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The photockem8stry of urania plutonium, and neptunium in aqueous 

nitric acid s o l u t i o n  has been Investigated, and man of the resul ts  have 

b e e n  described in t h e  open 331 a d d i t i o n ,  s e v e r a l  patents 

r@PatinPg t o  specific processes 9 where these a c t i n i d e s  may be photochem- 

i c a l l y  separated €ram each other, have been e i t h e r  granted o r  f i l l ed .5-7  

The most a t t r a c t i v e  o f  these patents  describes a means o f  s e p a r a t i n g  

neptunium from uranium and plutonium ions in aqueous n i t r i c  acid s o l u t i o n  

by f i r s t  gene ra t ing  N 0 2 -  (photochemically from the MO3- i on )  and u t i -  

l i z i n g  the nitrite i o n  as the chemical r educ tan t  for  N p ( V 1 )  60 N p ( V )  con- 

vers ion .  

of  N ~ ( V I )  is even greater if large amounts of uranyl  i o n ,  ~022+, are pre- 

Furthermore,  i t  has  been sham8 that the n i t r i t e  i o n  reduct ion  

sent  since t h e  uranyl  i o n  forms a complex wPth the Np(V) product,  N p 0 2 + ,  

and t h u s  s h i f t s  the equilibrium of ( 1 )  to the right: 

2Np022.t + NQ2- + W20 == 2Np02+ + NOa- + 2H+ . (1) 

In addition, we have sltaowra that i t  f s  possible to photochemically 

reduce Pu(1V) to Pu(I1E) u s i n g  otherwise unsatisfactory r e d u c t a n t s  or by 

generating anather  r e d u c t a n t  in solution (e.g., U ( I V )  present as ~ 4 9 1 ,  

which in turn can reduce the h ( 1 V )  species,5,9 

These photochemical r e a c t i o n s  have received little attention a8 

p r a c t i c a l  a l t e r n a t i v e s  u n t i l  r e c e n t l y  when the Savannah River Lahara ts ry  

(SRK) personnel  became i n t e r e s t e d  i n  i nco rpora t ing  them wi th  system reno- 

v a t i o n s  t h a t  were being implemented a t  the Savannah River P lan t  (SRP). 

The current program at the Qak Ridge  National  Laboratory (QRNL) repre- 

sents an e f f o r t  to determine where the photochemical a l t e r n a t i v e s  could 

a t  SRP and then, w i t h  f u r t h e r  l abora to ry  t e s t i n g ,  t o  establish 

some of t h e  scaleup parameters that would be necessary prior t o  testing 

under p l a n t  conditions. 
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T a b l e  1. Photons/mfn equiva lency  of a watt of power 
and t he  corresponding ra te  of  product conversion 

i f  t h e  q u a n t  ef f ic iency  is unity 

2 00 

2 54 

3 00 

3 50 

4 00 

6.05 

7.68 

9.0 7 

10.6 

12. a 

1.00 

1.28 

1,51 

1.76 

2 * 0 1  
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Table 3. ntbnued) 

Process stream/step Typical  composition (L/min .  ) Current procedure Desired amount 

HM I s t - cyc le  feed 
(high enrichment) 

Np anion exchange feed 
(agitated bed) 

(5 g/L U ,  2 M acid, 9 
scrub i s  4 M-acid, 
Pu-238 lo8 Xpm/id~ 

7 

4 

Np lo3 dim/mL 

5-10 g/L Np, 
8 - M acid 

1 

Scrub contains FS 
i n  s i t u  reduct ion  

FS co-fed t o  column Assure Np(LV) 
anionic complex 

Np oxalate pptn feed  Assure low Np loss Butted t o  3M a c i d ;  1-2 Two steps: FS and 



le 4 ,  which i s  8 reworked version of Table 3 w i t h  our 

er ica1  calculations added.  Ta Ie 4 a l s o  shows a priority l i s t  ( c o l m n  

1 )  giving the most promising stages where a ghotoehemical ppcess  might 

be applied, 

The greatest  potential (pr ior i ty  1 )  fo r  a photochemical process has 

been identtfied a s  the E't~rex 2nd-U-cyele f eed ,  

requires t h e  reductive separa~tan ,  Fbu(IV')--Bpp(~II), o€ plutonium from a 

480 g / E  uranyl so lut ion.  Since the [Pu] i s  107 t o  108 times less than 

t h a t  of t h e  [ u o ~ ~ + I  and t h e  potent ia l ly  e f f ic ient .  reduction s f  

U022++ U4+ (QY = 0.5) can ba; u t i l i z e d  to provide the necessary reductant 

This  stage of the process 

for  Pu(1V) v i a  

2Hp3 f 2 h 4 +  -4- U4+ 2h3+ + U0z2* i- 4H+ , 
Very few pfaOtOnS WQuld be r@qUired fole the prOCE!%S, 

