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1 

c REMOVAJ, OF RADON-220 FROM HTGR FUEL REPROCESSING AND D i F A B R I m  
OFF-GAS STREAMS BY ADSORPTION (RASED ON A LITEWTUm SURVEY) 

R. D. Ackley 

ABS TRACT 

This  r e p o r t  p re sen t s  l i t e r a t u r e  theory  and d a t a  t h a t  are 
considered r e l evan t  t o  the  removal of Rn-220 from HTGK f u e l  
reprocess ing  and r e f a b r i c a t i o n  off-gas streams by adsorpt ion.  
The d a t a  inc lude  equi l ibr ium adsorp t ion  c o e f f i c i e n t s  f o r  
radon on a c t i v a t e d  carbon (charcoa l )  and s i l i c a  g e l  i n  t h e  
presence of a i r  and o the r  gases ,  and f o r  radon on molecular 
s i e v e  Type 5 A  i n  the  presence of air. Also inc luded  are a 
few dynamic adsorp t ion  d a t a  (adsorpt ion c o e f f i c i e n t s  and 
va lues  f o r  t h e  number of t h e o r e t i c a l  p l a t e s  p e r  f o o t )  f o r  
radon on charcoa l ,  wi th  a i r  as the  carrier gas. These va r ious  
d a t a ,  which were obtained mainly a t  o r  near  25"C, are a c t u a l l y  
f o r  Rn-222; however, they should a l s o  be app l i cab le  t o  Rn-220, 
provided t h e  condi t ions  are the  same. 
information,  t h e  radon adsorp t ion  c o e f f i c i e n t s  decrease  i n  
t h e  expected order :  charcoa l ,  molecular s i e v e  Type 5A,  and 
s i l i c a  ge l .  Thus, charcoa l  should be t h e  most e f f e c t i v e  of 
t h e s e  adsorbents  f o r  Rn-220 removal; however, i t s  use f o r  t h i s  
a p p l i c a t i o n  cannot be recommended u n t i l  t h e  a s soc ia t ed  f i r e  
and explos ion  hazards ,  p a r t i c u l a r l y  those  wi th  regard  t o  
i n t e r a c t i o n  wi th  ozone, are resolved.  Sorbent poisoning and 
p a r t i c l e  pene t r a t ion  due t o  a - r eco i l  are b r i e f l y  t r e a t e d .  
Adsorber design is  discussed.  
adequate f o r  s i z i n g ,  a l b e i t  c rude ly ,  t h e  so rben t  bed f o r  a 
Rn-220-charcoal-air (1-a tm,  < 10% r e l a t i v e  h u d d i t y )  system, 
and a suggested approach f o r  doing t h i s  i s  ou t l ined .  

Based on t h e  a v a i l a b l e  

E x i s t i n g  information appears  

1.0 INTRODUCTION 

F e r t i l e  232Th w i l l  be  i r r a d i a t e d  wi th  neut rons  i n  high-temperature 

A t  t h e  same t i m e ,  gas-cooled r e a c t o r s  (HTGRs) t o  produce f i s s i l e  233U. - 

a small bu t  s i g n i f i c a n t  quan t i ty  of unwanted 232U w i l l  a l s o  be produced. 

The 232U decay chain inc ludes  220Rn as an in t e rmed ia t e  daughter  product.  

A s  a consequence, off-gas streams from those  HTGR f u e l  reprocess ing  and 

r e f  a b r i c a t i o n  opera t ions  involv ing  233U w i l l  be contaminated wi th  

And, as a f u r t h e r  consequence, i n c l u s i o n  of some means f o r  e f f e c t i v e  

removal of 220Rn i n  t h e  corresponding off-gas cleanup systems w i l l  be  

220b 
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requi red  i n  o rde r  t o  s a t i s f y ,  i n  p a r t ,  t h e  f e d e r a l  r egu la to ry  release 

c r i t e r i o n  "As Low as Prac t icable ."  

One of t h e  methods employed f o r  removing shor t - l i ved  krypton and 

xenon from r e a c t o r  off-gas streams i s  based on t h e i r  adsorptive-holdup 

and decay (mainly t o  s t a b l e  o r  n o n v o l a t i l e  nuc l ides ) .  Usual ly ,  t he  

adsorbent  i s  a c t i v a t e d  carbon (charcoa l ) .  Since 220Rn has a h a l f - l i f e  

of only 55.3 sec and is  less v o l a t i l e  t han  krypton o r  xenon, t h i s  method 

should a l s o  be f e a s i b l e  f o r  t he  220Rn decontamination of off-gas streams. 

The p r i n c i p a l  o b j e c t i v e s  of t h i s  s tudy  were t o  review the  a v a i l a b l e  

radon adsorp t ion  d a t a  and t o  i d e n t i f y  a t h e o r e t i c a l  t rea tment  t h a t  would 

be use fu l  f o r  adsorber  design c a l c u l a t i o n s .  

2.0 THEORY 

For a given noble-gas contaminant a t  t h e  low concent ra t ions  as 

are usua l ly  encountered i n  t h e s e  var ious  off-gas  streams and f o r  

temperatures o f ,  s ay ,  2 O°C, t h e  fol lowing equi l ibr ium adsorp t ion  

equat ion  o r  i t s  equ iva len t  is gene ra l ly  assumed: 

va = kaP, (1) 

where 

Va = amount of t h e  noble  gas  adsorbed p e r  u n i t  weight of 
3 sorbent  [cm (STP)/g] (with STP r e f e r r i n g  t o  O ° C  and 1 a t m ) ,  

ka = adsorp t ion  c o e f f i c i e n t  [cm 3 (STP)/g a t m ] ,  wi th  i t s  va lue  

depending on t h e  noble  gas ,  t h e  temperature ,  t h e  so rben t ,  

and t h e  n a t u r e  and concen t r a t ion ( s )  of any o t h e r  gas (e s )  

p r e s e n t ,  

and 

p = p a r t i a l  p re s su re  (atm) of t h e  noble  gas. 

The performance of a r ad ioac t ive  noble  gas adsorber  ope ra t ing  under 

dynamic condi t ions  depends, of course,  t o  a l a r g e  e x t e n t  on i t s  equ i l ib r ium 

adso rp t ive  capac i ty .  Other h ighly  important  f a c t o r s  are t h e  flow rate 

(or  v e l o c i t y )  of t h e  carrier gas ,  t h e  mass t r a n s f e r  c h a r a c t e r i s t i c s  o f  

t h e  system, and the  h a l f - l i f e  ( o r  h a l f - l i v e s )  of t h e  noble  gas(es ) .  

The behavior  of a small pu l se  of nonradioac t ive  noble  gas i n j e c t e d  

i n t o  a carrier gas f lowing through an adsorbent  bed of uniform c ross  

s e c t i o n  w i l l  f i r s t  be  considered. The process  involved he re  i s  termed 
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c gas-so l i d  chromatography. 

t h e o r e t i c a l  cons idera t ions  

experimental  j u s t i f i c a t i o n  

Use w i l l  be  made, however, of c e r t a i n  

from gas- l iquid chromatography; 

f o r  doing s o  w i l l  be  c i t e d  subsequent ly .  

A t h e o r e t i c a l  p l a t e  t rea tment  f o r  a process  approaching gas- l iquid 

chromatography very  c l o s e l y  and based on a l i n e a r  d i s t r i b u t i o n  i so therm 
I 

has been presented  by Keulemans. 

noble  gas) removal by adsorptive-holdup, t h e  e l u t i o n  curve equat ion  

For use i n  t r e a t i n g  radon ( o r  o t h e r  

corresponding t o  t h i s  t rea tment  was converted t o  t h e  fol lowing form,  

us ing  E q ,  (1) and t h e  i d e a l  gas l a w :  

-NFt/km N - 1  
e A(Ft) c =  

N ~ t  ( ~ / N ) ~ ( N  - 1) ! 
with  

E T  
p r ka, 

k = - + -  

where 
3 3 

C = concent ra t ion  [ c m  (STP)/cm ] of noble  gas a t  t i m e  t i n  
N , t  

A =  

F =  

t =  

N =  

k =  
m =  

E =  

P =  

T =  

and 

r =  

(3) 

t h e  gas phase of p l a t e  N of a series of p l a t e s  numbered 

1, 2, 3 , . . (a l so  regarded as t h e  exit concent ra t ion  

i f  t h e  t o t a l  number of p l a t e s  i s  N), 
3 

amount of noble  gas i n j e c t e d  as a s m a l l  p u l s e  [cm (STP)], 
volumetr ic  f low rate of t he  carrier gas (cm /min) , 
t i m e  a f t e r  i n j e c t i o n  (min) , 
number of t h e o r e t i c a l  p l a t e s ,  

holdup c o e f f i c i e n t  (an /g )  , 
m a s s  of sorbent  (8) i n  adsorber  (m/N is  mass p e r  p l a t e ) ,  

void f r a c t i o n ,  

bu lk  dens i ty  of sorbent  (g/cm3), 

adsorber  temperature  (K)(adsorber considered i so the rma l ) ,  

3 

3 

3 
b/R, where b i s  t h e  molar volume [ c m  (STP)/mole] and R i s  

t h e  gas cons tan t  (cm3 a t m / K  mole), i .e.,  

r = 273.15 K cm3(STP)/cm3 a t m .  

