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PROCESSES FOR THE CONTROL OF 14c02 DURING REPROCESSING 

K. J .  Notz, D. W.  Holladay, C .  W. Forsberz ,  
and G. L .  Haag 

ABSTRACT 

The f i x a t i o n  of 1 4 C 0 2  may be r equ i r ed  a t  some f u t u r e  
t i m e  because of t h e  s i g n i f i c a n t  f r a c t i o n a l  c o n t r i b u t i o n  of 
I 4 C ,  v i a  t h e  i n g e s t i o n  pathway, t o  t h e  t o t a l  popula t ion  dose 
from t h e  n u c l e a r  f u e l  cyc le ,  even though t h e  a c t u a l  q u a n t i t y  
of t h i s  dose is very  s m a l l  when compared t o  n a t u r a l  background. 
The work descr ibed  he re  w a s  done i n  suppor t  of f u e l  reproces-  
s i n g  development of both g r a p h i t e  f u e l  (HTGRs) and metal-clad 
f u e l  (LWRS and LMFBRs), and w a s  d i r e c t e d  t o  t h e  c o n t r o l  of 
14C02 r e l e a s e d  du r ing  reprocess ing  ope ra t ions .  However , por- 
t i o n s  of t h i s  work are a l s o  a p p l i c a b l e  t o  t h e  c o n t r o l  of 
14C02 r e l eased  dur ing  r e a c t o r  ope ra t ion .  
f a l l s  i n  t h r e e  major areas: 

, 

The work desc r ibed  

0 The a p p l i c a t i o n  of l i q u i d - s l u r r y  f i x a t i o n  wi th  Ca(OH)2, 
which conve r t s  t h e  C 0 2  t o  C a C 0 3 ,  c a r r i e d , o u t  a f t e r  treat- 
ment of t h e  C02-containing stream t o  remove o the r  gaseous 
r a d i o a c t i v e  components, mainly "Kr. 
mar i ly  f o r  a p p l i c a t i o n  t o  HTGR f u e l  r ep rocess ing .  

Th i s  approach is  p r i -  

0 The above process  f o r  C 0 2  f i x a t i o n ,  bu t  used ahead of kryp- 
ton  removal, and followed by a molecular s i e v e  process  t o  
t ake  ou t  t h e  "Kr. 
wi th  HTGR reprocess ing ,  bu t  c e r t a i n  a s p e c t s  a l s o  have ap- 
p l i c a t i o n  t o  metal-clad f u e l  r ep rocess ing  and t o  r e a c t o r  
opera t ion .  

This  approach w a s  developed f o r  use 

0 The use  of s o l i d  Ba(OH)2 hydra t e ,  r e a c t i n g  d i r e c t l y  wi th  
t h e  gaseous phase.  This  process  is  gene ra l ly  a p p l i c a b l e  
t o  both r ep rocess ing  and r e a c t o r  ope ra t ion .  

1. INTRODUCTION 

During ope ra t ion  of nuc lea r  r e a c t o r s ,  some 14C is  produced, p r i -  

mar i ly  v.ia neut ron  a c t i v a t i o n  of 1 4 N ,  1 5 N ,  l60, and 170, with  a c t i v a -  

t i o n  of 1 3 C  becoming s i g n i f i c a n t  i n  HTGRs.l The 1 4 C  may be formed 
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(c)  i n  t h e  f u e l  from t h e  n i t r o g e n  and oxygen r e a c t i o n s  and (b)  i n  t h e  

moderator from oxygen i n  water-cooled r e a c t o r s  o r  from carbon (and ni.- 

t rogen)  i n  graphite-moderated , helium-cooled r e a c t o r s .  

a l s o  formed i n  t h e  m e t a l  c l a d  and co re  hardware, b u t  t h i s  is r e t a i n e d  

i n  t h e  metal and no t  r e l eased . ’  

q u a n t i t i e s .  

Some 1 4 C  i s  

Table 1 summarizes t h e  c a l c u l a t e d  

The 14C formed i n  t h e  water of water-moderated LWRs is re- 

l eased  du r ing  r e a c t o r  o p e r a t i o n  as a mixture  of C 0 2  and hydrocarbons,  

w i th  C 0 2  predominant i n  BWRs and CHI, and C2H6 predominant i n  PWRs. 

The r e p o r t e d  releases of 14C from Russian r e a c t o r s  are much h i g h e r ,  

200 t o  800 Ci/GW(e)-yr, and are a p p a r e n t l y  due t o  use  of n i t r o g e n  gas 

f o r  p r e s s u r i z a t i o n  and t o  use of hydrazine and ammonium hydroxide i n  

t h e  primary coo l ing  water.’ 

annual  c u r i e s  of 14C f o r  p l a n t s  s e r v i n g  45-GW(e) g e n e r a t i n g  c a p a c i t y  

are shown f n  Table 2. The 14C p r e s e n t  i n  t h e  f u e l  o r  i n  t h e  g r a p h i t e  

moderator is  r e l e a s e d  p r i m a r i l y  as C 0 2  du r ing  r ep rocess ing  and i s  d i -  

l u t e d  wi th  va ry ing  amounts of a i r ,  noble  gases ,  and s m a l l  amounts of 

o t h e r  gases;  the 14C i n  t h e  m e t a l  c l a d  and hardware is n o t  r e l e a s e d .  

I n  terms of r ep rocess ing  p l a n t s ,  t h e  t o t a l  

I f  r e l e a s e d ,  14C02 c o n s t i t u t e s  a s m a l l  hazard because i t  can e n t e r  

t h e  food cha in  v i a  pho tosyn thes i s .  The inc remen ta l  r e l a t i v e  g l o b a l  

14C hazard from t h i s  sou rce ,  i f  i t  w e r e  r e l e a s e d ,  can b e  roughly e s t i -  

mated from these  two f a c t s :  (a) t h e  n a t u r a l  product ion ra te  of 14C 

Table 1. 1 4 C  produced i n  d i f f e r e n t  r e a c t o r s  

14C produced [Ci/GW(e)-yrIa 

f u e l  and hardware modera t o r  
I n  t h e  I n  m e t a l  c l a d  I n  t h e  

- Reactor t ype  -- 
LWR (water moderated) 20 

LMFBR (sodium 6 
moderated) 

moderated) 
HTGR ( g r a p h i t e  1 2  

30-60 

13 

8-16 

37-190 

aBased on t h e  n i t r o g e n  c o n t e n t s  s p e c i f i e d  i n  r e f .  1. 
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Table 2. 14C e n t e r i n g  reprocess ing  p l a n t s  s e rv ing  
45-GW(e) gene ra t ing  capac i tya  

Metr ic  t ons  of "+c (Ci /year>  
heavy metal I n  t h e  I n  t h e  hardware o r  

Reactor type  per  year  f u e l  g r a p h i t e  moderator 

LWR (Barnwell 
p l a n t )  

1500 %800 1400-2700 

LMF'BR (core  and 1500 %300 
blanket  ) 

600 

HTGR (h ighly  
enr iched)  

450 500 1700-7300 

a Adapted from r e f .  1. 

