

Pu4+ was added 'and the combined solution was tested for plutonium reduc- 

tion in both one-phase (aqueous) and two-phase (aqueous/organic) opera- 

tions. Although the experiments were conducted in a small-scale labora- 

tory apparatus, the results provide much information that is required 

f o r  testing on a larger scale. 

Upon selection of the secondary reductant, \ 

The analytical determination of actinide concentrations involved both 

scintillation counting in the aqueous phase combined with absorption 

spectrophotometry (when the Concentrations were high enough) and scin- 

tillation counting alone in the organic phase. The PERALS9910 scin- 

tillation counting technique allowed us to obtain meaningful data at the 

low concentrations reported here. 

2. EXPERIMENTAL METHODS 

The experimental approach was p:rogressive in nature, beginning with 

Next, Pu4+, the determination of the best uranyl photolysis conditions. 

in relatively high concentration, was added to the one-phase aqueous 
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system, and t h e  r educ t ion  of t h e  h4+ t o  Yu3+ w a s  monitored spectrophoto- 

m e t r i c a l l y ,  

n-dodecane organic/WN03 aqueous) f low system where t h e  aqueous phase w a s  

photolyzed a f t e r  p r i o r  e q u i l i b r a t i o n  of t h e  var ious  c o n s t i t u e n t s .  

Af t e r  t h e  system had became ope ra t iona l  a t  r e l a t i v e l y  h igh  [Fu4*], t h e  

concen t r a t ion  w a s  decreased i n  subsequent experiments u n t i l  t h e  d e t e c t i o n  

l i m i t s  of t h e  spectrophotometer  w e r e  reached and t h e  need f o r  a more seo- 

s i t i v e  d e t e c t i o n  system arose.  

du res  were used to provide more q u a n t i t a t i v e  r e s u l t s  f o r  t h e  very low 

[ P U ~ + I  i n  t h e  presence of l a r g e  amounts, 1.0 I M ,  of uranyl  ion. 

var3ous s t e p s  i n  t h i s  procedure are descr ibed  i n  t h e  f o l l o w h g  paragraphs.  

This  r educ t ion  w a s  then followed by a two-phase (TBP, 

Two a lpha  s c i n t i l l a t i o n  counting proce- 

me 

2.1 U0z2+ PHOTOLYSIS SYSTEM 

The i n i t i a l  uranium photoreduct ion tests were made us ing  a S c o e f f e l  

100O-U mercury-xenon vapor arc  lamp. The l i g h t  ou tput  of the  lamp w a s  

f i l t e r e d  through a combination of Pyrex and Pl.exiglas p l a t e s  and focused 

on a spectrophotometer  c e l l  f i t t e d  i n t o  a Cary 14H spectrophotometer.  

The use  of t h e  f i l t e r s  w a s  necessary  i o  remove t h e  u l t r a v i o l e t  (uv)  and 

t h e  high-energy-vis ible  l i g h t  which would photo1yze t h e  n i t r a t e  ion and 

thereby  produce undes i r ab le  s i d e  r e a c t i o n s .  The Pyrex-Plexiglas  eom- 

b i n a t i o n  gave a s h a r p  cu to f f  a t  350 nm. 

passed l i g h t  of a >400-nm wavelength w a s  a l s o  used t o  tes t  t h e  e f f e c t  of 

wavelength on t h e  u rany l  photo lys i s .  These f i l t e r s  proved t o  be more 

s a t i s f a c t o r y  than  commercially a v a i l a b l e  Corning glass f i l t e r s  because 

they  had cu to f f  bands a t  p r e f e r r e d  wavelengths and/or  gave sharper  

c u t o f f s .  It w a s  necessary  t o  a i r - coo l  t h e  p l a s t i c  f i l t e r s  t o  prevent  

A polycarbonate  f i l t e r  t h a t  
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. -  

them from melt ing.  The d i s t a n c e  from t h e  lamp t o  t h e  c e l l  w a s  approxi- 

mately 30 cm. The photochemical ce l l  (see Fig. 1) w a s  f a b r i c a t e d  from 

s i l i ca  and c o n s i s t e d  of a 1 .5-cmr~iam by 5-cm-pathlength body f i t t e d  wi th  

a magnetic s t i r - b a r  pump and w a t e ?  j a c k e t .  The t o t a l  volume of t h e  ce l l  

and s t i r r i n g  l e g  w a s  1 7  mL. The temperature  for each o f  t h e s e  tests w a s  

2S°C, except  where noted  otherwise.  In a t y p i c a l  experlment ,  t h e  uranium 

s o l u t i o n  w a s  added t o  t h e  c e l l  and a spectrum w a s  obtained,  The reduc- 

t a n t s  were then  added, and t h e  a rc  lamp w a s  used t o  photolyze t h e  solu- 

t i o n  f o r  a measured t i m e  whi le  t h e  growth of t h e  U4+ band w a s  monitored 

w i t h  t h e  spectrophotometer .  

p roduct ion  r a t e s ,  Seve ra l  tests were performed wi th  t h i s  system t o  

determine t h e  concen t r a t ions  and cypes of r educ tan t s  t h a t  would provide 

f o r  maximum U4* production, 

This allowed f o r  de te rmina t ion  of t h e  U4+ 

2.2 U02*+/Pu PHOTOLYSIS SYSTEM 

The photoreduct ion  of  sample:; con ta in ing  plutonium requ i r ed  t h e  use 

of  a modif ied g love  box-spectrophotometer arrangement,  as shown i n  Fig. 2. 

An appendage a t t a c h e d  t o  t h e  glove box allowed t h e  l i g h t  from t h e  spec- 

t rophotometer  t o  p a s s  through s i l i c a  windows on t h e  appendage. Since 

t h e  IJ022+/Pu4+ p h o t o l y s i s  would inco rpora t e  a two-phase e x t r a c t i o n  

system, a new cell. conf igu ra t ion  (see Fig. 3) w a s  designed and then 

f a b r i c a t e d  from Pyrex. Again, t h e  spectrophotometer  c e l l  had a 5-cm 

pa th leng th ;  however, i t  now had a LO-cm-diam body. 

Above t h e  c e l l  w a s  a water- jacketed chamber (2.0 x 15 em) f o r  t h e  

o r g a n i c  phase which provided an  organiclaqueous r a t i o  of 1:l. 

c o n f i g u r a t i o n  w i t h  a 4 ,5 -  x 1 5 s m  chamber f o r  the organ ic  phase was 

f a b r i c a t e d  t o  provide  h igher  organic/aqueous r a t i o s  ( 4 : l  t o  5 : l ) .  The 

A similar 
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ORNL-DWG.  76-17248 

Fig. 1. Compact photochemical cel l  that permits in - l ine  absorption 
spectrophotometric measurements. 
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I 

Fig. 3. Photograph of two-phase extraction system. The organic 
phase was confined to the water-jacketed column above the S-cm pathlength 
spectrophotometric cell. The photolysis compartment is to the right. 



p h o t o l y s i s  chamber (4-m diam x 1-cm path length)  w a s  used t o  provide a 

la rge-area  window f o r  the l i g h t .  

necessary  t o  keep volumes a t  a minimum, a l though t h e  des ign  s a c r i f i c e d  

some l i g h t  abso rp t ion  i n  the more-dilute uranyl  n i t r a t e  s o l u t i o n s .  The 

aqueous phase was c i r c u l a t e d  through t h e  system wi th  an  FMI p i s t o n  pump 

a t  22 mL/min. 

chamber and d ischarged  a t  t h e  t o p  of t h e  o rgan ic  phase,  where i t  

d i spe r sed  and f e l l  through t h e  o rgan ic  s o l u t i o n .  

t h e  t o p  of t h e  o rgan ic  phase provided moderate mixing i n  t h e  o rgan ic  

phase; but  i n  t h e  h igher  organic/aqueous r a t i o s ,  t h e  o rgan ic  phase w a s  

s t i r r e d  o c c a s i o n a l l y  w i t h  a g l a s s  rod t o  ensure  complete mixing. 

s p i t e  of t h e  r a t h e r  g e n t l e  a g i t a t i o n ,  w e  were sometimes t roubled  w i t h  t h e  

appearance of t h e  o r g a n i c  phase i n  the spec t rophotometr ic  c e l l  which 

caused very  n o i s y  aqueous s o l u t i o n  s p e c t r a .  

