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DESORPTION FROM PLUTONIUM DIOXIDE 
Jerry L. Stakebake and J4arston R .  Dringman 

Abs t rac t .  The o u t g a s s i n g  of plutonium d iox ide ,  
p rev ious ly  e x p o s e d  t o  a i r ,  w a s  i n v e s t i g a t e d  over  
the temperature  r ange  25Oto 100O'C. T h i s  
i nves t iga t ion  b roadened  t h e  p e r s p e c t i v e  of t h e  
adso rp t ion  p rope r t i e s  and  gas - so l id  i n t e r a c t i o n s  
of t h i s  ma te r i a l .  P lu ton ium d iox ide  w a s  found t o  
exh ib i t  a s t r o n g  g e t t e r i n g  ac t ion  toward wa te r  
vapor ,  carbon d iox ide ,  and  ni t r ic  oxide.  Water 
vapor  and  carbon d iox ide  a r e  adso rbed  d i r ec t ly  
from t h e  a tmosphe re .  The n i t r i c  ox ide  is b e l i e v e d  
e i t h e r  t o  be a d s o r b e d  as a r a d i o l y s i s  product  of 
a i r  or t o  b e  t h e  r e s u l t  of r ad io ly t i c  decompos i t ion  
of a i r  in t he  a d s o r b e d  s t a t e .  A qua l i t a t ive  com- 
pa r i son  of the adso rp t ion  s t r e n g t h s  of the major 
p roduc t s  i s  CO,>NO>H,O. Approximately 95% of 
t h e  adso rbed  g a s e s  c a n  be removed by o u t g a s s i n g  
the  oxide a t  700'C. 

INTRODUCTION 

Plu ton ium meta l  o x i d i z e s  s o  r ead i ly  tha t  i t  i s  
a l w a y s  found with a n  ox ide  coa t ing .  The re fo re ,  
i t hen  one i s  i n t e r e s t e d  in r e a c t i o n s  which occur  
a t  t he  plutonium meta l  i n t e r f ace ,  o n e  a lso mus t  
c o n s i d e r  t he  s a m e  r e a c t i o n s  invo lv ing  plutonium 
ox ide .  For  example ,  t h e  oxidat ion of plutonium 
meta l  i n v o l v e s  t h e  adso rp t ion  of a gas on to  plu- 
tonium oxide fol lowed by diffusion of the  anion or 
ca t ion  to  the  oxide-metal  i n t e r f ace .  A s t u d y  of 
the adso rp t ion  p rope r t i e s  i s  pa r t i cu la r ly  impor- 
t a n t  for a n  unde r s t and ing  of t h e  r eac t iv i ty  of 
plutonium d iox ide .  

S e v e r a l  p a p e r s  have  b e e n  wri t ten desc r ib ing  the  
adso rp t ion  p rope r t i e s  of plutonium dioxide (1,2,3). 
Ea r l i e r  i n v e s t i g a t i o n s  of t h e  adso rp t ion  of wa te r  
on plutonium d iox ide  showed  tha t  t he  adso rp t ion  
of wa te r  vapor w a s  i r r eve r s ib l e  (3) .  H e c a u s e  of 
t h i s  adso rp t ion  property of plutonium d iox ide ,  it 
h a s  been  diff icul t  t o  def ine and  obtain a dry,  
c l e a n  s u r f a c e .  T h e  p r e s e n t  s t u d y  w a s  ca r r i ed  
out t o  e v a l u a t e  the o u t g a s s i n g  c h a r a c t e r i s t i c s  of 
plutonium d iox ide  as  we l l  a s  to  provide add i t iona l  
information abou t  i t s  adso rp t ion  p rope r t i e s .  

