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ADSORPTION OF PROTACTINIUM ON UNFIRED VYCOR: 
F TNAL HOT -CELL EXPERIMENTS 

J .  H .  Goode and J .  G .  Moore 

ABSTRACT 

Hot-ce11 expe r imen t s  demonstrated t h e  p r a c t i c a b i l i t y  
of r e c o v e r i n g  233Pa from n i t r i c  a c i d  s o l u t i o n s  by 
a d s o r p t i o n  on u n f i r e d ,  powdered Vycor. S o l - g e l  t h o r i a  
t h a t  had b e e n i r r a d i a t e d  t o  abou t  jOOO Mwd/metric t o n  and 
c o o l e d  27 days w a s  d i s s o l v e d  i n  13 5 HNO3--O.05j HF--  
0.1 E Al(NO,),, and t h e  p r o t a c t i n i u m  w a s  p r e f e r e n t i a L l y  
adso rbed  on u n f i r e d  Vycor. 
l o a d i n g  of  3 . 1  mg of  233Pa p e r  gram of  g l a s s . )  
e l u t e d  w i t h  9.5 M - o x a l i c  a c i d ,  y i e l d i n g  product  s o l u t i o n s  
w i t h  p r o t a c t i n i u m  c o n c e n t r a t i o n s  of  abou t  1.5 mg/ml. 
Decontaminat ion f a c t o r s  f o r  z i rconium-ni  obium, t o t a l  
rare e a r t h s ,  thorium, and uranium were 3.5, 4.8 x IO", 
21 x IO", and 25.7 x IO2? r e s p e c t i v e l y .  The 2331J t h a t  
would be  p r e s e n t  a f t e r  t he  decay of t h e  p r o t a c t i n i u m  
would c o n t a i n  o n l y  0.1 t o  O,3 ppm of '?""U. 

(About 9($ was adso rbed  a t  a 
T t  w a s  

S i m i l a r  expe r imen t s  showed t h a t  s i l i c a  g e l  w a s  a l s o  
a n  e f f e c t i v e  a d s o r b e n t ,  a l t h o u g h  t h e  c a p a c i t y  v a l u e s  and 
decon tamina t ion  f a c t o r s  were lower than  those  o b t a i n e d  
w i t h  t h e  u n f i r e d  Vycor. Zirconium phosphate  (ZP-I) had 
o n l y  abou t  h a l f  t h e  c a p a c i t y  of u n f i r e d  Vycor a t  33% 
a d s o r p t i o n ;  i n  a d d i t i o n ,  o x a l i c  a c i d  e l u t i o n  of  t h e  
p r o t a c t i n i u m  adso rbed  on ZP-7 w a s  n o t  f e a s i b l e ,  

I. INTRODUCTION 

The s e l e c t i v e  s e p a r a t i o n  of 233Pa ( t  - 2'(.4 d a y s )  from h i g h l y  
112 

i r r a d i a t e d ,  sho r t -decayed  thorium o r  rhorium-uranium m i x t u r e s  would 

produce a p o t e n t i a l  s o u r c e  of i s o t o p i c a l l y  pure 233U, which i s  

v a l u a b l e  because of i t s  loia c o n t e n t  o f  232U, and, a t  t h e  same t ime,  

remove a Large f r a c t i o n  of t h e  b e t a  and gamma emi t t - e r s  a s s o c i a t e d  

w i t h  sho r t -decayed  tho r ium.  

P rev ious  h o t - c e l l  experiments '  demons t r a t ed  the f e a s i  b i l i  t y  of 

a p r o c e s s  f o r  r e c o v e r i n g  233u from a n i t r i c  a c i d  s o l u t i o n  O K  h i g h l y  

i r r a d i a t e d ,  sho r t -decayed  ThOz-UQT by a d s o r b i n g  733Pa on u n f i r e d  
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Vycor. 

i r r a d i a t e d  t o  75,000 Mwdlrnetric torr and decayed 26 days w a s  d i s s o l v e d  

i n  r e f l u x i n g  13 HN03--0.05 E HF, l e a v i n g  a r e s i d u e  c o n t a i n i n g  l e s s  

t h a n  0.1% of t h e  uraiiiuui b u t  up t o  20$ of t h e  p r o t a c t i n i u m .  The 

r e s u l t i n g  s o l u t i o n  was passed through a column o f  60- t o  80-mesh 

u n f i r e d  Vycor, which adsorbed abou t  99.6% of t h e  p r o t a c t i n i u m  i n  t h e  

s o l u t i o n .  Less than  0.1.4": of t h e  adsorbed protact l inium w a s  removed when 

t h e  coluiim w a s  washed w i t h  10 HNO,--0.1 Al(NO,), ;  92% was recove red  

a t  a c o n c e n t r a t i o n  e q u i v a l e n t  t o  5.5 times t h a t  of t h e  f e e d  s o l u t i o n  

by e l u t i o n  w i t h  0.5 o x a l i c  a c i d .  The f i n a l  p r o t a c t i n i u m  p roduc t  w a s  

decontaminated f r o m  zirconium-niobium, ruthenium, and t o t a l  rare  

e a r t h s  by f a c t o r s  of  9, 2-87 x lo3, and 6.03 x lo3, r e s p e c t i v e l y .  

Over 99% of t h e  t h o r i a - u r a n i a  from f u e l  r o d s  t h a t  had been 

I n  t h e s e  f i r s t  expe r imen t s ,  the v a r i a b l e s  of  iiiiportance f o r  

p r a c t i c a l  a p p l i c a t i - o n  w e r e  riot examined. Thus, a d d i t i o n a l  h o t - c e l l  

expe r imen t s  w e r e  made t o  s t u d y  t h e  e f f e c t s  o f  mesh s i z e ;  f l o w  rate;  

t h e  c a p a c i t y  of unfi.ri-d Vycor, s i l i c a  g e l ,  and z i r con ium phosphate  

f o r  a d s o r b i n g  p ro tac t in ium;  and t h e  f e a s i b i l i . - t y  of  e l u t i n g  t h e  l a t t e r  

from t h e s e  a d s o r b e n t s  w i th  o x a l i c  a c i d ,  

I n  t h e  First p a r t  of t h i s  r e p o r t ,  t h e  ma jo r  r e s u l t s  and 

c o n c l u s i o n s  of t h e s e  expe r imen t s  are  summarized, and recommendations 

f o r  p o s s i b l e  f u t u r e  p l a n t  a p p l i c a t i o n  a r e  p r e s e n t e d ,  The g e n e r a l  

p rocedures  and r e s u l t s  t h a t  cou ld  i a f l u e n c e  d e s i g n  c r i t e r i a  are  

d i s c u s s e d  i n  t h e  body of t h e  r e p o r t .  F i n a l l y ,  t he  e x p e r i m e n t a l  

d e t a i l s  and o b s e r v a t i o n s  a r e  i n c l u d e d  jii ilie Appendix. 

