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HIGHLIGHTS 

D u r i n g  p r o p e r  o p e r a t i o n  o f  t h e  Purex process f o r  t h e  recovery of 

uranium and p l u t o n i u m  f rom spent r e a c t o r  f u e l ,  t h e r e  a re  o n l y  t r a c e  l e v e l s  

of uranium i n  t h e  aqueous waste. I n  t h e  event  o f  an upset  i n  t h e  e x t r a c -  

t i o n  columns t h e  aqueous waste stream would g i v e  t h e  f i r s t  i n d i c a t i o n  of  

breakthrouqh. From t h e  s t a n d p o i n t  o f  process c o n t r o l  i t  would be d e s i r a b l e  

t o  have an i n - l i n e ,  r e a l - t i m e  sensor f o r  uranium i n  t h e  aqueous waste 

stream. It was toward t h i s  end t h a t  t h i s  i n v e s t i q a t i o n  was undertaken. 

The measurement techn ique  t h a t  seems t o  p r o v i d e  t h e  most s e n s i t i v e  

method w i t h o u t  a d d i t i o n  o f  reagents appears t o  be t h e  e l e c t r o c h e m i c a l  

r e d u c t i o n  o f  U02* t o  I l ( I V )  f o l l o w e d  by s p e c t r a l  measurement. The 

e l e c t r o c h e m i c a l  r e d u c t i o n  t o  I I ( IV)  i nc reases  t h e  s e n s i t i v i t y  b.y a f a c t o r  o f  

t h r e e  t o  f i v e  and s h i f t s  t h e  measurement wavelength t o  a s p e c t r a l  area ( 6 4 7  

nm and 1075 nm) u n a f f e c t e d  by f i s s i o n  products .  IJsing t h e  proposed a n a l y -  

s i s  sequence i t  i s  p o s s i b l e  t o  determine uranium a t  a l e v e l  o f  0.2 q/L i n  

t h e  presence o f  r e l a t i v e l y  h i q h  s p e c t r a l  backqround. 

Th is  r e p o r t  d e t a i l s  t h e  e l e c t r o c h e m i c a l  r e d u c t i o n  o f  U ( V 1 )  i n  n i t r i c  

a c i d  s o l u t i o n s  (0.5 - M t o  2.0 - M) w i t h  p l a t i n u m - v i t r e o u s  carbon e l e c t r o d e s  

and examines t h e  s p e c t r a l  behav io r  o f  U ( I V )  as a f u n c t i o n  o f  n i t r i c  a c i d  

concent r a t  ion.  

v i  i 



1. INTRODUCTION 

. 
The pho tomet r i c  a n a l y s i s  of uranium i n  aqueous Purex streams i s  

accompl ished by measur ing u r a n y l  absorbance a t  t h e  416 and/or 426 nm 

a b s o r p t i o n  bands (1). I f  t h e  l e n g t h  o f  t h e  o p t i c a l  p a t h  i s  op t im ized  f o r  

t h e  uranium c o n c e n t r a t i o n  i n  t h e  stream, t h e  pho tomet r i c  method i s  accu ra te  

t o  w i t h i n  a few percent .  The accuracy o f  t h e  pho tomet r i c  procedure w i l l ,  

however, d e t e r i o r a t e  i f  t h e  process s o l u t i o n  c o n t a i n s  o p t i c a l l y  abso rb ing  

contaminants  o r  o p t i c a l l v  d i s p e r s i v e  suspended s o l i d s .  D i s p e r s i o n  o f  t h e  

l i q h t  source r a d i a t i o n  by suspended p a r t i c l e s  produces an e l e v a t e d  o p t i c a l  

backqround which c r e a t e s  a p o s i t i v e  b i a s  i n  t h e  uranium a n a l y s i s .  Because 

t h i s  backqround i s  e s s e n t i a l l y  f l a t  over  a smal l  wavelength ranqe, a r e f e r -  

ence wavelength, a t  which t h e  a n a l v t e  does n o t  absorb, can be used t o  

compensate f o r  t h e  b ias .  I n  t h e  case of t h e  u r a n y l  i o n  (Fiq.  l A ) ,  a 

wavelenqth l o n q e r  t h a n  530 nm can be used t o  c o r r e c t  f o r  sample t u r b i d i t y .  

Procedures f o r  e s t i m a t i n g  and e l  i m i  n a t i  ng i n t e r f e r e n c e s  produced by 

contaminants abso rb ing  a t  t h e  same wavelengths as uranium a r e  not q u i t e  so 
d i r e c t .  Uranium c o n c e n t r a t i o n  i n  Purex s o l u t i o n s  can be ove res t ima ted  due 

t o  c o l o r e d  i o n s  o r i q i n a t i n q  from s t a i n l e s s  s t e e l  c o r r o s i o n  o r  by n u c l e a r  

f i s s i o n .  Table 1 l i s t s  t h e  major  c a t i o n s  produced by e i t h e r  source, as 

w e l l  as t h e i r  r e s p e c t i v e  molar a b s o r p t i o n  c o e f f i c i e n t s  a t  416, 647 and 1075 

nm ( 7 , 3 ) .  Not i n c l u d e d  i n  t h i s  t a b u l a t i o n  a r e  t h e  z i r c o n i u m  and molybdenum 

f i s s i o n  p roduc ts  which can e x i s t  i n  a v a r i e t y  o f  s o l u b l e  and i n s o l u b l e  
po l ymer i c  forms. These two types o f  contaminates w i l l  e l e v a t e  t h e  o p t i c a l  

backqround s l i g h t l y  a t  u r a n y l  wavelengths by b o t h  1 i g h t  d i s p e r s i o n  and 

o p t i c a l  abso rp t i on .  