The work reported he re  i n v o l v e s  the  o u t g a s s i n g  
of plutonium d iox ide  s a m p l e s  which h a v e  been  
e x p o s e d  to  drybox a t m o s p h e r e s  of a i r  for an  
ex tended  per iod of t ime .  T h e  o u t g a s s i n g  p r o c e s s  
w a s  fol lowed thermogravimetr ical ly  t o  provide a 
quan t i t a t ive  measu re  of t h e  p r o c e s s .  A qual i -  
t a t i v e  measu re  of t h e  removed g a s e s  w a s  obtained 
by a m a s s  spec t romet r i c  a n a l y s i s  of the p roduc t s .  
T h i s  l a t t e r  method a l s o  provided add i t iona l  
quan t i t a t ive  d a t a  t o  supp lemen t  t h o s e  ob ta ined  
gravimetr ic  a1 1 y . 

EXPERIMENTAL 

Apparatus:  The a p p a r a t u s  u s e d  for t he  thermo- 
gravimetr ic  s t u d i e s  i s  shown  in F igu re  1. T h e  
p r inc ipa l  component  i s  a C a h n  e l ec t romagne t i c  
mic roba lance  (4). After l oad ing  a s a m p l e  on t h e  
b a l a n c e ,  t he  s y s t e m  w a s  e v a c u a t e d  to  less than  

torr. The s a m p l e  w a s  then  h e a t e d  in 100' 
inc remen t s  t o  1000°C. Weight l o s s e s  due t o  
s a m p l e  deso rp t ion  were  fol lowed con t inuous ly .  
The a c c u r a c y  of t he  deso rp t ion  m e a s u r e m e n t s  w a s  
on the  order of +5 micrograms.  Accuracy  w a s  
l imited by the  inab i l i t y  t o  a t t a i n  a vibrat ion-free 
mount for t he  ba l ance .  

A s e c o n d  vacuum d e s o r p t i o n  s y s t e m  w a s  u s e d  
to  c o l l e c t  t h e  d e s o r b e d  g a s e s .  T h i s  s y s t e m  i s  
shown  in F igu re  2. 
(approximately 2 grams) ,  t he  s y s t e m  w a s  e v a c u a t e d  
t o  torr.  A s  t he  s a m p l e  w a s  h e a t e d  in 10O'C 
inc remen t s  the deso rbed  g a s e s  were  removed by 
m e a n s  of t h e  T o e p l e r  pump. Gas s a m p l e s  were 
t aken  a t  e a c h  l0O'C increment  a n d  a n a l y z e d  with 
a C E C  hlodel 104  m a s s  spec t romete r .  

After l oad ing  the  s a m p l e  

r 7  I h e  third type  of a p p a r a t u s  u s e d  in t h i s  s t u d y  w a s  
a Bend ix  t ime-of-fl ight m a s s  spec t romete r .  4 con-  
t a ine r  for t he  plutonium d iox ide  sample  \ \ a s  connec ted  
d i r ec t ly  t o  the  in l e t  of the spec t romete r .  G a s e s  
evo lved  by the  s a m p l e  were  pumped through t h e  
spec t romete r  during the en t i r e  expe r imen t .  Sampling 
of t he  gas w a s  from a dynamic sys t cn i  \ \ i t h  s c a n s  
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, eve ry  2 minu tes .  T h e  s y s t e m  w a s  ma in ta ined  at 

An excep t ion  occur red  in the  1 5 0 ° t o  2 O O O C  r ange  
where  the  p r e s s u r e  i n c r e a s e d  t o  

t o  lom7 torr a s  the temperature  w a s  i n c r e a s e d .  

torr .  

Sample: T h e  plutonium d iox ide  (I) u s e d  in t h i s  
s t u d y  w a s  prepared by the a i r  ox ida t ion  of e l ec t ro -  
ref ined a!pha plutonium meta l  a t  27OC. T h e  phys-  
i c a l  p rope r t i e s  of t h i s  ox ide  a re  shown in T a b l e  I 
and t h e  e l e m e n t a l  a n a l y s i s  in T a b l e  11. P r io r  t o  
t h i s  s t u d y  the oxide had been e x p o s e d  t o  drybox 
a t m o s p h e r e s  for a b o u t  5 y e a r s .  The h igh  iron 
con ten t  of t he  oxide probably c a n  be a t t r i bu ted  t o  
the c a n  in which the ox ide  w a s  s t o r e d .  So far  a s  

c a n  be determined,  t h i s  oxide had no t  b e e n  e x p o s e d  
t o  a n y  l iquid or vapor  other  t han  a i r  a n d  wa te r  vapor  
Before beg inn ing  the d e g a s s i n g  s t u d i e s ,  t he  a i r  
w a s  removed from the s a m p l e  chamber  by f r eez ing  
the sample  in  l i qu id  ni t rogen and  e v a c u a t i n g  t o  

torr. 