For s u f f i c i e n t l y  l a r g e  va lues  of ka, 

k = Tka/r. ( 4 )  
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An e l u t i o n  curve equat ion  similar t o  

Browning and Bolta.' It was developed t o  

pu l se  of 85Kr i n j e c t e d  i n t o  a carrier gas  

Eq, (2) has  been presented  by 

desc r ibe  t h e  behavior  of  a 

flowing through a charcoa l  

t r ap .  Comparison of t h e i r  equat ion  wi th  Eq. ( 2 ) ,  making allowance f o r  

d i f f e r e n c e s  i n  u n i t s  and assuming t h a t  Eq. ( 4 )  p e r t a i n s ,  r e v e a l s  t h a t  

t h e  two equat ions  are equiva len t  even though t h e  approaches employed i n  

ob ta in ing  them were somewhat d i f f e r e n t ,  

found t o  provide a reasonably good r e p r e s e n t a t i o n  of experimental  

e l u t i o n  curves f o r  pu l se s  of 85Kr i n j e c t e d  i n t o  n i t rogen  o r  helium 

flowing through charcoa l  t r a p s .  

The Browning-Bolta equat ion  w a s  

2 

The t i m e  corresponding t o  t h e  maximum i n  t h e  e l u t i o n  curve,  tmax, 

is  obtained i n  a manner similar t o  t h a t  of Browning and Bol ta ,  i .e . ,  by 

s e t t i n g  dC,, , / d t  = 0, y i e ld ing :  
IY , L 

- N - 1  km - -  - 
tmax N F '  

would be t h e  average tmax If t h e  e l u t i o n  curve were symmetrical, 

holdup t i m e  f o r  t h e  noble  gas  i n  the  pulse .  An experimental  e l u t i o n  curve 

can be used t o  eva lua te  N ,  us ing  t h e  s imple procedure descr ibed  i n  va r ious  

books on gas chromatography ( e . g . ,  r e f .  l), and then  k ,  assuming m and 

F are known and tmax has been measured. 

decay. 

allow f o r  r a d i o a c t i v e  decay and t o  provide an equat ion  which permi ts  t h e  

c a l c u l a t i o n  of a decontamination f a c t o r  corresponding t o  t h e  holdup and 

decay of a pu l se  of r a d i o a c t i v e  noble  gas  when va lues  f o r  m, F ,  k ,  N ,  

and t h e  decay cons tan t  are ava i l ab le .  

developed s t a r t i n g  wi th  Eq. (2) and us ing  a mathematical  procedure based 

on t h a t  presented  by Underhi l l .  

The express ion  i s  as fol lows:  

In  t h e  preceding a n a l y s i s ,  no allowance has  been made f o r  r a d i o a c t i v e  

However, Underh i l l  3 has extended t h e  Browning-Bolta t rea tment  t o  

A similar express ion  has  been 

(Details are given i n  t h e  Appendix.) 

1 + NF/kmh N 
DF = ( NF/kmX 1 9  

where 

DF = decontamination f a c t o r ,  

A = decay cons tan t  (min ), 
-1 

and t h e  o t h e r  terms are as a l ready  def ined.  
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While Eq. (6) w a s  developed f o r  a s i n g l e  pu l se  of r ad ioac t ive  noble  

gas ,  i t  should apply equal ly  w e l l  t o  t h e  case of continuous i n j e c t i o n  

of such gas ,  provided t h e  concent ra t ions  involved are s u f f i c i e n t l y  low. 

That i s ,  t h e  cont inuously in t roduced  noble  gas may be  regarded as 

c o n s i s t i n g  of a series of  success ive  pu l ses  f o r  each of which Eq. (6) 
would be expected t o  apply wi th in  t h e  l i m i t a t i o n s  of  t h e  theory.  

Equation (6) has  n o t ,  so  f a r  as i s  known, been t e s t e d  experimental ly .  

The above t rea tment  has  mainly been concerned wi th  the  behavior  of 

The r e l a t i o n s h i p  between t h e  e l u t i o n  curve f o r  a a p u l s e  of noble gas. 

p u l s e  and t h e  breakthrough curve f o r  a step--constant i n p u t  ( i .e . ,  where 

t h e  concent ra t ion  rises ab rup t ly  from zero  t o  a cons tan t  level) has  been 

t r e a t e d  by Robel l  and Merrill.4 For t h e  case of l i n e a r  adsorp t ion ,  they  

showed t h a t  pulse-type d a t a  could be  used t o  p r e d i c t  step--constant i n p u t  

breakthrough curves,  and they i n d i c a t e d  a method f o r  eva lua t ing  N from 

t h e  lat ter.  The t h e o r e t i c a l  t rea tment  of Browning and Bol ta ,  t oge the r  

wi th  c e r t a i n  of t h e  theory and c a l c u l a t i o n a l  techniques presented  by 

Robel l  and Merrill, has r e c e n t l y  been app l i ed  by Siegwarth e t  a l . ,  

who i n v e s t i g a t e d  t h e  dynamic adsorp t ion  of krypton and xenon by charcoal .  

The la t te r  au thors  note  t h a t  t h e  t i m e  corresponding t o  t h e  peak maximum 

f o r  t h e  p u l s e  case can be equated t o  t h e  t i m e  corresponding t o  t h e  

i n f l e c t i o n  po in t  f o r  t h e  step--constant i npu t  case. 

5 

Included among o t h e r  r ecen t  developments i n  t h e  areas of gas- 

chromatographic theory and mathematical  a n a l y s i s  of krypton-xenon holdup 

beds are those  of Grubner' and Underh i l l .  , 
involved are r a t h e r  complex, and no p a r t i c u l a r  e f f o r t  w a s  made t o  a s c e r t a i n  

t h e i r  usefu lness  wi th  regard t o  t h e  radon problem. 

o t h e r  papers  of i n t e r e s t  re la t ive t o  noble  gas adsorber  theory and 

design. O f  these ,  seven w i l l  be noted as fo l lows:  Burnet te ,  G r a h a m ,  

and Morse,' Madey ,I0 Glueckauf ,I1 Kovach,12, Underh i l l , I3  Underh i l l ,  

Yusa, and Grubner,14 and Kovach and Ether idge.  

The mathematical  express ions  

There are numerous 

15  
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3.0  RADON ADSORPTION DATA 

3 . 1  Activated Carbon (Charcoal)  

A f a i r l y  l a r g e  v a r i e t y  of radon adsorp t ion  d a t a  w a s  found f o r  

charcoa l ;  however, f o r  t h e  purposes of t h i s  r e p o r t ,  t h e  examination 

of such d a t a  w a s  r e s t r i c t e d  t o  a group of e i g h t  pub l i ca t ions .  

ca ses ,  t h e  o r i g i n a l  papers  were n o t  r e a d i l y  a v a i l a b l e ,  bu t  enough 

information w a s  given i n  Chemical Abs t r ac t s  t o  permit t h e  eva lua t ion  of 

adsorp t ion  c o e f f i c i e n t s .  With one except ion ,  t h e  ind ica t ed  adso rp t ion  

c o e f f i c i e n t s  are i n  f a i r  agreement. 

r a t h e r  than 220Rn; however, t h e i r  r e spec t ive  adsorp t ion  c o e f f i c i e n t s  

should be n e a r l y  i d e n t i c a l  f o r  a g iven  set of condi t ions .  

t he  l as t  of t h e s e  e i g h t  papers  t o  b e  t r e a t e d  ( i . e . ,  t h a t  of Thomas), t h e  

adsorp t ion  c o e f f i c i e n t s  are equ i l ib r ium va lues ,  In  most of t h e s e  cases, 

c i r c u l a t i o n  o r  t r a n s p o r t  of radon i n  a carrier gas w a s  employed t o  a i d  

i n  achiev ing  equi l ibr ium. The d a t a  are d iscussed ,  according t o  au tho r s ,  

i n  t h e  subsec t ions  t h a t  follow. 

