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ABSORPTION S P E C T R A  OF PLUTONIUM  AND IM PU R IT Y  IONS IN
NITRIC ACID SOLUTION

INTRODUCTION

The d eterm in ation  of the v a le n c e  s ta te s  of p lu to n iu m  i s  d e s ir a b le  
in va r io u s p arts  of the p r o c e s s  for  the sep a ra tio n  and p u rifica tion  o f p lu ­
tonium , D uring the e a r ly  h is to r y  o f p lu ton ium  c h e m is tr y , a c o n s id era b le  

am ount of w ork w as done on the sp e c tr a  of p lutonium  ion s in v a r io u s  
v a len ce  s ta te s  and so m e of the c o m p le x e s . W ith the ex cep tio n  of s tu d ie s  s u m ­
m a rized  by Hindm an, m ost of th is  w o rk  w as done with so lu tio n s  o th er  
than n itr ic  ac id . S in ce  the sep a ra tio n s  p r o c e s s  i s  ca rr ied  out in n itr ic  
acid  so lu tio n s , and lit t le  is  rep orted  on th e sp e c tr a  of m any of the im p u r i­
t ie s  w hich a r e  p resen t in the p r o c e s s ,  an in v estig a tio n  w as undertaken to  
d eterm in e  the absorption  c o e ff ic ie n ts  for  plutonium  v a len ce  s p e c ie s  in 

n itr ic  ac id , and for  som e o f the im p u r itie s  found in p r o c e s s  s tr e a m s ,
A B eckm an D K -2 reco rd in g  sp ectro p h o to m eter  w as u sed .

SUMMARY AND CONCLUSIONS

The absorption  sp ectra  fo r  p lu to n iu m (in ), (IV), (VI), and the red  

plutonium (IV) - p eroxy  com p lex  w e re  d eterm in ed  in n itr ic  a c id  so lu tio n . 
E xtinction  c o e ffic ien ts  for  the above s p e c ie s  o f p lutonium  w e re  m ea su red . 
T em p eratu re  has lit t le  e ffec t on the sp e c tr a , but var ia tion  of a c id ity  

c a u ses  sh iftin g  of absorption  p eak s and so m e  ch an ges in the ex tin ction  

c o e ff ic ie n ts .

T he absorption  sp ec tra  and ex tin ctio n  c o e ff ic ie n ts  in th e reg io n  

390-1200 m|jL w ere  m ea su red  for  c h r o m ic , n ic k e lo u s , m anganous, c a lc iu m , 
lanthanum , alum inum , fe r ro u s , f e r r ic ,  and perm angan ate io n s  in n itr ic  
acid  so lu tio n s. In addition , the e ffe c ts  o f n itr ite , o x a lic  a c id , su lfa m ic  
a c id , hydrogen p ero x id e , and v a r io u s  n itr ic  a c id  co n cen tra tio n s on the 
extin ction  c o e ffic ien ts  of som e o f th e se  io n s  w ere  d eterm in ed . T he ch ro m ic , 
n ick e lo u s, fe r ro u s , and perm angan ate io n s , and fe r r ic  ion  w ith  o x a lic  a c id .

•  •

• •
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have su ffic ie n t ly  high extinction  c o e ff ic ie n ts  to ca u se  in a c c u r a c ie s  in va len ce  

d eterm in ation s of p lutonium  in so lu tio n s  contain ing high co n cen tra tion s  
of th ese  ions^ u n le ss  c o rr e c tio n s  a re  m ade.

EXPERIM ENTAL

V alen ce A djustm ent

A so lu tion  of plutonium  n itra te  contain ing 100 p er  cent plutonium (IV) 

w as p rep ared  by adding hydrogen p erox id e  (fin a l concentration^ th ree  per  

cent by vo lum e) to pure stock  so lu tion  (500 g /1  p lutonium , 4 M HNOg) and 
allow in g  the m ix tu re  to rea c t co m p le te ly  ( ca. tw enty m in u tes). P lutonium
(III) w as p rep ared  fro m  plutonium (IV) by reduction  with s to ic h io m e tr ic  
am ounts o f fe r ro u s  ion , u sin g  0 .1  M su lfa m ic  ac id  as  a hold ing agent. 
Plutonium (V I) w as prepared  by b o ilin g  a 1. 0 M n itr ic  acid  so lu tio n  of  
plutonium (IV) (30 g /1  plutonium ) fo r  s e v e r a l  hours under reflu x . P lutonium
(IV )-p eroxy  co m p lex  w as obtained by adding hydrogen p erox id e  (final 
con cen tra tion , 0, 27 M) to plutonium (IV ) so lu tio n  (0 . 5-1 g /1  plutonium ) at 
OC.