The second priority t h a t  has been selected is t h e  ""HM 2nd-U-cycle 

f eed , "  primarily because the conce erat ians  of plutonium and nep tun i  

are s u f f i c i e n t l y  small,.. Pkvertheless, added reductant ( e a g a  hydra- 

zine or alcoholl) would be required in order t o  effect t h e  phatoreduction 

of Pu(1M);  and since we a l ready  recommend a small amount of methanol i n  

the system, i t  would probably serve as the  reductant for the P u ( I V )  as 

well, 

The t h i r d  priority, Involv ing  axp. 0rga~nl.c stream, would require 

either photoreduction in the organic  phase or i n  an aqueous phase in con- 

tact with i t ,  The former of these p o s s i b i l i t i e s  has beern attempted pre-  

vIausly7 but suffers from the accompanying pknots1ys-l~ o f  the TBP 

extractant ;  t he  la t ter  procedure would require the  development of some 

hardware to permit a sidestream of recyc1.e stream reduction, 



Y 

Priority Process  stream/step Typica l  composition Con cen t  ra t  i ona F l o w  ra te  Mass flow a / m w  (mollxnin) 

3 Purex 1st c y c l e  
( iB-bank) 

1 e 

Pu anion exchange 

80 g/L U 

Organic feed (LAP) 
0.1 g/L Pu 

High n i t ra te ,  Al, Ca, 
Mg, F, and SS comp. 
30 g/L Pu, 7.5 M HNO 
2 g/L Pu in h i &  sal$ 
soln. 

t n .  0.2 f4 e 

0.05 M HAFJ 

0,336 M U 112 37.6 U 
4 , ~  15-4 - M BU 0.0468 Pu 

15 
-? to 
10'6 gu 

0.1255 M Pu 
0.00837-M - Pu 3 0.377 Pu 

0.3 0.0025 Pu 
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5, SURVEY CONCLUSIONS 

A review of t h e  l i t e r a t u r e  and s t u d  of t h e  SRL flowsheet informa- 

t i o n  reveals t h a t  photochemical p r o c e s ~ ~ s  could probably work very w e l l  

a s  a l t e r n a t i v e  means of a c t i n i d e  valence adjustment, The o s t  promising 

stage appears t o  be i n  the h s e x  2nd-U-cycle f e e d  here ppl(l:v) must be 

converted t o  Pu(I11) in the  p~esence of 400 g / t  UB22*. 

rate of plutonium, 4 , ~  x 10-7 to 4 , ~  x 10-6 rnol/rnin r e q u i r e s  only a m k n i -  

m a l  amount a €  absorbed r a d i a t i o n ,  'The more e f f i c i e n t  photoreduct ion of 

The low 

r equ i r ed  r a d i a t i o n  even f u r t h e r  --- to less than 100 W of  absorbed power, 

F i n a l l y ,  t h e  r a d i a t i o n  need only be visible l i g h t  since the U022.t' is 

e f f e c t i v e l y  photolyzed at Wavelengths )350 nm, 

6.1  EXPERIMENTAL P R O C E D m  

The pho to lys i s  of nitric a c i d  solutions was performe 

systems. The f i r s t  i s  shown i n  Fig .  1 and cons i s t ed  a €  a s m a l l  compact 

s i l i ca  ce l l  surrounded by a low-pressure &-arc c a l l  e m i t t i n g  254-nm 

r a d i a t i o n .  The growth of the n i t r i t e  species produce 

d u r i n g  the pho to lys i s  by passing the s ectroghstometer l i g h t  beam down 

the h o r i z o n t a l  aluminum support  tubes t h a t  were a t t ached  t o  t h e  ends o€ 

the ce l l ,  

The second system used in t h e  s tudy aP the HN03 pho to lys i s  c a n s i s t e  

of  a c o i l  oE s i l i c a  tub ing  t h a t  surrounded a l O O O - W ,  high-pressure, Hg-B 

arc and through which t h e  n i t r i c  a c i d  ssPut%on w a s  pumped, The s o l u t i o n  

c i r c u i t  adso inc luded  a pass through a cool ing  co8k f o r  temperature 
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c o n t r o l  and from there t o  an  i n - l i n e  spe  trophotorneter cell where t h e  

progress  of t h e  pho to lys i s  w a s  monitored. 

