
Methyl Iodide Sorption by 
Reduced Silver Mordenite 

Pacific krth.wes? bbontory 
Operatad for thc>U.S I3qp-M d Ene(lR 
by Bath& MemorfPi b s b t e  



C 

W G ~ T ~  ..rp.ap.r~*s&l.E~?Rt4~4~~e&hrRIqpcy~lth~ 
Unibd Wtes -~rmww+ ?ppa $dp Gweymmf nw qay 
a j p w  r W f ,  nor of ihe 6 '-, &.iw @_k.es any warranty, mprm m 
i t rrp~i id~rn o w ~ ~ ~ f ~ ~ ~ ~ ~ ~ d ~ h r  ~&t&d@hiy  fa^ d~ acaraq,mnr- 
g t & f m b  or ~ T r t l ~ ~ . d .  'a@ tM?m&, ~ @ ~ I ~ x & & ~  QI p e  
di&cl&ecktw,+tsefi&thit ils~ixrs mild ~ i ~ b i f i f r B & ' ~ h b 0 1 y ~ ~ M ~ b .  
Wqre~a t v d b  M I ~ F  . L ~ @ I  mwm@&pMm, pwi l  &t W&B h# 
featis a a ~ c ,  admark, mwhn~w, p 5 ~  m$tem,M,,dcm h$lt ~nwe%a4$ 
cwititaete DP Impty  IS snt&wwm?~~~ ~~~~~~ of faam by ayh$ 
Wnird5tarw d. %erfammd apWiomaf 
autha rs m p r e d  hetdu t r p ~ ~  thpwnfthe~~vhd 

- $lam &v&hrnm ni a$ . I - 1  E:;+. # . 7 . -  1 , 1 ,  7 ;  

. - . . 
r *  - 



METHYL IODIDE SORPTION BY 
REDUCED SILVER MORDENITE 

R. D. Scheele 
L. L. Burger 
C. L. Matsuzaki 

June 1983 

Prepared f o r  t h e  U.S. Department o f  Energy 
under Con t rac t  DE-AC06-76RLO 1830 

P a c i f i c  Northwest Laboratory  
Richland,  Washington 99352 





CONTENTS 

ACKNOWLEDGMENTS ......................................................... v i  i 

SUMMARY ................................................................ i x  

INTRODUCTION ............................................................ 1 

PAST WORK .................... ........................ ................... 3 

FACTORS INFLUENCING IODINE SORPTION ..................................... 7 

ZEOLITE STRUCTURE ................................................... 7 

MOLECULAR SIEVE EFFECTS ........................................ 9 

HYDROGEN PRETREATMENT OF AgZ ........................................ 10 

CHEMICAL FACTORS ............................................... 12 

I o d i n e  S o r p t i o n  ................................................ 12 

NOx Behav ior  on Z e o l i t e s  ....................................... 12 

Thermodynamic C o n s i d e r a t i o n s  ................................... 13 

OPERATIONAL PARAMETERS ........................................ 17 

EXPERIMENTAL CONSIDERATIONS ........................................ 19 

EXPERIMENTAL RESULTS .................................................... 25 

2.5 cm DIA BED STUDY ................................................ 25 

5.0 cm DIA BED STUDY ................................................ 27 

DATA ANALYSIS ........................................................... 32 

Phase 1 A n a l y s i s  .................................................... 34 

Phase 2 A n a l y s i s  .................................................... 35 

CCINCLUSICINS AND RECOMMENDATIONS ........................................ 47 

REFERENCES .............................................................. 49 

APPENDIX A . CH31 LOADING CURVES ........................................ A.1 

iii 



FIGURES 

S te reo  View o f  NaZ .................................................. 
Scanning E l e c t r o n  M i  c rograph o f  I o d i  ne-Loaded AgOZ . . . . . . . . . . . . . . . . . . 
Exper imenta l  Apparatus f o r  CH31 Capture by S i l v e r  Morden i te  .. . . . . . . . 
Phase 1 A n a l y s i s :  The E f f e c t  o f  Temperature on CH31 Capture  by 
AgOZ a t  Face V e l o c i t i e s  o f  3.75 and 15 m/min ........................ 
Phase 1 A n a l y s i s :  The E f f e c t  o f  Face V e l o c i t y  on AgOZ a t  86 
and 152OC ........................................................... 
Phase 1 A n a l y s i s :  The E f f e c t  o f  NO on CH31 Capture  by AgOZ 
a t  Face V e l o c i t i e s  o f  3.75 and 15.0 mlmi n  .. . . . . . . . . . . . . . . . . . . . . . . . . . 
Phase 1 A n a l y s i s :  The E f f e c t  o f  NO2 on CH31 Capture  by AgOZ 
a t  Face V e l o c i t i e s  o f  3.75 and 15.0 m/min ........................... 
Phase 2  A n a l y s i s :  The E f f e c t  o f  Temperature on CH31 Capture  
by AgOZ a t  0  and 2  v o l %  NO .......................................... 
Phase 2  A n a l y s i s :  The E f fec t  o f  NO on CH31 Capture  by AgOZ 
a t  Face V e l o c i t i e s  o f  3.75 and 15.0 m/min .. . . . . . . . . .. . . . . . . . . . . . . . . . 
Phase 2  A n a l y s i s :  The E f fec t  o f  NO2 on CH31 Capture  by AgOZ 
a t  Face V e l o c i t i e s  o f  3.75 and 15.0 m/min ........................... 
Phase 2  A n a l y s i s :  The E f f e c t  o f  Temperature on CH31 Capture  
by AgOZ a t  Face V e l o c i t i e s  o f  3.75 and 15.0 m/min . . . . . . . . . . . . . . . . . . . 
Phase 2 A n a l y s i s :  The E f f e c t  o f  Face V e l o c i t y  on CH31 Capture  
by AgOZ a t  85, 152, and 200°C ....................................... 