3.1.1 Becker and Stehberger  

In  a f e w  

The a v a i l a b l e  r e s u l t s  are f o r  222Rn 

Except f o r  

16 

Radon adsorp t ion  r e s u l t s  were obta ined  f o r  a ZnC12-activated wood 

charcoal .  

given temperature  w a s  independent of the  radon p a r t i a l  p ressure .  

s m a l l  s e l e c t i o n  of t h e i r  t abu la t ed  d a t a  w a s  used t o  c a l c u l a t e  r e p r e s e n t a t i v e  

ka va lues  f o r  radon i n  t h e  presence of a i r  a t  a p res su re  of 75 o r  76 c m  Hg, 

as fol lows:  

The condi t ions  were such t h a t  t he  adsorp t ion  c o e f f i c i e n t  a t  a 
A 

Temperature Adsorption Coef f i c i en t ,  k a 
("C) [ C ~ ~ ( S T P ) / ~  a tm]  

0 6400 
1 7  2200 

50 500 

1 7  3.1.2 Gubeli and Stammbach 

The i n d i c a t e d  ka va lues  f o r  radon on charcoa l  as c a l c u l a t e d  from t h e  

d a t a  i n  t h i s  paper are h ighe r ,  by some two o rde r s  of  magnitude, than  those  
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from t h e  o t h e r  sources ;  thus they are not  repor ted  here.  Whether t h i s  

apparent  discrepancy i s  due t o  some m i s i n t e r p r e t a t i o n  of t h e  u n i t s  

employed o r  has  some o the r  explana t ion  i s  no t  known. 

3.1.3 Gubeli and S t o r i  18 

The d a t a  of Gubel i  and S t o r i  are i n  t h e  form of adsorp t ion  isotherms 

f o r  radon a t  low concent ra t ions  i n  t h e  presence of va r ious  gases  a t  

atmospheric pressure.  The sorbent  was elm-wood charcoal .  The radon 

p a r t i a l  p re s su res  w e r e  

w a s  a i r ,  N 2 ,  o r  C02  and < 

w a s  H2. 

l i s t e d  i n  Table 1. A puzz l ing  aspec t  i s  t h a t ,  whereas t h e  ka va lues  

es t imated  from t h e i r  isotherms agree wi th  those  given i n  Table 1 f o r  

O°C,  t h e  es t imated  va lues  a t  h ighe r  temperatures tend t o  be lower than  

those  t abu la t ed ;  f o r  example, t h e  es t imated  va lues  a t  12OoC are lower,  

on t h e  average,  by Q 30%, sugges t ing  t h a t  t h e  temperature  f a c t o r  

(273 + 120)/273 may be  involved. 

a t  2OoC wi th  a i r  p re sen t  t o  t h a t  wi th  C 0 2  p re sen t  i s  of p a r t i c u l a r  i n t e r e s t  

s i n c e  both a i r  and CO 

wi th  HTGR f u e l  reprocess ing  and r e f a b r i c a t i o n  opera t ions .  This  r a t i o  i s  

5.0,which may be compared wi th  a r a t i o  of 3.5 f o r  dynamic adsorp t ion  

c o e f f i c i e n t s  of  krypton i n  0 and i n  C02 a t  24OC f o r  another  type  of 

c h a r ~ o a 1 . l ~  

wi th  radon s i n c e  C 0 2  should i n t e r f e r e  less wi th  radon adsorp t ion  than 

wi th  krypton adsorpt ion.  

3.1.4 Coleman e t  a l .  

a t m  i n  cases where t h e  predominant gas 

a t m  i n  cases where t h e  predominant gas 

The adsorp t ion  c o e f f i c i e n t  va lues  under t h e s e  condi t ions  are 

The r a t i o  of  t h e  adsorp t ion  c o e f f i c i e n t  

off-gas streams w i l l  be  generated i n  conjunct ion 2 

2 
Actua l ly ,  one would expect  t h e  lower r a t i o  t o  be a s s o c i a t e d  

20 

The equ i l ib r ium r e t e n t i o n  of radon by coconut charcoal  w a s  measured 

fo l lowing  exposure t o  flowing a i r  conta in ing  radon a t  concent ra t ions  of 

2 x 10 t o  8 x 10 p C i / l i t e r .  Presumably, t h e  temperature  and p res su re  

were ambient ( i . e . ,  those of t h e  bu i ld ing ) .  I f  t h e  temperature  w a s  
-14 25OC, t h e  radon p a r t i a l  p re s su re  range w a s  1 .4  x t o  6 x 10 a t m .  

The d a t a  of Coleman e t  a l .  i n d i c a t e  cons iderable  dev ia t ion  from l i n e a r i t y  

f o r  t h e  v a r i a t i o n  i n  adsorp t ion  wi th  pressure .  

of radon adsorbed [ c m  (STP)/g] t o  t h e  radon pa r t i a l  p re s su re  (atm), 

as es t imated  from t h e i r  graph, decreased from Q 3 x lo3  t o  Q 9 x 10 

over t h e  above concent ra t ion  range. 

3 4 

The r a t i o  of t h e  volume 
3 

2 
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Table 1. Average radon adsorp t ion  c o e f f i c i e n t s a p b  f o r  elm-wood 
charcoa l  i n  the  presence of va r ious  gasesC 

Temperature Predominant gas 

N2 c02 H2 ("0 Air 

-18 - - 1,585 - 
-10 - 1,608 - 

0 12,685 16,854 1,634 29,555 

20 6,422 7,084 1,282 10,976 

50 2,268 2,189 754 2,507 

80 811 800 431 7 35 

120 392 249 16 5 290 

a 18 

bThe informat ion  i n  t h e  o r i g i n a l  paper  i n d i c a t e s  t h a t  each of t h e s e  

Obtained by Gubeli and S t o r i .  

va lues  should be equ iva len t  t o  ka[cm3(STP)/g a t m ]  of Eq. (1). 

A t  atmospheric pressure .  C 
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n, 

3.1.5 PrzytyckaLL 

Radon adsorp t ion  w a s  measured f o r  t h r e e  types  of charcoa l ,  a t  

an i n d i c a t e d  temperature of 2OoC,  i n  a c losed  c i r c u i t  wi th  a i r  as 

t h e  carrier gas. 

adsorp t ion  c o e f f i c i e n t s  range from about 4600 t o  about 5600 

[ c m  (STP>/g a t m ] .  

3.1.6 Fusarnura, Kurosawa, and Ono 

The ka va lues  ca l cu la t ed  from t h e  r epor t ed  

3 

22 

An empi r i ca l  equat ion  was presented  f o r  radon adsorp t ion  on 

charcoa l  wi th  air  p resen t  and app l i cab le  t o  t h e  temperature range 2 t o  

32OC. 

t h i s  equat ion  may be  w r i t t e n  as: 

3 I n  terms of  ka [cm (STP)/g a t m ]  f o r  an abso lu te  temperature  T ( K ) ,  

273 288 12.7 ka = 6000 (~)(y) . 
A ka va lue  of 3563 w a s  c a l c u l a t e d  from t h i s  equat ion  f o r  a temperaure 

of 25OC. 

3.1.7 Schroeder e t  a l .  23 

Data were presented  f o r  t he  r e t e n t i o n  of radon from f lowing a i r  by 

coconut charcoa l  a t  24OC. The r e s u l t s ,  expressed i n  terms of ka va lues ,  

are as fo l lows:  

Radon concent ra t ion  Adsorption c o e f f i c i e n t ,  ka 

(pCi/ li t er) [ cm3 (STP) /g a t m ]  

11,000 2500 

5,000 1500 

240 3800 

24 3.1.8 Thomas 

This  r e p o r t  i s  of p a r t i c u l a r  i n t e r e s t  because a f a i r l y  l a r g e  

v a r i e t y  of dynamic adsorp t ion  d a t a  w a s  p resented  f o r  t h e  radon-charcoal 

system. 

involved were 20 t o  25'C. 

c a n i s t e r s  conta in ing  beds of a c t i v a t e d  carbon. Two varieties of canisters 

were t e s t e d :  t h e  M 1 1  and the  Scott-Acme. (Types 184-OV and 184-OVWC 

of t h e  la t ter  were involved.)  The Scott-Acme canister contained t h e  

l a r g e r  bed, and most of Thomas' d a t a  t h a t  are repor t ed  h e r e i n  were 

The carrier gas w a s  a i r  a t  o r  n e a r  1 a t m ;  t h e  temperatures  

Measurements were made on r e s p i r a t o r y  
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obtained us ing  t h i s  v a r i e t y  of c a n i s t e r .  Approximate va lues  f o r  t h e  
3 corresponding charcoa l  bed included a volume of 900 cm , a face area of  

60 c m  , and a 15-cm depth. 