Equipm ent

A B eck m an  D K -2 R ecord in g  S p ectrop h otom eter, w ith 10 m m  square  
C orex  c e l l s ,  w as u sed  for a ll ex p er im en ts . A sp e c ia l sa m p le  cham ber  
u tiliz in g  quartz w indow s w as u sed  to p reven t contam ination of the s p e c tr o ­
p h otom eter.

A n a ly s is

A ll a n a ly se s  w ere  m ade in the 2 3 4 -5  C ontrol L aboratory . P lutonium  

w as d eterm in ed  by r a d io -a ssa y . E x p erim en ts  w ere  run at 21-25 C excep t  
th o se  w ith  the p ero x y  com p lex , w hich w e re  run at 10-15C.

RESULTS AND DISCUSSION

P lutonium

A s p r e v io u s ly  rep orted , plutonium (III), (IV), and (VI) fo llow  the 

B ee r -L a m b e r t law  in th eir  ligh t ab sorb in g  c h a r a c te r is t ic s . The plutonium (VI)
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peak at 829 m p, h ow ever, d ev ia tes  m ark ed ly , a s  shown in  F ig u r e  1. The 
ab sorp tion  sp e c tr a  o f th ese  th ree  v a len ce  s ta te s  a r e  shown in F ig u re  2, 
and D K -2 p lo ts  of the v a le n c e  s ta te s  a r e  shown in F ig u r e s  6, 7, and 8, 
r e sp e c t iv e ly . F o r  a ll of the a b s o rp tio n  peaks ex cep t the 829 m|x, an 
av era g e  e x tin c tio n  c o e ffic ien t w as d eterm in ed  fro m  absorption  m e a s u r e ­
m ents m ade o v e r  the con cen tration  range 0, 5 -3  g /1  plutonium .

The ab sorp tion  sp e c tr a  of the p lu ton ium (IV )-p eroxy  com p lex  d oes  

not d iffer  g r ea tly  fro m  the plutonium (IV) sp e c tr a  at w avelen gth s g r e a te r  than  
650 mp but h as v e r y  s tro n g  ab sorption  in the sh o r te r  w avelen gth  reg io n , 
as shown in F ig u re  9, The p eroxy  com p lex  ex tin ction  c o e ff ic ie n ts  w ere  

d eterm in ed  at p lutonium  con cen tra tio n s of 0. 5 and 1 g /L  At the n i t r i c  
acid  con cen tration  u sed  (2 M ), a v ery  la r g e  p ero x id e  to plutonium (IV ) ra tio  

(a p p rox im ate ly  135/1) w as n e c e s s a r y  fo r  co m p lete  com p lex in g  of the  
plutonium (IV ). F u rth er  addition of p erox id e  r e s u l te d  in no change in 
ab sorp tion . The red  p ero x y  com p lex  had an absorp tion  sp ectru m  s im ila r  

to that p r e v io u s ly  rep o rted , No bro w n  p ero x y  co m p lex  w as o b serv ed  
in 2 M n itr ic  ac id . The ex tin ction  c o e ff ic ie n ts  obtained for  the plutonium (IV ) 
p ero x y  co m p lex  hold o v er  the range 0. 5-135 m o le s  of p e r o x id e / m ole  of 

plutonium , as shown by m a ter ia l b a la n ce s . U ncom plexed  plutonium (IV ) can  

b e d eterm in ed  q u an tita tively  in the p r e se n c e  of com p lexed  plutonium (IV ) from  
the 475 mp peak.

T able I sh ow s the m olar  ex tin ction  c o e ff ic ie n ts  of plutonium (III),
(IV), (VI), and the red  p lutonium (IV ) -p ero x y  com p lex , a s  d eterm in ed  for  
the D K -2 u sed . T h e se  v a lu es  m ay v a ry  s lig h tly  fo r  o th e r  m ach in es  

b eca u se  of d ifferen t c h a r a c te r is t ic s  of the ind iv idu al sp ec tro p h o to m eters .
No co rrec tio n  for fe r r ic  iron  absorption  i s  m ade on the plutonium (III) 
p ea k s, s in c e  the ab sorp tion  is  n eg lig ib le  fo r  the sm a ll  am ount of iron  
(0, 5 g /1) p resen t.