The s h o r t  pa th length  of t h e  chamber was 

The aqueous phase w a s  drawn from t h e  t o p  of t h e  pho to lys i s  

The pump d ischarge  a t  

In 

The same mercury-vapor arc lamp w a s  used i n  t h i s  series of photore- 

duc t ions .  

v i s i b l e  and uv l i g h t  were mounted on t h e  o u t s i d e  of t h e  glove-box 

appendage. The ou tpu t  of t h e  lamp passed f i r s t  through t h e  Pyrex and 

P l e x i g l a s  f i l t e r s ,  t hen  through t h e  s i l i c a  windows of t h e  glove-box 

appendage, and f i n a l l y  i n t o  t h e  p h o t o l y s i s  chamber conta in ing  t h e  aqueous 

U022+/Pu4+ n i t r a t e  s o l u t i o n .  

of t h e  appa ra tus  from t h e  l i g h t .  The product ion of U4+ o r  t h e  r educ t ion  

of  Pu4+ t o  Pu3+ was monitored on a Cary 14H spectrophotometer  o r  sampled 

f o r  a lpha  s c i n t i l l a t i o n  counting. 

The Pyrex and P l e x i g l a s  f i l t e r s  t h a t  remove t h e  high-energy- 

Aluminum f o i l  w a s  used t o  s h i e l d  t h e  rest 

The quantum y i e l d  (QY) f o r  Pu(II1) product ion  w a s  determined f o r  t h e  

r e f e r e n c e  s o l u t i o n  ( run  6 0 ,  descr ibed  i n  Sect .  3) by measuring t h e  amount 

of t i m e  r equ i r ed  t o  reach  n e a r l y  complete ( i . e . ,  95%) r educ t ion  of t h e  
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Pu(1V) t o  Pu(II1) as  determined by monitoring t h e  absorbance i n  t h e  

aqueous phase. No dark  r educ t ion  of Pu(1V) was eve r  observed; t h u s ,  t h e  

o n l y  e r r o r  i n  t h i s  de t e rmina t ion  would be caused by a de lay  i n  t h e  reac- 

t i o n  of t h e  reduced uranium ( p r i n c i p a l l y  U4+, bu t  see Sect .  3) wi th  t h e  

Pu4+ as a r e s u l t  of slow k i n e t i c s  o r  slow mixing of t h e  s o l u t i o n s .  

Therefore ,  any e r r o r  i n  t h e  QY va lue  measured by t h i s  approach would be 

on t h e  low s i d e  of t h e  t r u e  value.  We b e l i e v e  t h a t  t h e  QY va lue  f o r  t h e  

r e f e r e n c e  s o l u t i o n  i s  a c c u r a t e  because i t  corresponds t o  t h e  va lue  found 

i n  t h e  single-phase s o l u t i o n ;  however, t h e  va lues  f o r  s o l u t i o n s  contain- 

i n g  lower concen t r a t ions  of butanol /hydrazine (BuOH/N2H4) r educ tan t  are 

appa ren t ly  lower as a r e s u l t  of t h e  slow ra te  of s o l u t i o n  mixing by t h e  

FMI pump. Obtaining more a c c u r a t e  QY va lues  f o r  t h e  o t h e r  s o l u t i o n s  

would have r e q u i r e d  i n t e r r u p t i o n  of t h e  p h o t o l y s i s  t o  a l low f o r  mixing, a 

procedure t h a t  would have unduly complicated t h e  p h o t o l y s i s  procedure. 

2.3 MATERIALS AND PREPARATIONS 

A l l  chemicals used i n  t h i s  s tudy  were ana ly t i ca l -g rade  reagents .  

The uranium, as uranium d i n i t r a t e  oxide hexahydrate (IUPAC* name f o r  

u r a n y l  n i t r a t e  hexahydrate) ,  and t h e  hydroxylamine n i t r a t e ,  as a 24% solu- 

t i o n ,  were ob ta ined  from Al fa  Products.  The t r i b u t y l  phosphate, 

n d o d e c a n e ,  and hydrazine were obtained from F i s h e r  S c i e n t i f i c .  The phe- 

nylhydrazine w a s  from Eastman Chemicals Products ,  Inc. The plutonium w a s  

ob ta ined  on - s i t e  as  a 0.1 M plutonium(1V) n i t r a t e  s o l u t i o n  which had been 

p u r i f i e d  by s t anda rd  ion-exchange techniques.  Analytical-grade n i t r i c  

a c i d  and u l t r a p u r e  water were used i n  t h e  p r e p a r a t i o n  of a l l  s o l u t i o n s .  

- 

- 

* I n t e r n a t i o n a l  Union of Pure and Applied Chemistry. 
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The 30% T B P N D D  s o l u t i o n  w a s  p re -equ i l ib ra t ed  w i t h  1.0 M HN03 before  use.  

A l l  t h e  s o l u t i o n  components were added t o  t h e  c e l l ,  except  f o r  t h e  reduc- 

t a n t s  which were in t roduced  j u s t  before  t h e  pho to lys i s  t o  prevent  any 

photolysis from s t r a y  room l i g h t ,  The concen t r a t ions  r epor t ed  €o r  t h e  

s o l u t i o n s  i n  t h e  two-phase system are  those  i n  t h e  aqueous phase p r i o r  

t o  t h e  e x t r a c t i o n  of  uranium and plutonlum i n t o  t h e  o rgan ic  phase. 

i n d i v i d u a l  concen t r a t ions  of t h e  s p e c i e s  i n  t h e  d i f f e r e n t  phases w i l l  be 

noted  where necessary .  

I 

The 

2.4 ACTINOMETRY 

A measure of  the l i g h t  abso rp t ion  by t h e  s o l u t i o n  was needed i n  

o r d e r  t o  determine quantum e f f i c i e n c i e s  ( o r  y i e l d s :  QY = mol of product  

forrned/mol of l i g h t  absorbed. 

r e d u c t a n t  w a s  i d e a l  f o r  our  s tudy ,  s i n c e  t h e  amount of l i g h t  absorbed by 

t h e  u rany l  i o n  w a s  t h e  q u a n t i t y  in ques t ion .  The key d i f f e r e n c e  between 

t h e  s u l f a t e  and the n i t r a t e  systeris w a s  the s t a b i l i t y  of t h e  U4+ product ,  

QY = 0.5," i n  t h e  former,  making i t  i d e a l  f o r  act inometry.  

con ta in ing  1.25 M U02S04, 5.0 M H2S04., and 1.0 M e t h a n o l  w a s  used as the 

act inometer .  In t h e  two-phase syc'tem, the amount of absorbed l i g h t  was 

determined by t h e  p h o t o l y s i s  of slmilar s o l u t i o n s  of 0.14,  0.07, and 