(probably wi th  r e fe rence  t o  t h e  U.S. Sieve S e r i e s ) .  

2 The charcoa l  mesh s i z e  w a s  l i s t e d  as 6-16 

In  the  tests of g r e a t e s t  i n t e r e s t ,  t h e  c a n i s t e r  w a s  p r e e q u i l i b r a t e d  

t o  flowing air  a t  a d e f i n i t e  humidity;  t h e  flow rates were 16,  32, o r  

64 l i t e r s / m i n .  Then radon from a radium ch lo r ide  s o l u t i o n  w a s  in t roduced  
a t  a concent ra t ion  of 11,000 p C i / l i t e r ,  which corresponds t o  a radon 

p a r t i a l  p re s su re  of 8 x 
c a n i s t e r  had i n d i c a t e d  no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  radon t ransmiss ion  

(breakthrough) curves  observed f o r  1600 and 38,000 p C i / l i t e r .  

t ransmission curve i s  a p l o t  of t h e  r a t i o  of t he  e x i t  concen t r a t ion  t o  

the  i n l e t  concent ra t ion  v s  t i m e .  During t h e  pe r iod  of radon i n j e c t i o n ,  

t h e  e x i t  concent ra t ion  was determined at 3-min i n t e r v a l s ;  t h e  i n l e t  

concent ra t ion  w a s  determined both be fo re  and after t h e  exposure of t h e  

c a n i s t e r  t o  radon-containing air. 

atm a t  25°C. P r i o r  tests wi th  an M11 

The 

The two types of Scott-Acme c a n i s t e r s  t h a t  were t e s t e d  a c t u a l l y  

corresponded t o  t h r e e  d i f f e r e n t  types of a c t i v a t e d  carbon. 

carbons w a s  Witco type  337, which had a s u r f a c e  area of about 1300 m /g ;  

another  w a s  Westvaco type WV-H, which had a s u r f a c e  area of about 

1000 m2/g. 

carbon. The c a n i s t e r  conta in ing  the  Witco carbon e x h i b i t e d  t h e  s u p e r i o r  

radon holdup performance; t he  performances of t h e  o t h e r  two were about 

t h e  same. The carbon l i f e  t o  2% t ransmiss ion  f o r  t h e  Witco carbon w a s  

t h e  longer ,  by Q 45%, thus  i n d i c a t i n g  the  d e s i r a b i l i t y  of high s u r f a c e  

area. This observa t ion ,  however, appears  t o  be i n  c o n f l i c t  w i th  t h a t  of 

Kovach and Ether idge,15 who found t h e  optimum s u r f a c e  area f o r  krypton 

holdup t o  be near  800 m / g  f o r  a series of similar carbons having s u r f a c e  

areas of 525 t o  1670 m /g. Obviously, more d a t a  are needed t o  s p e c i f y  

wi th  confidence a near-optimal type of a c t i v a t e d  carbon f o r  

adsorp t ion .  

One of t h e  
2 

Analogous information w a s  no t  a v a i l a b l e  f o r  t h e  remaining 

2 

2 

220h 

The i n i t i a l l y  d e l e t e r i o u s  e f f e c t  on radon adsorp t ion  of exposing dry 

charcoa l  t o  a i r  conta in ing  an apprec i ab le  amount of mois ture  w a s  observed 

and discussed.  This  e f f e c t ,  which w a s  observed wi th  t h e  M 1 1  canisters, 

r e s u l t s  from t h e  e l e v a t i o n  i n  charcoa l  temperature  t h a t  occurs  when water 

i s  adsorbed. I n  t h e  tests on the  Scott-Acme c a n i s t e r s ,  t h i s  e f f e c t  w a s  

avoided by p r e e q u i l i b r a t i n g  t h e  charcoa l  w i t h  flowing a i r  a t  the  same 
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humidity as t h a t  which p reva i l ed  during radon i n j e c t i o n .  

Thomas i n v e s t i g a t e d , i n  some de ta i1 , r adon  adsorp t ion  performance as a 

func t ion  of t h e  moisture  content  of t he  a i r  stream, The d a t a  t o  be 

summarized h e r e  are f o r  t he  Scott-Acme c a n i s t e r  conta in ing  Westvaco type 
WV-H a c t i v a t e d  carbon (about 1000 m 2 /g) a t  25OC (with p r e e q u i l i b r a t i o n  

having been employed). 

adsorbed dur ing  a 60-min test, t h e  performance a t  a flow rate of 16 ,  32, 

o r  64 l i t e r s / m i n  f o r  39% re la t ive  humidity (R.H.) was poorer  by only a 

f e w  percent  than t h a t  a t  t he  same flow rate f o r  6% R.H. 

of charcoa l ,  t he  e x t e n t  of water adsorp t ion  remains low up t o  about 30% 

R.H.) 

of t h e  performance a t  48% R.H. t o  t h a t  a t  6% R.H. averaged about 0.6 

f o r  16, 32, and 64 l i t e r s / m i n ;  t h e  analogous r a t i o  f o r  61% R.H. (and 

6% R.H.) was about 0.3. 

I n  terms of  t h e  f r a c t i o n  of t o t a l  i npu t  radon 

(For most types  

I n  terms of charcoa l  bed l i f e  t o  2% radon t ransmiss ion ,  t h e  r a t i o  

The e f f e c t  of changing t h e  a i r  flow rate,  by a f a c t o r  of 2 ,  on bed 

l i f e  t o  10% transmission w a s  measured us ing  M 1 1  c a n i s t e r s  (at 8 and 16 

l i t e r s / m i n )  and a Scott-Acme c a n i s t e r  ( a t  16 and 32 l i t e r s / m i n  and a t  32 and 

64 l i t e r s / m i n ) .  The observed r a t i o s  of bed l i f e  (10%) a t  a given flow 

rate t o  t h a t  a t  twice t h e  flow rate  va r i ed  from 2 . 2  t o  2 . 9 .  That t h e s e  

r a t i o s  are s i g n i f i c a n t l y  h igher  than 2 . 0  i s  c o n s i s t e n t  wi th  (1) t h e  

dependence of t h e  shape of t he  breakthrough curves on N ( t h e  number of  

t h e o r e t i c a l  p l a t e s )  and (2)  t h e  decrease  i n  N w i th  gas v e l o c i t y  t h a t  

occurs  i n  t h e  v e l o c i t y  regime involved. 
The breakthrough curve t reatment  of Robel l  and Merrill 4 was used to 

estimate va lues  of k 

by Thomas. 