................... C r i t i c a l  Diameters f o r  Some Molecules o f  I n t e r e s t  

.......... Reac t ion  Free Energ ies  f o r  Some P o s s i b l e  React ions  i n  AgOZ 

............................. Opera t i ng  Parameters f o r  2.5 cm D ia  Bed 

.................. ....... Opera t i ng  Parameters f o r  5.0 cm D i a  Bed ..-.. 
Summary o f  2.5 cm D i a  Bed S tud ies  ................................... 
Summary o f  5.0 cm D ia  Bed S tud ies  ................................... 

............................ Summary o f  I o d i n e  Loading by Bed Segment 

F u l l  Model ANOVA f o r  Phase 1 A n a l y s i s  ............................... 
Reduced Model ANOVA f o r  Phase 1 A n a l y s i s  ............................ 
Reduced Model ANOVA f o r  Phase 2  A n a l y s i s  ............................ 





ACKNOWLEDGMENTS 

We would l i k e  t o  thank G. F. P i e p e l  and M. W. Bowen f o r  t h e i r  h e l p  i n  

d e s i g n i n g  t h e  exper imenta l  p l a n  and pe r fo rm ing  t h e  s t a t i s t i c a l  a n a l y s i s  o f  t h e  

data ,  F. T. Hara and A. W. Lau tens lege r  f o r  t h e i r  a n a l y t i c a l  he lp ,  L. D. Maki 

f o r  t y p i n g  t h e  r e p o r t ,  and S. E. K i n g  f o r  he r  e d i t o r i a l  adv ice .  





SUMMARY 

A t  t h e  P a c i f i c  Northwest Labora to ry  (PNL), we performed two s e t s  o f  exper-  

iments t o  determine t h e  e f f e c t s  o f  p e r t i n e n t  o p e r a t i o n a l  parameters and gas 

compos i t ions  on o rgan ic  r a d i o i o d i  ne [ i n  p a r t i c u l  a r  methyl  i o d i d e  (CH31)] cap- 

t u r e  by s i l v e r  morden i te  (AgZ). I n  t h e  f i r s t  se t  o f  exper iments,  we s t u d i e d  

t h e  e f f e c t s  o f  1 )  hydrogen p re t rea tmen t  o f  AgZ, 2)  change i n  p a r t i c l e  s i z e  o f  

AgZ, and 3) t h e  presence o f  water  i n  t h e  gas phase. I n  t h e  second se t  o f  

exper iments we eva lua ted  on a semi - q u a n t i t a t i  ve b a s i s  t h e  e f f e c t s  o f  n i t r i c  

o x i d e  (NO), n i t r o g e n  d i o x i d e  (NO2), s u p e r f i c i a l  f ace  v e l o c i t y ,  and tempera tu re  

on CH31 c a p t u r e  by reduced (hydrogen p r e t r e a t e d  ) s i  1 v e r  mordeni t e  (AgOZ). 

These s t u d i e s  have shown t h a t  AgZ, e s p e c i a l l y  AgOZ, i s  an e f f e c t i v e  t r a p  

f o r  CH31. However, i t s  e f f e c t i v e n e s s  v a r i e s  w i t h  changes i n  o p e r a t i o n a l  

parameters and i s  a f f e c t e d  by o t h e r  gases found i n  t h e  process o f f  gas o f  a 

n u c l e a r  rep rocess ing  p l a n t .  Optimum t r a p p i n g  e f f i c i e n c y  was achieved w i t h  AgOZ 

r a t h e r  than AgZ, 20-40 mesh AgOZ r a t h e r  than 0.16 cm ex t ruda te ,  m o i s t u r e  i n  t h e  

gas stream, h i g h e r  temperatures  up t o  200°C, absence o f  NO, and lower  super-  

f i c i a l  f ace  v e l o c i t i e s  down t o  3.75 m/min. A d d i t i o n a l l y ,  CH31 can be conver ted  

t o  e lementa l  i o d i n e  ( I 2 )  i n  t h e  presence o f  NO o r  NO2 by c o n t r o l l i n g  t h e  

o p e r a t i o n a l  parameters. S ince I2 i s  e a s i e r  t o  t r a p  than  o rgan ic  i od ides ,  t h i s  

shou ld  improve t r a p p i n g  e f f i c i e n c y .  





INTRODUCTION 

Radi o i  o d i  ne a r i s e s  f rom t h e  g e n e r a t i  on o f  e l e c t r i c i t y  by n u c l e a r  power. 

Because iod ine -131  has such a  s h o r t  h a l f - l i f e  (8  days), i t s  re lease  must be 

c o n t r o l l e d  f o r  o n l y  200 days. Iodine-129,  however, w i t h  a  h a l f - l i f e  o f  1.6 x 
7 10 years ,  i s  s t i l l  p resent  i n  s i g n i f i c a n t  amounts a t  200 days. The p r i m a r y  

c o n t r o l  p o i n t  f o r  r a d i o i o d i n e  i n  t h e  n u c l e a r  f u e l  c y c l e  i s  a t  a  nuc lea r  f u e l  

rep rocess ing  p l a n t  (FRP). The p r i n c i p a l  re1  ease form i s  e lemental  i o d i n e  ( 12); 

however, o rgan ic  i o d i d e s  a re  produced by r e a c t i o n s  w i t h  o rgan ic  contaminants i n  

t h e  d i  sso l  ve r  o f f - g a s  and vessel  vent  systems. The predomi nant  compound formed 

by these r e a c t i o n s  i s  methy l  i o d i d e  (CH31), which may amount i n  some systems t o  

seve ra l  pe rcen t  o f  t h e  t o t a l  i o d i n e  i n  t h e  process o f f  gas (POG) . 
Var ious  techno1 o g i  es have been developed f o r  t h e  cap tu re  o f  r a d i  o i  o d i  ne. 