0.035 M U02SOb which w e r e  r e p r e s e a t a t i v e  of t h e  u rany l  concen t r a t ions  i n  

t h e  aqueous r a f f i n a t e  af ter  e x t r a c t i o n .  Typ ica l ly ,  f o r  0.035 M urany l  

s o l u t i o n s ,  t h e  absorbed wat tage i n  t h e  pho to lys i s  c e l l  u s ing  t h e  Pyrex- 

P l e x i g l a s  f i l t e r  w a s  0.618 W ,  whi le  that  us ing  t h e  polycarbonate  f i l t e r  

w a s  0 .362  W, 

The U02S04 s o l u t i o n  wi th  e thano l  ( E t O H )  

A s o l u t i o n  

I I - 

- 
- 

"ThPs va lue  has  been r e p o r t e d l l  t o  be as high as 0.6, but  f o r  t h e  

sake of t h i s  d i s c u s s i o n ,  t h e  t h e o r e t i c a l  value of 0.5 i s  s u f f i c i e n t  and 

does not  a l t e r  t h e  conclus ions  t h a t  fo l low i n  t h e  d i s c u s s i o n  of  r e s u l t s .  
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2.5 SPECTROPHOTOMETRY 

A s  stated above, the spectrophotometric analysis was performed with 

a Cary 14B system, which has an open sample and reference compartment 

( 4 2  x 40 x 30 cm). 

into this compartment (see Pig. 2 ) ,  thus allowing spectrophotometric 

measurements to be made of solutions inside the glove box. Al l  of the 

measurements were recorded on a strip-chart recorder. Good spectra were 

obtained during the uranyl-plutonium photolysis when the plutonium con- 

centration was >I  x loe3 M. When the concentration was (1 x M, a 

more sensitive recorder slide-wire (0 t o  0.2 abs vs the standard 0 to 

2.0 abs) was utilized. The 0- t o  0.2-abs slide-wire gave good results, 

but the noise level of the recorder was significantly increased. For 

plutonium concentrations <1 x 10-4 M, the intensity of the spectrum was 

too small to measure accurately, thus mandating counting techniques. 

The photolysis of U0z2+ was monitored spectrophotometrically by 

following the growth of the U4' absorption band at either 545 or 648  nm. 

Representative spectra of the uranium species in 1 .3  M - H N 0 3  are shown in 

Fig. 4 .  (This figure was adapted from an earlier report.12 Under the 

experimental conditions used in this study, the uranyl peak at 414 nm was 

typically very intense and therefore too far off scale to measure; these 

conditions were necessary to permit the accurate measurement of the 

weaker U4+ product spectrum. 

absorptivity of 0.505 M - l  cm-l was the only band available under these 

conditions. 

The appendage from the glove box was designed to fit 

- - 

- 

The weak uranyl band at 485 nm with a molar 
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Fig. 4 .  Absorption spectra12 of 6 . 4  g/L uranyl n i t r a t e  (dashed 

l i n e )  and 6 . 4  g/L U4+ n i t r a t e  i n  1 . 3  M HN03 ( s o l i d  l i n e s ) .  - 
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2.6 COUNTING TECHNIQUES 

Counting techniques were utilized to determine the distribution of 

plutonium between organic and aqueous phases in solutions with plutonium 

concentrations M. An LKB-Wallac RackBeta counter was used for 

alpha scintillation counting. bsults were good for higher concentra- 

tions where plutonium gave the dominant signal, but poor resolution of 

the uranium and plutonium bands at plutonium concentrations (1 x lo++ - M 
precluded the usage of this technique. An improved scintillation proce- 

dure, Photon-Electron Rejecting Alpha Liquid Scintillation (PERALS)9 9 1 0  

developed by McDowell and Case of ORNL, was then selected. This method 

permitted discrimination between the alpha and beta-gama energies while 

providing the resolution to separate the uranium and plutonium alpha 

scintillation bands, thus giving quantitative results f o r  concentrations 

as low as With this method, 

analyses of samples were accomplished within a few hours of the experi- 

ment, and no separation of the uranium and plutonium was necessary. 

- 

to lo-* M plutonium in 0.1 - M uranium. - 

Both of the counting techniques required samples to be removed from 

the glove box. When the RackBeta counter was used, 10 mL of ACS liquid 

scintillation fluid was added to scintillation vials, which were put In 

individual plastic bags and bagged into the glove box. A 10-pL sample 

was carefully pipetted into the scintillation fluid so that neither the 

glove nor any contaminated surface contacted the vial. The vials were 

then bagged out in a clean bag and checked for external contamination. 

If P E W S  counting was to be used, a 15-pL sample was pipetted into a 

l-dram vial in a plastic hag. The vials were bagged out and checked for 

external contamination. In a hood, a 5-pL sample was pipetted into 1 mL 

of PERALSg s 1  scintillation fluid €or counting. 
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3. RESULTS AND DISCUSSION 

The exper imenta l  a s p e c t s  of t h i s  s tudy  have focused,  f i r s t ,  on t h e  

photocheinical r educ t ion  of u rany l  i o n  alone - t o  determine t h e  optimum 

c o n d i t l o n s  f o r  t h e  U4' gene ra t ion  process ,  and, second, on t h e  phsto- 

chemical r educ t ion  of u rany l  %on in t h e  presence of  Pu4* t o  demonstrate 

the p r a c t i c a l i t y  of  the photosepara t ions  process .  

The development of a system f o r  the photochemical r educ t ion  of  Pu4* 

t o  Pu3+ r e q u i r e s  a r educ tan t  t h a t  i s  e f f e c t i v e  w i t h  respect t o  both quan- 

tum e f f i c i e n c y  and k i n e t i c  speed. 

appa ren t ly  redundant c h a r a c t e r i s t i - c s  should become ev iden t  i n  t h e  follow- 

i n g  d i scuss ion . )  

requirements  d i r e c t l y  s i n c e  the photochemical r educ t ion  of Pu4+ i s  n o t  

v e r y  e f f i c i e n t ;  however, t h e  dark r e a c t i o n  of  U4+ w i t h  Pu4+ i s  s o  r a p i d  

and, t h u s ,  s o  a t t r a c t i v e  t h a t  a photochemical means of reducing U0z2* 

could  a l s o  provide  a ve ry  s a t i s f a c t o r y ,  i n d i r e c t  method f o r  reducing 

Pu4+, as shown i n  E q s ,  ( 1 )  and (2). 

(The reason  €or  s e p a r a t i n g  t h e s e  

We have n o t  found a reagent  t h a t  sa t isf ies  t h e s e  

Although some of t h e  u rany l  p h o t o l y s i s  work w a s  p resented  earlier,  * 
w e  have inc luded  an  expanded v e r s i o n  of i t  here (wi th  a d d i t i o n a l  discus-  

s i o n )  t o  provide c o n t i n u i t y  w i t h  subsequent experiments where uranium and 

plutonium were combined i n  a two-phase f low system. 

t o l y s i s  experiments  w i t h  pure u rany l  i o n ,  tests w e r e  conducted us ing  

U022+/-Pu4+" mixtures  t o  determine :he e f f i c a c y  of t h e  o v e r a l l  photochemi- 

c a l  scheme. 

Following t h e  pho- 



16 

3 . 1  PHOTOLYSIS OF U R A N n  I O N  

The quantum e f f i c i e n c i e s  given i n  Table  2 of r e f .  8 i n d i c a t e  t h a t  a 

maximum va lue  of  0.5 f o r  conversion of U022+ t o  lJ4+ i s  f e a s i b l e .  

more, w e  know13 t h a t  t h e  u rany l  i o n  can be reduced w i t h  a v a r i e t y  of 

r educ tan t s  by us ing  l i g h t  of r e l a t i v e l y  low photon energy ( i . e " ,  v i s i b l e  

l i g h t ) .  

i o n  r educ t ion ,  thereby  providing U4+ which could be used t o  reduce Pu4+ 

i n  an  appropr i a t e  demonstrat ion f a c i l i t y .  The r educ tan t s  t h a t  were con- 

s i d e r e d  f o r  U0z2+ were methanol, e thano l ,  BuOH, hydroxylamine, and N2H4. 