" .  

(from cosmic-ray-induced r e a c t i o n s )  is  about  27,000 Ci /year ,  and (b)  
1 4 C  c o n t r i b u t e s  about  1% of t h e  n a t u r a l  r a d i a t i o n  background.3 

a reprocess ing  p l a n t  of t h e  Barnwell type  and s i z e  would add about  

3 x f r a c t i o n  t o  n a t u r a l  background pe r  year  of ope ra t ion ,  o r  about 

1% over a 40-year l i f e t i m e .  I n  terms of l o c a l  impact from I 4 c  release, 

t h e  e f f e c t s  could be g r e a t l y  reduced by hold ing  1 4 C 0 2  dur ing  t h e  day 

and r e l e a s i n g  i t  a t  n igh t  when t h e  pho tosyn the t i c  uptake of C02 i s  es- 

s e n t i a l l y  n i l .  

Thus, 

4 

This  r e p o r t  summarizes developmental  s t u d i e s  done a t  ORNL on t h e  

c o n t r o l  of 1 4 C 0 2  which are a p p l i c a b l e  t o  the  r ep rocess ing  of both m e t a l -  

c l ad  and graphi te-matr ix  f u e l s .  Some a s p e c t s  of t h i s  work, p r i m a r i l y  

t h a t  descr ibed  i n  Sec t s .  3 and 4 of t h i s  r e p o r t ,  are a l s o  app l i cab le  t o  

t h e  c o n t r o l  of 14C02 r e l e a s e d  du r ing  r e a c t o r  ope ra t ion .  

Our i n i t i a l  s t u d i e s  were c a r r i e d  out  i n  support  of HTGR reproces-  

s i n g ,  wherein t h e  off-gas  c o n s i s t s  of very  l a r g e  amounts of l 2 C O 2  con- 

t a i n i n g  trace amounts of 1 4 C 0 2 ,  small amounts of krypton ,  xenon, and 

C O Y  and vary ing  amounts of oxygen and n i t rogen .  

ceived,  burner  of f -gas  ( a f t e r  process ing  t o  remove p a r t i c u l a t e s ,  i od ine ,  

water, and t r i t i u m )  would f i r s t  be t r e a t e d  by t h e  krypton abso rp t ion  i n  

A s  o r i g i n a l l y  con- 
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5 9 6  l i q u i d  C 0 2  (KALC) p rocess  t o  remove 85Kr  a long  w i t h  o t h e r  noble  gases .  

The clean C02 could then e i t h e r  be discharged o r ,  i f  r e q u i r e d ,  converted 

t o  a s t a b l e  s o l i d  form f o r  i s o l a t i o n .  The p r o c e s s  developed a t  ORNL 

f o r  f i x a t i o n  of C02 is  conversion t o  C a C 0 3  v ia  s l u r r y  r e a c t i o n  wi th  

s laked l i m e .  This p rocess  was shown t o  be e f f e c t i v e  i n  ach iev ing  f i x a -  

t i o n  of >99% of t h e  C 0 2  wh i l e  a l s o  a t t a i n i n g  >90% u t i l i z a t i o n  of t he  

s laked l i m e  . 7  

r e p o r t .  I n  a paper s tudy ,  i t  w a s  shown t h a t  economical d i s p o s a l  of t h e  

C a C 0 3  r e q u i r e s  t h a t  i t  be low-level waste,' and t h i s  i n  t u r n  r e q u i r e s  

t h a t  t h e  p r i o r  s t e p s  be e f f e c t i v e  i n  removing r a d i o n u c l i d e s  o t h e r  than 

Details of t h i s  work are desc r ibed  i n  Sec t .  2 of t h i s  

14c. 

An a l t e r n a t i v e  concept f o r  p rocess ing  of HTGR off-gas  w a s  con- 

T h i s  ap- s i d e r e d ,  wherein t h e  C a C 0 3  p rocess  precedes 8 5 K r  removal. 

proach g r e a t l y  s i m p l i f i e s  t h e  krypton removal s t e p  because t h e  g r o s s  

amounts of C 0 2  are no longer  p r e s e n t .  However, i t  p l a c e s  a heavy burden 

on t h e  carbonate  f i x a t i o n  p rocess  i n  t h a t  >99% nf tlie 8 5 K r  must pas s  

through so t h a t  t h e  C a C 0 3  w i l l  n o t  be e s c a l a t e d  ou t  of t h e  low-level 

category.  Therefore ,  scoping tests were conducted t o  determine t h e  

holdup of 8 5 K r  on t h e  C a C 0 3  du r ing  C02  f i x a t i o n , '  as summarized i n  

Sec t .  2 .  It w a s  shown t o  be f e a s i b l e  t o  do t h e  ca rbona te  f i x a t i o n  

f i r s t ,  keeping t h e  8 5 K r  r e t e n t i o n  t o  <1%, by a p p r o p r i a t e  sparging.  Be- 

cause t h i s  sequence leaves t h e  krypton d i l u t e d  p r i m a r i l y  by oxygen, t h e  

more complex KALC p rocess ,  r equ i r ed  i n  t h e  presence of l a r g e  amounts of 

COP,  i s  i n  p r i n c i p l e  no longer  r e q u i r e d .  

l e c u l a r  sieves, even i n  t h e  presence of some C02 and xenon, w a s  shown i n  

l a b o r a t o r y  testslO u s i n g  a f r o n t a l  displacement technique,  which is 

desc r ibed  i n  Sec t .  3 .  

The f e a s i b i l i t y  of u s i n g  mo- 

Cur ren t ly ,  an a l t e r n a t i v e  p rocess  f o r  t h e  C 0 2  f i x a t i o n  s t e p  is under 

development, based on t h e  gas-phase r e a c t i o n  of C02 w i th  Ba(OH)2 hydra t e .  l 1  

The key t o  t h i s  r e a c t i o n  is u s e  of a n  expanded hydra t e ,  which reacts ra- 

p i d l y  and completely a t  moderate temperature  and p r e s s u r e  and i s  e f f e c t i v e  

t o  low C 0 2  concen t r a t ions .  Details of t h i s  work are r e p o r t e d  i n  Sec t .  4 .  
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2 .  FIXATION OF C 0 2  I N  ALKALINE SLURRIES 

The v e r y  l a r g e  volumes of C02 a r i s i n g  du r ing  r ep rocess ing  of HTGR 

f u e l  from combustion of t h e  g r a p h i t e  b locks  r e q u i r e  a p rocess  amenable 

t o  t h e s e  l a r g e  q u a n t i t i e s ,  bo th  t echno log ica l ly  and economically. The 

rate of off-gas  gene ra t ion  i s  about  30 m3/min (1000 scfm) i n  a commercial- 

scale p l a n t  [450 metric t o n s  of heavy metal (MTHM) p e r  y e a r ] ,  and t h i s  

gas is  l a r g e l y  C 0 2 .  The r e f e r e n c e  off-gas  c leanup scheme f o r  such a 

p l a n t  followed t h i s  sequence: ' 2  

1. ox ida t ion  (of any CO o r  t r i t i u m ) ,  

2. i o d i n e  removal (with z e o l i t e s ) ,  

3. 