The c o n c e n t r a t i o n  o f  t hese  c o l o r e d  c a t i o n s  i s  g r e a t  enough i n  t h e  HAW 

Purex streams ( 4 )  t o  produce a backqround absorbance a t  416 nm which i s  

e q u i v a l e n t  t o  q r e a t e r  t h a n  50 g/L I I  (F ig .  2A). In aqueous s o l u t i o n s  down- 

stream f rom t h e  HA e x t r a c t i o n  column, t h e  o p t i c a l  i n t e r f e r e n c e  of t h e  con- 

t a m i n a t i n q  i o n s  i s  n o t  q u i t e  so severe because t h e i r  i n d i v i d u a l  concentra-  

t i o n s  a r e  r a r e l y  g r e a t e r  t h a n  100 ppm. Aqueous r a f f i n a t e  'streams t y p i c a l l y  

e x h i b i t  a background absorbance a t  416 nm which i s  e q u i v a l e n t  t o  a few gram 

p e r  l i t e r  l JOgt  (F iq .  2B). Th is  l ow  l e v e l  of i n t e r f e r e n c e  would 

mandate a c o r r e c t i o n  f o r  o n l y  o p t i c a l  d i s p e r s i o n  i n  t h e  measurement o f  

1 
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Cat ion  

Table 1. Vo la r  Absorp t ion  C o e f f i c i e n t s  f o r  Uranium 
and Mai n Purex Process S t  ream Contami nant  s*  

Wavelength (nm) 
416 647 10754 

U0?+ 8.57 0 0 

U( I V )  2.62 29.5 42.8 

S t a i n l e s s  Stee l  Cor ros ion  Products :  

N i ( I 1 )  2.52 1.82 2.05 

Co( I I )  n. 59 n. 29 I). 71  

F e ( I I 1 )  

Cr ( I I I )  

n.61 

2.24 

0 

1.20 

n 
n. 68 

Mn( I1)  0.66 0.55 0.11 

F i s s i o n  Products :  

Rh (111)  77.2 n 0 

R u ( I 1 I )  5n. 5 0 0 

*Molar Absorp t ion  c o e f f i c i e n t s  i n  u n i t s  o f  - fV1 c r l ,  measured i n  
1.5 - M HNO3 media. 
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F i q .  7. V i s i b l e  scan o f  Purex process i m p u r i t i e s :  ( a )  prepared 
sample of  f i s s i o n  p roduc ts  a t  c o n c e n t r a t i o n s  p resen t  i n  HAW s o l u t i o n  d u r i n q  
LWR f u e l  reprocess inq,  ( b )  aqueous r a f f i n a t e  process sample o f f  a secondar.y 
e x t r a c t i o n  column used f o r  uranium waste recovery,  a l l  U has been removed 
f rom t h e  sample and ( c )  ln .78  q/L I 1  standard i n  0.1 M HNO3. - 
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uranium i n  concen t ra ted  p roduc t  streams. I n  s o l u t i o n s  c o n t a i n i n q  l e s s  than  

2n q /L  II, t h e  o p t i c a l l y  abso rb inq  c a t i o n s  s i q n i f i c a n t l y  a l t e r  t h e  a n a l y t i -  

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

absorbance i s  r e q u i r e d  t o  o b t a i n  t h e  d e s i r e d  accuracy.  

To t h i s  end, a measurement scheme has been proposed t h a t  bo th  i n -  

creases t h e  s e n s i t i v i t y  o f  t h e  pho tomet r i c  a n a l y s i s  o f  U and, a t  t h e  same 

t ime ,  m o n i t o r s  and c o r r e c t s  f o r  an o p t i c a l l y  abso rb ing  and d i s p e r s i v e  back- 

qround. One can conclude f rom Table 1 and F i g u r e  2 t h a t  c a t i o n i c  absor-  

bance decreases a t  l o n q e r  wavelenqths. The major  a b s o r p t i o n  bands i n  t h e  

v i s i b l e  s p e c t r a  o f  U(1V) (F ig .  16) occur  a t  wavelengths l o n g e r  than  t h e  

UO$+ i o n ,  i.e., 428, 480, 547, 647 and 1075 nm. By de te rm in ing  t h e  

uranium c o n c e n t r a t i o n  i n  s o l u t i o n  based on U ( I V )  absorbance a t  e i t h e r  647 
o r  1n75 nm, a n a l y t i c a l  s e n s i t i v i t y  would be improved by a f a c t o r  o f  3 o r  5, 
r e s p e c t i v e l y ,  and be l e s s  a f f e c t e d  by process i m p u r i t i e s .  The s m a l l e r  

o p t i c a l  backqround observed a t  t h e  U (  I V )  wavelenqth c o u l d  be measured 

d i r e c t l y  by t h e  f o l l o w i n g  scheme: 1) measure t h e  t o t a l  o p t i c a l  background 

a t  t h e  I l ( 1 V )  a b s o r p t i o n  band, 2) e l e c t r o c h e m i c a l l y  reduce t h e  (Jog+ 
ion ,  3) measure I l(1V) absorbance a t  t h e  same wavelength and c o r r e c t  t h i s  

va lue by s u h t r a c t i n q  t h e  background absorbance p r e v i o u s l y  recorded. The 

r e s u l t i n q  a n a l y s i s  shou ld  p r o v i d e  an i n d i c a t i o n  o f  s o l u t i o n  uranium con- 

c e n t r a t i o n  independent o f  suspended s o l i d s  o r  abso rb ing  s t ream i m p u r i t i e s .  