The au tho r s  g r a t e f u l l y  acknowledge t h e  e x c e l l e n t  and r a p i d  

a n a l y t i c a l  a s s i s t a n c e  g i v e n  by t h e  groups of  C .  E .  Lamb and 

E .  I. Wyatt, and t h e  h e l p  of  .J. W. Ullmnnn, wlio a r r m g e d  f o r  f a b r i -  

c a t i o n ,  i r r a d i a t i o n ,  and o f f - s i t e  h a n d l i n g  of t h e  f u e l  specimens.  

A s e r i e s  o f  t e n  h o t - c e l l  test-s v e r i f i e d  t h e  p r a c t i c a b i l i t y  of 

u s i n g  urif i r e d  Vycor f o r  t h e  r e c o v e r y  of protacti-niurn Erom n i t r i c  
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a c i d  s o l u t i o n s  o f  i r r a d i a t e d  t h o r i a .  A t  a f l ow r a t e  of 1.5'7 m l  

min-l cm-" , columns c o n t a i n i n g  100- t o  l.20-mesh Vycor,  wa te r - coo led  

t o  p reven t  b o i l i n g ,  cou ld  be loaded. t o  3.1. irig of p r o t a c t i n i u m  pe r  gram 

o f  g l a s s  w i t h  only  3$, breakthrough.  

1.0 g HN03--0.1 

about  1.5% of  t h e  'j"Pa. 

remain ing  p r o t a c t i n i u m  (78.5%) was r ecove red  a t  a n  ave rage  c o n c e n t r a t i o n  

of 1.46 mg/ml, o r  abou t  ;2$ times the. ieed c o n c e n t r a t i o n .  The most 

c o n c e n t r a t e d  f r a c t i o n  o f  eluate c o n t a i n e d  2.86 mg of p ro tac t in tu rn  

per  m i - l l i l i t e r  and had t o  be d i l u t e d  t.o p reven t  b o i l i n g .  The p r o t -  

a c t i n i u m  p roduc t  w a s  found to be decontamina-ted from zirconiun;-niobium, 

t o t a l  rare earths, thorium, and uranium by f a c t o r s  o f  5.9, 5 x lo4, 

21 - x lo4, and x 10", r e s p e c t i v e l y .  The L'33U c h a t  would be 

o b t a i n e d  from decay of tile 2'33Pa i n  t h i s  s o l u t i o n  would c o n t a i n  o n l y  

0.1 t o  0.5 ppm of 232~. 

Washing w i t h  e i g h t  volumes of 

A 1 ( N 0 3 ) 3  removed most of t h e  uranium and thor ium and 

O n  e l u t i o n  w i t h  0.5 M - o x a l i c  a c i d ,  t h e  7' c 

\ -. 

R a d i a t i o n  from one a d s o r p t i o n - e l u t i o n  c y c l e  appeared  t o  have 

l i t t l e  o r  no e f f e c t  on the u n f i r e d  Vycor; a second exper iment  u s i n g  

t h e  same column sk1owet3 e s s e n t i a l l y  t h e  same a d s o r p t i o n  and e l u t i n g  

c h a r a c t e r i s t i c s .  ~ n c r e a s i n g  t h e  p a r t i c l e  s i z e  from 100-120 t o  60-80 
mesh dec reased  t h e  column l o a d i n g  from 2.5 t o  abou t  2 mg/;s a t  l$ 

break th rough .  

d e c r e a s e d  t h e  l o a d i n g  by 10 t:o I.>$. 

I n c r e a s i n g  t h e  f ].ow rate f r o m  1.. 5 7 t o  j .I.~-I m l  min-l  cm-" 

S i m i l a r  t es t s  w e r e  performed with 60- t o  80-mesh s i l i c a  g e l  and 

z i r con ium phosphate  (Bio-Rad ZP-1)  I 

d iame te r  and 11 cm Long and c o n t a i n e d  abou t  j-1 g o f  the a d s o r b e n t .  A t  

a f l o w  r a t e  of 0.5 m l / m i n  and ~)q$ p r o t a c t i n i u m  a d s o r p t i o n ,  the s i l i c a  

g e l  and t h e  z i r con ium phosphate  adsorbed  abou t  2 and .j mg/g, 

r e s p e c t i v e l y .  For comparison,  under  t h e  same c o n d i t i o n s ,  60- t o  30- 

mcsh u n f i r e d  Vycor adso rbed  abou t  P e 7  mg of  23"Pa per  grain of glass. 

The coliitnns were 0.6 cin i n  

S i n c e  t h c  p r o t a c t i n i u m  adsorbed  on ZP-1 cou ld  n o t  be e l u t e d  w i t h  

o x a l i c  a c i d ,  i t  w a s  a l lowed t o  decay on t l i e  column, and t h e  233.[5 was 

removed w i t h  n i t r i c  a c i d .  The p r o t a c t i n i u m  on t h e  s i l i c a  gel, 

however, w a s  e a s i l y  e l u t e d  with o x a l i c  a c i d ;  t h e  e l u t i o n  c h a r a c t e r i s t i c s  
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were v c r y  similar t o  those  of u n f i r e d  Vycor, a l t h o u g h  t h e  product  

i n  t h i s  i n s t a n c e  was n o t  q u i t e  as pu re .  The p r o t a c t i n i u m  p roduc t  

from t h e  s i l i c a  g e l  was decontanii-nated from zirconi~iin-niobium, t o t a l  

rare  e a r t h s ,  thorium, and uranium by f a c t o r s  of abou t  1 . 5 ,  8.6 x lo2, 

21 x lo4, and >loo, r e s p e c t i v e l y .  