T a b l e  I. P h y s i c a l  p r o p e r t i e s  of l o w  t e m p e r a t u r e  p lu ton ium 
d i o x i d e  ( I ) .  

C o m p o s i t i o n  puo,.*7 

P a r t i c l e s  <lp 3.1% 
1-5p 96.9% 

C r y s t a l l i t e  S i z e  97 x 

S u r f a c e  A r e a  1 6 . 1  m2/g  

0 
L a t t i c e  P a r a m e t e r  5 . 4 0 4  k.001 A 

del ta-plutonium s a m p l e  and  then  bu rn ing  the hydride 
in a i r  t o  form plutonium d iox ide .  T h i s  oxide w a s  
e x p o s e d  t o  the dry box a tmosphere  for 9 w e e k s  and  
then  o u t g a s s e d  v i a  the  t ime-of-fl ight m a s s  spectrom- 
e t e r .  The e l e m e n t a l  a n a l y s i s  of t h i s  ox ide  i s  shown  
in Table 111. 

T a b l e  111. E l e m e n t a l  a n a l y s i s  of P l u t o n i u m  D i o x i d e  (11). 

E l e m e n t  C o n c e n t r a t i o n  (ppm)  

i\ 1 
B e  
Cr 
Cu  
Fe 
hl n 
M 0 

Ni 
C 

10 3 

70 
46  

3 2 9  
1 2  
1 s  

167 
I 3 8  

0.18 

T r a c e s  of: H ,  C a ,  Cd,  P b ,  P d ,  Sn ,  T i ,  1'. % n ,  Au. 

RESULTS 

Thermogravimetr ic :  T h e  r e s u l t s  from t h e  thernio- 
gravimetr ic  deso rp t ion  a r e  shown in F igu re  3. I t  i s  
a s s u m e d  t h a t  af ter  h e a t i n g  the s a m p l e  t o  1000°C 
all of the adso rbed  g a s e s  wcre e i t h e r  removed or 
had r e a c t e d  with the ox ide .  I t  i s  e v i d e n t  from t h e  
deso rp t ion  c u r v e s  ( F i g u r e  3) t h a t  there  a r e  three 
different  z o n e s  of adso rp t ion  involving different  

T a b l e  11. E l e m e n t a l  a n a l y s i s  of l o w  t e m p e r a t u r e  p l u t o n i u m  
d i o x i d e  ( I ) .  

Figure 3. Thermogravimetric d e g a s s i n g  of PuO,. 
C o n c e n t r a t i o n  (ppm) E l e m e n t  

Be 
C a  
Cr 
c u  
F e  
K 
Mg 
Mn 
N i  
Si  
Sn 
C 

0.1 
10 
25 
2 0  

600 
200 
100 

5 
5 

2 s  
10 0 
512 

T r a c e s  of: A g ,  AI, B, B a ,  B i ,  Cd ,  In ,  Mo, 1'. P b ,  Pd ,  Sb, Sr,  
T i ,  V ,  Zn, Au, A s .  