C on cen tration s a s  low  as 0 ,1 , 0, 05, 0, 01, and 0, 02 g/1 plutonium (III),
(IV), (VI), and (IV )-p ero x y  com p lex  can be m ea su red  in the p r e se n c e  of 
each  oth er , in m ix tu res  contain ing  a to ta l of about 3 g / l  p lutonium , in a 

10 m m  c e ll .  At th e se  low con cen tra tion s p r e c is io n  i s  no b e tter  than a
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f a c to r  of two. However^ at h ig h e r  c o n c en tra t io n s  of the  ind iv idual ions 
(up to 3 g/1), the p re c is io n  is  a p p ro x im a te ly  ± 0,1, ± 0, 05, and ± 0,1 g / l  
p lutonium  fo r  the III, IV, and VI s ta te s .  The p r e s e n c e  of a b so rb in g  
im p u r i t ie s  d e c re a s e s  the p re c is io n .  The DK-2 s p e c t ro p h o to m e te r  i ts e l f  
has  a duplication l im it  of ± 0, 005 a b so rb a n c e ,  o r  fo r  ty p ica l  p e ak s  ± two 
p e r  cent.

The m ax im um  co n cen tra tio n  which m ay be u sed  fo r  va len ce  d e t e r ­
m ination  in 10 m m  ce l ls  is  3-3, 5 g / l .  C o n ce n tra t io n s  below 0, 3 g / l  
o r  above 3 g / l  r e q u i re  lo n g er  o r  s h o r t e r  c e l l s ,  re sp e c t iv e ly .

S m all t e m p e ra tu re  d if fe re n c e s  have l i t t le  e ffec t on the  ex tinction  
coeffic ien ts  o r  s p e c t r a  of plutonium (III) o r  (VI) and c a u se  only  a s ligh t 
change in two abso rp tion  p eak s  (702 mp, 475 mp) in the plutonium(IV) 
sp e c t ra .  (A m ax iim m  e r r o r  of p lus  fo u r  p e r  cent in ca lcu la tio n  r e s u l t s  
f ro m  a t e m p e ra tu re  change f ro m  15 to 30 C),

As p re v io u s ly  reported^^^ v a r ia t io n  in the n i t r i c  ac id  co n cen tra t io n  
ca u se s  sh if ting  of abso rp tion  p eak s ,  the  a p p e a ra n c e  of a new peak  fo r  
plutonium(VI) at high a c id i t ie s ,  and so m e  in c re a s e  o r  d e c r e a s e  of the 
ex tinction  coeffic ien ts .  T a b le s  II, III, and IV show the  a b so rp t io n  coeffic ien ts  
fo r  plutonium(HI), (IV), and (VI) a t v a r io u s  a c id i t ie s .  T h e se  v a lu es  a r e  
only good to ± 5 p e r  cent, a lthough the  p re c is io n  within each  va len ce  s ta te  
is  p robab ly  b e t te r .  S ev e ra l  d is c r e p a n c ie s  g r e a te r  than  five p e r  cen t a r e  
seen  on co m p ariso n  with T ab le  I, No explanation is  av a i lab le ,  but i t  is  
p ro p o sed  that abso rp tion  s ta n d a rd s  be checked f req u en tly  to a s s u r e  tha t the 
m achine  re sp o n se  does not v a ry  o v e r  p a r t i c u la r  ab so rp tio n  r a n g e s ,  fo llow ­
ing p e r io d s  of m ain tenance.

O ther  Ions

The ex tinction coeffic ien ts  of ca lc iu m , lan thanum , m anganous and 
a lum inum  ions a r e  so v e ry  low tha t  up to ten  g ra m s  p e r  l i t e r  of th e se  ions 
can be ignored  in m ost va lence  d e te rm in a tio n s  of p lutonium .