Westvaco carbon and f o r  a i r  flow rates of 32 and 64 l i t e r s / m i n ;  o t h e r  

condi t ions  were 6% R.H. and 25OC. Estimation of t h e  k ' s  a l s o  involved 
3 t h e  u s e  of Eq. 

f o r  t h e  carbon. The va lues  obta ined  were as fol lows:  

and N from two of t h e  t ransmiss ion  curves presented  a 
These curves are f o r  t h e  Scott-Acme c a n i s t e r  con ta in ing  t h e  

a 
(5), t oge the r  wi th  an assumed bulk dens i ty  of 0.48 g/cm 

Air flow rate S u p e r f i c i a l  v e l o c i t y  Adsorption c o e f f i c i e n t ,  N / f t  
( l i t e r s  / min ) ( f P d  k2 [cm3(STP)/g a t m ]  ( f t -1)  

32 

64 

17.5 

35.0 

3800 

4600 

4.9 

3.7 
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The fact  t h a t  t hese  ka and N va lues ,  as es t imated ,  are somewhat 

is  i l l u s t r a t e d  by t h e  f a i r l y  l a r g e  d i f f e r e n c e  i n  t h e  ka va lues ,  

which should be independent of gas v e l o c i t y .  The va lue  of N i s  

crude 

expected 

t o  decrease wi th  v e l o c i t y  i n  t h i s  flow regime as based on t h e  r e s u l t s  

from a previous i n v e s t i g a t i o n  by Browning e t  al.25 of t he  85Kr-02- 

charcoa l  system. These r e s u l t s  are shown i n  Fig.  1. The mesh s i z e  of 

the  charcoa l  i n  t h e  earlier s tudy  was 8 x 16 (U.S. Sieve S e r i e s )  as 

cont ras ted  wi th  t h e  6 x 16 mesh s i z e  f o r  t h e  charcoa l  contained i n  t h e  

Scott-Acme c a n i s t e r .  Despi te  t h e  d i f f e r e n c e s  i n  nobla  gas ,  type  of 

charcoa l ,  and granule  

of lesser importance) ,  one of t h e  above N/f t -ve loc i ty  d a t a  p o i n t s  

p r a c t i c a l l y  f a l l s  on t h e  curve of Fig,  1, whi le  the  o t h e r  f a l l s  moderately 

above. The N va lues  i n  t h e  f i g u r e  w e r e  eva lua ted  from pulse-type 

e l u t i o n  curves by the  method t h a t  is more commonly a s soc ia t ed  wi th  gas- 

l i q u i d  chromatography. 

cha rac t e r i zed  as pre l iminary  wi th  regard t o  eva lua t ing  N from 85Kr 

e l u t i o n  curves,  i t s  use  f o r  t h i s  purpose i s  now considered t o  b e  on a 

f i r m e r  b a s i s .  

s i z e  ( t h e  d i f f e r e n c e  i n  carrier gas i s  probably 

Although t h i s  method was a t  t h a t  t i m e  

The e f f e c t  of temperature w a s  i n v e s t i g a t e d  f o r  t h e  approximate range 

20 t o  25°C and w a s  compared wi th  t h a t  p red ic t ed  by t h e  equat ion  of 

Fusamura, Kurosawa, and Ono,22 

t h e  p red ic t ed  e f f e c t ;  however, t h i s  apparent  discrepancy may r e f l e c t  

d i f f e r e n c e s  i n  t h e  charcoa ls  and i n  t h e  two sets of condi t ions .  

The observed e f f e c t  was about two-thirds 

The e f f e c t  o f  2 v o l  % C 0 2  i n  t h e  a i r  stream w a s  b r i e f l y  i n v e s t i g a t e d  

and found t o  be d e l e t e r i o u s ,  e s p e c i a l l y  a t  low humidity (5 4% R.H.), 

where the  i n d i c a t e d  decrease i n  adsorp t ion  c o e f f i c i e n t  w a s  about 25%. 

A much smaller e f f e c t  ( r e f e r r i n g  

w a s  observed under the  condi t ion  

adsorp t ion  of CO w a s  suppressed 2 
the  h ighe r  r e l a t i v e  humidity, 

only t o  t h a t  due t o  t h e  2 v o l  % C02) 

of Q 50% R.H., presumably because t h e  

by t h e  enhanced adsorp t ion  of H20 a t  

3.1.9 Other i n v e s t i g a t i o n s  r e l a t i n g  t o  radon adsorp t ion  on charcoa l  

N i k i t i n  and I o f f e , 2 6  Gubeli and S t ~ r i , ~ ~  Rogalya, 2 8 9 2 9  Lucas, 

Kapitanov e t  a l .  ,32 Thomas,33 and Baetsle and D r ~ i s s a r t . ~ ~  

a b s t r a c t  i n d i c a t e s  t h a t  t h e  second paper  of Rogalya i s  a review of the  

These i n v e s t i g a t i o n s  inc lude  the fol lowing ( i d e n t i f i e d  by au tho r s ) :  
30,31 

A b r i e f  
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0.2 

0.1 
100 01 1 I O  0.01 

SUPERFICIAL LINEAR VELOCITY (ft/mtn) 

Fig.  1. Ef fec t  of l i n e a r  v e l o c i t y  of t h e  sweep gas on N ,  t h e  number 
of t h e o r e t i c a l  p l a t e s .  
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adsorp t ion  of r a d i o a c t i v e  emanations ( c h i e f l y  radon) on charcoa l  and 

o t h e r  porous adsorbents .  

ava i l ab le . )  

(The o r i g i n a l  paper  w a s  no t  r e a d i l y  

3.2 Molecular Sieves 

Only a s m a l l  amount of radon adsorp t ion  d a t a  w a s  found f o r  

molecular s i e v e  adsorbent.  

r e t e n t i o n  of radon from flowing air  by molecular s i e v e  Type 5 A  i n  a 

manner similar t o  t h a t  employed f o r  t h e i r  measurements wi th  charcoal .  

For t h e  same radon concent ra t ion  range (2 x 10 

the  i n d i c a t e d  r a t i o  of  t h e  volume of radon adsorbed [cm3(STP)/g] t o  t h e  

radon p a r t i a l  p re s su re  ( a t m )  increased  from Q 5 x l o 2  t o  Q, 8 x 10 . 
Thus, t h e  observed d i r e c t i o n  of change i n  t h i s  r a t i o  w i t h  concent ra t ion  

f o r  molecular sieve Type 5A was oppos i t e  t o  t h a t  which they observed 

wi th  charcoal .  They a l s o  noted t h a t  t h e  adso rp t ive  capaci ty* of molecular 

s i e v e  Type 4 A  f o r  radon w a s  too low t o  be of s i g n i f i c a n c e .  

observa t ion  is  i n  accord wi th  a r e s u l t  from another  i n v e s t i g a t i o n  i n  

which an apparent adsorp t ion  c o e f f i c i e n t  of Q, l [ c m  (STP)/g atm] w a s  

ob ta ined  f o r  85Kr i n  dynamic adsorp t ion  measurements on Linde Molecular 

Sieve Type 4 A  a t  25OC wi th  02 as t h e  carrier gas.19 On t h e  o t h e r  hand, 

an equ i l ib r ium adsorp t ion  c o e f f i c i e n t  of about 11 has  been observed f o r  

krypton on Linde Molecular Sieve Type 4 A  a t  25OC us ing  equi l ibr ium 

times of up t o  4 hr.  

Coleman e t  al. 2o measured t h e  equ i l ib r ium 

3 4 t o  8 x 10 p C i / l i t e r ) ,  

2 

This  l a t te r  

3 

35 

3 . 3  S i l i c a  G e l  

A f a i r l y  l a r g e  number of radon adsorp t ion  d a t a  f o r  s i l i c a  g e l  were 

found, and a s e l e c t i o n  of t hese  d a t a  is presented  i n  t h e  subsec t ions  

be low. 

3.3.1 Becker and Stehberger  16 

Representa t ive  ka va lues  were c a l c u l a t e d  from t a b u l a t e d  d a t a  

of Becker and Stehberger  f o r  t h e  adsorp t ion  of radon on s i l i c a  g e l  

i n  t h e  presence of a i r  a t  1 a t m .  

temperatures  are as fol lows:  

These ka va lues  and t h e  corresponding 

- * Refer r ing  t o  t h a t  which is  r e a d i l y  a c c e s s i b l e  ( t o  radon).  
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. 