It i s  a s s u m e d  t h a t  the deso rp t ion  p roduc t s  are  
de r ived  from adso rbed  g a s e s  and  vapor s  and not 
from impur i t i e s  in the oxide s u c h  a s  carbon.  T o  
verify t h i s ,  a s e c o n d  s a m p l e ,  plutonium d iox ide  (111, 
w a s  prepared by hydriding a gal l ium s t a b i l i z e d  
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t y p e s  of adso rp t ion  or p o s s i b l y  different  adso rp t ion  
s i t e s .  Zone  1 c o n t a i n s  p h y s i c a l l y  a d s o r b e d  m o l e c u l e s  
which c a n  be removed under  \ acuum a t  the temperature  
of adso rp t ion ,  2 7 O C .  T h e  a v e r a g e  of two  deso rp t ion  
r u n s  i n d i c a t e s  t h a t  0.90 mg of gas/g PuO, w a s  
p h y s i c a l l y  a d s o r b e d  on the  oxide.  This amount  is 
approximately 8 pe rcen t  of t he  t o t a l  a d s o r b e d  g a s e s .  

The s e c o n d  zone is bounded by t h e  d i s c o n t i n u i t i e s  
in the c u r v e s  a t  2 7 O  and  500OC. Adsorpt ion in 
t h i s  zone i n v o l v e s  from 1 t o  3 molecu la r  l a y e r s  n i t h  
a high probabi l i ty  of l a t e r a l  bonding be tween  adso rbed  
molecu le s .  T h i s  adso rp t ion  is a type  of chemisorpt ion 
\ \ h i ch  probably invo lves  hydrogen bonding be tween  
u a t e r  mol e c u 1 e s . 

Zone 3 o c c u r s  be tween  500'and 1000°C and  c o n s i s t s  
of less than  one  molecu la r  l a y e r  of chemisorbed 
molecu le s .  T h e  d i scon t inu i ty  a t  7 O O O C  is ind ica t ive  
of the removal  of al l  but  abou t  0.1 monolayer  of 
adso rbed  g a s e s .  The p o s s i b i l i t y  a l s o  e x i s t s  t ha t  
t h i s  d i scon t inu i ty  i s  e v i d e n c e  of to t a l  deso rp t ion  
and  a n y  fur ther  we igh t  loss i s  t h e  r e s u l t  of oxygen 
be ing  r emoved  from the ox ide  l a t t i c e .  
have  no c o n c l u s i v e  e v i d e n c e  for t h i s  r eason ing .  

However ,  we 

Figure 4. Elovich plot for the degassing of I'uO,. 
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During the  desorpt ion p r o c e s s  the  s a m p l e s  \\-ere 
h e a t e d  a t  a g iven  temperature  unt i l  no further 
\\:eight l o s s  w a s  obse rved .  
then i n c r e a s e d  by 100'C a n d  the  s a m p l e  a l lowed  t o  
r each  equi l ibr ium. 
procedure,  t h e  amount  of adso rbed  g a s e s  ini t ia l ly  
pre s e n t  d e  c r e  a sed as  the temperature  \vas in c re as c d . 
T h i s  i s  r e f l ec t ed  in the  deso rp t ion  r a t e s  which 
d e c r e a s e  \\it11 tenipcrature in s t ead  of i n c r e a s i n g  a s  
ivould be e s p c c t c d .  T h e  one excep t ion  occurred 
a t  28OC ivhere t h e  desorpt ion of phys i ca l ly  adso rbed  
molecu le s  \ \ t is  involved.  

T h e  temperature  \\;as 

B e c a u s e  of t he  nature  of t h i s  

T h e  r a t e  of deso rp t ion  can  b e s t  be d e s c r i b e d  by a 
logari thmic r a t e  la\\ s u c h  as tha t  provided b y  the 
El ov i cli 13qu a I i on ,  

where q i s  t h e  amount  deso rbed  in t ime ,  t ,  and a 

and a a re  c o n s t a n t s .  
e x t e n s i v e l y  to exp la in  the k i n e t i c s  of clierni- 
sorpt ion (5.6). 
the  deso rp t ion  d a t a  ob ta ined  in this experiment .  

- 1  I h i s  cqua t ion  has been  u s c d  

Ii'igure 81. sho \vs  a n  E lov ich  plot  of 

I I I I I I I I I  1 
I 20 40 60 80 100 200 

t (min.) 