The f i r s t  two were s e l e c t e d  because they  are f a v o r i t e s  i n  fundamental 

systems; t h e  l a s t  three were chosen because they  are p o s s i b l e  c o n s t i t u e n t s  

Further-  

Therefore ,  w e  sought t o  determine t h e  b e s t  cond i t ions  f o r  uranyl  

i n  fuel. r ep rocess ing  streams. 

The U022f pho to lys i s  i n  HNO3 is  very  d i f f e r e n t  from t h a t  i n  less 

ox id iz ing  media (e .g . ,  H2S04 s i n c e  t h e  U4+ i n  HN03 i s  r a p i d l y  oxidized 

v i a  t h e  c a t a l y t i c  effect  of  t h e  NO2- t h a t  is almost always p re sen t  i n  

t h e s e  s o l u t i o n s .  

t i o n s  t h a t  t h e  U022+ pho to lys i s  i n  5 M - H2S04 provides  an  e x c e l l e n t  acti- 

nometer, as descr ibed  i n  Sect .  2,4.) 

HN03 so lu t€on ,  i t  i s  necessary  t o  add a holding r educ tan t  such as hydra- 

z i n e ,  N2H4.  

less than  t h a t  i n  H2S04 so lu t ions .  

i n g  paragraphs w i l l  emphasize t h e s e  d i f f e rences .  

( In  c o n t r a s t ,  t h e  U4+ i o n  i s  so  s t a b l e  i n  H2S04 solu-  

In o rde r  t o  s t a b i l i z e  t h e  U4+ i n  

Never the less ,  t h e  s t a b i l i t y  of t h e  U4+ i o n  i s  s t i l l  f a r  

The r e s u l t s  descr ibed  i n  t h e  follow- 

We have considered t h e  p o s s i b i l i t y  t h a t  mal-ntaining t h e  U4+ s t a b i l -  

i t y  du r ing  t h e  a c t u a l  r educ t ion  of Pu4+ might be unnecessary s ince  U4+ 

may react be fo re  being reoxid ized  by any impuri ty  ions ;  however, s i m i l a r  

s t a b i l i t y  concerns e x i s t  w i t h  r e s p e c t  t o  h3+, and t h e  s t a b i l i z i n g  agent  
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t h a t  i s  added f o r  pU3+ would probably a l s o  be u s e f u l  f o r  Ubf. 

development of  a procedure,  w e  af tempted t o  minimize t h e  amounts of 

r educ tan t  and hold ing  agen t s  necessary and t o  o b t a i n  rhe maximurn conver- 

s i o n s  and ra tes  f o r  a g iven  light: input: (which was found t o  be -0.7 W of 

absorbed power). 

s i s t e n t  w i t h  c o n d i t i o n s  as s t a t e d  f o r  the first p r i o r i t y  i n  Table 4 o f  

r e f .  8. The r e s u l t s  of some of t h e s e  experiments are summarized i n  

Table 1. 

During t h e  

The a c i d  conceti trati .on was f i x e d  a t  1 M HN03 t o  be con- - 

The d a t a  demonstrate  t h a t  BuOH i s  t h e  most e f f e c t i v e  o f  t h e  reducing 

a g e n t s  tested. 

whi le  hydroxylamine n i t r a t e  (HAN) was f ouiid t o  be t o t a l l y  i n e f f e c t i v e .  

Butanol w a s  even more e f f e c t i v e  than  a comparable concen t r a t ion  of e tha-  

nol .  Because t r i b u t y l  phosphate (TBP) ha5 been demonstrated7 t o  be a 

r educ tan t  f o r  U022+,  an  aqueous n i t r i c  a c i d  s o l u t i o n  s a t u r a t e d  wi th  TBP 

w a s  t e s t e d ,  

dodecarnc t o  achieve  t h e  approxirnate 1 mM TBP concen t r a t ion  i n  t h e  aqueous 

phase.) We found t h a t  under  t h e s e  condi t ior ls  t h e  TBP w a s  i n e f f e c t h e  i n  

reduci.ng any o f  the UQ22-6 present .  

u n s t a b l e  u n l e s s  N2EI,+ was present .  (Considerat ion of o t h e r  holding agen t s  

w a s  beyond the scope of t h i s  work,) A concen t r a t ion  of 0.01 M N2Hb w a s  

r equ i r ed  t o  ha1.d t h e  U4* f o r  a per iod  of s e v e r a l  hoiirs, whereas 0.001 M 

N2Bq was e f f e c t i v e  for only  a f e w  minutes.  

Hydrazine was approximately t e n  t i m e s  less e f f e c t i v e ,  

( S a t u r a t i o n  w a s  achieved by shaking wi th  30% TBP i n  n- 
I 

- 

In a l l  cases, t h e  IJ4+ product w a s  

- 

I 

Thcse r e s u l t s  sugges t  t h a t  op t imal  cond i t ions  f o r  t h e  photochemical 

r educ t ion  of U022+ would incl t ide 0.01 M BuQEI/O.O1 M N21.1,+ and would r e s u l t  

i n  a ~ k +  product ion rate of 4 x 10-6 molimin. 

o f  0.015-L volume, t h i s  would n e t  11 roN Ubf after 48 m i n  of pho to lys i s  - 
an  amount we cons ide r  adequate  to reduce any Pu4+ t h a t  might be present. 

I - 

13 our p a r t i c u l a r  system 

- 
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. .- 

Table 1. Photochemical r educ t ion  of 1.25 - M uranyl. n i t r a t e  i n  1 M KN03 us ing  
-0.7 W of absorbed power from a 1000.34, Hg-Xe, h igh-pressure arc lampa 

Ph o t o  l y  s i s  U( IV) product ion 
Reductant t i m e  Max. conc. Rate Run 

No. (10-3 m o l / L )  (10'6 mol/min) 

3 3 

34  

3 5  

36 

37 

3 9  

40 

41 

43  

44  

46 

47 

50 

0.1 M HAN - 

0.05 M HAN/O.O5 - M N2Hq 
I 

0.1 M BuOH 
I 

0.1 M BuOH/O.Ol - M N2H4 

0.01 M BUOH/O.01 M NZHQ 

0.01 M BuOH/O.O01 - M N2H4 

0.01 M B~OH/0.005 M N2H4 

0.01 M BuOH/0.0001 - M N2H4 

- 
- - 
- 
- - 
- 

0.01 M EtOH/O.Ol M N2H4 - - 

0.001 M TBP - 

60 

120 

60 

40 

120 

60 

9 

48 

40 

54 

36 

56 

20 

33 

27 

1.4 

0 

10 

6.4 

26 

1 1  

9.4 

9.4 

9.6 

7.5 

0 

9.5 

3.6 

0.37 

0 

1.3 

1.5 

4 3  

4.0 

4.1 

4.2 

4.1 

2.4 

0 

"The r a d i a t i o n  was f i l t e r e d  t o  achieve a cu to f f  of a l l  wavelengths 
below 350 nm. The volume of t h e  photochemical c e l l  w a s  15 mL. 
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The m a x i m u m  quantum e f f i c i e n c y  (determined by t h e  s lope  of the  U4+ 

growth curve d iv ided  by t h e  r a t e  of l i g h t  i npu t )  f o r  U4+ us ing  0.01 M 

BuOH/O.01 M N2Hq i s  0.050. We f i n d  t h i s  t o  be an unusual ly  l a w  va lue  

s i n c e  t h e  t h e o r e t i c a l  va lue  of 0.5 i s  e a s i l y  achieved i n  t h e  H2S04 solu- 

t i o n s .  

t h a t  oE U0223- i n  t h e  400- t o  450-nm r eg ion  (see FFg, 4 ) ,  t h e  s m a l l  amount 

((1%) of U4+ formed ensu res  that most of t h e  photochemistry e f f e c t e d  by 

t h e s e  photons i s  w i t h  U0z2+. 

a r e s u l t  of l i g h t  abso rp t ion  a t  longer  wavelengths 0 5 0 0  nm) and, t h u s ,  

be r e s p o n s i b l e  f o r  t h e  appa ren t ly  lower QY for U022* r educ t ion  that w e  

observe.  

this r eg ion  where t h e  energy of t h e  photon i s  cons ide rab ly  lower. 