Th is  r e p o r t  d e f i n e s  t h e  c o n d i t i o n s  necessary f o r  t h e  complete reduc- 

t i o n  o f  t h e  u r a n y l  i o n  and rev iews  t h e  s p e c t r a l  behav io r  o f  U ( 1 V )  i n  t y p i -  

c a l  aqueous Purex waste streams. From t h e  e l e c t r o c h e m i c a l  and s p e c t r a l  

behav io r  i t  i s  p o s s i b l e  t o  e s t i m a t e  t h e  a n a l y t i c a l  accuracy t h a t  can be 

r e a l i z e d  f rom t h e  proposed i n - l i n e  measurement scheme. 

2. REAGENTS AND EQUIPMENT 

Uranium . standards were prepared f rom s o l i d  U02(N03)2*6H20, 
purchased f rom A l f a  Products Corporat ion.  The t o t a l  uranium c o n c e n t r a t i o n  

i n  t h e  d i s s o l v e d  s tandards was determined by p o t e n t i o m e t r i c  t i t r a t i o n  u s i n g  

t h e  navies-Gray procedure ( 5 ) .  U(1V) c o n c e n t r a t i o n  i n  reduced samples was 

measured t i t r i m e t r i c a l l y  u s i n g  s tandard  c e r i c  s u l f a t e  (6).  

A C y c l i c  Voltammeter Model 02943B, designed by M u e l l e r  and Jones (7), 
was used t o  c o n t r o l  t h e  r e d u c t i o n  p o t e n t i a l  between t h e  work ing  and c o u n t e r  
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e l e c t r o d e s  d u r i n g  uranium e l e c t r o l y s i s .  E l e c t r o d e  m a t e r i a l  s i n v e s t i g a t e d  

i nc luded :  f i n e  p l a t i n u m  gauze, 1.4 mm O.D. p l a t i n u m  rod,  go ld  f o i l ,  6 mm 
d iameter  v i t r e o u s  carbon prepared u s i n g  t h e  techn ique o f  Gupta (81, r e t i c u -  

l a t e d  v i t r e o u s  carbon (RVC) sponge hav ing  an average pore  s i z e  o f  0.01 in . ,  

purchased f rom F luorocarbon (Anaheim, C A I ,  and p y r o l y t i c  g r a p h i t e .  

A Cary 14 r e c o r d i n g  spec t rometer  was used t o  scan uranium s o l u t i o n s  

con ta ined  i n  a 1 cm q u a r t z  c e l l .  A l l  absorbance measurements were made 

versus a wa te r  b lank .  

3. RESULTS 

Uranium c o n c e n t r a t i o n  i s  mon i to red  i n  aqueous waste streams t o  m i n i -  

mize process  l osses  of  t h e  heavy meta l .  The a n a l y t i c a l  techn ique used f o r  

t h i s  measurement must be accu ra te  and r a p i d  so t h a t  process parameters may 

be a l t e r e d  immedia te ly  i f  h i g h  l e v e l s  o f  uranium a re  de tec ted  i n  t h e  r a f -  
f i n a t e  s o l u t i o n s .  Cond i t i ons  were t h e r e f o r e  d e f i n e d  f o r  t h e  complete and 

r a p i d  r e d u c t i o n  o f  u rany l  i o n  i n  n i t r i c  a c i d  s o l u t i o n .  The f o l l o w i n g  

parameters t h a t  a f f e c t  t h e  r a t e  o f  e lec t rochemica l  r e d u c t i o n  were i n v e s t i -  

gated: e l e c t r o d e  m a t e r i a l  , e l e c t r o d e  su r face  p r e p a r a t i o n  , e l e c t r o d e  s i ze ,  

s o l u t i o n  a c i d i t y  and uranium concen t ra t i on .  The s p e c t r a l  c h a r a c t e r i s t i c s  

o f  U ( IV )  were a l s o  s t u d i e d  as a f u n c t i o n  o f  heavy metal and HNO3 concen- 

t r a t i o n s  t o  assure  accuracy of t h e  pho tomet r i c  uranium measurement. The 

r e s u l t s  o f  t hese  s t u d i e s  a re  summarized below. 

3.1 E l e c t r o d e  M a t e r i a l  

The c a t h o d i c  r e d u c t i o n  o f  u rany l  i o n  has been s t u d i e d  p o l a r o g r a p h i -  

c a l l y  u s i n g  a d ropp ing  mercury e l e c t r o d e .  The r e d u c t i o n  i s  a two s tep  

process where U(V1) i s  f i r s t  reduced t o  U(V), 

and t h i s  spec ies  d i s p r o p o r t i o n a t e s  by t h e  f o l l o w i n g  r e a c t i o n :  

Th is  r e d u c t i o n  o f  U(V) t o  U( IV )  i n v o l v e s  t h e  h r e a k i n g  o f  oxygen bonds and 

i s  t h e r e f o r e  a c i d  deDendent. I f  t h e  pH i s  l e s s  than  1.0, a c o n d i t i o n  met 

b.y aqueous Purex r a f f i n a t e  streams, t h e  r a t e  o f  U(V) d i s p r o p o r t i o n a t i o n  i s  

g r e a t  enough t o  a l l o w  u rany l  r e d u c t i o n  t o  be descr ibed as a s i n g l e  

i r r e v e r s i  b l  e ha1 f r e a c t i o n :  

UO$+ + e- +UO$ 

2 uo$ +uo$+ + u4+ 

2 UO$+ t 4 H + 2 e- -f u4+ t 2 H ~ O  
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The r e d u c t i o n  p o t e n t i a l  f o r  t h i s  r e a c t i o n  i s  near  zero when measured versus 
a s tandard  calomel e l e c t r o d e  (9).  