R e s u l t s  of  t h e s e  expe r imen t s  sugges t ed  t h e  f o l l o w i n g  d e s i g n  

c r i t e r i a  f o r  f u 1 1 - s c a Le pr oc e s s a p p 1 i c a t i o n  : 

1. Adsorp t ion  columns should be f i l l e d  w i t h  the  s m a l l e s t - s i z e d  

Vycor cornpati.ble w i t h  p r e s s u r e - d r o p  l i m i t a t i o n s .  

2. E x t e r n a l  and i n t e r n a l  a n n u l a r  c o o l i n g  would be r e q u i r e d  f o r  

l o a d i n g s  of g r e a t e r  t han  abou t  0.5 mg of a3Pa p e r  gram of Vycor f o r  

columns of c r i t i c a l l y  s a f e  dimensions.  A p r a c t i c a l  l o a d i n g  o f  ? . 5  mg 

of p r o t a c t i n i u m  pe r  gram of g l a s s  a t  l.$ break th rough  i s  p o s s i b l e  f o r  

p l a n t  o p e r a t i o n  u s i n g  f low rates of abou t  2 m l  min-' ~ r n - ~ .  

2 

3 .  The c o n c e n t r a t i o n  of t h e  e l u t e d  p roduc t  s h o u l d  e i t h e r  bc 

ma in ta ined  a t  abou t  1 mg of  233Pa pe r  m i l l i l i t e r  or coo led  t o  p r e v e n t  

b o i l i n g  e 

4. Enginee r ing  s t i i d i e s  shou ld  be made of  t h e  d e s i g n  of a d s o r p t i o n  

c o l u i n s  w i t h  proper  c o o l i n g  c a p a c i t y  and of  t e c h n i q u e s  f o r  t h e  

improved washing of  thorium and uraniuin from t h e  loaded column. 

j. WSULTS AND DISCUSS:CON 

3.1 Feed P r e p a r a t i o n  

Feed s o l u t i o n s  f o r  t h e s e  expe r imen t s  were p repa red  from t h r e e  

Z i r c a l o y - 2 - c l a d  f u e l  r o d s  ( a b o u t  0.499 i n .  i n  d i a m e t e r  and 19 in, 
l ong)  c o n t a i n i n g  300 g of sol-gel th0r:i.a v i b r a t o r i l y  compacted t o  
88% oE t h e o r e t i c a l  d e n s i t y . 3  

5000 Mwd/rnetric ton,  was i i s ed  t o  m:ini.mi.Le the e f f e c t s  of macro 

c o n c e n t r a t i o n s  of f i s s i o n  p roduc t s  t h a t  were p r e s e n t  d u r i n g  t h e  

p rev ious  h o t - c e l l  t e s t s  . )  
t o  make one l i t e r  of  f eed  s o l u t i o n  abou t  0.6 

('i 'his pure Tho2, i r r a d i a t e d  t o  abou t  

These r o d s  were c u t  i n t o  p i e c e s  s u f f i c i e n t  

i n  tlrorium by refluxi.ng 
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i .n  b o i l i n g  13.2 5 HNO,--O.l 
t o  24 h r .  During t h e  f i r s t  experiment  t h e  c l a d d i n g  s e c t i o n s  we-ie 

l eached  f r e e  of f u e l  i n  abou t  5; h r ,  b u t  a l a r g e  amount of t h e  d i s l o d g e d  

t h o r i a  remained u n d i s s o l v e d .  

60$ of  t h e  tho r ium were d i s s o l v e d  i n  9 h r  of b o i l i n g .  

a n  a r b i t r a r y  20- t o  2b-hr d.i.ssoluti.on t i m e  w a s  s e t ,  Maxi.munl losses 

a s  i n s o l u b l e  r e s i d u e s  amounted t o  0.0376 of t h e  thorium and uranium 

and 0.32% of  t h e  p ro tac . t i n ium.  

u s e  of t h e s e  f e e d s  i n  t h e  v a r i o u s  expe r imen t s  are  summarized i n  

Tab les  1 and 2. 

AI(NO3),--0.O5 I ?*I I-IF f o r  p e r i o d s  of up 

About %5$ of t h e  gamma e m i t t e r s  and 

TheZreiifLer, 

Data f o r  t h e  fi .ve d i s s o l u t i o n s  and t h e  

3 . 2  Capac i ty  of  Adsorbents  

Each a d s o r b e n t  was a r b i t r a r i l y  loaded  t o  approsimate1.y I.?$ 

break th rough  t o  de t e rmine  i t s  c a p a c i t y  ( F i g s ,  .l-3); however, f o r  

p l a n t  o p e r a t i o n ,  b reak th roughs  of  l ess  t h a n  2% would be more 

d e s i r a b l e .  

120-mesh u n f i r e d  Vycor had c a p a c i t i e s  of 3 and 4.2 mg of  p r o t a c t i n i u m  

peer gram, r e s p e c t i v e l y .  The  f i r s t  r u n  (A-1. i n  F i g .  I-) shows a 

c a p a c i t y  of  o n l y  1. mg/g; t h i s  was t h e  r e s u l t  of c h a n n e l i n g  caused by 

b o i l i n g  a t  t h e  beg inn ing  of the run.  I n  succeed ing  r u n s ,  t h e  columns 

were wa te r - coo led  t o  p r e v e n t  t h i s  m a l o p e r a t t o n .  

A t  98$ a d s o r p t i o n ,  t h e  60- t o  80-mesh and t h e  100- t o  

The c a p a c i t y  of t h e  s i l i c a  g e l  w a s  s l i g l - i t l y  lower than t h a t  of  

t h e  Vycor. Values  of abou t  2.5 mg of  p r o t a c t i n i u m  p e r  gram were 

o b t a i n e d  f o r  two c y c l e s  of l o a d i n g  and e l u t i o n  on 60- t o  80-mesh s i l i c a  

g e l  ( F i g .  2 ) .  