- 

- 

Even though t h e  molar a b s o r p t i v i t y  of t h e  U4* i s  comparah1.e t o  

Photoinduced o x i d a t i o n  o f  U4* may occur as 

However, w e  are  unaware of any such p h o t o a c t i v i t y  of U4+ i n  

If the Low va lue  is indeed c o r r e c t ,  t hen  i t  i n d i c a t e s  p o t e n t i a l  

l i m i t a t i o n s  i n  t h e  n i t r i c  a c i d  system. ( S u r p r i s i n g l y ,  t h e s e  l i m i t a t i o n s  

d i d  no t  prove t o  be a problem. Tne reasons f o r  t h i s  are d i scussed  i n  t he  

fo l lowing  s e c t i o n ,  which d e a l s  w i t h  t h e  p h o t o l y s i s  of t h e  combined 

U O ~ ~ + / P U ’ + +  system.) 

3.2 URANIUM/PLUTONIUM PHOTOLYSIS 

Having determined t h a t  the combination of 0.01 M BuOH and 0.01 M 

N2Hq was t h e  most s a t i s f a c t o r y  of t h e  r e d u c t a n t s  t e s t e d ,  w e  sought t o  

combine these two r e a g e n t s  i n  a system con ta in ing  bo th  UOZ2+ and Pu$+. 

Although t h e  SRP f lowsheet  s p e c i f i c a t i o n s  d e s c r i b e  a s t a g e  wi th  1.3 M 

UOe”‘ and lom7 M Pu4+ i n  1 M HNO3, we chose a system t h a t  contained 1.0 M 

UOZ2+ and 4 x 

was motivated by t h e  r e a l i z a t i o n  t h a t  t h e  higher  concen t r a t ion  of Pu4+ 

would be easy  t o  monitor spec t rop to to rne t r i ca l ly  and t h a t ,  i f  t h e  Utt4 

- 

I 

- - - 
M Fu4+ i n  1 M HN03 f o r  t h e  i n i t i a l  tests. The choice - I 
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r educ tan t  genera ted  w a s  s u f f i c i e n t  t o  reduce a l l  of t h e  4 x lom3 - M h4+, 

i t  would probably be  s u f f i c i e n t  t o  handle  t h e  lower concent ra t ions .  

In  t h e  f i r s t  test  of t h e  mixed U022f/Pu4f system, w e  merely added 

Pu4+ t o  t h e  a l r e a d y  e s t a b l i s h e d  U022+ reduct ion  i n  t h e  single-phase 

experiment. When t h e  concent ra t ions  of t h e  RuOH and N2Hq r educ tan t s  w e r e  

each  0.01 M ,  quantum e f f i c i e n c i e s  of 0.125 t o  0.137 w e r e  ob ta ined  f o r  t h e  

formation of t h e  Pu3+ product ;  and a l l  o f  t h e  plutonium w a s  apparent ly  

reduced t o  h3+, as ind ica t ed  by a f i n a l  spectrum of t h e  mixture.  

t h € s  system d i d  n o t  t es t  t h e  f e a s i b i l i t y  of photolyzing an  aqueous phase 

i n  con tac t  w i t h  an o rgan ic  e x t r a c t a n t  which had removed a l a r g e  amount 

of t h e  two a c t i n i d e s .  For t h i s  reason ,  w e  found i t  necessary  t o  run a 

two-phase experiment.  

- 

However, 

The r e s u l t s  of t h e  two-phase pho to lys i s  experiments ,  shown i n  Table 2,  

demonstrate  t h a t  good sepa ra t ion  of Pu3' i n t o  t h e  aqueous phase can be 

achieved through t h i s  photo-redox s t r i p p i n g  procedure.  The f i n a l  d i s t r i -  

bu t ion  c o e f f i c i e n t s  g iven  i n  t h e  last  column suppor t  t h i s  g e n e r a l  conclu- 

s ion .  The quantum e f f i c i e n c i e s  f o r  Pu3+ product ion are a c t u a l l y  secondary 

v a l u e s ,  r e s u l t i n g  from t h e  photochemical r educ t ion  o f  urany l  i o n  followed 

by t h e  r e a c t i o n  of t h e  r educ t ion  products  w i th  Pub+ t o  form h3+. 

t h a t  t h e  quantum e f f i c i e n c i e s  are g e n e r a l l y  h igher  than  those  f o r  U4+ 

p roduct ion ,  as g iven  i n  Sec t .  2) .  All of t h e  experiments were performed 

wi th  1 M U022+, and t h e  ma jo r i ty  of those  shown w e r e  run  wi th  4 x 10-3 M 

Pu4+ f o r  t h e  reasons  s t a t e d  earlier. 

w a s  decreased g r a d u a l l y ,  by decades,  u n t i l  t h e  d e t e c t i o n  l i m i t  o f  t h e  

PERALS s c i n t i l l a t i o n  count ing technique w a s  reached a t  -4 x 10-6 M. 

(Note 

- - 

Subsequently,  t h e  Pu4+ concent ra t ion  

- 
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Table 2. Summary of t h e  two-phase experiments 

C o n d i t i o n s :  C i r c u l a t i o n  ra te  = 2 2  n L / n i n ;  [U02(N03)2] = 1 E; 
[HN03] = 1 M ;  t e m p e r a t u r e  = 25°C u n l e s s  o t h e r w i s e  n o t e d  - 

C o n c e n t r a t i o n  (E) 
Volume, 

- o r g l a q  F i n a l  Run __I___ _.... .- 
No. PUa Pub N2HQ /BuO:{ (mL) QY MethodC D o / a ( P ~ >  

60  

62 

6 3  

6 7d 

6 7d 

73 

7 2e 

8 Zf 

7 Og 

64 

6 9  

6 5  

74 

76 

77 

4 x 10-3 

4 x 10-3 

4 x 10-3 

1, 10-3 

4 x 10-3 

4 x 10-3 

4 x 10-3 

4 x 10-3 

4 x 10-3 

4 x lo+ 

4 x 10-4 

4 x 10-5 

4 x 10-5 

4 x 10-6 

4 x 10-6 

3.97 x 10-3 

3.84 x 10-3 

3.97 x 10-3 

2.60 x 10-3 

4.0 x 10-3 

3.4 x 10-3 

2.6 x 10-3 

2.8 x 

n.a. 