I n c l u d e d  i n  these a r e  c a u s t i c  scrubb ing,  m e r c u r i c  n i t r a t e - n i t r i c  a c i d  scrub-  

b ing ,  hyper -azeo t rop i c  n i t r i c  a c i d  (20-22 - M) sc rubb i  ng, and s o r p t i o n  by s i  l v e r -  

c o n t a i n i n g  s o l  i d s .  Wi th  each t h e  o rgan ic  i o d i d e s  a r e  t rapped  w i t h  v a r y i n g  

degrees o f  success. One o f  t h e  more p romis ing  t e c h n o l o g i e s  i s  cap tu re  by 

hydrogen-reduced s i  1  ver  mordeni t e  (AgOZ), which has been demonstrated by Thomas 

e t  a1 . (1977) t o  t r a p  I2 more e f f i c i e n t l y  t h a n  i o n i c  s i l v e r  morden i te  (AgZ) . 
T h i s  r e p o r t  desc r ibes  t h e  r e s u l t s  o f  an e v a l u a t i o n  o f  t h e  e f f e c t s  o f  

s e l e c t e d  d i  s s o l  ve r  o f f -gas  c o n s t i t u e n t s  , temperature ,  and face  v e l o c i t y  on t h e  

c a p t u r e  o f  CH31 by AgOZ. 





PAST WORK 

Few workers have eva luated AgOZ as a  t r a p p i n g  agent f o r  v o l a t i l i z e d  i o d i n e  

species. AgOZ was i n i t i a l l y  suggested and eva luated a t  t he  Idaho Na t i ona l  

Engineer ing Laboratory  (INEL) f o r  e lemental  i o d i n e  capture. Thomas e t  a1 . 
(1977) found t h a t  AgOZ was super io r  t o  AgZ i n  i t s  capac i t y  f o r  I 2  removal. 

Th is  was c o n f i  rmed by our s tud ies  (Wiemers 1978; Wiemers and Scheele 1979; 

Scheele, Matsuzaki, and Burger 1981; Scheele 1981). Fo l low ing  t h i s  work, Oak 

Ridge Nat iona l  Laboratory  (ORNL) a l s o  began a  program t o  eva lua te  AgOZ as a  

t r a p  f o r  organic  i od i des  ( Jub in  1980, 1982). 

I n  INEL's f i n a l  document on t h e i r  s i l v e r  rnordenite s tud ies,  Murphy, 

Staples,  and Thomas (1977) descr ibed t h e i r  r e s u l t s  on elemental i o d i n e  removal 

by AgOZ: 

Elemental i o d i n e  load ing  o f  AgOZ i s  about t w i c e  t h a t  o f  AgZ; load- 

ings  o f  171 f 17 mg I l g  AgOZ are  poss ib l e  from s imulated d i s s o l v e r  

o f f  -gas s t  reams (DOG) . 
NO has a  p o s i t i v e  e f f e c t  on i o d i n e  load ing.  

NO2 has a  nega t i ve  e f f e c t  on i o d i n e  loading. 

Water vapor up t o  2.4 x  mole H20/L has l i t t l e  o r  no e f f e c t  on 

i o d i n e  loading. 

Temperatures between 100 and 250°C have l i t t l e  o r  no e f f e c t  on 

i o d i n e  1  oadi ng. 

INEL workers used a 5 cm d i a  x 15 cm deep bed o f  10-20 mesh AgOZ, a  face 

v e l o c i t y  of 15 mlrnin, a  bed temperature o f  150°C, an i o d i n e  concen t ra t ion  o f  
3  1.2 x rnole/L, and a  t e rm ina t i on  r e t e n t i o n  f a c t o r  (RF) o f  10 t o  lo4.  The 

AgOZ was prepared by batch t reatment  a t  500°C f o r  24 hours. They prepared AgZ 

by i o n  exchange o f  sodium mordeni te  (NaZ). 

I n  t h e  e a r l y  work performed by PNL, we s tud ied  t h e  e f f e c t s  o f  c a r r i e r  gas 

composit ion, temperature, and z e o l i t e  pret reatment  on CH3I capture by AgZ w i t h  

these r e s u l t s :  



a CH31 c a p t u r e  was e q u i v a l e n t  w i t h  e i t h e r  n i t r o g e n  o r  a i r  as t h e  

c a r r i e r  gas. 

a I n c r e a s i n g  t h e  temperature  f rom 100 t o  200°C improved CH31 cap tu re .  

a AgOZ was more e f f i c i e n t  t han  AgZ i n  c a p t u r i n g  CH31. 

The presence of water  (5 x  l o e 4  vs 4.3 x  mole H20/L) i n  t h e  

gas phase improved CH31 capture .  

a Dimethy l  e t h e r  was de tec ted  as one o f  t h e  r e a c t i o n  p roduc ts  i n  t h e  

column e f f l u e n t .  