Zirconiuni phosphate  had a c a p a c i t y  of  o n l y  1 . 5  mg of p r o t a c t i n i u m  

p e r  gram a t  2$ breakthrough;  b u t ,  a t  f low r a t e s  of  1..2'7 iiig mi.n - cnt 2, 

i t  c o n t i n u e d  t o  adso rb  p r o t a c t i n i u m  u n t i l  the. r u n  was f i n a l l y  t e r m i n a t e d  

a t  2O$ breakth-rough.  A t  t . h i s  p o i n t ,  12,5 mg of prot:ac:tiniuin per gram 

of  ZP-l.  had been adso rbed .  Thus t h e  z i r con ium phosphate ,  a l t h o u g h  

c a p a b l e  of  s t r o n g l y  a d s o r b i n g  1.arge q u a n t i t i e s  of  p r o t a c t i n i u m ,  wou1.d 

reclui.re a n  ex t r eme ly  low f low ra te  t o  minimize l o s s e s  t o  t h e  

e f f l u e n t ,  and wou1.d probab1.y he urisuitab1.c i n  p l a n k  o p e r a t i o n .  

-1 - 
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T a b l e  2. =’Pa A d s o r p t i o n - E l u t i o n  T e s t  Conditions 

Feed  - as  shown i n  Tab lc  1 
Wash - ,o .y HNO,--O.I: - 31 ii1(,1:03)3 
E l u e n t  - 0.5 oxalic a c i d  

a253 in? f ror i  Dissolution I + 772 ml f rox  D i s s o l u t i o n  2. 
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233 Fig. 1. Effect of Pa Loading on Capacity of Urifired Vycar. 
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233 Fig. 3. Effect of Pa Loading on the Capacity of Zirconium Phosphate. 



3.3 E f f e c t  of  Flow Rate 

A twofold i n c r e a s e  i n  f low r a t e  caused a s l i g h t  d e c r e a s e  i n  t h e  

l o a d i n g  c a p a c i t y  of  t he  Vycor ( F i g s ,  4 and 5 ) .  However, i t  i s  

a p p a r e n t  ( T a b l e  3) t h a t ,  i f  on ly  95$ a d s o r p t i o n  of t h e  p r o t a c t i n i u m  

were r e q u i r e d  on each c y c l e ,  wa te r - coo led  columns of 60- t o  1.20-mesh 

Vycor cou ld  be loaded t o  g r e a t e r  t han  2.5 mg of  p r o t a c t i n i u m  pe r  

gram of  g l a s s  a t  f low r a t e s  up t o  j m l  

g r e a t e r  t han  1 m l  cm-' rnin-' shou ld  be adequat-e f o r  p l a n t  a p p l i c a t i o n .  

min'*'. Any f low r a t e  

3.4 Losses from Washing 

F i g u r e  6 shows t h e  e f f ec t :  of l oad ing  r a t e  on t h e  l o s s e s  of  

p r o t a c t i n i u m  from t h e  Vycor d u r i n g  washing of the column t o  remove 

f i s s i o n  p roduc t s  and thorium. Apparen t ly ,  t h e  p r o t a c t i n i u m  t h a t  i s  

loaded r a p i d l y  i s  n o t  t i g h t l y  bound t o  t h e  Vycor and i s  e a s i l y  

d i s p l a c e d  by t h e  wash s o l u t i o n .  Thus, 100- t o  120-mesh Vycor t h a t  i s  

loaded a t  1..57 and 3.11-1 ml 
volumes of 10 E H N 0 3 - - 0 . 1  

l o s s e s  of about  1 . 5  and 1.9% o f  t h e  p r o t a c t i n i u m  r e s p e c t i - v e l y ,  a p p e a r s  

t o  be most s u i t a b l e  f o r  p r o c e s s  o p e r a t i o n .  Under t h e  same condi t : ions,  

l o s s e s  of  3.7 and 5.5% were o b t a i n e d  f o r  60- t o  80-mesh Vycor. 

min-' and washed w i t h  e i g h t  column 

A l ( N 0 , ) 3  a t  0.78 n i l  cmU2 ~nin- ' ,  g i v i n g  

About 5.1% of  t h e  p r o t a c t i n i u m  was l o s t  f r o m  s i l i c a  gel. ( n o t  

shown) when i t  was loaded a t  1-51 m l  ciii-% rnin-l and washed a t  0.y8 
m l  cm-" min-'-. 

t e n a c i o u s l y ,  w i t h  l o s s e s  duriing washing of on ly  0.30%. 

Zirconium phosphate  r e t a i n e d  t h e  p r o t a c t i n i u m  

5.5 Elut i -on from Columns 

A f t e r  the loaded columns were washed w i t h  10 HN0,--0.1 5 
A l ( N 0 3 ) 3  t o  remove thorium and urani  wii, 

w i t h  0 .5  o x a l i c  a c i d .  Tab le s  4 and 5 show t h e  a c t u a l  c o n c e n t r a t i o n s  

of  p r o t a c t i n i u m  i n  each sample, a "cumulat ive concen t r a t ion ' !  of 

p r o t a c t i n i u m  f o r  t h e  i i r s t  20 m l  of e l u a t e ,  t h e  r a t i o  of t h e  concen- 

t r a t i o n  o f  t h e  p r o t a c t i n i u m  i n  t h e  cumula t ive  p roduc t  t o  t h a t  i n  t h e  

f eed ,  and t h e  t o t a l  amount. of p r o t a c t i n i u m  e l u t e d  froill Vycor and 

t h e  p r o t a c t i n i u m  w a s  e l u t e d  



F 

11 

ORNL DWG 67-1530 

90 U 
0 1 2 3 4 5 

my Pa/g VYCOR 

Fig. 4. Effecf o f  FIOW Rate on the Capacity of 60- to 80-Mesh Vycor for 233Pae 

ORNL DWG 67-1531 

mg Pa/g WCOR 

Fig. 5. Effect of Flow Rate on the Capacity of 100- to 120-Mesh Vycor for 2 33 Pa. 



1
2
 



lo.(  

_4 - 
U 
0 

0 

c 

c 

cc 

8 

0 
Z 

v 

- 
I 

3 * 1.c 

z 
4 n 
Ln 
W ln 
L A  

9 
0 a 

m m 
N 

0.1 

ORNL DLVG 67-1526 

-3- 
60-80 MESH VYCOR 

0 10 20 30 40 50 60 

THROUGHPUT (rnl) 

233 Fig. 6. Effect of Loading Rate on Pa Losses During Washing of Column Prior to - 
Elution. 



ar 
-1

 
,-. 