3.8 x lo* 

3.5 x lo+ 

3.9 x 10-5 

3.9 x 1 0 5  

3.7 x lo+ 

3.7 x 1 0 6  

0.0 1/0.0 I 

0.0 0 1/0.00 1 

0.001/0.001 

0.001/0.001 

0.0 1/0.01 

0.0 1/0.01 

O . O l / O . O  1 

0.01/0.01 

0.0 1f0 .0  1 

0.001/0.001 

0.001/0.001 

0.001/0.001 

0.0 1 / O . O  1 

0.0 1/0.0 1 

0.0 1/0.0 1 

35/35 

3 5 / 3 5  

35/35 

35/3 5 

35/35 

180/4 5 

180145 

180/4 5 

180/40 

35/35 

180145 

35/3 5 

180/45 

180/45 

180145 

0.137 S 

0.054 S 

0.068 S , P  

0.076 S 

0.114 S 

0.093 S 

0.049 S 

0.121 S 

0.080 S 

s , p  0.050 

P 0.037 

P 0.025 

P 0.006 

P 0.02 

P 0.018 

- 

a [ P u ]  o r i g i n a l l y  p r e s e n t  i n  aqueous  phase  p r i o r  t o  e x t r a c t i o n .  

h [ P u J  f i n a l  i n  aqueous  phase  a f t e r  p h o t o r c d u c t i v e  s t r i p p i n g  from the o r g a n i c  phase .  

'Method: S = s p e c t r o p h o t o r n e t r l c ;  P = PERALS. 

dExperiment  r u n  a t  50'C. 

eExperiment  r u n  a t  4 5 ° C .  

f P o l y c a r b o n a t e  f i l t e r  u s e d ;  wavelength  >400 nm. 

'Methanol u s e d  i n  p l a c e  o f  b u t a n o l .  

n . a .  = n o t  ava i lab le ;  however, t o t a l  r e d u c t i o n  t o  Pu3+ w a s  a p p a r e n t .  
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Most of t h e  experiments w e r e  performed wi th  0.01 M of each  r educ tan t ;  

however, a few were performed w i t h  0,001 - M t o  t es t  t h e  p o s s i b i l i t y  of 

u s ing  smaller amounts of  t h e  r educ tan t s .  As s t a t e d  ear l ier ,  BuON w a s  

s e l e c t e d  because i t  i s  a product  of  TBP degrada t ion  and t h e r e f o r e  would 

n o t  n e c e s s a r i l y  be f o r e i g n  to t h e  system. Never the less ,  o t h e r  r educ tan t s  

could func t ion  almost as w e l l  as shown by t h e  d a t a  f o r  methanol i n  

experiment 70. 

The n o t i c e a b l e  drop i n  quantum e f f i c i e n c y  w i t h  decreased r educ tan t  

concen t r a t ion  should be noted. These va lues  were determined from t h e  

s l o p e s  of t h e  Pu3+ growth curves f o r  continuous i l l u m i n a t i o n  and no t  from 

t h e  u l t i m a t e  va lues  reached f o r  a l i m i t e d  exposure (see Sect .  2). The 

s lower growth of PU3+ w a s  probably caused by t h e  mixing speeds s i n c e  t h e  

r e a c t l o n  of €J4+ i s  known t o  be rap id ;  t h e r e f o r e ,  t h e s e  decreases  i n  quan- 

tum e f f i c i e n c i e s  r ep resen t  on ly  t h e  v a r i a t i o n s  i n  r e a c t i o n  ra tes  due t o  

d i f f e r e n c e s  i n  t h e  s t eady- s t a t e  concent ra t ions .  Quantum e f f i c i e n c i e s  

were not  observed f o r  t h e  lower Pu4+ concent ra t ions  because 

c i e n t  r educ tan t  w a s  p re sen t  t o  reduce t h e  4 x lom3 M Pubf s o l u t i o n ,  t h e r e  

would obviously be  a n  excess  f o r  t h e  lower Pu4+ concent ra t ions .  

i f  suf  f i - -  

_. 

Some of t h e  experiments  were conducted wi th  equa l  amounts of organic  

and aqueous phases  ( i . e . ,  t h e  35/35-mL volume r a t i o s ) .  Under such con- 

d i t i o n s ,  t h e  o rgan ic  phase was s a t u r a t e d  w i t h  u rany l  n i t r a t e ,  a t t a i n i n g  a 

maximum concen t r a t ion  of 0.5 M - and l eav ing  an equ iva len t  amount of u rany l  

i o n  i n  t h e  aqueous s o l u t i o n .  However, because t h e  SRP process  cond i t ions  

inc lude  a 5:1 organic/aqueous (o /a> volume r a t i o ,  w e  sought t o  approach 

t h e s e  cond i t ions  w i t h  an  i n c r e a s e  i n  t h e  amount of o rgan ic  phase. 

l a r g e r  o rgan ic  cor i tactor  c e l l  descxibed i n  Sec t .  2 w a s  used t o  run  some 

The 
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experiments  w i t h  5:1, 4.5:1, and 4 : l  volume r a t i o s .  The con tac to r  could 

n o t  accommodate t h e  5 : l  r a t i o  s a t i s f a c t o r i l y  because some of t h e  organic  

phase was dr iven  i n t o  t h e  spec t rophotometr ic  c e l l  compartment by the 

pumping o p e r a t i o n ,  t h u s  i n t e r f e r i n g  w i t h  t h e  measurement of t h e  spec t r a .  

The o / a  r a t i o  w a s  success ive ly  reduced u n t i l  t h e  aqueous s o l u t i o n  could 

be  c i r c u l a t e d  w i t h  no i n t e r f e r e n c e  of o rgan ic  i n  t h e  o p t i c a l  path.  The 

b e s t  r e s u l t s  were ob ta ined  a t  t h e  4:l r a t i o ,  bu t  d a t a  from some of t h e  

ear l ie r  runs  a t  t h e  4.5:l r a t i o  have a l s o  been included. 

The h ighe r  o / a  r a t i o  system produced more complete e x t r a c t i o n  of t h e  

UOz2+, l e av ing  only  0.045 M i n  t h e  aqueous w i t h  a f i n a l  d i s t r i b u t i o n  

c o e f f i c i e n t  D o l a  (U022+)  = 5.3 f o r  t h e  the 4 : 1  r a t i o .  

d i t i o n s ,  t h e  amount of l i g h t  absorbed dur ing  pho to lys i s  w a s  less because 

of  t h e  s h o r t  pa th l eng th  of t h e  pho to lys i s  chamber and t h e  d i l u t e  uranyl  

n i t r a t e  s o l u t i o n .  S ince  less l i g h t  w a s  being absorbed by t h e  system, the 

s t eady-s ta te  concen t r a t ion  of t h e  uranium reduc tan t  (mainly U4') w a s  

lower; t h u s ,  t h e  measured quantum y i e l d  appears  t o  be lower. However, an 

advantage of t h e  d i l u t e  s o l u t i o n  i s  t h a t  t h e  gene ra t ion  of U4+ would be 

~ O K E  uniform a long  t h e  pa th lengtb  of the e x c i t i n g  l i g h t  than i n  t h e  

corresponding s o l u t i o n  con ta in ing  1 - M UOZ2+, where most of t h e  l i g h t  

abso rp t ion  occurs  i n  t h e  f i r s t  few m i l l i m e t e r s  of s o l u t i o n .  

- 
Under t h e s e  con- 

The e f f e c t  of  temperature  on t h e  p h o t o l y s i s  w a s  a l s o  examined a t  

[Pu4+] = 4 x 

i ned  a t  50 and 45OC, r e s p e c t i v e l y .  

decrease  from 0.137 (at 20°C) t o  0.115 (at 50°C) f o r  1 : l  s o l u t i o n s  and 

from 0.093 ( a t  20°C) t o  0.049 ( a t  45'C) f o r  the 4: l  s o l u t i o n s .  Most of 

t h i s  decrease  is  a t t r i b u t e d  t o  an  i n c r e a s e  i n  t h e  rate oE Pu3+ ox ida t ion  

t h a t  w e  observed a t  t h e  h igher  temperatures .  