4. t r i t i a t e d  water removal (wi th  type 3A molecular  s i e v e ) ,  and 

5 .  removal of krypton ( v i a  t h e  KALC p rocess ) .  

radon holdup f o r  decay of 220Rn (with type 5A molecular  s i e v e )  , 

I n  the  r e f e r e n c e  p rocess ,  c l e a n  C02 con ta in ing  only  l 4 C  r a d i o a c t i v i t y  

w a s  d i scharged  t o  t h e  atmosphere. However, i t  w a s  recognized t h a t  a t  

some f u t u r e  d a t e  t h e  f i x a t i o n  of I4C might be  r equ i r ed ,  and t h e r e f o r e  

t h e  work desc r ibed  i n  t h i s  s e c t i o n  w a s  c a r r i e d  ou t .  It had been d e t e r -  

mined i n  a paper  study' t h a t  f i x a t i o n  as C a C 0 3  provided a s u i t a b l e  end 

product ,  t h a t  d i r e c t  r e a c t i o n  wi th  a Ca(OH)2 s l u r r y  should be accept-  

a b l e ,  and t h a t  t h e  C02 must be  e s s e n t i a l l y  f r e e  of any r a d i o a c t i v i t y  

o t h e r  than  I 4 C  t o  avoid e s c a l a t i n g  t h e  s o l i d  product  o u t  of t h e  low- 

l e v e l  waste ca tegory ,  which would c r e a t e  a major economic impact. 

P r i o r  work on t h i s  r e a c t i o n  had focused on t h e  product ion  of C a C 0 3  and 

n o t  on t h e  e f f i c i e n c y  of C 0 2  u t i l i z a t i o n ,  which w a s  our  i n t e r e s t .  

Therefore ,  work w a s  done t o  o b t a i n  d a t a  on t h i s  lat ter p o i n t .  I n  ad- 

d i t i o n ,  s t u d i e s  were a l s o  done t o  determine t h e  f e a s i b i l i t y  of f i x i n g  

t h e  C02 as C a C 0 3  p r i o r  t o  t h e  removal of 8 5 K r ;  t h i s  r e q u i r e s  a h igh  

decontaminat ion f a c t o r  (DF) f o r  krypton s e p a r a t i o n  from t h e  C a C 0 3 ,  bu t  

i f  t h i s  can be achieved ,  subsequent krypton  concen t r a t ion  can be per -  

formed on a much smaller gas  stream us ing  molecular  sieves (Sec t .  3 )  

r a t h e r  than  t h e  more complex KALC process .  Data were a l s o  obtained 

on d i l u t e  C 0 2  streams (about 0.1%) which w i l l  d e r i v e  from LWR f u e l  re- 

process ing .  

o t h e r  a l k a l i e s .  

Some s t u d i e s  were a l s o  made w i t h  Ba(OH)2 s l u r r i e s  and wi th  
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2 . 1  F i x a t i o n  of C 0 2  w i th  Ca(OH)2 from Simulated HTGR 
Fuel  Reprocessing Off-gas 

The feed gases  (pure C02 down a 5% C02/95% 02) were con tac t ed  with 

t h e  Ca(OH)2 i n  a s i n g l e - s t a g e ,  19.6-cm-ID a g i t a t e d  c o n t a c t o r  w i th  a 

qu ie scen t  s l u r r y  volume of 6.7 liters. The c o n t a c t o r  , mechanical 

d r i v e ,  and impe l l e r  w e r e  designed according t o  t h e  s t anda rd  c r i te r ia .  

The c o n t a c t o r  schematic i s  shown i n  Fig.  1. The C02-Ca(OH)2 s l u r r y  re- 

a c t i o n  w a s  s t u d i e d  t o  determine DFs and v a l u e s  of t h e  i n t e r f a c i a l  area 

as a f u n c t i o n  of impe l l e r  speed, gas  composition, gas flow rate, 

Ca(OH)2 concen t r a t ion ,  and temperature .  These o p e r a t i o n a l  parameters  

were s t u d i e d  f o r  t h e  fol lowing ranges:  fa) impe l l e r  speed,  100 t o  

1800 rpm; fb) gas composition, 100, 87.5, 33.6, and 4.7% COP (balance 

as 02);  (e )  gas flow rate,  0.85 t o  50 s t anda rd  l i t e r s / m i n  (s lm);  fd) 
Ca(OH)2 s l u r r y  concen t r a t ion ,  0.50 t o  2.0 M; and ( e )  temperature ,  2 1  

t o  46°C. 

tography, i n f r a r e d  spectroscopy,  f low meter ing,  and mass ba lances .  

13-1 5 

Gas samples were analyzed by a combination of gas  chroma- 

The ra te  a t  which CO2 t r a n s f e r r e d  t o  t h e  s l u r r y ,  t h e  DF, and t h e  

pH of t h e  s l u r r y  ( ~ 1 2 . 5 )  remained c o n s t a n t  even a t  ve ry  h i g h  gas  flow 

rates u n t i l  90% of t h e  Ca(OH), had been u t i l i z e d  ( f o r  ba t ch  o p e r a t i o n ) ;  

t hen  t h e  pH and t h e  DF decreased r a p i d l y .  The DF f o r  t h e  C02-Ca(OH)2 

r e a c t i o n  v a r i e d  i n v e r s e l y  wi th  gas flow rate and d i r e c t l y  w i t h  

impe l l e r  speed and C 0 2  concen t r a t ion  i n  t h e  f eed  gas .  Pure C02 w a s  

completely r e a c t e d  a t  10 s l m  f o r  an  i m p e l l e r  speed of 1700 rpm and a t  

5 s l m  f o r  800 rpm. The DF w a s  >3000 f o r  87.5% C 0 2  f eed  a t  3 . 5  s l m  and 

500 f o r  4.7% C 0 2  f eed  a t  1 s l m .  

> lo4  w e r e  f e a s i b l e  by o p e r a t i n g  s t i r r e d  c o n t a c t o r s  i n  ser ies .  