Uranyl s o l u t i o n s  were photoreduced i n  the ce l l  arrangement of Fig,  1; 

b u t  i n s t e a d  of us ing  254-ram radiation from t h e  low pressure  wg arcp the 

f i l t e r e d  r a d i a t i o n  from a l O O O - k J ,  h igh-pressure,  Mg-& lamp was focused 

on t h e  s i d e  of t h e  spectrophotometer cell,  A s imple cu tof f  f i l t e r  o f  

plexigj lass  e l imina ted  all r a d i a t i o n  of wavelengths s h o r t e r  than  350 ~ m ,  

(Th i s  crude f i l t e r  w a s  used i n  l i e u  of t h e  s tandard  Corning g l a s s  cu to f f  

f i l t e r s  t h a t  have been ordered , )  The i n t e n s i t y  of t h e  absorbed l i g h t  i n  

t h e  ce l l  was found t o  be -1 W by uranyl  s u l f a t e  act inometry us ing  a n  

e t h a n o l  r educ tan t ;  r e g u l a r  checks of the exact value  were requi red  s i n c e  

the ou tpu t  v a r i e d  w i t h  the aging of the lamp. 

6,2 NITRATE I O N  PHOTOLYSIS 

Ni t r ic  a c i d  photochemistry has  been the s u b j e c t  of cons iderable  

s tudy  d a t i n g  as far back as the e a r l y  1 9 0 0 ~ , ~ 0 , ~ ~ - 1 4  

exact mechanism is s t P 1 1  a natter sf some controvezsy.13 

t h a t  cont roversy ,  t h e  mechanism f a r  our  present  ptirposes can be simply 

r ep resen ted  by Eq e ( 2 ) e 

Nevertheless ,  t h e  

ping to avoid 

From t h e  abso rp t ion  spectrum of Fig. 2, w e  see t h a t  t h e  n i t r a t e  i o n  

absorbs throughout t h e  u l t r a v i o l e t  reg ion ,  Phatochemical a c t i v i t y  as far 

out a s  300 nm h a s  been repor ted ,1°  but  t he  h ighes t  quantum e f f i c i e n c i e s  

are t y p i c a l l y  found at: the  shorter  wavelengths.12 

smaller abso rp t ion  c o e f f i c i e n t  a t  254 nm, we have found i t  convenient t o  

u t i l i z e  a low-pressure mercury discharge? lamp t o  gene ra t e  t h e  n i t r i t e  

i o n ,  because most (95%) of t he  lamp r a d i a t i o n  i s  emi t ted  a t  254 I I ~  wi th  a 

minimal amount of hea t .  

~n spite af t h e  
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The quantum e f f i c i e n c y  for  n i t r i t e  don e n e r a t i o n  i s  unusual ly  law 

i n  a c i d  media, as i nd ica t ed  by t h e  quantum effisiency-versus-pW curves i n  

Fig,  3. Npwever, t h e  sjwmtuna e f f i c i e n c y  can be increased  by adding as 

l i t t l e  a s  8.05 M e t h y l  a l coho l ,  which we have found raises i t  from 

-0.025 t o  0.1. Methanal. was chosen because i t  i s  t h e  s imples t  a l coho l  

and t h u s  i s  most l i k e l y  t o  give by-products t h a t  are easy  t o  handle,  

However, e thano l  was found to be equa l ly  e f f e c t i v e ;  and it i s  expected 

t h a t  bu tanol ,  (a decomposition product o f  t r i b u t y l  phosphate),  which i s  

a l r eady  p resen t  i n  trace ?mounts, would work s a t l s f a c t s r i l y .  It appears ,  

t h e n ,  t h a t  enough n i t r i t e  could be produced t o  reduce Np(V1) t o  Np(V) at 

some s t a g e s  of t h e  SRP processes  wi th  less than  100 W of absorbed 254-nm 

r a d i a t i o n .  

- 

6 . 3  URANYL ION PHOTOLYSIS 

In o rde r  t o  develop a system f o r  t h e  photochemical reduct ion  of 

Pu(%V) t o  P u ( I L I ) ,  i t  i s  necessary t o  u t i l i z e  a reductan t  t h a t  has  

e f f i c i e n c y  both with respect tQ quantum y i e l d  and k i n e t i c  speed.  

(The  reason  f o r  s e p a r a t i n g  t h e s e  two appa ren t ly  redundant c h a r a c t e r i s t i c s  

w i l l  be obvious i n  t h e  fo l lowing  d i scuss ion , )  We have not  found a reduc- 

t a n t  t h a t  s a t i s f i e s  those  requirements  d i r e c t l y ,  s i n c e  the d i r e c t  pho- 

tochemical  r educ t ion  a f  Pu(1V) has never been found t o  be very e f f i c i e n t .  

However, t h e  dark r e a c t i o n  of U ( I V )  w i t h  Pu(IV)  is so e f f e c t i v e ,  and thus 

a t t r a c t i v e ,  t h a t  a photochemical means of reducing U(V1) t o  U ( I V )  could 

provide a very s a t i s f a c t o r y  i n d i r e c t  photochemical r educ t ion  of Pu(1V). 