M. Solu t ions  w i t h  o / a  r a t i o s  of 1:l and 4:l  were exam- - 
The quantum e f f i c i e n c y  appears  t o  
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D i s t r i b u t i o n  c o e f f i c i e n t s  of Pub+ and UOZ2* were measured p r i o r  t o  

pho to lys i s  and were found t o  be 0.41 f 0.3  and 5.3 ?I 0.8, r e s p e c t i v e l y ,  

f o r  t h e  1 - M HN03 conta in ing  1 M - U022+ p r i o r  t o  e x t r a c t i o n  wi th  4 : l  r a t i o  

o rgan ic  t h a t  had been pre-equi l ibra ted  w i t h  ac id  beforehand, 

va lues  ag ree  f avorab ly  w i t h  those  g iven  e a r l i e r . 1 4 , 1 5  

t h a t  t h e  low a c t d  va lue  and t h e  h igh  UOZ2$- conten t  cause t h e  Pub+ t o  

favor t h e  aqueous phase; hence,  t h e  e f f e c t s  of photochemical r educ t ion  

and subsequent s t r i p p i n g  are no t  as dramatic.  Never the less ,  t h e  f ina l .  

d i s t r i b u t i o n  c o e f f i c i e n t  f o r  plutonium (as shown i n  t h e  experiments 

where t h e  count ing  techniques  w e r e  employed) has  been reduced by a t  least 

a f a c t o r  of  10 t o  a va lue  which i s  c o n s i s t e n t  w i t h  t h a t  p red ic t ed  f o r  

Pu3+.16 

of  Table 2 i s  probably t h e  r e s u l t  of incomplete e q u i l i b r a t i o n  i n  t h e  

s o l u t i o n s .  

These 

It should be noted 

The range of d i s t r i b u t i o n  c o e f f i c i e n t  va lues  i n  t h e  las t  column 

The f i n a l  concen t r a t ion  of plutonium i n  t h e  aqueous phase was found 

t o  be a t  least  87.5% (de ter idned  froin columns two and t h r e e  of t h e  t a b l e )  

t h a t  of t h e  s t a r t i n g  va lue  in a l l  cases except those  where t h e  h igher  

temperatures  o r  t h e  polycarbonate  f i l t e r  w e r e  used (see Table 2, columns 

2 and 3) .  A s  s t a t e d  ear l ier ,  t h e  h igher  temperatures  caused some l o s s  i n  

Pu3+ s t a b i l i t y  and, i n  t u r n ,  t h e  lower quantum e f f i c i e n c i e s .  The 

decreased s t a b i l i t y  of t h e  h3+ i s  n o t  be l ieved  t o  be a func t ion  of t h e  

photochemical process;  i n s t e a d ,  i t  appears  t o  be r e l a t e d  t o  t h e  na tu re  of 

t h e  system ( i . e . ,  ox ida t ion  by NOx spec ie s )  and should not  r e f l e c t  on t h e  

merits of t h e  photochemical method, 

We sought t o  e v a l u a t e  t h e  e f f i c a c y  of us ing  longer-wavelength rad ia-  

t i o n  i n  t h e  uranium photoreduct ive s t r i p p i n g  of plutonium, s i n c e  photo- 

degrada t ion  of t h e  s o l v e n t  i s  of concern. (However, no s o l v e n t  degrada- 

t i o n  w a s  observed f o r  any of t h e  experiments descr ibed  i n  t h i s  r epor t . )  
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The e f f e c t  of  t h e  polycarbonate  f i l t e r ,  which excluded a l l  l i g h t  of wave- 

l e n g t h s  s h o r t e r  t han  400 nm, was seen  i n  t h e  amount of %3f product 

formed. It a p p e a r s  t h a t  t h e  longer-wavelength l i g h t  i s  n o t  s a t i s f a c t o r y  

f o r  complete r e d u c t i o n  of Pub*; however, we have no exp lana t ion  f o r  t h i s  

o b s e r v a t i o n ,  because ou r  act inometry measurements demonstrate t h a t  no 

less than h a l f  of t h e  o r i g i n a l  number o f  photons ( i -e . ,  those which w e r e  

passed by t h e  350-m c u t o f f  E i l t e r )  are s t i l l  being absorbed, and t h i s  

number should be s u f f i c i e n t  f o r  even tua l  r educ t ion  of a l l  t h e  Pub+. 

We have a l s o  considered t h e  p o s s i b l e  r e f l u x  o x i d a t i o n  of t h e  Pu3+ 

t h a t  has  been i d e n t i f i e d  i n  t h e  U4+/Yu4$- r educ t ion  p r 0 c e s s . 1 ~  

cedure was t e s t e d  i n  t h e  experiment w i t h  4 x loe6 M Pub+ where phenyl- 

hydrazine w a s  added i n  p l a c e  of t h e  H2N,+, a n t i c i p a t i n g  t h a t  i t s  g r e a t e r  

s o l u b i l i t y  i n  t h e  o r g a n i c  phase would e l i m i n a t e  any back-oxidation of 

Pu3+ occur r ing  t h e r e .  

r e d u c t a n t  t o  warrant  t h e  conclusion t h a t  t h e s e  experiments were being 

1 imi t ed by t h i s  phenomenon. 

This pro- 

- 

No s i g n i f i c a n t  d i f f e r e n c e  w a s  achieved w i t h  t h i s  

F igu res  5 through 8 summarize some of t h e s e  r e s u l t s  i n  a manner t h a t  

i n c l u d e s  tlie e f f e c t  o f  time on the concen t r a t ion  of plutonium i n  t h e  o rgan ic  

phase as Pu4+ i s  being r e d u c t i v e l y  s t r i p p e d  i n t o  t h e  aqueous phase. It 

should be s t r e s s e d  t h a t  t h e  methods of c i r c u l a t i o n  and mixing were very 

rudimentary by r ep rocess ing  s t anda rds ;  t h e r e f o r e ,  t h e  20-min rates are a 

f u n c t i o n  o f  t h e  mixing system. Figure 5 g i v e s  t h e  r e s u l t s  f o r  t h e  

4 x 

of t h e  f i g u r e  I s  t h e  fib' concen t r a t lon  i n  t h e  aqueous phase p r i o r  t o  

e x t r a c t i o n ;  t h e  [Put+*] a t  t = 0 i s  t h e  equ i l ib r ium va lue  of t h e  Pubc 

a f t e r  e x t r a c t i o n .  The two l i n e s  are f o r  t h e  same experiment: t h e  l i n e  

M plutonium r e d u c t i v e  s t r i p p i n g .  The h o r i z o n t a l  l i n e  a t  t h e  t o p  - 
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ORNL DWG 86-106 

Fig. 5. Change in the [Pu] as a function o f  photolysis t i m e  in the 
two-phase extraction system for 4 x 10-3 - M total plutonium. 
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ORNL DWG 86-105 

TIME (min) 

Fig. 6 .  Change in the [Pu] as a function of photolysis time in t h e  
two-phase extraction system for 4 x 10-4 M total plutonium. - 
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ORNL DWG 86-107 

TIME ( m i d  

Fig .  7. Change in t h e  [Pu] as a f u n c t i o n  of p h o t o l y s i s  t i m e  i n  the 
two-phase extraction system f o r  it x 10-5 - 14 total. plutonium. 
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F i g .  8. Change i n  the [Pu]  as a f u n c t i o n  of photolysis time in the 
two-phase extraction system for 4 x IOw6 39 t o t a l  plutonium. - 
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marked "organic"  r e p r e s e n t s  va lues  determined by count ing techniques;  t h e  

l i n e  marked "spectrophotometr ic  d i f f e r e n c e "  represents va lues  determined 
. /, 

by s u b t r a c t i n g  t h e  concent ra t ion  found i n  the aqueous by absorp t ion  

spectrophotometry from t h e  t o t a l  concent ra t ion .  

t h e  two l i n e s  i s  due t o  t h e  e r r o r  involved i n  t h e  spec t rophotometr ic  

measurelnent a t  t h e  end o f  t h e  pho to lys i s  - t h e  d i f f e r e n c e  between t h i s  

measured Pu3+ and t h e  s t a r t i n g  concen t r a t ion  i s  a s m a l l  number w i t h  con- 

s i d e r a b l e  e r r o r .  