Work a t  ORNL on CH31 c a p t u r e  by AgOZ has been desc r ibed  by J u b i n  (1980, 

1982). He used 5  cm d i a  x  10 t o  15 cm deep beds of 0.16 cm d i a  e x t r u d a t e ,  a  

10 m/min face v e l o c i t y ,  bed temperatures  r a n g i n g  f rom 83 t o  275OC, a  t y p i c a l  

CH31 c o n c e n t r a t i o n  o f  7  x  mole CH31/L, and a  t e r m i n a t i o n  RF o f  lo3. He 

prepared h i s  own AgZ by i o n  exchange o f  NaZ and a l s o  ob ta ined  commerc ia l l y  

p repared AgZ f rom Ionex Corpo ra t i on .  He t y p i c a l l y  generated t h e  AgOZ by 

t r e a t m e n t  w i t h  4.5% Hz-Ar a t  200°C f o r  24 hours. 

A  summary o f  J u b i n ' s  conc lus ions  r e g a r d i n g  CH31 c a p t u r e  by AgOZ i s  g i v e n  

be1 ow: 

a AgOZ i s  a  more e f f i c i e n t  t r a p  f o r  CH31 than AgZ; l o a d i n g s  up t o  127 

mg I / g  AgOZ a r e  p o s s i b l e .  

a CH31 c o n c e n t r a t i o n  and t h e  presence of NO and/or  NO2 have no 

e f f e c t .  

a M o i s t  a i r  up t o  2  x  mole H20/L improves i o d i n e  capture .  

H igher  temperatures  up t o  225OC improve l o a d i n g .  

a Higher  temperatures  i n c r e a s e  t h e  l e n g t h  o f  t h e  mass t r a n s f e r  zone; 

a t  150°C i t  was 5  t o  7.5 cm; a t  200°C i t  was >10 cm. 

o Higher  temperatures  (200 t o  500°C) and l o n g e r  exposure t imes  (24 o r  

48 hours )  f o r  r e d u c t i o n  by 100% Hz i n c r e a s e  t h e  s i z e  o f  t h e  

meta l  1  i c s i  1  v e r  nodules formed and reduce l o a d i n g  c a p a c i t y .  



s When u s i n g  AgOZ produced a t  h i g h e r  temperatures,  h i g h e r  l o a d i n g s  

were reached w i t h  g l a s s  f i l t e r  housings than w i t h  s t a i n l e s s  s t e e l  

housings. 

P a r t i a l l y  exchanged AgOZ improved s i l v e r  u t i l i z a t i o n .  





FACTORS INFLUENCING IODINE SORPTION 

The s o r p t i o n  o f  elemental i o d i n e  o r  o rgan ic  i o d i d e s  by AgOZ from t h e  POG 

i s  a  complex process whose chemis t ry  i s  p o o r l y  understood. Furthermore, t h i s  

s o r p t i o n  process can be a f f e c t e d  by severa l  opera t iona l  f a c t o r s ,  phys ica l  char-  

a c t e r i s t i c s  o f  AgOZ, and several  c o n s t i t u e n t s  o f  t h e  POG. Several o f  these a re  

discussed below. 

ZEOLITE STRUCTURE 

One o f  t h e  more impor tan t  f a c t o r s  i s  t h e  z e o l i t e  i t s e l f .  For  t h i s  s tudy 

on ly  s i l v e r  mordeni te  made from t h e  s y n t h e t i c  sodium mordeni te  Zeolona was 

used; NaZ i s  a  h igh  s i  1  i c a  zeol i t e  o f  nominal composi t ion Na20~Al2O3* 10 

SiO2.6H20 (Breck 1974). F i g u r e  1 presents  a  s te reo  view o f  i t s  s t r u c t u r e .  

There are  two sets  o f  channels. The main ones, which are 6.7 x  7.OA, i .e. 7A 

i n  pore s ize,  a re  l i n k e d  i n  t h e  same p lane by smal l  pockets having aper tures o f  

3.6 A (Breck 1974). The e f f e c t i v e  pore s i z e s  cou ld  be changed s l i g h t l y  by sub- 

s t i t u t i n g  Ag f o r  Na. The pore s i z e  l i m i t s  access t o  t h e  i n t e r i o r  o f  t h e  AgZ. 

I n  o rder  f o r  i o d i n e  t o  be sorbed i t  must pass through t h e  pore openings, and 

i t s  a b i l i t y  t o  e n t e r  t h e  pores i s  l i m i t e d  by i t s  mo lecu la r  s i z e  o r  k i n e t i c  d ia -  

meter. For  example, I2 has a  k i n e t i c  d iameter o f  5A (see Table l )  , and we 

es t ima te  t h a t  CH31 has a  k i n e t i c  d iameter o f  -6A [ e x t  rap01 a t i  ng Kennard's 

(1938) va lue f o r  C H ~ B ~ ] .  For  these i o d i n e  species,  mordeni te  may be one-dimen- 

s iona l ;  i .e., t h e  molecule may not be a b l e  t o  e n t e r  t h e  smal l  channels. 

Al though blockage o f  the  main channels i s  common i n  na tu ra l  mordeni tes as 

a  r e s u l t  of i m p u r i t i e s  or  c r y s t a l  f a u l t s ,  i t  does no t  appear t o  be a  problem 

w i t h  t h e  s y n t h e t i c  m a t e r i a l  ZeolonQD. O f  t h e  e i g h t  Na atoms o f  t h e  u n i t  c e l l ,  

f o u r  are i n  smal l  c a v i t i e s  and f o u r  randomly s i t u a t e d  i n  t h e  l a r g e  channels. 

A l l  a re  apparen t l y  rep laceable  w i t h  Ag ions;  however, they are obv ious ly  not  

e q u a l l y  access ib le .  We d iscuss o t h e r  cons ide ra t ions  f o r  us ing  AgZ and AgOZ i n  

a  document on t h e  r e c y c l i n g  o f  AgZ by hydrogen r e d u c t i o n  (Burger and 

Scheele 1982). 