- . . . . - I . . . 
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gases v a r i e s  for e a c h  temperature .  

Product A n a l y s e s :  The s e c o n d  p h a s e  of t h i s  
s t u d y  w a s  to  fol low the  deso rp t ion  p r o c e s s  by a 
m a s s  spec t romet r i c  a n a l y s i s  of the  p roduc t s .  B y  
c o l l e c t i n g  a n d  a n a l y z i n g  the d e s o r b e d  g a s e s  we 
ob ta ined  the d a t a  s h o w n  in F i g u r e s  6,  7, and  8. 
F igure  6 s h o w s  t h a t  the number of moles  of g a s  
removed is affected by temperature .  D e g a s s i n g  
w a s  a s s u m e d  t o  b e  complete  a f t e r  h e a t i n g  the 
s a m p l e  t o  1000°C s i n c e  the  amount  of g a s  evo lved  
r e a c h e d  a c o n s t a n t  at t h i s  temperature .  It i s  eviden 
that  very high t empera tu res  a r e  n e c e s s a r y  in order 
t o  ob ta in  a “ c l e a n , ”  dry plutonium d iox ide  s u r f a c e .  
T h e s e  d a t a  compare f avorab ly  with the  r e s u l t s  

T h e r e  i s  n o  r eady  exp lana t ion  for t h e  b r e a k s  in s o m e  
of t h e  c u r v e s .  However ,  they might be c a u s e d  by 
s u r f a c e  contaminat ion or s u r f a c e  he t e rogene i ty .  

F igu re  5 s h o w s  the d e g a s s i n g  of PuO, as a func t ion  
of time a t  s e v e r a l  t empera tu res .  I t  can  b e  s e e n  t h a t  
nea r ly  100 p e r c e n t  of t he  removable  g a s e s  a re  
d e s o r b e d  ivithin the  f i r s t  60 t o  100 minu tes .  Again 
i t  shou ld  be remembered t h a t  the quan t i ty  of adso rbed  

obtained thermogravimetr ical ly ,  F igu re  3 ,  and  indi-  
c a t e  t h a t  h e a t i n g  t h e  oxide under  vacuum t o  700°C 
i s  required t o  remove 95 to 100 pe rcen t  of the 
removable  g a s e s .  

An a n a l y s i s  of t h e  g a s e o u s  p roduc t s  r e v e a l e d  t h a t  
plutonium d iox ide  in add i t ion  t o  be ing  hygroscop ic  
r ead i ly  a d s o r b s  other  gases from the a tmosphe re .  
‘The r e s u l t s  of t he  gas  a n a l y s e s  from a typ ica l  
s a m p l e  a t  v a r i o u s  t empera tu res  a re  shown  in 
F i g u r e s  7 and  8. F igure  7 s h o w s  the  p roduc t s  
r e s u l t i n g  from a i r  adso rbed  on the  s a m p l e  and 
F igure  8 t h e  p roduc t s  emana t ing  from a d s o r b e d  
water .  
carbon d iox ide  in the g a s  s a m p l e s  t e n d s  to  ind ica t e  
t h a t  plutonium d iox ide  p re fe ren t i a l ly  a d s o r b s  t h i s  
g a s  from the a tmosphe re .  I t  i s  p roposed  t h a t  t h e  
p r e s e n c e  of ni t rogen o x i d e s  i s  due  t o  the r a d i o l y s i s  
of a i r  ove r  a n  ex tended  per iod of t ime.  
formation the ni t rogen o x i d e s  a r e  adso rbed  on t h e  
s u r f a c e  of the  plutonium d iox ide .  
p o s s i b i l i t y  is t h a t  t he  r a d i o l y s i s  of a i r  may occur  
in the adso rbed  s t a t e .  In e i t h e r  c a s e  r e s u l t s  show 
the p r e s e n c e  of  adso rbed  ni t rogen and ni t rogen 
o x i d e s  a t  t empera tu res  u p  to  1000OC. The fac t  

From F igure  7, t he  high concen t r a t ion  of 

After 

Another 

Figure 5. Degass ing  of PuO, a s  a function of evacuat ion time. 
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Figure 6 .  E f f e c t  of temperature on desorption. 