3.3.2 

Temp e rat u r e  Adsorption c o e f f i c i e n t ,  k 

[ cm3 (STP) /g a t m ]  
a 

("C) 

-80 

5 

1 4  
35 

Burt t and Kurbatov 36 

322 3 

65 

46 

22 

Various adsorp t ion  d a t a ,  inc luding  those f o r  radon on s i l i ca  g e l  - 

i n  t h e  presence of a i r ,  argon, and C 0 2 ,  were repor ted  by B u r t t  and 

Kurbatov. Thei r  radon d a t a , a f t e r  being converted t o  p r e s s u r e s  and k 

values ,  are presented  i n  Table 2. 

a 

Table 2. Radon adsorp t ion  c o e f f i c i e n t s a  a t  25OC f o r  s i l i c a  g e l  i n  
t h e  presence of v a r i o u s  gases  

- 
P redomin a n t  gas Radon p a r t i a l  Adsorption 

I d e n t i t y  Pressure  ( a t m )  p r e s s u r e  (10-12 atm) c o e f f i c i e n t ,  ka 

Air 0.967 17.1 25.4 9.8 26.1 
2.4 27.0 
1.7 27.5 

[ cm3 (STP) / g  a t m ]  

b 

A r  0.900 17.1 
9 . 8  
2.4 
1.7 

39.3 
39.4 
39.4 
39.5 

0.926 17.1 21.6 
9.8 22.9 
2.4 24.7 
1.7 24.6 

c02 

?Derived from d a t a  of Bur t t  and Kurbatov. 36 

bThese va lues ,  which are r a t i o s  o f  t h e  q u a n t i t y  of radon adsorbed t o  
t h e  radon p a r t i a l  p ressure ,  e x h i b i t  some d e v i a t i o n  from constancy; 
consequently,  they are n o t ,  s t r i c t l y  speaking, t r u e  ka values .  
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3.3.3 

and R e y e r ~ o n , ~ ~  S i e b e r t  ,39 and Gubeli and Stammbach. l7 

t he  l a t t e r  p a p e r  are i n d i c a t i v e  of h ighe r  radon adsorp t ion  c a p a b i l i t y  

than t h a t  i n d i c a t e d  by t h e  d a t a  presented  above. 

accompanying d a t a  f o r  charcoa l  i nd ica t ed  unusual ly  h igh  adsorp t ion  

c o e f f i c i e n t s ,  as w a s  noted earlier,  va lues  corresponding t o  t h e  s i l i c a  

g e l  d a t a  a l s o  w i l l  no t  be repor ted  he re ,  

b r i e f l y  d iscussed  by Brunauer4' and by Bikerman. 41 They p resen t  c e r t a i n  

of S i e b e r t ' s  d a t a  which show t h a t  radon adsorp t ion  on s i l i c a  g e l  a t  

- 8 O O C  i s  s t r o n g l y  suppressed by t h e  presence of CO 

adsorp t ion  c o e f f i c i e n t ,  t he  va lue  wi th  C 0 2  p re sen t  a t  1 a t m  i s  only about 

0.02 times t h a t  wi th  a i r  a t  1 a t m  ( f o r  -8OOC). 

Other i n v e s t i g a t i o n s  r e l a t i n g  t o  radon adsorp t ion  on s i l i ca  g e l  

These i n v e s t i g a t i o n s  inc lude  the  following: F ranc i s ,  37 Livings ton  

Isotherms i n  

However, s i n c e  the  

The d a t a  of Siebert3 '  have been 

I n  terms of t h e  2' 

4.0 HAZARDS ASSOCIATED WITH CHARCOAL ADSORBERS 

Evaluat ion of t h e  p o t e n t i a l  hazards  a s soc ia t ed  wi th  t h e  use  of 

charcoa l  adsorbers  f o r  220Rn holdup and decay i s  beyond t h e  scope of 

t h i s  p a r t i c u l a r  s tudy b u t  very l i k e l y  w i l l  r ece ive  d e t a i l e d  a t t e n t i o n  

as work on t h e  radon problem develops. 

hazards  w i l l ,  however, be noted he re ,  t oge the r  w i th  r e fe rences  which 

might a i d  i n  i n i t i a t i n g  t h e  hazards  eva lua t ion .  

A few of the  p r e s e n t l y  recognized 

A hazard of p a r t i c u l a r  concern t o  those  involved i n  radon 

adsorber  des ign  i s  t h a t  represented  by t h e  radiat ion-induced 

genera t ion  of ozone and i t s  subsequent accumulation on and i n t e r a c t i o n  

wi th  t h e  charcoal .  Because of t h i s  concern,  the  use  of an ino rgan ic  

sorbent  ( r a t h e r  than charcoal)  i s  being considered f o r  a t  least  one 

important  app l i ca t ion .  

d a t a  a lone ,  charcoa l  would be the  p re fe r r ed  so rben t  by a wide margin. 

The i n t e r a c t i o n  of ozone wi th  charcoa l  has  been i n v e s t i g a t e d  by Dei tz  

and Bitner .  42 y 4 3  

t r e a t e d  cha rcoa l  were encountered. The ozone-charcoal system has a l s o  

been i n v e s t i g a t e d  by Boberg and Levine. 

However, based on t h e  a v a i l a b l e  adsorp t ion  

Under c e r t a i n  cond i t ions ,  explosions of ozone- 

4 4  

The presence of oxides  o f  n i t rogen  may r e s u l t  from f u e l  reprocess ing  

opera t ions  and/or  from rad ia t ion .  

charcoa l  combination c o n s t i t u t e s  a s e r i o u s  f i re  hazard.  Rodger and 

Under c e r t a i n  cond i t ions ,  t h e  NOx- 
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. 
R e e ~ e , ~ ~  i n  

t h e  work of 

of n i t rogen  

charcoa l  i s  

d iscuss ing  f u e l  reprocess ing  off-gas systems, r e f e r  t o  

Weech and Ross46 and comment t o  t h e  e f f e c t  t h a t  oxides  

levels must always be r e s t r i c t e d  t o  w e l l  below 3 v o l  % i f  

used. 

Other s i t u a t i o n s  posing p o t e n t i a l  problems inc lude  t h e  presence of 

combustible gases  and, i n  t h e  case of r e f r i g e r a t e d  beds,  t h e  

r e l a t i v e l y  high concent ra t ions  of oxygen i n  t h e  charcoa l  t h a t  might 

thereby be encountered. 

5.0 PROCESSES AFFECTING ADSORBER PERFORMANCE 

The e f f e c t i v e  s u r f a c e  area of charcoa l  t h a t  i s  exposed t o  f lowing 

gases  decreases  w i t h  t i m e ,  mainly as the  r e s u l t  of poisoning. 

ranging up t o  about 50% of t h e  i n i t i a l  va lue  have been observed over  a 

six-month pe r iod ,  a l though t h e  condi t ions  corresponding t o  t h e  l a r g e r  

decreases  can probably be cha rac t e r i zed  as unusual ly  severe .  47 I n  any 

event, when designing adsorbers ,  some allowance should be  made f o r  t h e  

loss i n  adsorp t ion  c a p a b i l i t y  of t he  charcoa l  (o r  any o t h e r  so rben t )  

t h a t  r e s u l t s  from extended exposure t o  off-gas.  

Decreases 

The phenomenon of aggregate  r e c o i l  as a consequence of a-decay 

and i t s  poss ib l e  involvement i n  t h e  enhanced p e n e t r a t i o n  of f i l t e r s  by 

a-emit t ing aggrega te  p a r t i c l e s  have been reviewed and i n v e s t i g a t e d  by 

Ryan, Skrable ,  and C h a b ~ t . ~ ~  Thei r  work sugges ts  t h a t  mu l t ip l e  

p a r t i c u l a t e  f i l t e r s ,  both upstream and downstream of t h e  sorbent  

bed ( s ) ,  may be  r equ i r ed  i n  a 220Rn removal system. The ques t ion  

n a t u r a l l y  arises as t o  whether o r  n o t  t he  r e t e n t i o n  of 220Eb decay 

products  i n  t h e  sorbent  bed would be adverse ly  a f f e c t e d  t o  a 

s i g n i f i c a n t  e x t e n t  by a - recoi l .  I n  t h i s  case, the  p o s s i b i l i t y  of 

decay product  aggrega t ion  would appear t o  be l i m i t e d ,  as would t h e  

p o s s i b i l i t y  of reentrainment  of t hese  decay products.  Such 

suppos i t i ons ,  however, 

reason and o t h e r s ,  t he  

would be p r e f e r a b l e  i n  

remain sub jec t  t o  v e r i f i c a t i o n .  For t h i s  
use of 220Rn, r a t h e r  than the  3.82-day 222b 

9 

experimental  i n v e s t i g a t i o n s  r e l a t i n g  t o  t h e  

220Rn problem. 
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6.0 ADSORBER DESIGN 

Obviously, i n  designing adsorbers  f o r  220Rn holdup and decay, i t  

would be d e s i r a b l e  t o  have considerably more informat ion  than  i s  

c u r r e n t l y  ava i l ab le .  A n  at tempt  w i l l  be  made, however, t o  o u t l i n e  

what might be done us ing  e x i s t i n g  information.  

should perhaps be reemphasized t h a t ,  a l though t h e  s i z i n g  of adsorbers  

conta in ing  charcoa l  is discussed ,  t he  ques t ion  of t h e i r  s a f e t y  f o r  t h i s  

a p p l i c a t i o n  remains unresolved. 