The g r e a t  divergence of 

In cons ide r ing  t h e  same type  of p l o t  f o r  4 x 10-4 M (Fig.  6 ) ,  4 x 10-5 - 
M (Pig. 7), and 4 x 10% - M plutonium (Fig. 8) ,  w e  see similar b a s i c  

t rends .  In f a c t ,  t h e s e  f i g u r e s  could be superitnposed on each  o t h e r  if 

t h e  d i f f e r e n c e s  i n  t h e  [PUT] were ignored. 

when t = 0, which i s  r e p r e s e n t a t i v e  of t h e  d i s t r i b u t i o n  c o e f f i c i e n t  f o r  

Pu4*. However, w e  cannot exp la in  the apparent  decrease  i n  Do/a (Pu4+) as 

t h e  concen t r a t ion  of plutonium decreases .  The t o t a l  plutonium concentra- 

t i o n  decreases  a t  t h e  same r a t e  dur ing  t h e  pho to lys i s  and t o  t h e  same 

r e l a t i v e  l i m i t s  i n  all of t h e  f i g u r e s ,  reaching  a l i m i t i n g  va lue  equiva- 

lent  t o  -0.08/4.0 of (as read  from Pigs .  5-8, i.e., 2%)  t h e  o r i g i n a l  

value.  

f i c i e n t ,  Do/,, of 0.02 and i s  c o n s i s t e n t  w i t h  what i s  expected,14 

- 

The [Pu4+] starts a t  a va lue ,  

This  l i m i t i n g  va lue  i s  i n d i c a t i v e  of a Pu3+ d i s t r i b u t i o n  coef- 

The f a c t  t h a t  a l l  of t h e s e  curves almost over lay  each o t h e r  sugges ts  

t h a t  t h e  rates are not  being c o n t r o l l e d  by t h e  chemistry of the r educ t ion  

p rocess ,  b u t ,  i n s t e a d ,  by t h e  r a t e  of c i r c u l a t i o n  and mixing ( i . e e ,  

o rgan ic  t o  aqueous t r a n s f e r ) .  I f  they w e r e  c o n t r o l l e d  by t h e  chemistry,  

they would be progres s ive ly  slower as  t h e  t o t a l  [Pu] w a s  decreased. 

These d a t a  are encouraging from t h e  s tandpoin t  t h a t  t h e  r a t e  of separa- 

t i o n  by r educ t ive  s t r i p p i n g  i n  t h e  system t e s t e d  he re  i s  c o n t r o l l e d  by 
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t h e  c i r c u l a t i o n  and mixing - f a c t o r s  t h a t  would obviously be improved i n  

a more s o p h i s t i c a t e d  r ep rocess ing  system. 

I n  suppor t  of t h e  conclusions regard ing  mixing, t h e  r e s u l t s  of many 

of our  e a r l y  e x p e r i m n t s  gave d a t a  p o i n t s  $ha t  s c a t t e r e d  so  badly t h a t  

t h e  t r e n d s  i n d i c a t e d  in t h e  f i g u r e s  were i n d i s c e r n t b l e .  Observations of 

t h e  c i r c u l a t i n g  s o l u t i o n  revea led  t h a t  t h e  o rgan ic  phase w a s  n o t  being 

adequate ly  a g i t a t e d  by the 22¶L/min strean empty-ing onto t h e  top  sur face .  

Manual s t j i r r i n g  p r  i.or t o  sampling dramat i ca l ly  decreased t h e  scat ter  of 

p o i n t s  * 

 he apparent  anomaly i n  t h e  l o w  quantum e f f i c i e n c y  f o r  u‘++ product ion 

and t h e  much h ighe r  “secondary” va lues  f o r  Pu3+ product ion were of con- 

s i d e r a b l e  concern s i n c e  they  implied t h a t  another  r educ tan t  bes ides  t h e  

Ut+’ w a s  be ing  generated. Real iz ing  t h e  s t o i c h i o n e t r y  of Eq.  (2), we can 

e x p l a i n  t h e  d iscrepancy  i f  t h e  va lues  d i f f e r e d  by a f a c t o r  of 2; however, 

w e  found t h a t  t hey  d i f f e r  by a f a c t o r  of 2.5, sugges t ing  t h e  presence of 

some remaining UO2+ [i.e. , U(V)] 1x1 account f o r  t h e  a d d i t i o n a l  r educ t ion  

of  PU’++. 

t a n t  than  U4+ ( s i n c e  an e l e c t r o n  i s  t r a n s f e r r e d  without  molecular rear- 

rangement). Never the less ,  t h e  r e l a t i v e l y  h igh  quantum e f f i c i e n c i e s  f o r  

Pu3+ generation s a t i s f y  the needs tha t  w e  are addressing.  

T~X i n t e rmed ia t e  U Q ~ +  i s  probably an even more e f f e c t i v e  reduc- 

4. CONCLUS LONS 

The r educ t ion  o f  Pu4+ us ing  photochemically generated U4+ has been 

s h o w  t o  be  an  e f f i c i e n t  process  , reaching “secondary“ quantum e f f i c i e n -  

c ies  as h i g h  as 0.137 by us ing  t h e  r educ tan t  combination of 0.01 M BuOH - 
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and N2Ht+. 

f u l l y  s t r i p p e d  from a TBP/n-dodecane - phase wi th  no apparent  l o s s  of 

Concentrat ions of Pu4' as low as 4 x - M have been S U C C ~ B S -  

. -  

e f f i c i e n c y .  We can then  i n f e r  t h a t  s t i l l  lower concen t r a t ions  could be 

sepa ra t ed  w i t h  comparable e f f i c i e n c y .  

t e s t i n g  procedure w a s  t h e  simple method used f o r  s t i r r i n g  and mixing. 

With improved mixing, a f a s t e r  rate of r educ t ive  s e p a r a t i o n  could be 

The on ly  l i m i t i n g  f a c t o r  i n  our 

expected. 

No degradat ion of t h e  o rgan ic  phase w a s  observed as a r e s u l t  of t h e  

p h o t o l y s i s  w i th  wavelengths >350 nm. Therefore,  t h e  u s e  of l i g h t  w i th  

a wavelength >400 nm would be of no s i g n i f i c a n t  advantage. 

duc t ton  w a s  shown t o  proceed s u c c e s s f u l l y  a t  higher  temperatures;  t h e  

on ly  l i m i t a t i o n  w a s  a decreased s t a b i l i t y  of t h e  Pu3+ produced. 

t h e  experiments performed i n  t h i s  s tudy focused on t h e  BuOH/N2H4 reduc- 

t a n t  combination, a number of o t h e r  r e d u c t a n t s  could be used, i f  some 

means of s t a b i l i z i n g  t h e  Pu3' were provided. 

The photore- 

Although 
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