Figure 7. Air desorption products. 
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t h a t  ni t rogen is s t i l l  p r e s e n t  a t  t h e s e  t empera tu res  
s u g g e s t s  a leak in the s y s t e m .  

In F i g u r e  8, the high hydrogen concen t r a t ion  
canno t  be exp la ined  in t e rms  of adso rp t ion .  I t  i s  
be l i eved  t h a t  t he  hydrogen i s  t he  r e s u l t  of a 
r eac t ion  between wa te r  and  plutonium d iox ide .  S ince  
the  plutonium d iox ide  u s e d  w a s  subs to i ch ion le t r i c  
t h i s  r eac t ion  w a s  s imply a n  oxidat ion p r o c e s s  t o  
a t t a i n  a s to i ch iomet r i c  condi t ion.  That i s :  

Puo,-x + H,O + PUO, + 1-1, 

T h i s  r eac t ion  a c c o u n t s  for t he  low concen-  
t ra t ion of oxygen a s  we l l  a s  the high hydrogen 
concen t r a t ion .  
by the f a c t  t h a t  t he  oxide 0 c r y s t a l  0 l a t t i c e  parameter  0 

0 

d e c r e a s e d  from 5.404 A t O . O O 1  A to 5.396 A ?0.001 .A 
i n d i c a t i n g  the ox ide  has p icked  up oxygen.  P a r t  
of t he  oxygen r ema in ing  in the g a s  p h a s e  may h a v e  
r e s u l t e d  from the adso rp t ion  of oxygen  from the  
a tmosphe re .  The T o e p l e r  punip u s e d  for t h i s  port ion 

T h i s  r eac t ion  i s  fur ther  supported 
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Figure 8. 14,O desorption products. 

of the inves t iga t ion  w a s  c a p a b l e  of ma in ta in ing  a 
vacuum of on ly  abou t  torr. T h i s  could h a v e  
a l lowed  enough w a t e r  vapor  t o  remain in the 
s y s t e m  a t  e a c h  temperature  t o  suppor t  t h e  oxidat ion 
of t h e  oxide.  

Dynamic O u t g a s s i n g  of Plu ton ium Diox ide  (I): 
T h i s  port ion of t he  i n v e s t i g a t i o n  w a s  ca r r i ed  out 
u s i n g  the  Bend ix  t ime-of-fl ight m a s s  spec t romete r .  
R e s u l t s  of t h i s  expe r imen t  for the plutonium 
d iox ide  ( I )  a r e  s h o w n  in F i g u r e  9. T h e  th ree  prin- 
c i p a l  deso rp t ion  p r o d u c t s  o b t a i n e d  in t h e  r ange  
50° to  55OoC were  wa te r ,  ca rbon  d iox ide ,  a n d  n i t r i c  
oxide.  T h e  major d e s o r p t i o n  p e a k  for wa te r  vapor  
occur red  a t  1 8 O O C .  T h i s  p e a k  i s  de r ived  mainly 
from p h y s i c a l l y  a d s o r b e d  water .  A minor deso rp t ion  
peak  w a s  obse rved  a t  4OOOC and  cou ld  h a v e  b e e n  
c a u s e d  by a n  adso rp t ion  involving c h e m i c a l  or 
hydrogen bond ing  . 