A d r o p p i n q  mercury e l e c t r o d e  cannot be c o n v e n i e n t l y  used as t h e  e l e c -  

t r o a c t i v e  s u r f a c e  i n  o n - l i n e  o r  i n - l i n e  process i n s t r u m e n t a t i o n .  Prev ious 

uranium e l e c t r o l y s i s  has been performed a t  q o l d  (10) o r  p l a t i n u m  (11) s u r -  

f aces ;  t h e s e  s o l i d  m a t e r i a l s  a re  more s u i t a b l e  f o r  s t a t i o n a r y  e l e c t r o d e s  i n  

process mon i to rs .  Glassv carbon i s  a l s o  commonly used as an e l e c t r o d e  and 

has r e c e n t l y  been u s e f u l  i n  t h e  e l e c t r o c h e m i c a l  d e t e c t i o n  o f  Purex process 

reaqents (12). P y r o l i t i c  g r a p h i t e  i s  an a t t r a c t i v e  e l e c t r o d e  m a t e r i a l  

because o f  i t s  r e l a t i v e l y  l ow  cos t ,  i t s  c o m p a t a b i l i t y  w i t h  d i l u t e  n i t r i c  

a c i d  and, l i k e  q lassy  carbon, n i t r a t e  i o n s  a r e  n o t  r e d u c i b l e  a t  i t s  s u r -  

face. Each o f  t hese  s o l i d  m a t e r i a l s  was used as bo th  cathode and anode i n  

a s t i r r e d  30 mL q lass  r e d u c t i o n  vessel .  Because u r a n y l  r e d u c t i o n  i s  an 

i r r e v e r s i b l e  r e a c t i o n ,  bo th  e l e c t r o d e s  were p laced  d i r e c t l y  i n  t h e  reduc- 

t i o n  vessel  r a t h e r  t h a n  i s o l a t i n g  t h e  anode f rom t h e  e l e c t r o l y z e d  s o l u t i o n  

by a s a l t  b r i dqe .  The f o u r  e l e c t r o d e  m a t e r i a l s  were compared on t h e  b a s i s  

o f  t h e  t i m e  r e q u i r e d  t o  o b t a i n  maximum r e d u c t i o n  o f  75  mg I l ( V I ) ,  t h e  maxi- 

mum percen t  o f  U(V1) reduced, and t h e  p o t e n t i a l  d i f f e r e n c e  ma in ta ined  

between t h e  e l e c t r o d e s  by t h e  c y c l i c  voltammeter. The e f f i c i e n c y  o f  each 

s o l i d  e l e c t r o d e  m a t e r i a l  i s  summarized i n  Table 2. 

The use of g o l d  e l e c t r o d e s ,  i n  t h e  fo rm o f  a 1 cm by 3 cm f o i l ,  

r e s u l t e d  i n  app rox ima te l y  25% r e d u c t i o n  o f  t h e  u r a n y l  i o n  when t h e  poten-  
t i a l  between t h e  anode  and  c a t h o d e  was less  t h a n ,  o r  e q u a l  t o ,  2.2 V. 

Maximum r e d u c t i o n  of  t h e  uranium samples occurs w i t h i n  10 minutes and 

r e o x i d a t i o n  o f  U ( I V )  by o x i d a n t s  generated a t  t h e  anode i s  n o t  observed. 

N i t r i t e  format ion,  commonly encountered a t  t h e  cathode s u r f a c e  from t h e  

c a t a l y t i c  r e d u c t i o n  of  n i t r a t e  i o n  i n  t h e  presence o f  u r a n y l  (13) was n o t  

observed. The low r e d u c t i o n  e f f i c i e n c y  may be due t o  an ox ide  l a y e r  t h a t  

forms on t h e  s u r f a c e  o f  t h e  anode d u r i n g  sample r e d u c t i o n  decreas ing i t s  

e f f e c t i v e  s u r f a c e  a rea. 

Glassy carbon e l e c t r o d e s ,  i n  t h e  form o f  p o l i s h e d  6 mm d iameter  rods, 

r e s u l t e d  i n  a 10% r e d u c t i o n  of  t h e  U0;S2 i o n  i n  30 minutes o f  

e l e c t r o l y s i s  a t  p o t e n t i a l  d i f f e r e n c e  o f  2.2 V. The amount o f  r e d u c t i o n  

observed i s  commensurate w i t h  t h e  smal l  e l e c t r o d e  area (28 mn2) and t h e  

low c u r r e n t  observed. 
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Table 2. Reduct ion E f f i c i e n c y  of E l e c t r o d e  M a t e r i a l s  

E l e c t r o d e  M a t e r i a l  ’% U ( V 1 )  Reduced Reduct ion E l e c t r o d e  
T i  me Potent i a1 

Di f ference 

Sol i d E l  e c t  rodes 

Gold F o i l  25 10 m 2.2v 

V i t r e o u s  Carbon Rod 10 30 m 2.2 v 

P y r o l y t i c  Graph i te  Rod Fin 10 m 2.25v 

P la t i num Rod 4 10 m 4 v  

Porous E lec t rodes  

P1 a t  i num Gauze 35 20 m 4 v  

R VC 1 4  10 m 4 v  

Mixed E l e c t r o d e  Systems 

Pt Gauze cathode & 
R V C  anode 9 10 m 4 v  

R V C  cathode & 
P t  Gauze anode 

R V C  cathode & 
P t  r o d  anode 

50 10 m 4 v  

1 no 10 m 4 v  

4 
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P . y r o l y t i c  q r a p h i t e  e l e c t r o d e s ,  h a v i n g  a s u r f a c e  area o f  3.6 cm2, 
reduced 50% o f  t h e  u r a n y l  i o n  w i t h i n  10 minutes i f  t h e  e l e c t r o d e  p o t e n t i a l  

d i f f e r e n c e  was ma in ta ined  a t  2.25 V. The r e d u c t i o n  was c h a r a c t e r i z e d  by 

c o n s i d e r a b l e  qas e v o l u t i o n  a t  t h e  anode sur face and d i s i n t e g r a t i o n  of t h e  

q r a p h i t e  surface. 