I n  t h i s  connect ion,  i t  

Since t h e  radon adsorp t ion  and mass t r a n s f e r  c h a r a c t e r i s t i c s  of 

t he  charcoa l -a i r  system are more f i rmly  e s t a b l i s h e d  than  those f o r  t h e  

o the r  systems of i n t e r e s t ,  i t  w i l l  be  considered f i r s t .  

of 25OC, a carrier gas ( a i r )  p re s su re  of 1 atm, a r e l a t i v e  humidity of 

less than lo%, and an i n l e t  220Rn concent ra t ion  of <8 x lom5 C i / l i t e r  

(<1 x a t m  p a r t i a l  p re s su re )  are assumed. It is  a l s o  assumed t h a t  

a good grade of granular  gas adsorbent  carbon wi th  a s u r f a c e  area 

( i n i t i a l )  of Q 1200 m /g and a mesh s i z e  of 6 x 16 (U.S.) is t o  be 

i n s t a l l e d .  

condi t ions  would probably be a t  least as h igh  as 5000 cm (STP)/g atm. 

A bed temperature  

2 

The ka va lue  f o r  f r e s h  cha rcoa l  of t h i s  type  under t h e  assumed 
3 

The na tu re  of t h e  agreement (as noted e a r l i e r )  between N / f t  va lues  

ca l cu la t ed  from Thomas' radon d a t a  and those  f o r  t h e  same a i r  

v e l o c i t i e s  i n  Fig. 1 provides  some j u s t i f i c a t i o n  f o r  us ing  Fig.  1 i n  

ob ta in ing  estimates of N/f t  f o r  t h e  radon-air-charcoal system under 

cons idera t ion .  

N f o r  t h i s  system us ing  e x i s t i n g  information is no t  r e a d i l y  apparent .  

Whether t h e  r educ t ion  i n  adsorp t ion  c a p a b i l i t y  due t o  poisoning is  

accompanied by a s i g n i f i c a n t  (and undes i rab le)  reduct ion  i n  N i s  not  

known. 

e s t ima t ion  of N and i t s  poss ib l e  change during exposure. 

I n  any even t ,  a s u p e r i o r  approach t o  t h e  eva lua t ion  of 

Therefore ,  some unce r t a in ty  e x i s t s  wi th  regard t o  both  t h e  i n i t i a l  

One way t o  make allowance f o r  t h e  unce r t a in ty  regard ing  N and, 

a l s o ,  f o r  t h e  e f f e c t s  of poisoning is t o  use a reduced va lue  of ka f o r  

design purposes. Assuming t h a t  t h e  exposure condi t ions  are no t  too 

seve re ,  reduct ion  of t h e  above va lue  of 5000 [an (STP)/g atm] t o  2500 

should c o n s t i t u t e  an  adequate allowance f o r  t hese  f a c t o r s ,  a t  least 

f o r  some undeterminable pe r iod  of opera t ion .  

3 
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Refer r ing  t o  Fig. 1, i t  may be seen t h a t  a change i n  v e l o c i t y  

from 10 fpm t o  40 fpm was accompanied by a change i n  N/ f t  from 8 t o  2. 

This  implies  t h a t  t h e  r a t i o  of bed l eng th  t o  bed diameter  i s  not  

c r u c i a l  f o r  t h i s  p a r t i c u l a r  region.  However, beds designed on t h e  

b a s i s  of t h e  d a t a  shown i n  Fig.  1 should be a t  least 1 f t  long; i n  

gene ra l ,  t h e  use  of a somewhat longer  bed (e.g., 3 f t )  is  envisaged. 

Equation (6) relates t h e  decontamination f a c t o r  (DF) t o  k ( r e a d i l y  

ca l cu la t ed  from k i f  t h e  bed temperature i s  known), N ( t o t a 1  f o r  bed) ,  A, m a 
(mass o'f s o r b e n t ) ,  and t h e  volumetr ic  flow rate of the carrier gas through 

the  adsorber.  Thus, i t  would appear t h a t  e x i s t i n g  information i s  adequate 

f o r  s i z i n g  a charcoa l  bed f o r  t h e  above descr ibed  s i t u a t i o n  (air, 25"C, 

e t c . ) ,  provided of course t h a t  opt imal  design of t h e  adsorber  is not  

required.  For purposes of i l l u s t r a t i o n ,  a c a l c u l a t i o n  w a s  made using 

t h e  fol lowing assumed o r  der ived  q u a n t i t i e s :  200 cfm of a i r  (R.H.<10%) ; 

25OC; ka = 2500 cm (STP)/g a t m ;  bed diameter  of 2.523 f t ;  s u p e r f i c i a l  

v e l o c i t y  of 40 fpm; bed l eng th  of 3 f t ;  N/ f t  = 2, o r  N = 6; charcoa l  

bu lk  dens i ty  of 0.45 g/cm ; 421 l b  of charcoa l ;  and h = 0.75206 rnin-' 

( f o r  t of 55.3 sec ) .  The ca l cu la t ed  DF as obtained us ing  Eq. (6) 
w a s  3.9 x 10 . 

3 

3 

1/2 6 

The radon-C0,-charcoal system w i l l  be  d iscussed  only b r i e f l y .  L 
Based on t h e  20°C d a t a  of Gubeli and S t o r i , 1 8  the  ka va lue  a t  25°C f o r  

t h e  100% C02-charcoal system would be only Q 20% of the  va lue  f o r  t h e  

a i r -charcoa l  system discussed  above. Thus, i f  t he  50% allowance f o r  

poisoning,  e tc . ,  i s  imposed, t h e  r e s u l t i n g  ka value is Q 500 c m  (STP)/g a t m .  

However, no d i r e c t l y  r e l evan t  d a t a  are a v a i l a b l e  t o  provide t h e  b a s i s  

f o r  e s t ima t ing  N va lues  f o r  t h i s  system, al though a p p l i c a t i o n  of m a s s  

t r a n s f e r  theory might y i e l d  use fu l  estimates. 

3 

I 
Comparison of t h e  l i m i t e d  amount of equi l ibr ium radon adsorp t ion  

d a t a  found f o r  molecular  sieve Type 5 A  adsorbent  wi th  t h e  r e l e v a n t  d a t a  

f o r  charcoa l  i n d i c a t e s  t h a t  about t e n  o r  more t i m e s  as much, by weight ,  

of sieve Type 5A as charcoa l  would be requi red  t o  achieve t h e  same DF 

f o r  t h e  case where t h e  off-gas i s  a i r  a t  25°C. 

b a s i s  would be somewhat more favorable . )  

whose composition i s  predominantly CO 

(Comparison on a volume 

For t h e  case of an off-gas 

the  f a c t o r  r e l a t i v e  t o  cha rcoa l  2' 
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i s  even less c e r t a i n .  Conceivably, a molecular sieve type  o t h e r  

than 5A might be more u s e f u l  f o r  220h holdup. 

more information than  is  now a v a i l a b l e  w i l l  be  requi red  b e f o r e  molecular  

s i e v e  beds f o r  220Rn d i s p o s a l  can be designed wi th  a reasonable  degree 

of confidence wi th  r e spec t  t o  t h e i r  performance o r  op t imiza t ion .  I n  

connection wi th  a d i f f e r e n t  a p p l i c a t i o n ,  Pence, Duce, and Maeck 

have observed t h a t  g ranu la r  so rben t s  have b e t t e r  m a s s  t r a n s f e r  

c h a r a c t e r i s t i c s  than  so rben t s  i n  t h e  forms of p e l l e t s  and beads ( t h e  

usua l  forms of molecular sieve adsorbents)  . This  observa t ion  has  

re levance he re  s i n c e  it impl ies  t h a t  us ing  t h e  sorbent  as granules  

r a t h e r  than  p e l l e t s  o r  beads would r e s u l t  i n  a h igher  va lue  f o r  N ,  

the  number of t h e o r e t i c a l  p l a t e s ,  Decreasing t h e  so rben t  pa r t i c l e  s i z e  

a l s o  r e s u l t s  i n  a h ighe r  va lue  f o r  N ;  however, e x p l o i t a t i o n  of t h i s  

e f f e c t  i s  l i m i t e d  by t h e  h ighe r  p re s su re  drop and by t h e  mechanical 

d i f f i c u l t i e s  a s s o c i a t e d  wi th  r e t a i n i n g  t h e  sorbent .  