\2 M
 

c'. 

d
 

r
i

 

L
P

 - 
'c
 

0
3

 
"2 I
 - 
4
 

c
 

-, v
 

L
\ 

.-i 
z
 

0
 



x
x

x
x

 I I I I I I I 1 I I I 

I I I I I I I I I I 

r
i

 

I I I I I I I I I I 

I I I I I I I I I I 

3
 

1::)
 ;--I 

i: 
4
 

t- 

r
i 

c3
 

r
i
 

G
 

L
r- 



s i l i . c a  g e l ,  

adsorbed on each a d s o r b e n t  was removed by t h e  f i r s t  20 m l  ( a p p r o x i m a t e l y  

two column volumes) of  o x a l i c  a c i d ,  

a t  a c o n c e n t r a t i o n  abou t  25 t i m e s  g r e a t e r  t h a n  t h a t  i n  t h e  f eed  w a s  

e l u t e d .  The remainder  of t h e  p r o t a c t i n i u m  was removed when t:he o x a l i c  

a c i d  was d i s p l a c e d  by 10 HNO, p r i o r  t o  t h e  n e x t  c y c l e  of a d s o r p t i o n .  

Bubbles of  gas  formed i n  t h e  e l u a t e ,  and a l l  p roduc t s  w i t h  c o n c e n t r a t i o n s  

g r e a t e r  t h a n  1 mg of  p r o t a c t i n i u m  p e r  r i i i l l i l i t e r  r e q u i r e d  d i - l u t i o n  

t o  p r e v e n t  b o i l i n g  i n  t h e  s a m p l e  b o t t l e s ,  These c h a r a c t e r i s t i c s  must 

be c o n s i d e r e d  i n  any p l a n t  d e s i g n .  

The r e s u l t s  i n d i c a t e d  t h a t  98 t o  99% of t h e  p r o t a c t i n i u m  

A s h a r p  band of p r o t a c t i n i u m  

The p r o t a c t i n i u m  e l u t e d  from t h e  s i l i c a  g e l  and Vycor was 

decontaminated from zirconium-niobium, r a r e  e a r t h s ,  and thorium by 

f a c t o r s  of  6.6, from 2 x 103 t o  g r e a t e r  t h a n  5 x 1.04, and 3 x lo", 

r e s p e c t i v e l y .  S i n c e  one of  t h e  pr imary o b j e c t i v e s  of the  p rocess  i s  t o  

produce a source  of  h i g h - p u r i t y  233U, t h e  decon tamina t ion  from 232u 
w a s  measured by a l p h a  pu I se  a n a l y s i s  f o r  a l l  f e e d  and p roduc t  sol .ut ions 

( T a b l e  6 ) .  The r e s u l t s  from r u n s  F -1  and F-2, expe r imen t s  t h a t  were 

more typi-cal .  of p r o c e s s  c o n d i t i o n s ,  show t h a t  the uranium t h a t  was 

s e p a r a t e d  from t h e  p r o t a c t i n i u m - - o x a l i c  a c i d  p roduc t  s o l u t i o n  c o n t a i n e d  

a n  ave rage  of 2.7 ppm of 232U a f t e r  a two-week decay p e r i o d .  

decay would r educe  t h e  232U c o n c e n t r a t i o n  i n  t h e  f i n a l  233U product  

t o  0 . 1  t o  0.5 ppm. 

F u r t h e r  

Although zirconium phosphate can s t r o n g l y  adso rb  l a r g e  q u a n t i t i e s  

of p r o t a c t i n i u m ,  i t  does n o t  appea r  t o  be a u s e f u l  p r o c e s s  material. 

Because p rev ious  l a b o r a t o r y  expe r imen t s  had shown t h a t  t h e  p r o t a c t i n i u m  

adsorbed on i t  could n o t  be e l u t e d  wi.th o x a l i c  a c i d ,  t he  loaded 

column from t h e  h o t - c e l l  experiment  w a s  s t o r e d  f o r  t h r e e  months t o  a l l o w  

t h e  233Pa t o  decay t o  233U. A t  t h e  end of  thi.s pe r iod ,  r ecove ry  of t h e  

uranium w a s  a t t empted  by e l u t i o n  witili n i t r i c  a c i d ;  however, t h e  

a d s o r b e n t  had d e t e r i o r a t e d  i n t o  a p u t t y - l i k e  m a s s ,  and o n l y  47.3$ of 

t h e  c a l c u l a t e d  amount o f  233U was recove red  by l e a c h i n g  w i t h  10 g H N 0 3 .  

The s p e c i f i c i t y  of t h e  ZP-1 f o r  p r o t a c t i n i u m  was demonstrated by t h e  

99.7$ i s o t o p i c  p u r i t y  of t h e  233U i n  t h i s  p roduc t  s o l u t i o n .  U n f o r t u n a t e l y ,  



* 

the leached residue was lost, and completion of a material balance 

was impossible. 

Table 6. Decontamination of  2s3U Product from 232U 
in Adsorption-Elution Experiments 

2 3 2 ~  Concentration (ppm) 
Run Decontamination 
No. Feed Product Factor 

A-2 1 70 
c-1 152 

E -1 130 

E -2 10 7 
P -I 25 3 
F-2 196 

2.3 
1.3 
2.7 

5.3 
2.6 
2.8 

'74 
11 7 
48 
20 

9 '7 

70 
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A PPE NDPX 

The f o l l o w i n g  s e c t i o n  d e s c r i b e s  t h e  a p p a r a t u s ,  a n a l y t i c a l  p rocedures ,  

and o t h e r  d e t a i l s  of e a c h  of the h o t - c e l l  expe r imen t s .  I n c l u d e d  a r e  

t a b l e s  and g raphs  showing t h e  quan t i  t i e s  of p r o t a c t i n i u m ,  zirconium- 

niobium, and rare e a r t h s  i n  t h e  e f f l u e n t  samples from t h e  v a r i o u s  t y p e s  

of  columns e 

F u e l s  and Adsorben t s  

The f u e l  r o d s  were i r r a d i a t e d  t o  abou t  5000 Mwd/metri.c t o n  i n  t h e  