P la t i num r o d  e l e c t r o d e s  were l e a s t  e f f i c i e n t  i n  reduc ing  u r a n y l  ion.  

Two p l a t i n u m  rods, each w i t h  an es t ima ted  s u r f a c e  area o f  15 mn2, r e -  

q u i r e d  an e l e c t r o d e  p o t e n t i a l  d i f f e r e n c e  q r e a t e r  t han  2.5 V b e f o r e  any 

U(1V) was observed. Onlv 4% o f  t h e  uranium was reduced a f t e r  a t e n  m inu te  

e l e c t r o 1 , v s i s  t i m e  a t  a 4V p o t e n t i a l .  

Porous e l e c t r o d e  m a t e r i a l s  were i n v e s t i g a t e d  i n  an e f f o r t  t o  i n c r e a s e  

t h e  e l e c t r o a c t i v e  s u r f a c e  area and, thereby,  i n c r e a s e  t h e  uranium r e d u c t i o n  

e f f i c i e n c y .  A maximum of 35% U(1V) was produced i n  30 minutes u s i n g  two 

p l a t i n u m  gauze e lec t rodes ,  each hav inq  an e s t i m a t e d  s u r f a c e  area o f  470 
mm2. 

Recen t l y ,  a r e t i c u l a t e d  v i t r e o u s  carbon ( R V C )  sponge was i n t r o d u c e d  as 

a h i q h - s u r f a c e  area e l e c t r o d e  m a t e r i a l  (14) .  RVC i s  a q l a s s - l i k e  carbon 

w i t h  a porous s t r u c t u r e  hav inq  a s u r f a c e  area o f  about 65 cm2/cm3. The 

R V C  i s  s t r u c t u r a l l y  r i q i d  b u t  i s  e a s i l y  machined i n t o  any d e s i r e d  e l e c t r o d e  

c o n f i q u r a t i o n .  IJranium r e d u c t i o n  was performed u s i n q  two 2.5 x 2.0 x 0.3 

cm R V C  r e c t a n q l e s  suspended p a r a l l e l  t o  each o t h e r  i n  t h e  r e d u c t i o n  vessel .  

E l e c t r i c a l  c o n t a c t  l eads  were made by wrapping plat. inum qauqe around a 

c o r n e r  o f  each electrode. IJranium reduc t i on ,  u s i n g  i d e n t i c a l  R V C  e l e c -  

t r o d e s ,  was l i m i t e d  t o  14%. However, when t h e  anode was rep laced  by e i t h e r  

p l a t i n u m  gauze o r  rod, t h e  r e d u c t i o n  e f f i c i e n c y  i nc reased  d r a m a t i c a l l y .  

T o t a l  uranium r e d u c t i o n  can be achieved i n  l e s s  t h a n  t e n  minutes u s i n g  an 

R V C  cathode, a p l a t i n u m  r o d  anode and con t inuous  sample s o l u t i o n  mix inq.  

3.,2 C h a r a c t e r i s t i c s  of t h e  R V C - P I  a t inum E l e c t r o d e  S,ystem 

The r e d u c t i o n  t i m e  r e q u i r e d  t o  prepare a l nO% Il(1V) sample must he 

min imized f o r  process c o n t r o l  c o n s i d e r a t i o n s .  Several  exper imenta l  

parameters , can , be a d j u s t e d  t o  speed sample reduc t i on .  A pass iva ted  

p l a t i n u m  anode sur face can r e t a r d  uran.yl reduc t i on .  I f  t h e  e l e c t r o d e  

. .  

system i s  a l l o w e d  t o  r u n  th rough  an i n i t i a l  sample r e d u c t i o n ,  as i n d i c a t e d  

i n  F iq .  3A, t h e  p l a t i n u m  sur face i s  s u f f i c i e n t l y  c leaned by w a t e r  o x i d a t i o n  
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a t  t h e  e l e c t r o d e ,  t h a t  subsequent samples proceed a t  maximum r a t e .  A l t e r -  

n a t i v e l y ,  a f r e s h  p l a t i n u m  s u r f a c e  can be generated by v o l t a m e t r i c  c y c l i n g  

of t h e  e l e c t r o d e  between t h e  hydroqen and oxygen o v e r p o t e n t i a l s .  

The area o f  t h e  p l a t i n u m  anode a l s o  c o n t r o l s  t h e  r a t e  o f  u r a n y l  reduc- 

t i o n .  IJsinq t h e  0.15 cm3 r e c t a n g u l a r  RVC cathode, q r e a t e r  t han  15 mm2 

p l a t i n u m  i s  r e q u i r e d  t o  o b t a i n  t h e  maximum r a t e  o f  U(1V) f o r m a t i o n  (F ig .  

3B). T h i s  area was found t o  be independent o f  u r a n y l  c o n c e n t r a t i o n  up t o  

20 q/L and a c i d i t i e s  g r e a t e r  t han  0.2 - M HNO3. Relow 0.2 - M HNO3 u r a n y l  

i o n  i s  reduced t o  UOz, which forms as a f i n e  green-black p r e c i p i t a t e .  

Under optimum e l e c t r o d e  c o n d i t i o n s ,  u r a n y l  i o n  i n  s o l u t i o n  i s  t o t a l l y  

reduced w i t h i n  f i v e  minutes and q r e a t e r  t h a n  95% r e d u c t i o n  i s  achieved i n  3 

minutes.  