Thus, cons iderably  

49 

The c a p a b i l i t y  of s i l i c a  g e l  f o r  adsorbing radon appears  t o  be too 

low t o  be considered f o r  t h i s  a p p l i c a t i o n ;  neve r the l e s s ,  a few of  t he  

more promising types  should probably be included i n  sc reen ing  tests of 

p o s s i b l e  sorbents .  

The above d i scuss ion  on adsorber  design i n d i c a t e s ,  i n  a gene ra l  

way, t h e  approach t h a t  might be  followed i n  the a n a l y s i s  and a p p l i c a t i o n  
222- of dynamic adsorp t ion  d a t a  obta ined  wi th  3.82-day . On t h e  o t h e r  

hand, if such d a t a  are obta ined  wi th  220h i n  terms of DF vs  bed depth,  

the  r e s u l t s  could be appl ied  without  a c t u a l l y  eva lua t ing  k (or  ka) and 

N ,  al though some allowance should be  made f o r  t h e  e f f e c t s  of poisoning. 

7.0 SUMMARY AND CONCLUSIONS 

Of f-gas streams from 233U reprocess ing  and re f  a b r i c a t i o n  opera t ions  

w i l l  be  contaminated wi th  220Rn, and, as a consequence, some e f f e c t i v e  

means f o r  i t s  removal w i l l  be  required.  

and r e l a t i v e l y  f avorab le  v o l a t i l i t y  of 2 2 0 F h ,  t h e  method based on 

adsorptive-holdup and decay should be  f e a s i b l e  f o r  coping wi th  t h i s  

decontamination problem. This  l i t e r a t u r e  survey r ep resen t s  an e f f o r t  

t o  c o l l e c t  and summarize what is  c u r r e n t l y  known r e l a t i v e  t o  t h e  use 

of adsorp t ion  f o r  220Rn removal and d i sposa l .  

I n  view of t h e  s h o r t  h a l f - l i f e  
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A t rea tment  of dynamic adsorp t ion  theory,  e x t r a c t e d  from t h e  

l i t e r a t u r e  and based on t h e  assumption of a l i n e a r  adsorp t ion  isotherm,  

i s  presented  f o r  p o s s i b l e  use  i n  d a t a  a n a l y s i s  and adsorber  design. 

t reatment  y i e l d s  an equat ion r e l a t i n g  DF wi th  a holdup c o e f f i c i e n t ,  t he  

mass of sorbent ,  t h e  volumetr ic  flow rate of t h e  carrier gas ,  t h e  number 

of t h e o r e t i c a l  p l a t e s ,  and t h e  decay cons tan t .  

i n  t u r n ,  r e l a t e d  t o  t h e  adsorp t ion  c o e f f i c i e n t  ka and t h e  sorbent  

temperature.  

This  

The holdup c o e f f i c i e n t  i s ,  

A f a i r l y  l a r g e  quan t i ty  of equi l ibr ium d a t a  w a s  found f o r  t h e  

adsorp t ion  of 222Rn on charcoa l  i n  t h e  presence of a i r  and o t h e r  gases ,  

i nc lud ing  C02. Also, va r ious  dynamic adsorp t ion  d a t a  f o r  222Rn on 

charcoa l  wi th  a i r  as the  carrier gas have been presented  i n  a r e c e n t  

repor t .24  

atm) system, t h e  corresponding radon adsorp t ion  c o e f f i c i e n t  a t  25°C would 

probably be  a t  least  5000 c m  (STP)/g a t m  ( i n i t i a l l y )  i f  c e r t a i n  cri teria 

regard ing  t h e  radon concent ra t ion ,  t he  q u a l i t y  and humidity of t he  a i r ,  

and t h e  n a t u r e  of t h e  charcoa l  are m e t .  I f  C 0 2  r a t h e r  than  a i r  i s  

s p e c i f i e d  f o r  t h e  system, a reduct ion  i n  t h e  analogous c o e f f i c i e n t  t o  a 

va lue  of about 1000 i s  ind ica ted .  

Based on t h e  a v a i l a b l e  d a t a  f o r  t h e  radon-charcoal-air  (1- 

3 

The small amount of equi l ibr ium d a t a  found f o r  molecular sieve Type 

5A adsorbent i n d i c a t e s  t h a t  i t s  radon adsorp t ion  coef f i c f e n t  a t  ambient 

temperature i n  t h e  presence of a i r  ( the  humidity w a s  unspec i f ied)  i s  
3 about 600 cm (STP)/g atrn. 

Equilibrium d a t a  for s i l i c a  g e l  i n d i c a t e  t h a t  i t s  c a p a b i l i t y  f o r  

adsorbing radon i s  r e l a t i v e l y  low. 

der ived  from one group of measurements on s i l i c a  g e l  a t  25°C are about 

25 and about 21 cm (STP)/g a t m ,  r e spec t ive ly ,  f o r  a i r  and f o r  C02 p resen t  

a t  1 a t m .  

Radon adsorp t ion  c o e f f i c i e n t  va lues  

3 

Of t h e  p o t e n t i a l  hazards  a s soc ia t ed  wi th  the  use of charcoa l  f o r  

t h i s  a p p l i c a t i o n ,  t h e  hazard involv ing  ozone perhaps r ep resen t s  t h e  

g r e a t e s t  concern and probably i s  most i n  need of eva lua t ion .  

The sorbent  s u f f e r s  a l o s s  i n  adsorp t ion  c a p a b i l i t y  during 

extended exposure t o  off-gas ,  and allowance should be made f o r  t h i s  

l o s s  when performing adsorber  design c a l c u l a t i o n s .  
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The use  of m u l t i p l e  p a r t i c u l a t e  f i l t e r s  may be r equ i r ed  i n  a 

220Rn removal system as a consequence of t h e  

On the  o t h e r  hand, i t  does not  appear t h a t  a - r eco i l  would s i g n i f i c a n t l y  

affect  t h e  r e t e n t i o n  ( i n  t h e  so rben t )  of decay products  from adsorbed 

a - r e c o i l  phenomenon. 

220Rn, a l though t h i s  supposition remains s u b j e c t  t o  exper imenta l  

examination. This ,  t oge the r  wi th  o t h e r  cons ide ra t ions ,  sugges ts  the  

use of 220Rn r a t h e r  than 2 2 2 ~  i n  experimentat ion r e l a t e d  t o  t h e  

220Rn problem. 

adequate f o r  s i z i n g ,  a l b e i t  c rude ly ,  t h e  sorbent  bed f o r  a 220Rn- 

With regard t o  adsorber  des ign ,  e x i s t i n g  information is  perhaps 

charcoa l -a i r  ( 1 - a t m ,  < 10% R.H.) system ope ra t ing  a t  ambient 

temperature,  and a suggested approach f o r  doing t h i s  has been ou t l ined .  

For o t h e r  220Rn-charcoal systems i n  which t h e  carrier gas d i f f e r s  

from nea r ly  dry air ,  t h e  s i t u a t i o n  i s  more unce r t a in ;  however, e x i s t i n g  

information,  t oge the r  wi th  mass t r a n s f e r  theory ,  might provide a 

reasonable  b a s i s  f o r  s i z i n g  the  adsorber  bed. The a v a i l a b l e  d a t a  f o r  

o the r  so rben t s  (e.g. ,  molecular sieves) are too l i m i t e d  t o  provide t h e  

b a s i s  f o r  designing 220m removal systems. 
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9.0 APPENDIX: DEVELOPMENT OF DECONTAMINATION FACTOR EQUATION 

A s  a l ready  noted,  t h e  fol lowing a n a l y s i s  i s  based on t h a t  

o r i g i n a l l y  presented  by Underhi l l ,  F i r s t ,  

where 

C* = as f o r  C i n  Eq. (2) b u t  w i th  e f f e c t  of decay imposed, 

G(t)  = 

N , t  N , t  
t N-le-NJ? t /km 

(N - l)! ' 
and t h e  o t h e r  terms are as a l ready  defined. 

r a d i o a c t i v e  noble  gas e x i t i n g  is: 

I n  t i m e  d t ,  t h e  amount of 

C* F d t  = - ewhtG(t) d t .  
N , t  

Next, i n t e g r a t i n g  over i n f i n i t e  time and d iv id ing  by A ,  

This  i n t e g r a l  i s  r e a d i l y  eva lua ted  by using t h e  Laplace t ransformat ion  
s i n c e  a func t ion  having t h e  form t n-leat/(n - l)! is l i s t e d  i n  t a b l e s  

of  Laplace t ransforms.  The r e s u l t  is: 
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