ETR from Februa ry  6, 1965 t:o December 6, 1965 (QRNL expe r imen t s  43-90, 
-91, and -9;') at a n  a v e r a g e  unpe r tu rbed  f l u x  of 2.6 x 
c a l c u l a t e d  n v t  f o r  r o d  T-6 (b-3-(31)J used i n  expe r imen t s  A,  B, and C, 

was 22.10 x LO'"; that  cor rod y - 3  (43-90), expe r imen t s  D and E ,  w a s  

1.7.09 x I$"; and t h a t  f o r  rod  T-8 ( b 3 - 9 2 ) ,  experiment  F ,  w a s  

21.39 x UI2". 

of z33Pa and 1-05 g of f i s s i o n  p r o d u c t s .  

t h e  d i a m e t e r  of  e a c h  f u e l  rod were made w i t h  a micrometer  u s i n g  t h e  

model 8 m a n i p u l a t o r s  ~ 

cou ld  be d e t e c t e d  ( F i g .  7 ) .  The r o d s  were t h e n  s e c t i o n e d ,  d i s s o l v e d ,  

and p rocessed  a f t e r  a decay p e r i o d  of less than  36 days.  The s o l u t i o n s  

o b t a i n e d  c o n t a i n e d  s m a 1 1 , r a p i d - s e t t l i n g  b l a c k  p a r t i c l e s  from t h e  

o u t s i d e  of  the claddi-ng and l i g h t e r  w h i t e  " f l a k e s "  t h a t  appeared t o  

come from t h e  i n s i d e  s u r f a c e  of  t h e  Z i r c a l o y .  Continued a t t a c k  by t h e  

dissolvent removed a l l  of the c o a t i n g s  from t h e  c l a d d i n g ,  l e a v i n g  

s h i n y ,  s i l v e r - c o l o r e d  s u r f a c e s ,  

The 

4 A t  d i s c h a r g e ,  each  rod  c o n t a i n e d  an e s t i m a t e d  C.9 '7  g 

A ser ies  of  measurements of  

N o  s i g n i f i c a n t  i r r a d i a t i o n - c a u s e d  s w e l l i n g  

About 0.75 g of a h y d r a t e d  r e s i d u e  f i l t e r e d  f rom rod  T-<, 

d i s s o l v e r  s o l u t i o n s  c o n t a i n e d  42 mg of  z i r con ium,  68 mg of  thorium, 

0.62 mg of uranium, and 0.30 mg o f  "33Pa. 

( t o  t h e  r e s i d u e )  of 0.03% of t h e  thorium and uranium and 0.3@h of t h e  

p r o t a c t i n i u m .  The losses from rod 'T-6 w e r e  o n l y  one-eighith of t h o s e  

from rod  T-5.  S e c t i o n s  of t h e  l eached  c l a d d i n g  (20 t o  3'5 g) from bo th  

r o d s ,  which were d i s s o l v e d  i n  H2S04-HF mixt-ures, c o n t a i n e d  p r a c t i c a l l y  

no uranium, thorium, o r  p r o t a c t i n i u m .  

T h i s  i s  e q u i v a l e n t  t o  l o s s e s  
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ROD T-6 

......... __ .......... __ ........ ~ .......... 

8-3/4 - ........ 

MEASURE POINT: A B C 0 

DlAMETER,in. 0.4985 0.4992 0.4987 0.4982 
DIAMETER AT 90°, in. 0.4992 0.4982 0.4985 0.4975 

ROD T-8 

..... 

MEASURE POINT: E 

DIAMETER, in. 0.4998 
DIAMETER AT 90°, in. 0.4982 

ROD T-5 

F 

0.4950 
0,4950 

DIAMETER OF ROD T-5 I S  LESS THAN 0.500-in. ALONG E N T I R E  LENGTH. 

Fig. 7. Measurement  of Diameters of Irradiated Zircaloy-Clad KhO Rods. 
2 



Mass s p e c t r o m e t r i c  a n a l y s e s  of t h e  uratiium froin t h r e e  of t h e  

d i s s o l v e r  s o l u t i o n s  were made a f t e r  a decay p e r i o d  o f  2-112 months t o  

d e t e r n i n e  t h e  burnup and i s o t o p i c  p u r i t y  of t h e  uranium (Table  7). 

Table  7. Uranium Mass Analyses  of Di.ssolver S o l u t i o n s  

Composi t ion ((6) D i s s o l v i n g  Rod 
No. No. 23 2u a Z33U 234u 235u 23qJ 23 8 IJ 

~- __ ~~ ~ 

a Some i n t e r f e r e n c e  from thor ium a t  m a s s  232. 

T h e  u n f i r e d  Vycor was o b t a i n e d  a s  a powder from t h e  Corning Glass 

Works and w a s  s c reened  t o  s e p a r a t c  t h e  60- t o  80-mesh and 100- t o  

1W-mesh f r a c t i o n s ,  Columns were p repa red  a i t e r  weighing the g l a s s  

and c o n d i t i o n i n g  i t  w i t h  10 WNO,. The s i l i c a  g e l  (60  t o  80 mesh) 

w a s  o b t a i n e d  from t h e  F i s h e r  S c i e n t i f i c  Company, and t h e  H i  o-Kad 

ZP-1 z i rconium phosphate  w a s  o b t a i n e d  €rom t h e  Bio-Rad L a b o r a t o r i e s  

of Richmond, C a l i  Eornia  

Appara tus  

The f u e l  sebments were d i s s o l v e d  i n  a 2 - l i t e r  Pyrex f l a s k  ( F i g .  8) 
equipped w i t h  a downdraf t  condenser  t o  minimize l o s s  of p r o t a c t i n i u m  

and o t h e r  f i s s i o n  p r o d u c t s .  The. o f f - g a s  t r a i n  c o n s i s t e d  oE ti packed 

bed of a c t i v a t e d  c h a r c o a l  and s i l v e r - p l a t e d  coppe r  mesh fo-i: i o d i n e  

removal and a c a u s t i c  s c r u b b e r  a t t a c h e d  t o  t h e  b u i l d i n g  v e s s e l  

off-gas sys tem.  