R e s u l t s  of tests showed t h a t  DFs of 

The rate of r e a c t i o n  was concluded t o  be l iquid-phase c o n t r o l l e d  

f o r  t he  f eed  composition and gas  f low rates s t u d i e d .  By assuming t h e  

a p p l i c a b i l i t y  of t h e  model f o r  g a s  a b s o r p t i o n  accompanied by pseudo- 

f i r s t - o r d e r  r e a c t i o n ,  mass t r a n s f e r  c o e f f i c i e n t s  and i n t e r f a c i a l  areas 

were c a l c u l a t e d  f o r  both t h e  plug flow and p e r f e c t l y  backmixed gas  

models. The i n t e r f a c i a l  area c a l c u l a t e d  from t h e  chemical r e a c t i o n  

model w i th  plug flow ranged from 0.2 t o  3 .0  c m 2 / c m 3 ,  depending on 
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s u p e r f i c i a l  v e l o c i t y  and impe l l e r  speed. The mass t r a n s f e r  rate was 

only s l i g h t l y  a f f e c t e d  by Ca(OH)2 concen t r ac t ion  from 0.50 t o  1.50 M. 

The mass t r a n s f e r  rate and t h e  DF w e r e  v i r t u a l l y  independent of tempera- 

t u r e  over t h e  range 2 1  t o  46OC. 

The s e t t l i n g  rate of t h e  C a C 0 3  product  w a s  dependent on ope ra t ing  

c o n d i t i o n s  and w a s  measured t o  provide a q u a l i t a t i v e  i n d i c a t i o n  of 

p a r t i c l e  s i z e  f o r  e s t i m a t i n g  i t s  s e p a r a t i o n  from t h e  s l u r r y .  The 

s e t t l i n g  rate w a s  found t o  va ry  d i r e c t l y  w i t h  impe l l e r  speed and 

temperature and i n v e r s e l y  w i t h  gas  f low rate.  

2 .2  F i x a t i o n  of C 0 2  from Simulated LWR Fuel  
Reprocessing Off-gas Using Alka l ine  S l u r r i e s  

For t h i s  work a d i l u t e  C02 stream w a s  used (0.03% C 0 2  i n  a i r ;  

I n  a d d i t i o n  t o  Ca(OH)2, t h e  barium and magnesium a l s o  3% C02). 

hydroxides were a l s o  t e s t e d .  The same g e n e r a l  approach w a s  used as 

be fo re ,  b u t  t h e  a n a l y t i c a l  technique w a s  modified because of t h e  very 

low C 0 2  con ten t  i n  t h e  e f f l u e n t  gas;  a l a r g e r  ( 1 6 - l i t e r )  s t i r r e d - t a n k  

r e a c t o r  w a s  a l so  used. 1 6  

Decontamination f a c t o r s  and' i n t e r f a c i a l  areas w e r e  ob ta ined  f o r  

t h e  fol lowing cond i t ions :  gas composition, 0.033 and 3.0% C 0 2  (balance 

as a i r ) ;  s l u r r y  c o n c e n t r a t i o n ,  0.4 t o  1.5 M; s l u r r y  type ,  Ca(OH)2, 

Ba(OH)2'8H20, and Mg(OH)2; impe l l e r  speed, 325 and 650 rpm; and gas  

flow rate, 10 t o  80 s l m .  G a s  samples w e r e  analyzed p r i m a r i l y  by i n f r a -  

r e d  spectroscopy because i t  w a s  t h e  more dependable method f o r  m e a -  

s u r i n g  C 0 2  a t  t h e  l ppm level and below. 

Under equ iva len t  o p e r a t i n g  c o n d i t i o n s  t h e  DFs f o r  C02 i nc reased  i n  

t h e  same orde r  as t h e  s o l u b i l i t i e s :  

Mg(OH)2 << Ca(OH)2 << Ba(OH)208H20 4 NaOH (1 N s o l u t i o n )  . 

The DF f o r  Ba(OH)2*8H20 is  about t e n  t i m e s  g r e a t e r  t han  f o r  Ca(OH)2, which 

is i n  t u r n  about t e n  t i m e s  g r e a t e r  t han  f o r  Mg(OH)2 (Fig.  2 ) .  Although 
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Ba(OH)2 is  more expensive than Ca(OH)2, t h e  t o t a l  amount of C 0 2  given 

o f f  du r ing  LWR rep rocess ing  is much less than f o r  HTGR r ep rocess ing ,  

t h u s  al lowing t h e  economical u s e  of t h e  more expensive r e a g e n t .  There 

were no s i g n i f i c a n t  d i f f e r e n c e s  i n  DFs obtained f o r  C02 removed via  
e i t h e r  semibatch o r  continuous s l u r r y  o p e r a t i o n .  

For t h e  same o p e r a t i n g  c o n d i t i o o s  ( impe l l e r  speed, s u p e r f i c i a l  

v e l o c i t y ,  temperature,  e t c . )  t h e  DFs i n  t h e  d i l u t e  (0.033% C02) gas 

w e r e  as much as a f a c t o r  of 5 less than t h o s e  obtained f o r  a 90% 

C02-air feed.  Based on a plug flow model w i th  a log-mean p r e s s u r e  

d r i v i n g  f o r c e ,  i n t e r f a c i a l  areas v a r i e d  d i r e c t l y  wi th  s u p e r f i c i a l  

v e l o c i t y  over t h e  range 0 . 2  t o  2 cm2/cm3. 

s imulated LWR f u e l  r ep rocess ing  off-gases ,  i t  appea r s  f e a s i b l e  t o  ob- 

t a i n  DFs f o r  C 0 2  of l o 2  t o  l o 4  w i t h  Ca(OH)2 o r  barium hydroxide.  

w a s  determined t h a t  t h e  DFs f o r  C 0 2  removal from LWR-type off-gases  

For f i x a t i o n  of C 0 2  from 

It 

1. v a r i e d  d i r e c t l y  wi th  i m p e l l e r  speed and i m p e l l e r  diameter ;  

2.  v a r i e d  i n v e r s e l y  w i t h  s l u r r y  c o n c e n t r a t i o n  and gas f low rate 

(however, f o r  B a ( O H ) 2  s l u r r i e s ,  DF v a r i e d  d i r e c t l y  w i t h  s l u r r y  

c o n c e n t r a t i o n ) ;  

3 .  v a r i e d  d i r e c t l y  wi th  temperature f o r  s l u r r i e s  i n  which t h e  

s o l u b i l i t y  of t h e  s o l i d s  i n c r e a s e s  wi th  , temperature;  and,  

4 .  v a r i e d  d i r e c t l y  wi th  concen t r a t ion  of C 0 2  i n  t h e  f eed .  