Prom the quantum e f f i c i e n c i e s  i n  Table 2 €or uranyl  i o n  r educ t ion ,  

we see t h a t  a maximum value  of 0.5 is f e a s i b l e ,  Furthermore, i t .  i s  

p o s s i b l e  t o  achieve t h i s  r educ t ion  with a v a r i e t y  of r educ tan t s  and wi th  

light of r e l a t i v e l y  low photon energy ( i m e . ,  v i s i b l e  l i g h t ) .  



19 

I 



W e  sought $0 d e t e r  in9 optimaP conditions f a r  uranyl  i o n  reduct ion  

ahnd then  b u i l t  a lt3.bC9~atQryx-SCX3le EtystexYl that U t j c l i Z e d  t h e  u ( I v )  product 

i n  a demonstrat ion ?i-eduction SP W(1V). 

t i o n  experime t s  are deseribe 

The uranyl  p h o t o l y ~ i ~  spt imiza-  

The r educ tan t s  t ha t  were considered f a r  the uranyl pho to lys i s  were 

(1) methanol, ( 2 )  ethanol, ( 3 )  butanol ,  ( 4 )  hydroxylamine, and ( 5 )  hydra- 

z ine ,  The f i r s t  t w o  were considered because they are favorites i n  fun- 

damental i n v e s t i g a t i o n s  and the l a s t  t h r e e  becaus they are more corn0111 

c o n s t i t u e n t s  i n  fuel. reprocess ing  s i t u a t i s n s .  Although most of these are 

comparably e f f e c t i v e  as re in Table 5, we found i t  neces- 

s a r y  t o  inc lude  a small amount of a kol .ding r educ tan t  such as hydrazine,  

t o  s t a b i l i z e  t h e  U ( I V )  product ,  [We have considered,  however, the. possi-  

b i l i t y  that i t  might be unneeessary t o  hold U ( 1 V )  s t a b l e  dur ing  t h e  

ac tua l  r educ t ion  of Pu(1V) s i n c e  i t  might react. before being reoxid ized  

by any impuri ty  ions .  Nevertheless ,  the same s t a b i l i t y  concerns exist 

w i t h  respect to h(lII) ,  and the s t a b i l i z i n g  agent t h a t  is added f o r  

Pu(1'ICT) would a l so  probably be use fu l  f o r  U(aCV),] In t h e  development pro-. 

cedure ,  we sought mainly to minimize t h e  amount o f  r educ tan t  and holding 

agents necessary and t o  obtain t he  maximum conversions and rates for a 

g-bven light i npu t  (w i c h  was found t o  be about  0.7 W of a b  orbed power), 

The a c i d  concent ra t ion  w a s  f i x e d  a t  1 M-MN03 t o  be c o n s i s t e n t  w i t h  t he  

cond i t ions  as given i n  t h e  f i r s t  p r i o r i t y  of Table 4, 

some oE these experiments are given i n  'Fable 5. 

The results of 

These d a t a  demonstrate t h a t  butanol (BuOM) i s  t h e  m o s t  e f f e c t i v e  

reducing agent i n  comparison to those tested, 

approximately t e n  times less e f f e c t i v e  and hydssxlya Bne nitrate (HAN) 

Hydrazine (N2H4) was 



(Radiation f i l t  cutoff of all 
below 350 am; tochemical cel 

0 0 

6.4 
001 M N2H4 26 
0.01-M N2H4 11  
0.001-M NZH4 9" 4 
0.005 FT N2Hb 9.4 
0.0001-M -L N2H4 9.6 

0. 0.01 M I N2Hq 7.5 2,4 

0. 0 0 
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s found to be totally ineffective. In fact ,  BuOH 

sable concentration of ethanol. (Et0 9. An aqueoua n i t r i c  

acid solution saturated with 30% tributyl phosphate (TBP) in UI n-dodeeane 

TBP) was for1nd to ineffective in reducing any sf the ura- 

nyl ion present in scdlut.€ain, In all. cases, the U ( N )  that was produce 

w a s  unstable unless hydrazine was present. A concentration of 0.01 - M 

N2H4 was required to hold the U(IV) produced for a per iod  of 4 to 5 k, 

whereas 0.001 €4 was only effective in holding the U(LV) $01- a - 
f e w  minutes I3 

These results demonstrate that an o timal starting system for the 

subsequent reduction of IPu(1lV) would cons ts t  of 0.01 - M 

and w o u ~  y i e l d  a U(IV) production rate of 4 x ml/min.  ah. our 

ticular system of 0.015-L volume, this would net 11 U(EV) after 48 min 

of photolysis. This situation is considered to adequate to reduce any 

M/O.Ol - M N2H4 

Bu(PV) that might be present. 
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