@ Trademark o f  t h e  Norton Company. 
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TABLE 1. C r i t i c a l  Diameters f o r  Some Molecules o f  I n t e r e s t  

C r i t i c a l  Diameter,  A 

Hi  r sch -  G l  ass tone(^) G l  ass tone(^) 
~ r e c k ( ~ )  f e l d e r ( b )  ( D i f f u s i o n )  ( V i s c o s i t y )   enn nard(^) 

3.40 3.42 

2.65 4.60 

3.3 3.9 4.38 4.60 4.59 

( a )  Breck (1974).  
( b )  Hi r s c h f e l d e r ,  C u r t i s s ,  and B i r d  (1954). 
( c )  G lass tone and B e l l  (1946).  
( d )  Kennard (1938). 

MOLECULAR SIEVE EFFECTS 

One o f  t h e  major  i n d u s t r i a l  uses o f  z e o l i t e s  i s  as a mo lecu la r  s ieve.  

D i f f e r e n t  gaseous molecules i n t r o d u c e d  i n t o  a column o f  zeo l  i t e  w i  11 behave 

d i f f e r e n t l y  w i t h i n  t h e  bed due t o  t h e i r  s i ze .  Some w i l l  pass e a s i l y  t h rough  

t h e  pore  opening and o t h e r s  w i l l  no t .  The l a t t e r  molecu les  w i l l  l eave  t h e  bed 

f i r s t .  Tab le  1 p resen ts  some c r i t i c a l  d iamete rs .  f o r  seve ra l  molecules,  some 



presen t  i n  our system. O f  t h e  major  c o n s t i t u e n t s ,  t h e  l a r g e s t  molecu les  of 

i n t e r e s t  a r e  I2 and CH31; t h e r e  may a l s o  be smal l  c o n c e n t r a t i o n s  o f  h i g h e r  

o r g a n i c  i od ides .  The o t h e r  molecules i n  our  system such as t h e  components o f  

a i r  (N2, 02, Ar, C02, and H20) a re  a l l  smal l e r  than t h e  l a r g e  aper tu re ,  and 

seve ra l  a r e  smal l e r  t han  t h e  smal l  ape r tu re .  I g n o r i n g  e l e c t r o s t a t i c  e f f e c t s  o r  

chemical r e a c t i o n s ,  t h e i r  s i z e  a l l o w s  them t o  e n t e r  and l e a v e  a t  w i l l .  T h i s  i s  

a l s o  t r u e  f o r  NO and p robab ly  NO2, both  o f  which a r e  p resen t  i n  t h e  POG. I2 
and CH31 w i l l  be o n l y  s l i g h t l y  h inde red  i n  e n t e r i n g  and l e a v i n g  t h e  l a r g e  

pores. It appears t h a t  s i e v i n g  e f f e c t s  o f  t h e  z e o l i t e  w i l l  be by t h e  smal l  

pores. 

Thus a l l  o f  t h e  molecules i n  t h e  POG w i l l  be f r e e  t o  e n t e r  t h e  l a r g e  pores 

and p o t e n t i a l l y  be adsorbed o r  r e a c t  w i t h  t h e  s i l v e r  w i t h i n  t h e  l a r g e  pores.  

Access t o  t h e  s i l v e r  i n  t h e  smal l  pores w i l l  be l i m i t e d  t o  t h e  s m a l l e r  mole- 

c u l e s  such as O2 and NO. Adsorp t i on  o r  t h e  presence o f  d i f f e r e n t  compounds 

w i t h i n  t h e  pores c o u l d  reduce t h e  a b i l i t y  o f  AgOZ o r  AgZ t o  sorb  i o d i n e  spec ies  

by l i m i t i n g  t h e i r  access i n t o  t h e  pore  and t o  t h e  r e a c t i v e  s i l v e r  s i t e s .  The 

a d s o r p t i o n  o f  water ,  however, c o u l d  enhance i o d i n e  s o r p t i o n  by m o b i l i z i n g  

s i l v e r  i o n s  i n  a  m i c r o - s o l u t i o n  w i t h i n  t h e  z e o l i t e ' s  pores;  t h i s  e f f e c t  shou ld  

be most i n f l u e n t i a l  i n  t h e  i o n i c  form, AgZ. Water may, o f  course, t a k e  p a r t  i n  

t h e  chemi c a l  r e a c t i o n s .  

HYDROGEN PRETREATMENT OF AgZ 

It shou ld  be mentioned t h a t  p a r t i c l e s  o f  s i l v e r  a re  s c a t t e r e d  th roughou t  

t h e  AgOZ. (See F i g u r e  2, which i s  a  scann ing e l e c t r o n  micrograph o f  i o d i n e -  

loaded AgOZ.) Dur ing  r e d u c t i o n ,  t h e  s i l v e r  m ig ra tes  f rom t h e  pores and agglom- 

e ra tes ,  f o rm ing  p a r t i c l e s  up t o  2  pm d i a  (Coleman and Scheele 1981; D a n i e l ,  

Coleman, and Scheele 1980). Thus, much o f  t h e  s i l v e r  i s  n o t  con ta ined  w i t h i n  

t h e  zeo l  i t e  pores. The e x t e n t  o f  s i l v e r  m i g r a t i o n  and t h e  s i z e  o f  t h e s e  

agglomerates w i l l  depend on a  number o f  f a c t o r s ,  i n c l u d i r l g  water  c o n t e n t  a t  t h e  

t i m e  of r e d u c t i o n ,  and t h e  temperature  and t i m e  f o r  r e d u c t i o n  (Minachev and 

I sakov  1976). Our s t u d i e s  i n d i c a t e  t h a t  t h e  I2 i s  p r e f e r e n t i a l l y  absorbed i n  

these  Ag p a r t i c l e s  r a t h e r  t h a n  i n  t h e  z e o l i t e  m a t r i x .  Therefore,  t h e  s i l v e r  



FIGURE 2. Scanning E l e c t r o n  Micrograph of Iodine-Loaded AgOZ 

should be more access ib l e  t o  t h e  12 i n  AgOZ than  i n  AgZ, p rov ided  t h a t  t h e  Ag 

p a r t i c l e s  a re  no t  t o o  b ig .  