Again, t he  rate of C02 removal w a s  l iquid-phase c o n t r o l l e d  ..17, l 8  

It  w a s  p o s s i b l e  t o  model Ca(OH)2 s l u r r y  r e a c t i o n  by account ing f o r  both 

t h e  i n t e r f a c i a l  area and degree of mixing as a f u n c t i o n  of t h e  hydro- 

dynamic parameters.  However, Ba(OH)2 s l u r r i e s  could n o t  be charac-- 

t e r i z e d  us ing  simple plug flow o r  backmix models. 

2 . 3  F i x a t i o n  of C02 as C a C 0 3  i n  t h e  Presence of Krypton 

These s t u d i e s  were conducted wi th  gas  mixtures  t h a t  approxi- 

mated t h e  HTGR off-gas  composition of 90% C 0 2 ,  7.5% 0 2 ,  2.5% N p ,  16 ppm 

t o t a l  K r ,  1.0 ppm 8 5 K r ,  and 61  ppm X e . 1 9  

s t u d i e d  f o r  t h e  HTGR off-gas  p rocess ing  w e r e  (a) impe l l e r  speed,  650 

The r anges  of v a r i a b l e s  
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and 800 rpm; (b )  C 0 2  feed  gas  concentratTony 88 t o  97%; (c) s u p e r f i c i a l  

gas  v e l o c i t y ,  10 t o  110 cm/min; (d )  Ca(OH)2 s l u r r y  concent ra t ion ,  0 .5 ,  

1.0, and 2.0 M ;  ( e )  krypton feed-gas concen t r a t ion ,  18 t o  180 ppm; (f) 
temperature ,  20 t o  60°C, and (9) both ba tch  and s i n g l e  and series con- 

t inuous  s t i r r e d - t a n k  opera t ion .  The s t i r r e d - t a n k  r e a c t o r  used w a s  

t h e  same as t h a t  descr ibed  i n  Sec t .  2 .1 .  The xenon concen t r a t ion  w a s  

- <60 ppm. 

f e a s i b i l i t y  of removing C 0 2  from HTGR f u e l  r ep rocess ing  off-gas  p r i o r  

t o  krypton removal, wi th  cond i t ions  of ope ra t ion  developed t o  minimize 

t h e  krypton r e t e n t i o n  i n  t h e  C a C 0 3  s l u r r y .  Experiments were conducted 

t o  determine t h e  d i s t r i b u t i o n  of krypton. These DFs and sepa ra t ion  

f a c t o r s  (SFs) were de f ined :  

It w a s  t h e  s p e c i f i c  goa l  of t hese  s t u d i e s  t o  determine t h e  

moles of CO7 i n t o  con tac to r  i n  feed  gas  
moles of C 0 2  out  i n  e f f l u e n t  gas  DF f o r  C02 = Y 

moles of K r  i n t o  con tac to r  i n  feed gas  . 
moles of K r  remaining i n  t h e  s l u r r y  SF f o r  K r  = 

. 

Thus, a h igh  DF f o r  C02 i n d i c a t e s  e f f e c t i v e  f i x a t i o n  while  a h igh  SF 

f o r  krypton i n d i c a t e s  good decontamination of t h e  C a C 0 3  from krypton. 

Decontamination f a c t o r s  f o r  COP i n  t h e  l o 2  t o  l o 3  range were f e a s i b l e  

f o r  C02 removal i n  s ing le - s t age  c o n t a c t o r s ,  and DFs f o r  C02 of l o 3  t o  

lo4 were f e a s i b l e  f o r  two-stage con tac to r  ope ra t ion .  

f o r  krypton w e r e  100 t o  200 f o r  t h e  primary con tac to r  ope ra t ion ,  and 

add-on SFs f o r  krypton of an a d d i t i o n a l  100 could be r e a d i l y  obtained 

by evacuat ion o r  sparg ing  of t h e  s t i r r e d  product  s l u r r y .  Thus, t o t a l  

SFs f o r  krypton of l o 4  t o  l o 5  could be  obtained by us ing  a combination 

of primary processes  and add-on t rea tments .  

Separa t ion  f a c t o r s  

Experimental ly ,  t h e  fol lowing paramet r ic  r e l a t i o n s h i p s  were 

e s t a b l i s h e d  : 

1. The DFs f o r  C02 v a r i e d  inve r se ly  wi th  gas  s u p e r f i c i a l  v e l o c i t y ,  

whi le  t h e  SFs f o r  krypton had a s l i g h t  d i r e c t  v a r i a t i o n  wi th  

s u p e r f i c i a l  v e l o c i t y .  

The DFs f o r  C 0 2  v a r i e d  inve r se ly  wi th  s l u r r y  m o l a l i t y ,  whi le  

t h e  SFs f o r  krypton va r i ed  d i r e c t l y  wi th  s l u r r y  mola l i t y .  

2. 

A 



12 

3 .  The DFs f o r  C 0 2  had a s l i g h t  d i r e c t  v a r i a t i o n  wi th  temperature ,  

while  t h e  SFs f o r  krypton were no t  a f f e c t e d .  

4. The DFs f o r  C 0 2  v a r i e d  d i r e c t l y  w i t h  impe l l e r  speed. 

5. The DFs f o r  C 0 2  v a r i e d  d i r e c t l y  wi th  C 0 2  mole f r a c t i o n  i n  t h e  

feed gas ,  wh i l e  t h e  SFs f o r  krypton v a r i e d  i n v e r s e l y  wi th  C 0 2  

mole f r a c t i o n  i n  t h e  f eed  gas .  

With two c o n t a c t o r s  i n  series, t h e  o v e r a l l  DFs f o r  C 0 2  v a r i e d  

d i r e c t l y  wi th  t h e  e x t e n t  of t h e  conversion of C 0 2  t h a t  occurred 

i n  tank 2,  wh i l e  t h e  o v e r a l l  SFs f o r  krypton v a r i e d  i n v e r s e l y  wi th  

t h e  e x t e n t  of C 0 2  conversion i n  t ank  2.  

6 .  

The development of t h e  most u s e f u l  models f o r  p r e d i c t i o n  of DFs 

f o r  C 0 2  and krypton o r  f o r  p r e d i c t i o n  of scaled-up c o n t a c t o r  dimensions 

w a s  dependent on expres s ions  f o r  t h e  i n t e r f a c i a l  area. I n t e r f a c i a l  area 

could be est imated e i t h e r  from a g e n e r a l  hydrodynamic c o r r e l a t i o n  o r  

from an expres s ion  cons t ruc t ed  from t h e  experimental  d a t a  of t h e  bench- 

s c a l e  c o n t a c t o r s  of t h i s  s tudy .  The g e n e r a l  rate expres s ion  w a s  

p a t t e r n e d  a f t e r  t h e  s t u d i e s  of Juvekar and Sharma,” i n  which t h e  re- 

a c t i o n  i s  b a s i c a l l y  pseudo- f i r s t  o rde r  w i th  c o n t r o l  i n  t h e  l i q u i d  phase. 