CONFTPENTIATu

•  • •  •  •
•  •  •  •
•  •  •  •
•  • • •  • •
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C hrom ic  ion has two s tro n g  abso rp tion  peaks  in the  reg ion  390-1200 
m(i a t 405 and 575 m̂ Jl. N ickelous ion has ab so rp tio n  peaks  at 394, 655, 670, 
1180 mjjt (F ig u re  3). No changes due to t e m p e ra tu re ,  oxalic  acid , su lfam ic  
acid , n i t r i te ,  hydrogen perox ide ,  o r  n i t r ic  ac id  co ncen tra tion  in the reg ion  
0, 5 to 6 M w ere  o b se rv ed  with th e se  ions.

P e rm a n g a n a te  ion in 2 M n i t r ic  ac id  has  v e ry  s tro n g  abso rp tion  at 
450-600 mp, with p eaks  a t 506, 523, 542, and 562 mp and p o ss ib ly  peaks  at 
467 and 490 mp, as  shown in F ig u re  10.

F e r r o u s  iro n  h as  abso rp tion  peaks  a t 960 and 1100 mp (F ig u re  4). 
O xalic ac id  (0.1 M), n i t r ic  ac id  co ncen tra tion  (between 0. 5 and 6. 0 M HNOg) 
and su lfam ic  acid  have v e ry  l i t t le  effect on e i th e r  the abso rp tion  s p e c t ra  
o r  coeffic ien ts .  N i t r i te  fo rm s  a  com plex  with fe r ro u s  ion which ab so rb s  
s tro n g ly  a t w avelengths s h o r t e r  than 800 mp, but i s  too s h o r t - l iv e d  in 
2 M n i t r ic  ac id  to obtain a  sp e c tru m .

F e r r i c  iron  has  v e ry  low abso rp tion  in the ran g e  450-1200 mp.
Below 450 mp, ab so rp tio n  in c r e a s e s  rap id ly . N it r i te ,  hydrogen perox ide , 
and su lfam ic  ac id  have v e ry  l i t t le  effect on the extinction coeffic ien ts .
The extinction  coeffic ien ts  in c r e a s e  s l ig h tly  with in c re a s in g  acid ity . Oxalic 
ac id  fo rm s  a com plex  with f e r r i c  iron , which a b so rb s  s tro n g ly  a t w av e ­
lengths s h o r t e r  than 500 mp, as  shown in F ig u re  5.

A s u m m a ry  of the ex tinction  coeffic ien ts  of the above ions is  found 
in Table  V. C h ro m ic ,  n icke lous, f e r r o u s ,  and f e r r i c  ions follow the  B e e r -  
L a m b e r t  Law.

MNMsag M. N. M yers
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T A B L E  I

M OLAR E X T IN C T IO N  C O E F F IC IE N T S  O F  

PLU TO N IU M (III), (IV), (VI), AND (IV )-P E R O X Y  C O M P L E X

{ 3.  ^M o la r  E x t in c t io n  C o e f f ic ie n t s '  '

av e le n g th
m|j. P lu to n iu m (III) P lu to n iu m (IV ) P lu to n iu m (V I)

P lu to n iu m (IV ) -  
P e r o x y  C o m p lex

421 18, 4 33. 0 18, 6 247
457 7, 6 26. 5 22, 0 197

475 7, 6 81, 7 21. 3 193
502 6 ,4 15, 3 17, 4 304

541 21. 7 23. 2 10. 8 176
565 45, 4 9. 8 7, 7 89

598 44. 7 7, 7 6, 5 40, 6

656 17, 0 39. 0 6. 7 31, 5
702 3. 6 19. 8 5. 0 22, 9

795 18, 2 26, 0 6. 5 25, 1

829 10, 0 14. 3 Graph^^^ 20. 1

850 7, 9 20. 3 5, 7 17. 4

908 24, 9 4. 1 4, 5 9. 1

950 5, 7 5. 3 25. 8 10. 5

981 7 ,4 11, 2 21. 3 17, 0

1017 18,4 17, 4 4, 5 22. 7

1068 13, 4 34. 6 2, 9 26, 1

1101 25, 3 19. 1 2, 5 15. 5-

NOTES;
(a) D e te r m in a t io n s  w e r e  m a d e  in  2 M HNO^.
(b) F ig u r e  1 show s th e  m o la r  e x t in c t io n  c o e f f ic ie n t  v a r i a t i o n  w ith  a b s o r b a n c e .
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T A B L E  II

E F F E C T  O F  ACIDITY ON A BSO RPTIO N  S P E C T R A  AND

W ave leng th
mfjL

C O E F F IC IE N T S  O F PLUTONIUM (III)

M o la r  E x t in c t io n  C o e f f ic ie n ts  in 
0. 52 M HNOo 2, 12 M HNOo 3. 92 M HNOo 5. 79 M HNO.