3.3 Spec t ra l  C h a r a c t e r i s t i c s  o f  Reduced Uranium 

The accuracy of t h e  proposed spec t ro -e lec t rochemi  c a l  d e t e r m i n a t i o n  

o f  uranium i s  dependent on t h e  t o t a l  r e d u c t i o n  o f  u r a n y l  i o n ,  as w e l l  as on 

t h e  a c c u r a t e  Photometr ic  measurement o f  !J( I V )  c o n c e n t r a t i o n  produced. The 

o p t i c a l  h e h a v i o r  o f  U(1V) has been reviewed by seve ra l  i n v e s t i g a t o r s  (2, 

15) .  The absorbance a t  a l l  U ( I \ I )  a b s o r p t i o n  bands was found t o  be l i n e a r l y  

p r o p o r t i o n a l  t o  U(1V) c o n c e n t r a t i o n  i f  t h e  maximum absorbance o f  t h e  sample 

d i d  n o t  exceed one absorbance u n i t  a t  any q i ven  wavelength. The mo la r  

a b s o r p t i v i t y  o f  lJ(1V) a t  a wavelenqth o f  647 nm i s  such t h a t  1.0 absorbance 
u n i t  corresponds t o  7.2 Q/L and 0.02 absorbance u n i t s  corresponds t o  0.14 

q/L i n  a 1 cm p a t h  l e n q t h  o p t i c a l  c e l l .  U ( 1 V )  e x i s t s  i n  a v a r i e t y  o f  forms 

i n  weak n i t r i c  a c i d  s o l u t i o n s ,  i n c l u d i n q  t h e  uncomplexed i o n ,  mono-, d i -  

and t r i - n i t r a t e  species.  Therefore, lJ( I V )  absorbance i s  dependent upon t h e  

s t r e n q t h  o f  t h e  complexinq aqent,  n i t r a t e  ion.  F i g u r e  4 summarizes t h e  

observed i n f l u e n c e  o f  n i t r a t e  i o n  on t h e  mo la r  a b s o r p t i o n  c o e f f i c i e n t  o f  

l l (1V).  Recause t h e  e f f e c t  i s  s i q n i f i c a n t ,  a c c u r a t e  pho tomet r i c  measurement 

o f  U ( 1 V )  must be made w i t h  t h e  knowledge o f  stream n i t r a t e  c o n c e n t r a t i o n  

o r ,  as has been demonstrated p r e v i o u s l y  ( l ) ,  made u s i n g  two U(1V) wave- 

l enq ths .  A dua l  wavelenqth c a l c u l a t i o n  would measure U(1V) e s s e n t i a l l y  

independent o f  n i t r i c  a c i d  and s imu l taneous ly  p r o v i d e  an e s t i m a t e  o f  

n i t  r a t e  i o n  concent r a t i o n .  
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A mu1 t i w a v e l e n q t h  photometer has r e c e n t l y  been developed t o  m o n i t o r  

f i v e  wavelengths s imu l taneous ly  (16), and c o u l d  be a p p l i e d  t o  t h e  a n a l y s i s  

of U( IV)  i n  n i t r i c  a c i d  waste s o l u t i o n s .  By m o n i t o r i n g  416, 427, 580, 647 

and 1075 nm absorbance, t h e  photometer c o u l d  p r o v i d e  an i n i t i a l  es t ima te  o f  

U(V1) concen t ra t i on ,  m o n i t o r  sample t u r b i d i t y  a t  a 580 nm b lank  wavelength, 

and measure c o l o r e d  backqround absorbance a t  t h e  wavelengths where U( I V )  

absorbs. Once r e d u c t i o n  i s  i n i t i a t e d ,  t h e  photometer would p r o v i d e  a t i m e  

base t o  m o n i t o r  t h e  p r o d u c t i o n  o f  U( IV) ,  c o r r e c t e d  f o r  n i t r a t e  concent ra -  

t i o n ,  and t h u s  p r o v i d e  r e d u c t i o n  r a t e  i n f o r m a t i o n .  Maximum U( I V )  absorb- 

ance would s i q n i f y  t o t a l  sample r e d u c t i o n  and p e r m i t  c a l c u l a t i o n  o f  t o t a l  

uranium c o n c e n t r a t i o n  i n  t h e  sample s o l u t i o n  based on t h i s  absorbance. I f  

a 5-10 minu te  a n a l y s i s  t i m e  i s  t o o  grea t  f o r  process c o n t r o l  requi rements,  

uranium d e t e r m i n a t i o n  need n o t  be based on a t o t a l l y  reduced sample. 

A l t e r n a t i v e l y ,  t h e  r e a c t i o n  r a t e  i n f o r m a t i o n  f rom a p a r t i a l l y  reduced sam- 

p l e  can be used t o  p r e d i c t  t h e  f i n a l  t o t a l  U ( I V )  absorbance. Such an 

approach has been developed f o r  t h e  cou lomet r i c  a n a l y s i s  o f  uranium (17)  

and has s ince  been a p p l i e d  t o  t h e  photomet r ic  a n a l y s i s  o f  reduced species 

(18). Conceivably ,  t o t a l  II(1V) c o n c e n t r a t i o n  can be determined w i t h  as 

l i t t l e  as a 30% reduced sample, which i s  e q u i v a l e n t  t o  an a n a l y s i s  t i m e  o f  

no g r e a t e r  than 2 minutes.  