J u b i  n ' s  (1982) work i n d i c a t e s  t h a t  t h e  hydrogen r e d u c t i o n  c o n d i t i o n s  and 

exposure t i m e  used f o r  p repa r i ng  AgOZ a f f e c t  t h e  a b i l i t y  of AgOZ t o  cap tu re  

CH3I. The l onge r  t h e  hydrogen p re t rea tment  and t h e  h i g h e r  t h e  temperature,  t h e  

poorer  t h e  CH31 so rp t i on .  J u b i n  a t t r i b u t e s  t h i s  t o  t h e  l a r g e r  p a r t i c l e  s i z e  o f  

Ag metal  formed a t  t h e  more extreme cond i t i ons .  I n  o t h e r  work (Burger  and 

Scheele 1982), we found e r r a t i c  t r a p p i n g  behav io r  f o r  I2 d u r i n g  repeated 1  oad- 

i ng and hydrogen reduc t  i on cyc les .  



CHEMICAL FACTORS 

I n  a d d i t i o n  t o  t h e  f a c t o r s  j u s t  d iscussed,  a l a r g e  number o f  compet ing 

chemical  r e a c t i o n s  can occur  among t h e  r e a c t i v e  components i n  t h e  z e o l i t e  and 

i n  t h e  POG which cou ld  a f f e c t  I2 r e t e n t i o n  by AgZ o r  AgOZ. 

I o d i n e  S o r p t i o n  (Prev ious  S t u d i e s )  

Donner and Tamberg (1971, 1972) s t u d i e d  t h e  r e a c t i o n  between CH31 and s i l  - 
ve r  z e o l i t e  t y p e  X (AgX) and found t h a t  methanol and d ime thy l  e t h e r  were 

formed. The f o l  1 owing r e a c t i o n s  were proposed : 

+ 
CH31 + H20 + + Ag I  + CH30H + H 

+ 
CH31 + CH30H + + AgI + CH30CH3 + H 

I n  t h e i r  e a r l i e r  paper t hey  a l s o  r e p o r t  t h a t  when C2H51 i s  sorbed by AgX, 

d i e t h y l  e t h e r  forms, sugges t ing  a s i m i l a r  s o r p t i o n  mechanism w i t h  e thano l  as an 

i n t e r m e d i a t e .  

We per formed some p r e l i m i n a r y  work on t h e  chem is t r y  o f  I2 and CH31 sorp-  

t i o n  by s i  1 ve r  c o n t a i n i n g  sorbents .  D i f f e r e n t i a l  scanning c a l o r i m e t r y  (DSC) , 
the rmog rav ime t r i  c a n a l y s i s  (TGA) , scanning e l e c t r o n  microscopy (SEM) coup led  

w i t h  x- ray f 1 uorescence e lementa l  a n a l y s i s ,  and ESCA-Auger spect roscopy were 

used t o  c h a r a c t e r i z e  i o d i n e  s o r p t i o n  r e a c t i o n s  and t h e i r  p roduc ts  and/or  t o  

de te rmine  t h e  s t a b i  1 i t y  o f  I2 on t h e  s i l v e r  sorbents .  The r e s u l t s  o f  t hese  

s t u d i e s  were d iscussed  i n  Burger and Scheele (1981) and Scheele and 

Burger  (1981).  

NO, Behav io r  on Z e o l i t e s  

S ince NO and NO2 a r e  r e a c t i v e  spec ies,  t h e i r  behav io r  when adsorbed by 

z e o l i t e s  cou ld  s i g n i f i c a n t l y  a f f e c t  how w e l l  i o d i n e  i s  sorbed. Breck (1974) 

r e fe renced  severa l  works on NO o r  NO2 a d s o r p t i o n  by z e o l i t e s .  These a re  d i s -  

cussed i n  t h e  f o l l o w i n g .  

Addison and B a r r e r  (1955) r e p o r t e d  t h a t  NO d i  s p r o p o r t i  onates upon adsorp- 

t i o n  i n  Ca- and Na - r i ch  forms o f  chabaz i te ,  f a u j a s i t e ,  n iordeni te,  and a syn- 

t h e t i c  z e o l i t e  w i t h  mordeni te-1 i ke mo lecu la r  s i e v e  p r o p e r t i e s .  Chao and 



Lumsford (1971a, 1971b) found a l s o  t h a t  NO, upon a d s o r p t i o n  by z e o l i t e  Y, d i s -  

p r o p o r t i o n a t e ~ .  They r e p o r t e d  t h e  f o l l o w i n g  d i s p r o p o r t i o n a t i o n  r e a c t i o n :  

S tudy ing  Cay, Nay, HY, and d e c a t i o n i z e d  Y z e o l i t e s  a t  room temperature,  

Chao and Lumsford i d e n t i f i e d  t h e  adsorbed spec ies  N20,  NO^', N203, NO3-, a  

n i t r i t o  complex, and n i t r i t e .  The f i n a l  p roduc ts  were N20 and NO2. A t  low 

temperatures  N202, NO, and d i s p r o p o r t i o n a t i o n  p roduc ts  were found. 