T h e  carbon d iox ide  deso rp t ion  p e a k  i s  qu i t e  broad 
r ang ing  from a b o u t  250° t o  400OC. The peak  for 
ni t r ic  ox ide ,  on the  o the r  h a n d ,  i s  qu i t e  s h a r p .  
\laximum deso rp t ion  occur red  at 250°C a n d  d e c r e a s e d  
to z e r o  a t  approximately 300OC. I t  is i n t e r e s t i n g  

t o  no te  t h a t  s i g n i f i c a n t  a m o u n t s  of n i t rogen  and 
hydrogen were ob ta ined  during the  T o e p l e r  pump 
d e g a s s i n g  but  only t r a c e  a m o u n t s  were obse rved  
with t h e  Bendix dynamic  s y s t e m .  T w o  p o s s i b l e  
e x p l a n a t i o n s  for t h i s  obse rva t ion  e x i s t .  F i r s t ,  t he  
ni t rogen w a s  d u e  t o  a l e a k  in the s y s t e m .  Second ,  
t h e  minimum p r e s s u r e  ob ta ined  with the  T o e p l e r  
s y s t e m  w a s  10-3 torr t h u s  permit t ing enough  wa te r  
vapor  to remain on t h e  ox ide  t o  unde rgo  t h e  
oxidat ion r e a c t i o n  p rev ious ly  d i s c u s s e d  and  
r e s u l t i n g  in t h e  product ion of hydrogen.  T h e  Bend ix  
dynamic  s y s t e m ,  on the o the r  hand,  ma in ta ined  a 
p r e s s u r e  of abou t  lo-'' torr and c o n s e q u e n t l y  removed 
the  wa te r  vapor  before i t  had  a c h a n c e  t o  r e a c t .  

O u t g a s s i n g  of Plutonium Diox ide  (11): T h i s  oxide 
w a s  o u t g a s s e d  v i a  the t ime-of-fl ight m a s s  spectrom- 
e t e r  in order t o  ver i fy  t h e  r e s u l t s  ob ta ined  with 
the plutonium d i o x i d e  (I). T h e  r e s u l t s  a r e  shown  
in F i g u r e  10 and  ind ica t e  t h a t  Cfter only a l imited 
e x p o s u r e  t o  a i r  plutonium d iox ide  wi.l!_adsorbed 
s i g n i f i c a n t  q u a n t i t i e s  of g a s .  T h e  primary 
deso rp t ion  product  w a s  wa te r  vapor  fo l lowed  by 
carbon d iox ide .  A s m a l l  amount  of n i t r i c  oxide 
w a s  found t o  be p r e s e n t  a n d  r e a c h e d  a deso rp t ion  

7 
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Figure 9. Dynamic outgassing of PuO,. 

p e a k  at 25OoC. T h e  magn i tude  of th i s  p e a k  i s  
highly d e p e n d e n t  upon the  per iod of t ime t h e  
ox ide  i s  e x p o s e d  t o  a i r  s i n c e  the  ni t r ic  ox ide  i s  
formed by a r ad io ly t i c  process .  The r e s u l t s  ob ta ined  
with t h i s  oxide suppor t  t h e  c o n c l u s i o n  t h a t  t h e  
g a s e s  emi t t ed  from plutonium d i o x i d e  o r ig ina t e  from 
adso rbed  g a s e s  a n d  no t  from con taminan t s .  

SUMMARY AND CONCLUSIONS 

From a s t u d y  of t h e  deso rp t ion  c h a r a c t e r i s t i c s  of 
plutonium d i o x i d e  w e  h a v e  g a i n e d  a broader  per- 
s p e c t i v e  of i t s  adso rp t ion  p rope r t i e s  a n d  t h e  
p o s s i b l e  gas - so l id  i n t e r a c t i o n s  which c a n  occur  
upon s t o r a g e  of t h e  oxide.  P lu ton ium d iox ide  
h a s  been  found t o  exh ib i t  s t r o n g  ge t t e r ing  a c t i o n s  
toward wa te r  vapor  as  wel l  a s  carbon d iox ide  and  
n i t r i c  oxide.  T h e  water  vapor and ca rbon  d iox ide  
were  found t o  be adso rbed  d i r ec t ly  from the  atmo- 
sphe re  which i s  in ag reemen t  with the  r e s u l t s  of 
other  n o r k e r s  (7 ,8) .  
be ados rbed  a s  a r a d i o l y s i s  product  of a i r .  