3.4 E l  e c t  r o r e d u c t i  on and Photometr ic  n e t e c t i  on o f  Urani  um 
i n  Aqueous Purex Waste S o l u t i o n s  

The accuracy o f  t h e  proposed e lec t rochemica l  measurement o f  u r a n i  um 

i n  Purex s o l u t i o n s  i s  dependent upon t h e  f a c t  t h a t  process contaminants  

cannot p revent  t h e  e .1ec t ro reduc t ion  o f  t h e  u rany l  ion .  A d d i t i o n a l l y ,  t h e  

absorbance o f  t h e  contaminants  a t  U ( IV )  wavelengths must n o t  change d u r i n q  

sample reduc t i on .  Two process so lu t . ions  were ob ta ined  t o  check these 

assumptions. The most contaminated aqueous s t ream i n  t h e  Purex process i s  

t h e  HAW r a f f i n a t e ,  c o n t a i n i n q  a l l  f i s s i o n  produc ts  and some s t a i n l e s s  s t e e l  

c o r r o s i o n  produc ts .  A non - rad ioac t i ve ,  prepared HAW s o l u t i o n  was e l e c t r o -  

l y z e d  f o r  t e n  minutes i n  t h e  RVC-platinum rod  e l e c t r o d e  system t o  s imu la te  

u rany l  r e d u c t i o n  i n  t h i s  t y p e  o f  ‘process sample. ‘No s i g n i f i c a n t  s p e c t r a l  

chanqes were observed a f t e r  reduc t i on ,  however, IJ(IV) was n o t  formed i n  t h e  

same s o l u t i o n  sp i ked  w i t h  1 q/L U(V I ) ,  even a f t e r  a t h i r t y  minu te  r e d u c t i o n  
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pe r iod .  A d d i t i o n  of  a chemical reduc ing  aqent t o  contaminated s o l u t i o n s  

has p r e v i o u s l y  been suqgested (9)  t o  m a i n t a i n  uranium i n  t h e  reduced s t a t e ,  

once IJ( IV) was formed. Hydroxylamine n i t r a t e  (HAN) and hyd raz ine  n i t r a t e  

(HYN) r e d u c t a n t s  a r e  a v a i l a b l e  as process reagents i n  many Purex f a c i l i -  

t i e s ,  and t h e r e f o r e  c o u l d  be used f o r  t h i s  purpose. The sp i ked  HAW sample 

was made n.5 - M i n  HAN and 0.1 - M i n  HYN and subsequent ly reduced. A t  l e a s t  

25% o f  t h e  u r a n y l  i o n  was reduced, however t h e  background absorbance a t  t h e  

647 nm U(1V) a b s o r p t i o n  maxima inc reased  t e n  f o l d .  Al thouqh t h i s  combina- 

t i o n  o f  chemical  reduc tan ts  d i d  n o t  s i g n i f i c a n t l y  a i d  uranium measurement 

i n  HAW s o l u t i o n s ,  perhaps an a p p r o p r i a t e l y  s e l e c t e d  reduc tan t  can be found 

t o  m a i n t a i n  uranium i n  t h e  reduced s t a t e  w i t h o u t  a l t e r i n g  t h e  chemical  

compos i t i on  o f  s o l u t i o n  contaminants. 

An aqueous r a f f i n a t e  sample f rom a secondary e x t r a c t i o n  column was 

ob ta ined  f rom t h e  Y-12 uranium recovery f a c i l i t y .  T h i s  sample c o n t a i n s  
l i t t l e  o r  no  f i s s i o n  p r o d u c t  con tamina t ion  and rep resen ts  t h e  m a j o r i t y  o f  

aqueous r a f f i n a t e  s o l u t i o n s  i n  a t y p i c a l  Purex process. The o r i q i n a l  

uranium i n  t h e  Y-13 s o l u t i o n  was removed b.y success ive e x t r a c t i o n  w i t h  a 

t r i  butv lphosphate/kerosene o rqan ic  wash. The s o l u t i o n  was then  e l e c t r o l y -  

zed b e f o r e  and a f t e r  a known amount of uranium was added. F i q u r e  5 shows 

t h e  v i s i b l e  s p e c t r a  o f  t h e  s o l u t i o n  before and a f t e r  e l e c t r o l y s i s .  The 

s u p e r p o s i t i o n  o f  t h e  two spec t ra  i n d i c a t e  t h a t  t h e  backqround absorbance o f  

U(1V) wavelenqths does n o t  chanqe w i t h  e l e c t r o l y s i s ,  a l t houqh  no u r a n y l  i o n  

was reduced. VYN was subsequent lv added t o  t h e  r a f f i n a t e  sample t o  prevent  

r e o x i d a t i o n  of U ( I V )  d u r i n q  e l e c t r o l y s i s .  A d d i t i o n  o f  t h e  reduc inq  aqent 

immediate ly  e l i m i n a t e d  t h e  o p t i c a l  backqround a t  u r a n y l  wavelenqths such 

t h a t  an accu ra te  measurement o f  sample uranium c o n c e n t r a t i o n  c o u l d  be made 

based on U(V1) absorbance a t  416 nm and 426 nm. Once t h e  s o l u t i o n  was 

e lect ro l .yzed,  a l l  uranium was comp le te l y  reduced i n  t h e  presence o f  HYN, so 

t h a t  heavy metal  d e t e r m i n a t i o n  c o u l d  a l s o  be based on U ( 1 V )  absorbance a t  

647 mm. 

4. CONCLIISION 

Uranium measurement i n  aqueous Purex process streams can be p e r -  

formed d i r e c t l y  b,y t h e  pho tomet r i c  d e t e c t i o n  of t h e  u rany l  i o n  a t  concen- 

t r a t i o n s  o f  - > 1 g/L. I f  t h e  stream i s  r e l a t i v e l y  concen t ra ted  and f r e e  

f rom i m p u r i t i e s ,  measurement accu rac ies  b e t t e r  t han  5% can be obta ined.  
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Manv of t h e  process i m p u r i t i e s ,  i n c l u d i n g  f i s s i o n  and s t a i n l e s s  s t e e l  c o r -  

r o s i o n  products ,  absorb a t  t h e  u r a n y l  wavelengths, p roduc ing  a p o s i t i v e  

b i a s  i n  t h e  uranium de te rm ina t ion .  Except f o r  a few sharp a b s o r p t i o n  

bands, these same i m p u r i t i e s  produce l i t t l e  o r  no o p t i c a l  absorbance a t  

wavelenqths l o n q e r  t h a n  600 nm. The most s e n s i t i v e  a b s o r p t i o n  bands f o r  

I J ( 1 V )  a l s o  occur  a t  wavelenqths l o n q e r  than 600 nm and a r e  t h r e e  t o  f i v e  

t imes  s t r o n q e r  than  u rany l  a b s o r p t i o n  maxima; Uranium a n a l y s i s  would 

t h e r e f o r e  be more accu ra te  and more s e n s i t i v e  i f  t h e  u rany l  i o n  were 

reduced and t h e  measurement based on IJ(1V) absorbance. A measurement of 

backqround o p t i c a l  absorbance a t  t h e  ' U (  I V )  wavelengths b e f o r e  and a f t e r  

sample r e d u c t i o n  c o u l d  be used t o  c o r r e c t '  f o r  s o l u t i o n  i m p u r i t i e s .  