565 (a) 48 47 49
598 45 47 48
662 19 17 16
808 20 18 17
908 (b) 25 24 23
1017 19 18 16
1101 27 25 23

NOTES:
(a) T h is  p e ak  sh if te d  f r o m  568 mp a t  0. 52 M HNO,, to

49
48
16
16
23
16
22

(b) T h is  p e ak  sh if te d  f r o m  908 m(j. a t  0. 52 M HNOg to  916 m p a t  5. 79 M HNO^.

T A B L E  III

E F F E C T  O F  ACIDITY ON A BSO RPTION  S P E C T R A  AND 
C O E F F IC IE N T S  OF PLU TO N IU M (IV )

M o la r  E x t in c t io n  C o e f f ic ie n ts  in 
3. 93 M HNO,W ave leng th

mp,
421 (a) 
475 
541 (b) 
656 
702
795 (c) 
850 

1068

NOTES:

0. 52 M HNOo 2. 0 M HNO

26
81
21

40
20
27
17
34

32
91
22
40
19
26
19
35

39
94
24
43
21
27
21
38

5. 96 M HNO,

38
79
24
40
21
26
19
38

(a) T h is  p e ak  sh if te d  f r o m  425 mp. a t  0. 52 M HNO^ to  421 mp. a t 5. 96 M HNOg.
(b) T h is  p e a k  sh if te d  f r o m  546 mp. a t  0. 52 M HNO^ to  538 m p a t 5. 96 M HNOg.

(c) T h is  p e ak  sh if te d  f r o m  802 m p a t  0. 52 M HNOg to  785 m p a t  5. 96 M HNO^.

•  •  •  

•  •

•  •  •  •
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T A B L E  IV

E FF E C T  OF A C ID ITY  ON A B SO R PT IO N  SPEC TR A  AND 

CO EFFICIENTS OF PL U TO N IU M (V I)

W avelength
rap.

457
785
815
829 (b)
950
980

M olar E xtin ction  C o e ffic ie n ts  in 
0. 62 M HNOo 2 . 06 M HNOo 3. 95 M HNOo 5. 55 M HNO.

17
4. 7

5. 8 
117 

27 
21

18
4 . 7
5. 8 

114 

26 
21

21 

4. 8 

8, 3 
118 

25 
20

23 
5. 5

21 (a) 

118
22 

18

NOTES;

(a) T h is w as a new peak.
(b) T h ese  v a lu es  hold o n ly  for  the co n cen tra tion  u sed  for  th is  p a r ticu la r  

run.



Z-2 .

TA BLE V
MOLAR EXTINCTION CO EFFICIENTS OF VARIOUS IONS IN 2 M HNO3

W avelength
Ni+2(a) C r +3(b) F e +2(c) +3 F e  + 0 .1  M

F e  O xalic  A cid  Mn0 4 i d ) Mn+2 A1+3 La +3

421 2 .1 4. 6 0. 20 0 35 120
457 0. 32 2. 9 0. 13 0 05 20 210
475 0. 20 3. 5 0.11 0 05 9. 2 640
502 0.16 9 .1 0. 10 0 0 2 . 6 1600
541 0. 25 11. 6 0.10 0 0 0, 65 2090
565 0. 32 10, 7 0. 10 0 0 0. 36 1180
598 0. 60 3, 0 0.10 0 0 0 . 22 250
656 1. 7 0. 6 0,15 0 0 0.19 140
702 2 . 0 0 . 0 0 , 22 0 01 0. 15 70
795 1. 0 0 . 0 0. 53 0 04 0.18 40
829 0, 55 0. 0 0. 81 0 03 0 . 22
850 0. 36 0 . 0 1. 0 0 02 0. 25
908 0. 33 0. 0 1 .4 0 01 0. 28
950 0. 50 0 . 0 1. 5 0 01 0. 27
981 0. 75 0 . 0 1. 3 0 01 0 . 26