3 .  SEPARATION OF 1 4 C 0 2  AND 8 5 K r  V I A  MOLECULAR SIEVES 

Molecular sieves w e r e  i n v e s t i g a t e d  expe r imen ta l ly  f o r  t h e  separa-  

t i o n  of krypton and C 0 2  from d ry  off-gas streams of t h e  type  t h a t  would 

r e s u l t  from s e p a r a t i o n s  such as those  desc r ibed  i n  S e c t .  2 .  Molecular 

s i e v e s  are a class of h igh ly  i n e r t ,  i no rgan ic  z e o l i t e s  which c a n a d s o r b  

~ 1 0 0  cm3 (STP)/g of c e r t a i n  gases  and be r egene ra t ed  by h e a t i n g  o r  de- 

p r e s s u r i z a t i o n .  A p o t e n t i a l  d i f f i c u l t y  i s  t h a t  C 0 2  and krypton have 

ve ry  similar s o r p t i v e  p r o p e r t i e s .  A series of c a l c u l a t i o n s  and experi-  

ments were conducted t o  determine t h e  v a l u e  of molecular  s i e v e s  f o r  

t h i s  a p p l i c a t i o n .  The two most s u c c e s s f u l  approaches are desc r ibed  

below. 

For s e l e c t i v e  removal of C 0 2  from off-gas  streams c o n t a i n i n g  

krypton,  molecular sieve 4A w a s  found t o  perform adequa te ly .  Adsorption 

by molecular sieves depends on t h e  molecule t o  be adsorbed having both 
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t h e  proper s i z e  and geometry t o  f i t  w i t h i n  t h e  molecular  s i e v e  l a t t i ce  

and having appropr i a t e  in te rmolecular  a t t r a c t i v e  f o r c e s  between the  

molecule and sieve. Molecular s i e v e  3A h a s  t o o  s m a l l  a l a t t i c e  t o  

adsorb  C O 2 ,  whereas molecular s i e v e  5A w a s  found t o  adsorb  both C 0 2  

and krypton. Molecular s i e v e  s i z e  4A has  been r epor t ed  t o  adsorb krypton 

a t  high p res su res  and moderate temperatures21,  

appears  near  zero  when ope ra t ing  p res su res  are 1 x l o 5  t o  3 x l o 5  Pa  

and the  ope ra t ing  temperature  i s  near  0 ° C .  

bu t  t h e  rate of adso rp t ion  

7 

A series of experiments us ing  a 95-cm-long molecular  s i e v e  adso rp t ion  

column w a s  conducted t o  o b t a i n  t h e  above r e s u l t s .  The commercial 4A 

molecular s i e v e  used i n  these  tes ts  w a s  i n  t h e  bead form as manufactured 

by Linde Div is ion  of Union Carbide Corporat ion.  

a premixed feed gas  of 93 .1% C02, 5.4% 0 2 ,  and 1.5% K r .  The krypton 

concen t r a t lons  were measured us ing  8 5 K r  t r a c e r ;  t h e  C 0 2  conten t  w a s  

measured with a n  i n f r a r e d  ana lyze r .  

t h e  p re s su re  range 1.0 x lo5 t o  2.3 x l o 5  Pa .  

i n  t h e  gas  a f t e r  pass ing  through t h e  molecular s i e v e  w e r e  <10 ppm- 

t h e  l i m i t  of d e t e c t i o n  f o r  C 0 2  of t h e  a n a l y t i c a l  equipment t h a t  w a s  used. 

The bed w a s  e a s i l y  regenera ted  by hea t ing  t o  200°C. 

mass t r a n s f e r  zone €or C 0 2  adso rp t ion  va r i ed  from 11.8 c m  a t  a gas  flow 

rate of 7.22 cm3/cm2*min a t  1.01 x l o 5  Pa t o  4.3 c m  wi th  a flow ra te  of 

10.32 cm3/cm2-min a t  1 . 7  x l o 5  Pa .  The m a s s  t r a n s f e r  zone is  def ined  

h e r e i n  as the  d i s t a n c e  through t h e  bed where t h e  C02 concen t r a t ion  i n  

t h e  gas  phase changed by 80% of t h e  d i f f e r e n c e  between the  feed gas 

and o u t l e t  gas  concen t r a t ions .  

All experiments used 

Tests were conducted a t  0 ° C  over 

The measured C02 l e v e l s  

The length  of t h e  

To s e p a r a t e  krypton and C 0 2  from t h e  off-gas  and from each o t h e r ,  

experiments showed t h a t  molecular s i e v e  5A used as a f r o n t a l  a n a l y s i s  

gas  phase chromatograph provided good s e p a r a t i o n s .  

ope ra t ion  of t h i s  dev ice  is  as fo l lows .  I f  a gas  mixture  of krypton,  

oxygen, and C02 f lows through a bed of 5A molecular  sieve near  atmos- 

p h e r i c  p re s su re  a t  O°C, both C 0 2  and krypton w i l l  be adsorbed. 

The p r i n c i p l e  of 

Carbon 

d ioxide  i s ,  however, more s t r o n g l y  adsorbed than  krypton and thus  w i l l  

d i s p l a c e  krypton gas  from t h e  bed. I n  examining a long molecular sieve 
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bed supp l i ed  w i t h  a feed gas of oxygen, krypton,  and C 0 2 ,  one observes  

t h a t  t h e  zone of t h e  molecular s i e v e  bed n e a r e s t  t h e  f e e d  p o i n t  i s  

s a t u r a t e d  with C 0 2  whi le  t h e  gas  phase c o n t a i n s  t h e  f eed  gas .  A t  t h e  

end of t h i s  zone, t h e r e  i s  a t r a n s i t i o n  r eg ion  where C 0 2  is  being ad- 

sorbed onto t h e  bed and krypton is being d i s p l a c e d  from t h e  bed i n t o  

t h e  gas  phase. Beyond t h i s  f i r s t  t r a n s i t i o n  r eg ion  i s  a zone where 

adsorbed krypton is  being he ld  by t h e  bed and only oxygen and krypton 

e x i s t  i n  t h e  gas phase. A t  t h e  end of t h i s  zone l ies  a second t r a n s i -  

t i o n  r eg ion  where krypton is  being adsorbed onto t h e  bed. Beyond t h e  

l a t te r  r eg ion  are found only oxygen and a molecular sieve bed wi th  ve ry  

l i t t l e  adsorbed gas .  