Measurement o f  uranium a t  a c o n c e n t r a t i o n  o f  - > (1.2 g/L shou ld  b e  p o s s i b l e .  

The U(V1)-U(1V) r e d u c t i o n  couple i s  i d e a l l y  s u i t e d  f o r  Purex s o l u -  

t i o n s .  The h a l f  r e a c t i o n  i s  i r r e v e r s i b l e  so t h a t  b o t h  anode and cathode 

can be p laced  i n  t h e  same r e d u c t i o n  vessel ,  simp1 i f y i n q  i n s t r u m e n t a l  needs. 

T o t a l  u r a n y l  r e d u c t i o n  can be achieved w i t h  an RVC cathode, which i s  i n e x -  

pensive,  e a s i l y  machineable and has a very h i q h  e l e c t r o a c t i v e  s u r f a c e  area. 

The p l a t i n u m  rod  anode need o n l y  be c y c l e d  between t h e  hydroqen and oxygen 

o v e r p o t e n t i a l s  a t  i ns t rumen t  s t a r t - u p  t o  prepare t h e  e l e c t r o d e  sur face.  

Complete r e d u c t i o n  o f  15 m l  samples can be achieved i n  f i v e  minutes f o r  

s o l u t i o n s  c o n t a i n i n q  up t o  20 q/1 IJ and q r e a t e r  t han  0.2 - M HN03. 

The pho tomet r i c  d e t e r m i n a t i o n  o f  reduced uranium i s  r e l a t i v e l y  uncom- 

p l i c a t e d  s ince  t h e  absorbance a t  a l l  o f  t h e  ! l ( I V )  absorbance maxima a re  

l i n e a r l y  r e l a t e d  t o  t h e  uranium c o n c e n t r a t i o n .  The U ( I V )  a b s o r p t i o n  c o e f -  

f i c i e n t s  are,  however, n i t r a t e  i o n  dependent so t h a t  a dual  wavelength 

c a l c u l a t i o n  i s  necessary t o  compensate f o r  v a r i a t i o n  i n  n i t r a t e  concentra-  

t i o n .  The r e c e n t l y  developed mu l t iwave leng th  photometer (16) i s  capable o f  

makinq t h e  above measurements and has t h e  t i m i n g  and computat ional  a b i l i t y  

t o  make p r e d i c t i v e  uranium c a l c u l a t i o n s  based on k i n e t i c  data. T h i s  

p r e d i c t i v e  a b i l i t y  w i l l  decrease t h e  t i m e  r e q u i r e d  f o r  a complete uranium 

measurement t o  l e s s  than two minutes.  
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I n  h i g h l y  contaminated s o l u t i o n s ,  i m p u r i t i e s  o x i d i z e d  a t  t h e  anode may 

subsequent ly  r e o x i d i z e  U(1V) and p reven t  t o t a l  u r a n y l  reduc t i on .  I n  some 

cases, an a p p r o p r i a t e  chemical reduc tan t ,  a l ready  a v a i l a b l e  i n  t h e  Purex 

f a c i l i t y ,  can be added t o  t h e  sample s o l u t i o n  t o  p rese rve  t h e  reduced 

uranium s t a t e .  I f  t h e  r a f f i n a t e  sample from t h e  Y-12 secondary e x t r a c t i o n  

column i s  r e p r e s e n t a t i v e  o f  o t h e r  s o l u t i o n s ,  a d d i t i o n  o f  a chemical  reduc-  

t a n t  t o  a sample may decrease t h e  o p t i c a l  background s u f f i c i e n t l y  so t h a t  

t h e  meta l  d e t e r m i n a t i o n  can be made d i r e c t l y ,  u s i n g  U ( V 1 )  a b s o r p t i o n  meas- 

urement. As a f i n a l  note,  i n  s i t u a t i o n s  where no chemical r e d u c t a n t  can be 

found t o  r e t a r d  U(1V) r e o x i d a t i o n ,  t h e  anode might  be i s o l a t e d  from t h e  

sample u s i n q  a s a l t  b r i dqe .  A l though t h e  i n s t r u m e n t a t i o n  would be s l i g h t l y  

more compl i c a t e d ,  s o l u t i o n  contaminants would n o t  be o x i d i z e d  and t h e r e f o r e  

would n o t  i n t e r f e r e  w i t h  u r a n y l  reduc t i on .  

The proposed e l e c t r o r e d u c t i o n  o f  uranium would p r o v i d e  an i n - l i n e  

heavy meta l  m o n i t o r  which i s  more s e n s i t i v e ,  e s s e n t i a l l y  non -des t ruc t i ve ,  

reaqen t less  o r  r e q u i r i n g  o n l y  p r o c e s s - a v a i l a b l e  reduc tan ts ,  r a p i d  and f r e e  

f r o m  o p t i c a l  i n t e r f e r e n c e  from b o t h  o p t i c a l l y  d i s p e r s i v e  and abso rb ing  

sDeci es. 
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