Adsorp t ion  columns were of two s i z e s  ( F i g .  9):  0.6 c m  di.am 

x 11 cm long,  c o n ~ a i n i n g  4 g of  adso rben t ,  and 0.9 crn diani x 1-7 c m  

Long, c o n t a i n i n g  7 g of a d s o r b e n t .  Each column was f e d  by an "upflow" 
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S ize  1 -  9 mrn 
Size 2- 6 mrn 

I I 

Stainless Steel 
Spring 

Pyrex Beads 

Pyrex Wool - 1.5 mm Capillary 

Vycor or other 
Adsorbent 

Pyrex Wool 

Fig. 9. Water-Cooled Columns for Protactinium Adsorption. 



t u  minimize. any e f f e c t  of g a s s i n g  and w a s  provided wi'rh a w a t e r  

j a c k e t  for c o o l i n g .  Staiidard 1- o r  ? - l i t e r  Pyrex vacuuii f l a s k s  and 

p o l y e t h y l e n e  ljiichner f i  lter f u n n e l s  c o n t a i n i n g  i.3-cm-diam No. 110 

f i l t e r  paper  were used f o r  Eeed c l a r i f i c a i i o n .  

The f eed  s o l u t i o n s  were d i s p l a c e d  from a 1300-ml Pyrex and 

s t a i n l e s s  s t e e l  v e s s e l  w i t h  Amsco 125-82, a hydrocarbon d i l u e n t ,  which 

w a s  pumped i n t o  t h e  c e l l  w i t h  a Lapp model LS-2'0 Microflow P u l s a f e e d e r  

pump. The wash and el.uent s o l u t i o n s  ~ e ~ e  displ .aced from a 1 5 O - m l  

Pyrex and s t a i n l e s s  s t e e l  v e s s e l  by a s i m i l a r  pump, 

The e n t i r e  volume of cobumn e f f l u e n t  was c o l l e c t e d  as j -  or 

l o - m l  s a m p l e s  i n  1/2-0z p o l y e t h y l e n e  b o t t l e s  fiti1.d w i t h  screw c a p s .  

Ana 1 y t i c a 1 Pro  c c. d 1.1 re s 

Thorium w a s  determined by EDTA t i t r a t i o n  of di1ut:ions of t h c  f eed  

and e f f l u e n t  samples c o n t a i n i n g  large amounts of 233 Pa; uranium w a s  

determined f l uo romet i - i ca l ly  from t h e  same di.l.ut:Lon, The oxalate 

produc t  s o l u t i o n s  w e r e  anal-yzed c o l o r i m e t r i c a l l y  f o r  thorium, and 

f l u o r o m c t r i c a l l y  f o r  uranium. 

t h e  urani.urn from the b a t c h  e1.uti.on t e s t s  was determined c o l o r i . m e t r i c a l l y  

Emission s p e c t r o s c o p i c  methods were used t o  a n a l y z e  f o r  z i r con ium.  

The 232U: 

separat6.d f r o m  t h e  Eeed and product: samples .  S Landard methods were 

used f o r  t h e  radiochemi.ca1 a n a l y s e s .  

A f t e r  the 233Pa had decayed t o  2331J, 

233U r a t i o  w a s  a s c e r t a i n e d  by a l p h a  pu l -se  a n a l y s i s  oE uranium 

E xpe P imen t a 1. D e  t n i  Is 

The s e r i e s  of hoL-ce l l  t e s t s  demoiis t ra t ing the a d s o r p t i o n ,  washing, 

and e l u t i o n  of 273Pa from columns of 6 C -  t o  80-111esh o r  1OC- o r  l?O-rnesh 

u n f i r e d  Vycor, z i r con ium phospha t r ,  and s i l i c a .  g ~ l  a r e  s u ~ i m a r i z e d  i n  

Table  8, w i t h  more d e t a i l e d  d e s c r i p t i o n s  of t h e  i n d i v i d u a l  r u n s  g i v e n  

be low. 





Un f i r e  d Vy c or--gx pp I imen t s 

Run -4 (I+,..& o f  6~ to-&meshl. 'This t e s t  was des igned  t o  dPtc>rmine 

t h e  c a p a c i t y  o f  the V y c o ~  a d s o r b e n t  f o r  233Pa arid t h u s  d i d  n o t  

r e p r e s e n t  the b e s t  c o n d i t i o n s  €or o p e r a t i o n .  

Decanted, b u t  u n f i l t c r c d ,  f e e d  i r o m  d i s s o l l l t i o l l  1 was pimped 

through a 4-g col lum a t  a ra te  o€ 1 .?'( ml cm-' mil?-' .  

t u r n e d  b l a c k ,  bubbles  of gas  for iwd i n  t h ?  column, and t h e  s o l u t i o n  

b o i l e d  a t  t h e  bottom oE t h e  coliiiiin. A f low of  cool i I ig  water t o  t h e  

j a c k e t  re1 i e v e d  t h e  Y i t k a t i o n ,  and t h e  experiment  T . J ~ S  c o n t i n u e d .  

F i g u r e  10 shows i i in  233Pa, 95%r-Nb, and r a r e - c n r t h  c o n c e n t r a t i o n s  i n  

t h e  column e f f l u e n t s  duri i ig  a 1 oading-wash-Plu t ion  c y c l e  ( A - 1 )  

fol lowed by  a second l o a d i n g  and wash c y c l e  ( A - 2 ) .  The column was 

pliigged by dense,  b l a c k  s o l i d s  f r o ~ n  t h e  u n f i l t e r e d  f e e d  d u r i n g  the  

second washing. S i n c e  t h e  f i i s t  - c y c l e  o x a l a t e - s t r i p p e d  p r o d u c t s  

( c o n t a i n i n g  1.51 t o  2 * j b  mg of  23'Pa p e r  m i l l i l i t e r )  gassed  a n d / o r  

b o i l e d  v i g o r o u s l y ,  t h e y  werz d i l u t e d  w i t h  a n  e q u a l  volume OF o x a l i c  

a c i d .  