1017 1. 0 0. 0 0. 90 0 0 0. 25
1068 1. 5 0. 0 1. 2 0 0 0. 25
1101

NOTES,”

1. 7 0 . 0 1. 2 0 0 0. 25

0. 027(f) 0. 38(f)

027(e)

(a) A bsorp tion  p eak s for n ick e lo u s ion a r e  at 394, 655, 670, 1180 mjx w ith ex tin ction  c o e ff ic ie n ts  of 
4, 5, L 7, 1. 7, and 2 . 0, r e sp e c t iv e ly ,

(b) A bsorption  p eak s fo r  ch ro m ic  ion a re  at 405 , and 575 mfx, w ith ex tin ction  c o e ff ic ie n ts  of 14. 0 
and 11. 8 , r e sp e c t iv e ly .

(c) F e r r o u s  ion has ab sorp tion  p eak s at 960 and 1100 m p, w ith ex tin ctio n  c o e ff ic ie n ts  of 1. 5 and 1. 3, 
r e sp e c t iv e ly .

(d) A bsorp tion  p eak s for  perm angan ate ion a re  at 506, 523, 542, and 562 mp w ith ex tin ction  
c o e ff ic ie n ts  of 1650, 2175, 2090, and 1220, r e s p e c t iv e ly . At w avelen gth s lo n g er  than 702 mjj., ^  
the ex tin ction  c o e ff ic ie n ts  drop sh arp ly , ^

-3
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T A B L E  V (coHtd. )

NOTES (contd. )

(e) M ax im u m  a b s o rp tio n  fo r  m a n g an o u s  ion. o c c u r s  a t  400  an d  538 m|x w ith  e x tin c tio n  
c o e f f ic ie n ts  o f 0. 092 and  0. 027, r e s p e c t iv e ly .  E x tin c tio n  c o e f f ic ie n ts  a r e  n e a r ly  
z e ro  a t  o th e r  w a v e le n g th s  b e tw een  400-1200  mji,

(f) T h is  is  th e  m a x im u m  e x tin c tio n  c o e f f ic ie n t f o r  th i s  ion . E x tinction , c o e f f ic ie n ts  a t  o th e r  
w a v e le n g th s  b e tw ee n  400-1200  a r e  s l ig h tly  s m a l le r ,

(g) A b so rp tio n  c o e f f ic ie n ts  f o r  c a lc iu m  ion  a r e  z e ro  in  th e  w av e len g th  ra n g e  400-1200 m|j..

CO
I

I

►1̂
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2M NITRIC ACID 
TEMPERATURE 2l-25® Ch-z

u
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ABSORBANCE (OPTICAL DENSITY)

FIG U RE 1
ABSORPTION OF PLUTONIUM(VI) AT 829 mji 2 M HNOg
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FIGURE Z

ABSORPTION SPEC TR A  OF PLUTONIUM (III), (IV), AND (VI) IN 2 M HNOo AT 21-25 C
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NITRIC ACID CONCENTRATION 2M 
TEMPERATURE 2 1 -2 5 *0

o  10 .+3

1+2

450 600 700 800 1000 1200400 500
WAVELENGTH { T T \ f i )

F IG U R E  3

ABSO RPTIO N SPECTRA O F C HRO M IC AND N IC KELO U S IONS
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FIGURE 6

ABSORPTION SPECTRUM  OF PLUTONIUM (III), D K -2 PLO T

i
CO(

9 0 0  1000 1100 1200

I

-<l4̂



0.7

0.81

PLUTONIUM CONCENTRATION 2.14 g /L0.6

NITRIC ACID CONCENTRATION 1.98 M

TEMPERATURE0.5

0.2

9 0 0  1000 1100 1200425 450 500 550 600 6 5 0  7 0 0 8004 0 5 475
WAVELENGTH (m /i )

FIGURE 7

ABSORPTION SPECTRUM  OF PLUTONIUM (IV), D K -2 PLOT
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P lutonium  C on cen tration  0 . 4 7  g / c  
N itr ic  A cid  C on cen tration  2. 0 M 
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FIGURE 9 '--------------------
ABSORPTION SPECTRUM  OF P LUTONIU M( IV ) - PEROXY COM PLEX D K -2 PLO T ^
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FIGURE 10

ABSORPTION SPECTRUM  OF POTASSIUM PERM ANGANATE IN 2 M HNO.
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