Kasai and Bishop (1972) used e l e c t r o n  s p i n  resonance (ESR) spect roscopy t o  

s tudy  NO a d s o r p t i o n  on Nay, Bay, and ZnY and found t h a t  t h e  i n i t i a l  s p e c t r a  

were broad and p o o r l y  de f i ned ,  b u t  a f t e r  t h e  samples had s tood f o r  seve ra l  

days, t h e  s p e c t r a  became sharp and w e l l  de f i ned .  They concluded t h a t  N203 was 

i n i t i a l l y  formed by d i s p r o p o r t i o n a t i o n ,  bu t  i t i o n i z e d  due t o  t h e  i n t e r n a l  

f i e l d  o f  t h e  z e o l i t e .  

P i e t z a k  and Wood (1970) found NO2 adsorbed i n  c a l c i u m  z e o l i t e  t y p e  X (CaX) 

e x h i b i t e d  h inde red  mot ion.  Adsorbed NO2 molecu les  (about  11 per  c a v i t y )  a r e  

e s s e n t i a l  l y  d imer ized.  The s i n g l e  NO2 molecu le  surrounded by seve ra l  N204 

molecules i s  s h i e l d e d  f rom i n t e r a c t i n g  w i t h  s u r f a c e  c a t i o n s .  

Thermodynamic Cons ide ra t i ons  

Several  p o t e n t i a l  r e a c t i o n s  and t h e i  r f r e e  energ ies  are presented i n  

Tab le  2. The f i r s t  se t  o f  r e a c t i o n s  ( 1  th rough  16) a re  p o t e n t i a l  i o d i n e  

a b s o r p t i o n  r e a c t i o n s .  The nex t  s e t  (17 th rough  22) a re  r e a c t i o n s  between 

ox ides  o f  n i t r o g e n  and m e t a l l i c  s i l v e r  which would compete w i t h  i o d i n e  so rp -  

t i o n ;  n o t e  t h a t  NO i n  r e a c t i o n  17 c o u l d  reduce Ag20, which may be present  i n  

p a r t i a l l y  reduced AgOZ. However, t h e  subsequent r e a c t i o n s  i n  t h e  t a b l e  suggest 

o x i d a t i o n  t o  Ag20 o r  as predominant. The t h i r d  se t  (23 th rough  30) a re  

r e a c t i o n s  between AgI, t h e  optimum s i l v e r - i o d i n e  spec ies  f o r  r e t e n t i o n ,  and t h e  

ox ides o f  n i t r o g e n .  I n c l u d e d  a re  r e a c t i o n s  w i t h  such spec ies  as N203 and N204, 

which may be a d s o r p t i o n  products  o f  NO and NO2. 

Many r e a c t i o n s  i n  s e t  I are  thermodynamica l ly  f a v o r a b l e  f o r  I2 o r  CH31 

cap tu re  by AgOZ o r  AgZ. The i o d i n e  spec ies  produced a r e  AgI  o r  AgI03. I n  



TABLE 2. React ion Free Energies f o r  Some Poss ib le  React ions i n  AgOZ 

React i on 

Set I. 

2 Ag20 + I 
2(9)  : 2 AgI + 112 o2 

3 AgN03 + 112 12(g)  : AgI 

+ 1/2 02 + N02(g) 

4 2 ~g + 2 C H ~ I  ( g )  : 2 A ~ I  + C2H6(g) 

5 ACJ + CH31( g )  + H 2 y g )  : A91 

+ CH30H(g) + 112 H2 

+ 
6 Ag + CH31(g) + CH30H(g) + 

A91 + CH30CH3(g) + 112 Hz 

-99.0(b) - 8 2 ( ~ )  -66 ( c )  



TABLE 2. (contd)  

A G ~ ~  
( a )  kJ/mole Ag 

React i on 300°K 400°K 500°K 
-P 

15 7 NO + 2 C H ~ I ( ~ )  + I ~ ( ~ )  + 2 + 

3 H20(g) + 712 N2 - 1 0 7 5 ( ~ )  - 1 0 7 9 ( ~ )  - 1 0 8 4 ( ~ )  

Set 11. 

Set 111. 



TABLE 2. ( c o n t d )  

A G ~ ~  ( a )  kJ/mole Ag 

React  i on 300°K 400°K 500°K 

30 AgI  + N203(g) : AgN03 + 112 1 2 ( g )  

+ 112 N2 -92.9 -87.2 -81.6 

( a )  C a l c u l a t e d  based on data  f rom B a r i n  and Knacke (1973) o r  B a r i n ,  Knacke, and 
Kubaschewski (1977),  except  as noted.  

( b )  C a l c u l a t e d  based on data  f o r  298OK from La t imer  (1956). 
( c )  C a l c u l a t e d  u s i n g  e q u a t i o n  AG = AH + AT. 

o t h e r  work (Burger  and Scheele 1981), sorbed I2 was re leased  a t  t empera tu res  

l ower  than t h e  decompos i t ion  o r  v o l a t i l i z a t i o n  temperatures  o f  e i t h e r  compound, 

sugges t ing  t h e  presence o f  a  s i  1 v e r - i o d i  ne complex. 