Ni t r ic  oxide is b e l i e v e d  to 

D e g a s s i n g  of t h e  ox ide  w a s  v i ewed  from th ree  
different  expe r imen ta l  a p p r o a c h e s :  
gravimetr ic  method;  (b )  a s t a t i c  method where t h e  

(a) a thermo- 

a 

p roduc t s  from o u t g a s s i n g  a t  t en  temperature  
i n t e r v a l s  were  removed a n d  a n a l y z e d ;  ( c )  a 
dynamic  method u t i l i z ing  t h e  B e n d i x  t ime-of-fl ight 
m a s s  spec t romete r .  I t  i s  e v i d e n t  from the  
therniogravimetric r e s u l t s  (F igu re  3) t h a t  t he re  a r e  
th ree  d i s t i n c t  deso rp t ion  z o n e s :  <25OC; 2 5 O  to 
abou t  5OO0c, and  500Oto  8 O O O C .  Adsorp t ion  in 
t h e s e  z o n e s  can  be a t t r i bu ted  to  different  t y p e s  of 
adso rp t ion  and/or  d i f f e ren t  adso rp t ion  s i t e s .  
Subsequen t  s t u d i e s  (10) ind ica t e  t h a t  the third 
zone i s  c a u s e d  by the deso rp t ion  of CO beg inn ing  
at  a b o u t  500OC. 

From the  dynamic d e s o r p t i o n  expe r imen t s  ( F i g u r e  9) 
the  major p roduc t s  were found to be  CO,, NO, a n d  
II,O. T h e  r a t i o s  of the i r  maximum o u t g a s s i n g  r a t e s  
\ \ e r e  approximately 1:1.7:, 1:5.7, r e s p e c t i v e l y .  
The deso rp t ion  r a t e  of wa te r  vapor  d e c r e a s e s  fa i r ly  
even ly  t o  abou t  45OOC where  i t  l e v e l s  off corre- 
spond ing  t o  the upper  boundary of the s e c o n d  
adso rp t ion  zone .  In the  c a s e  of the  dynamic  s y s t e m  
we h a v e  n o  d a t a  beyond 55OOC. 

I h e  r e s u l t s  ob ta ined  with t h e  s t a t i c  s y s t e m  defy 
a s t r i c t  i n t e rp re t a t ion  in t e rms  of t he  zone adso rp t ion  
theory.  f lowever ,  two  t h i n g s  may be said about  

? 7  
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Figure 10. Outgassing of plutonium dioxide (11). 

t h e s e  r e s u l t s .  F i r s t ,  t he  major port ion of t he  
deso rp t ion  t a k e s  p l a c e  be tween  2.5’ and  3 O O O C .  
Second ,  a s e c o n d a r y  deso rp t ion  p e a k  occur s  in the  
region 500Oto  700OC. T h e  one e x c e p t i o n  is carbon 
d iox ide  which has  a broad d e g a s s i n g  band between 
200° and  50OoC. 
the theory t h a t  t he re  are different  z o n e s  of adso rp t ion .  

B a s i c a l l y ,  t h e s e  r e s u l t s  support  

!I qua l i t a t ive  comparison of the  adso rp t ion  s t r e n g t h s  
of t h e  major componen t s  is CO,>NO>H,O. The 
re l a t ive ly  w e a k  binding s t r eng th  of t he  NO molecu le s  
is in confl ic t  with o the r  work (9) ivhere NO w a s  
found t o  a d s o r b  more s t rong ly  than  e i t h e r  CO or CO,. 
It \vas  found t h a t  95 pe rcen t  of t he  g a s e s  adso rbed  
f rom the  a tmosphe re  cou ld  be removed by o u t g a s s i n g  
the plutonium d iox ide  a t  700OC. ‘ I h e  s u b s e q u e n t  
e f f e c t  of t h i s  h e a t  t r ea tmen t  on t h e  s u r f a c e  prop- 
e r t i e s  of plutonium d iox ide  h a s  not been  fully 
i n v e s t i g a t e d .  
the s u r f a c e  a r e a  t o  be d e c r e a s e d  by  abou t  36 
pe rcen t  (10). 
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