I f  t h e  gas mixture  is fed  cont inuously t o  t h e  bed and t h e  gas 

e x i t i n g  t h e  bed is  analyzed,  a "bubble" of oxygen i s  f i r s t  observed 

followed by and pushed out  s u c c e s s i v e l y  by a bubble of krypton con- 

t a i n i n g  some oxygen and by t h e  f eed  gas .  A t  t h e  end of t h i s  p rocess ,  

t h e  bed is  s a t u r a t e d  w i t h  C 0 2 .  Heat is  generated du r ing  t h e  p rocess ;  

t h e r e f o r e ,  p r o v i s i o n s  f o r  h e a t  d i s s i p a t i o n  mus t .be  included s i n c e  t h e  

bed must be kept  a t  cons t an t  temperature  t o  ensu re  good s e p a r a t i o n s .  

With two o r  more beds,  continuous o p e r a t i o n  can be provided.  

The above s e p a r a t i o n  approach w a s  v e r i f i e d  expe r imen ta l ly  wi th  t h e  

equipment and feed gas desc r ibed  earlier.  The molecular sieve w a s  i n  

t h e  form of 1/16-in. p e l l e t s  as supp l i ed  by Linde. A series of t e n  

runs  w a s  made w i t h  p r e s s u r e s  from 1.0 x l o 5  t o  2.36 x l o 5  Pa and gas 

flow rates from 7.6 t o  152.9 cm3/Lm2.min. 

are shown i n  Fig.  3. I n  t h e  s i n g l e  molecular sieve bed, krypton w a s  

concen t r a t ed  from 1.5% t o  52 t o  62% depending on t h e  experiment.  The 

l e n g t h  of t h e  mass t r a n s f e r  zone between t h e  krypton and C 0 2  v a r i e d  

from 1.0 t o  3 .1  cm. T h e o r e t i c a l  c a l c u l a t i o n s  of krypton,  oxygen, and 

C 0 2  s e p a r a t i o n s  wi th  t h i s  p rocess  were made and agreed w i t h  t h e  expe r i -  

mental  v a l u e s  ob ta ined .  

impur i ty  i n d i c a t e d  t h a t  t h i s  impuri ty  p re sen ted  no problem. A s  w i t h  

earlier experiments,  C 0 2  l e v e l s  were reduced below 10 ppm i n  t h e  krypton 

and oxygen product  streams. 

The r e s u l t s  of a t y p i c a l  run  

Add i t iona l  experiments w i t h  xenon added as an  
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ORNL DWG 80-613 
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MOLECULAR SIEVE: LINDE 5A 
FEED GAS: 93.09% C02, 5 . 4 3 %  0 2 ,  1.48% Kr 
BED CONDITIONS: O ' C ,  1.16 x lo5  P a ( 1 . 1 4  arm)  
FEED GAS FLOW: 48 .9  cm3 (STP)/cm*-min 
BED LENGTH: 94 .6  cm (37 .25  i n . )  

KRYPTON 

/---- 

/ i I  
I I  
I I  

CARBON DIOXIDE --- 

0 15 30 45 60 75 90 105 120 135 150 
TIME FROM START OF EXPERIMENT ( m i n )  

Fig. 3 .  Gas composition from molecular sieve bed vs time. 

Molecular sieves offer a simple way to separate dilute C02 from an 
off-gas stream. When the molecular sieve is regenerated, a concentrated 

C02 stream is generated. 

particularly if the krypton has been partially concentrated, molecular 
sieves show potential as a separation device for small to intermediate 
gas flow rates. For large gas flows with high CO2 levels, molecular 

sieves may not be appropriate because of excessive bed size and/or heat 

loads. 

For separating CO2 and krypton from other gases, 
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4 .  FIXATION OF C02 ON SOLID Ba(OH)2 HYDRATE 

F i x a t i o n  of C02 on beds of Ba(0H)i hydra te  has  many a t t r a c t i v e  

This  process  would e l i m i n a t e  t h e  need f o r  l i q u i d - s o l i d  f e a t u r e s . l l  

s e p a r a t i o n  equipment, t h e  handl ing of l i q u i d  streams, and when operated 

i n  a packed-bed mode, i t  would be cons iderably  s i m p l e r .  U s e  of Ba(OH)2 

hydra te  is supe r io r  t o  o the r  s o l i d s ,  most no tab ly  C a O  o r  Ca(OH)2, as t h e  

r e a c t i o n  has  been shown t o  be k i n e t i c a l l y  p o s s i b l e  a t  ambient cond i t ions  

wi th  f i n a l  r e a c t a n t  conversions i n  excess  of 99%. Carbon d iox ide  removal 

t o  concen t r a t ions  below 100 ppb has  been observed r o u t i n e l y .  

duc t ,  B a C 0 3 ,  possesses  both the  thermal  and chemical s t a b i l i t i e s  des i r ed  

f o r  long-term waste d i s p o s a l  ( thermal ly  s t a b l e  t o  1450°C and water 

The pro- 

s o l u b i l i t y  of only 0.02 g / l i t e r  a t  20°C). 

Although t h e  r e a c t i v i t y  of Ba(OH)2 hydra t e s  w i th  C 0 2  has been 

b r i e f l y  c i t e d  i n  t h e  l i t e r a t u r e , "  t h e  e x t e n t  of t h i s  r e a c t i v i t y  has  

no t  been s tud ied .  

t h e  known hydra tes  are Ba(OH)2.H20, Ra(OH)2'3H2u, and Ba(OH)2'8H20. 

r e s p e c t i v e  water vapor d i s s o c i a t i o n  p r e s s u r e s  a t  25°C are 0.355, 4.20, 

and 8.26 mm Hg23 (47 , 560, and 1100 Pa) .  

Based on vapor p r e s s u r e  and x-ray d i f f r a c t i o n  s t u d i e s ,  

The 

Experimental  s t u d i e s  have been conducted on packed and f l u i d i z e d  

beds of t h e  monohydrate, a mixture  of hydra t e s  wi th  an  o v e r a l l  s t o i c h i -  

ometry of Ba(OH)2'5H2OY and t h e  oc tahydra te .  

is  p r e f e r r e d  from an  o p e r a t i o n a l  p e r s p e c t i v e  due t o  t h e  o v e r a l l  s impl i -  

c i t y .  Experimental  s t u d i e s  have concent ra ted  p r i m a r i l y  on t h e  t rea tment  

The packed-bed concept 

of high volumetr ic  a i r  gas  streams con ta in ing  a low concen t r a t ion  of 

C 0 2  (330 ppm). 

t a i n i n g  5 and 88% C 0 2 .  

Brief  s t u d i e s  have been conducted on gas  streams con- 

Resu l t s  have ind ica t ed  t h a t  a l though Ba(OH)2*E20 i s  u n r e a c t i v e  

toward C02 i n  a dry a i r  stream, t h e  material expands and becomes q u i t e  

a c t i v e  when t h e  water vapor p re s su re  of t h e  sur rounding  gas  exceeds t h e  

d i s s o c i a t i o n  vapor p re s su re  of Ba(OH)2'8H20. 

of Ba(OH)2*8H20 has  been confirmed by x-ray d i f f r a c t i o n  p a t t e r n s .  