l h e  Vycor 

Run B ( b . - ~ f  100 t o  -I_ 120 mesh). T h i s  r u n  was des igned  t o  de te rmine  

t h e  c a p a c i t y  of  s m a l l e r - e i z e d  Vycor.  A mix tu re  of  770 ml- of  decanted  

f e e d  from d i s s o l u t i o n  2 and 230 1ii1 of  fccd  from Run A was pumped ag t h e  

r a t e  of 1 .27  m l  C I I I - ~  mine' ihrough a water -coolcd  column coni-aining 

100- t o  I20-mesh u n f i r e d  Vycor.  I h e  column appeared  t o  p a r t i a l l y  

p lug  d u r i n g  t h e  exper iment ,  but i t  was p o s s i b l e  t o  l o a d  t h e  Vycor w i t h  

240 m l  oE f e e d ,  wash, and e l u t e  t h e  column once ( F i g .  ll)s 

'rhe 23"Pa product  c o n t a i n e d  a w h i t e ,  f l u f f y  p r e c i p i t a t e ,  probab1.y 

thor ium o x a l a t e  r e s u l t i n g  from poor washing.  

Run E (7 g of  lOC tn  1?3_mesh). Runs E and F were des igned  t o  t e s t  

t h e  ei- fects  of f low ra te  on column l o a d i n g ,  F i l i t ~ ~ e d  feed  f rom d i s so luL ion  

4 w a s  loadcd o n t o  t h e  Vycor a t  t i l e  r a t e  of  1.5 7 m l  ~ r n ' " ~  miin-'; thP 

column was washed and t h e n  e l u t e d  a t  t h e  r a t e  of  0 .  78 m l  c m Z 2  mine'. 

second l o a d i n g  c y c l e  was accomplished,  u s i n g  a f low raLe of 3.14 ml 
cm-2 min-'; 

F i g u r e  1 2  sumiiarizes tile r u n .  

A 

i t  w a s  fo l lowed by washing and e l u t i o n  a t  0.78 m l  cmm2 min-' . 
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Fig. 11. Separation of 233Pa on Unfired Vycor - Series 8. 
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Run F ( 7  g of  60 t o  (SO mesh).  The 9-mm-diam column w a s  loaded 
-1 w i t h  f i l t e r e d  f eed  from d i s s o l u t i o n  5 a t  t h e  r a t e  o f  l e 5 r (  m l  cm-' inin 

washed, and then  e l u t e d  at 0.78 m l  cm12 min"'. 

loaded a t  3.14 m l  

(These p r o d u c t s  a l s o  c o n t a i n e d  a wh i t e  p r e c i p i t a t e . )  

summarizes t h e  expe r imen t .  

, 
A second c y c l e  was 

min-', washed, and e l u t e d  a t  O.@ m l  cm-? m i n - l .  

F i g u r e  1-3 

Experiments  w i l h  Other  Adsorbents  

Run D (4g of  60- t o  80-mesh s i l i c a d .  A s m a l l  column, f i l l e d  

w i t h  4 g of 60- t o  80-mesh s i l i c a  g e l ,  was loaded,  washed, and e l u t e d  

a t  t h e  raLe of 1.27 m l  cm-' min-l  f o r  two c y c l e s  ( f i g .  lk), u s i n g  

f i l t e r e d  f eed  from d i s so lu t i . on  3. 'rhe s i l i c a  g e l  i n  t h e  colurnii 

resembled f l u f f y  c louds  d u r i n g  passage of  t h e  f e e d  a n d  c o n t a i n e d  many 

gas  bubb les ,  b u t  t h e r e  w a s  a p p a r e n t l y  no channe l ing  o r  o t h e r  e i 2 e c t  

on o p e r a t i o n  as determined by f l o w - r a t e  checks and r a d i o a c t i v i t y - l e v e l  

measurements of t h e  column e f f l u e n t  . 
P Run C ( 4  g of 60- t o  80-mesh z i r con ium p h o s p h a t e ) .  The maximum 

c a p a c i t y  of z i r con ium phosphate  w a s  t o  he determined by pumping f e e d  

from d i s s o l u t i o n  2 through 4 g of wa te r - coo led  60- t o  80-mesh zirconium 

phosphate  a t  1 .27  ml cm-' rnin-l u n t i l  t h e  e f E l u e n t  a c [ : i v i t y  reached 

t h e  l e v e l  of t h e  f eed  a c t i v i t y ,  t h a e  i s ,  100% breakthough.  A f t e r  550 

ml. had been passed,  t h e  e f f l u e n t  a c t i v i t y  was s t i l l  abou t  one -ha l f  of  

t h a t  of t h e  i c e d ,  a l e v e l  reached when o n l y  abou t  100 ml o f  f eed  had 

been r u n  ( F i g ,  15). 

washed w i t h  30 m l  of  10 M_ HN03--0.1 

c a l o r i m e t e r  c o n s i s t i n g  o f  a 1 ,5- l i . ter  s i l ve red - I ' y rex  Dewar f l a s k ,  

c o n t a i n i n g  one l i t e r  of water,  capped wi.th a n  aluminum- f o i l - c l a d  

1 / 2 - i n . - t h i c k  c o r k  s t o p p e r .  

h e a t e d  t h e  water and f l a s k  from 21 t o  5 8 " ~  d u r i n g  t h e  f i r s t  48 h r  of 

s t o r a g e  and ma in ta ined  t h i s  t empera tu re  f o r  24 a d d i t i o n a l  h o u r s .  These 

rough itieasureiiients i n d i c a t e d  a l i b e r a t i o n  of 0.084 w a t t  of energy 

( t h e o r e t i c a l  = 0.1.2 w)  from t h e  233pa, 

t h e  233Pa on the  columri h e a t e d  t h e  a i r  i n  t h e  ernpt:y f l a s k  from 2h.5 t o  

41°C o v e r  a 3-h r  p e r i o d .  

The l o a d i n g  w a s  t h e n  s topped ,  and t h e  column was 

Al(NO,) ,  and s t o r e d  i n  a c rude  

The e s t i m a t e d  50 mg of "33Pa on t h e  column 

P r i o r  t o  i n t r o d u c t i o n  of t h e  w a t e r ,  
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