The r e s u l t i n g  formation 

A s  
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shown by run  10 (F ig .  4 )  a bed of Ba(OH)2'H20 undergoes a cond i t ion ing  

per iod  when contac ted  w i t h  a humid, C02-bearing gas .  

pe r iod ,  t h e  a c t i v i t y  of t h e  bed decreases  and then  i n c r e a s e s .  The i n i -  

t i a l l y  h igh  r e a c t i v i t y  is  a t t r i b u t e d  t o  r e s i d u a l  B a  (OH) 2-8H20 which 
may be p r e s e n t  i n  t h e  bed. The subsequent improvement i n  r e a c t i v i t y  i s  

due t o  t h e  hydra t ion  of Ba(OH)2.~26 t o  Ba(OH)2-8H20. 

run  22, i t  is  p o s s i b l e  t o  p recond i t ion  a bed by c o n t a c t i n g  i t  wi th  a 

humid, i n e r t  gas .  I n  both bases ,  a bed volume i n c r e a s e  of 1~150% w a s  

observed due t o  t h e  formation of Ba(OH)2*8H20, and f i n a l  r e a c t a n t  con- 

v e r s i o n s  i n  excess  of 99% w e r e  ob ta ined .  The B a C 0 3  product  is f r i a b l e ,  

and excess ive  p r e s s u r e  drop could be an o p e r a t i o n a l  problem. S tud ie s  

During t h i s  

A s  i nd ica t ed  by 

conducted i n  t h e  f lu id ized-bed  mode have been promising a l though t h e  

entrainment  of f i n e s  h a s  been a problem. 

A b r i e f  examination of gas  streams w i t h  a h igher  C 0 2  conten t  has  

been conducted. A s  shown i n  F ig .  5 ,  beds of  -5 +20 mesh Ra(OH)2'hydrate 

con ta in ing  an  i n e r t  d i l u e n t  are capable  of h igh  C02 removal e f f i c i e n c i e s  

du r ing  t h e  t rea tment  of a n  88% C 0 2  gas  stream. 

a l l  s to ich iometry  of t h e  r e a c t i o n  

However, due t o  t h e  over- 

n ine  water molecules  are r e l eased  f o r  each C02 molecule t h a t  reacts. 

Therefore ,  f o r  t h e  t rea tment  of a C02-rich g a s  stream, the  feed gas  w i l l  

qu ick ly  become water s a t u r a t e d .  Because t h e  remainder of t h e  water prod- 

u c t  cannot leave t h e  system as vapor ,  thereby  c a r r y i n g  a h e a t  load w i t h  

i t ,  t h e  r e a c t i o n  s h i f t s  from 81.9 kcal/g-mole endothermic t o  12.7 

kcal/g-mole exothermic.  Cooling c a p a b i l i t i e s  o r  d i s p e r s i o n  of t h e  re- 

a c t a n t  w i l l  then  be  r equ i r ed  du r ing  large-bed a p p l i c a t i o n s  t o  avoid 

mel t ing  of t h e  r e a c t a n t  (mp of t h e  oc t ahydra t e  is  78OC). Condensed 

water h a s  been observed w i t h i n  t h e  r e a c t o r  vessel a l though no d e l e t e r i o u s  

e f f e c t  on t h e  o v e r a l l  r e a c t i o n  h a s  been noted .  For treatment of gas  

streams r i c h  i n  C02 w i t h  beds of  Ba(OH)2'H2.0, no p recond i t ion ing  s t e p  

is  requ i r ed ;  t h e  r e a c t i o n  i s  d r i v e n  by t h e  h igh  C 0 2  l e v e l  a t  t h e  i n l e t  

end, l i b e r a t i n g  water which hydra t e s  (and a c t i v a t e s )  t h e  downstream end 

of t h e  bed. Work i n  p rogres s  has  shown t h a t  i n t e rmed ia t e  hydra t ion  pro- 

v i d e s  a s u i t a b l e  compromise between volume change and chemical  r e a c t i v i t y .  

, 
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- m - RUN CONDITIONS: - 
d 1 ~ . t A / m i n  HUMIDIFIED AIR (330 ppm cop) d 

Fig. 4 .  The effects of preconditioning a Ba(OH)**H20 bed with 
humidified nitrogen. Run 10, reference run; run 22, preconditioned run. 
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5. SUMMARY 

The work descr ibed  o u t l i n e s  methods a p p l i c a b l e  t o  t h e  f i x a t i o n  of 

4C-containing C02 evolved dur ing  t h e  r ep rocess ing  of bo th  graphite-based 

and metal-clad f u e l .  Some of t h e s e  methods are a l s o  a p p l i c a b l e  t o  c o n t r o l  

of 1 4 C  evolved du r ing  r e a c t o r  ope ra t ion ,  p a r t i c u l a r l y  BWRs. I n  summary: 

0 For C02-rich off-gas  from HTGR f u e l  r ep rocess ing ,  t h e  w e t  s l u r r y  

p rocess  us ing  Ca(OH)2 i s  bo th  e f f e c t i v e  and economical. Although 

i n i t i a l l y  developed f o r  use a f t e r  8 5 K r  removal, i t  w a s  shown t h a t  

C02 f i x a t i o n  can be  done f i r s t ,  l eav ing  a r e l a t i v e l y  s m a l l  gas  

stream t o  be t r e a t e d  f o r  concen t r a t ion  of the krypton .  

0 For C02-dilute off-gas  from LWR (and LMFBR) f u e l  r ep rocess ing ,  

t h e  w e t  s l u r r y  process  i s  a l s o  e f f e c t i v e ,  wi th  Ba(OH)2 hydra t e  

be ing  more e f f e c t i v e  than  Ca(OH)2. The much smaller amount of 

t o t a l  C 0 2  i n  t h i s  case  a l lows  use of t h e  more expensive r eagen t .  

Molecular s i e v e s  can be used t o  s e p a r a t e  krypton and C 0 2  from each 

o the r  i n  d i l u t e ,  a i r - l i k e  streams r e s u l t i n g  from rep rocess ing  

ope ra t ions .  

A so l id-gas  phase r e a c t i o n  us ing  Ba(OH)2 hydra t e s  t o  remove C 0 2  

from gas streams i s  ve ry  e f f e c t i v e .  

t o  a l l  of t h e  sources  mentioned above except  t h e  high-volume, 

h igh-concent ra t ion  C02 from HTGR f u e l  r ep rocess ing .  

0 

This  approach i s  a l s o  s u i t a b l e  t o  r e a c t o r  off-gases .  

0 

This  approach i s  a p p l i c a b l e  
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