The f i r s t  s e t  of r e a c t i o n s  show t h a t  NO and NO2 enhance t h e  I2 c a p t u r e  

process,  bu t  i n  t h e  second s e c t i o n  t h e  genera l  impact  o f  NO o r  NO2 i s  d e t r i -  

mental .  It i s  obv ious t h a t  t h e  presence o f  NOx g r e a t l y  comp l i ca tes  z e o l i t e  

chemis t r y .  I n  t h e  second s e c t i o n  we f i n d  t h a t  NO2 e n d o t h e r m i c a l l y  o x i d i z e s  Ag 

t o  Ag20, wh ich  has a  l e s s  e n e r g e t i c a l l y  f avo red  r e a c t i o n  w i t h  12; however, i f  

NO i s  a l s o  p resen t  i n  t h e  gas stream, t h i s  o x i d a t i o n  w i l l  n o t  occur.  Murphy, 

S tap les ,  and Thomas (1977) a t t r i b u t e d  t h e  p o s i t i v e  e f f e c t  o f  NO and t h e  nega- 

t i v e  e f f e c t  o f  NO2 on I2 c a p t u r e  t o  t h i s  r e a c t i o n .  However, i n  another  case, 

NO w i l l  e x o t h e r m i c a l l y  o x i d i z e  Ag t o  Ag20 ( r e a c t i o n  20). The rema in ing  reac -  

t i o n s  i n  t h e  second s e t  o f  r e a c t i o n s  a r e  a l l  exo the rm ic  and shou ld  a l l  compete 

w i t h  i o d i n e  s o r p t i o n  r e a c t i o n s ;  n o t e  t h a t  t h e  s i l v e r  p roduc ts  w i l l  a l s o  r e a c t  

w i t h  12. 

I n  t h e  t h i r d  s e t  o f  r e a c t i o n s ,  t h e r e  a r e  seve ra l  which f a v o r  r e l e a s e  o f  I2 

from AgI. Again, t h e  ox ides o f  n i t r o g e n  t e n d  t o  d e s t a b i l i z e  i o d i n e  r e t e n t i o n .  

Two r e a c t i o n s  presented i n  Tab le  1 show o x i d a t i o n  o f  CH31 by NO and NO2 t o  fo rm 

12. Both  r e a c t i o n s  a r e  s t r o n g l y  exo the rm ic  and shou ld  improve t r a p p i n g  e f f i  - 
c i e n c y  , s i n c e  I2 i s  more eas i  l y  t rapped  than  CH31. 



Not cons idered i n  t h i s  a n a l y s i s  i s  t h e  presence o f  o t h e r  halogen spec ies  

such as C12 o r  Br2, which cou ld  d i s p l a c e  t rapped  i o d i n e .  Strachan (1978) 

analyzed some o l d  i o d i n e  absorbers ( s i l v e r  r e a c t o r s )  from t h e  Hanford Purex 

P l a n t  and found t h a t  t hey  were loaded p r i n c i p a l l y  w i t h  C1. 

OPERATIONAL PARAMETERS 

Other f a c t o r s  a f f e c t i n g  i o d i n e  s o r p t i o n  a r e  o p e r a t i o n a l  parameters of t h e  

AgOZ bed. These i n c l u d e  AgOZ p a r t i c l e  s i ze ,  temperature ,  and f o u r  f a c t o r s  

which a r e  c l o s e l y  i n t e r r e l a t e d :  f ace  v e l o c i t y ,  bed diameter,  bed l e n g t h ,  and 

r e s i  dence t i  me. 

A  s m a l l e r  p a r t i c l e  s i z e  AgOZ would be expected t o  be more e f f i c i e n t  

because o f  bo th  i nc reased  s u r f a c e  area and a  s m a l l e r  d i f f u s i o n  path. The f r e e  

volume does n o t  change apprec iab l y ,  nor  does gas f l o w ;  i .e., t h e  f l o w  i s  

expected t o  be l am ina r  f o r  t h e  p a r t i c l e  s i z e s  and f l o w s  used here. T h i s  was 

v e r i f i e d  by measurement o f  f l ow-p ressu re  drop. 

The e f f e c t  o f  temperature  w i l l  depend on what t h e  c o n t r o l  1  i n g  r e a c t i o n s  

are :  t hey  may be p h y s i c a l ,  e.g., d i f f u s i o n  and/or  a d s o r p t i o n  and have a  r e l a -  

t i v e l y  low a c t i v a t i o n  energy, Ea; o r  chemical ,  w i t h  much h i g h e r  Ea values.  I n  

any case, we would expect  them t o  be l i n e a r  w i t h  respect  t o  exp (-1/T) .  

Bed d iameter  and l e n g t h  a r e  i n t e r r e l a t e d  w i t h  face  v e l o c i t y  and r e s i d e n c e  

t ime.  I n  t h i s  study,  we igno red  t h e  p o t e n t i a l  e f f e c t s  of bed s i z i n g  and r e s i -  

dence t i m e  and a r b i t r a r i l y  s e l e c t e d  a  bed d iamete r  and a  l e n g t h  t o  exceed t h e  

expected mass t r a n f e r  zone, thus  lumping these  f a c t o r s  i n t o  one v a r i a b l e ,  

s u p e r f i c i a l  f ace  v e l o c i t y .  Face v e l o c i t y  would be expected t o  have a  l i n e a r  

e f f e c t  i f  t h e r e  i s  no change i n  mechanism. 

The f a c t o r s  s e l e c t e d  f o r  s tudy were presence o f  NO, presence o f  NO2, tem- 

pe ra tu re ,  and s u p e r f i  c i a 1  face  v e l o c i t y .  The exper imen ta l  program was s e l e c t e d  

t o  determine which f a c t o r s  a f f e c t e d  CH31 s o r p t i o n .  





EXPERIMENTAL CONSIDERATIONS 

We performed two s e t s  o f  exper iments,  t h e  f i r s t  u s i n g  a  2.5 cm d i a  x  15 cm 

deep bed, and t h e  second u s i q g  a  5.0 cm d i a  x  18.0 cm deep bed. The b a s i c  sys- 

tem i s  diagrammed i n  F i g u r e  3. The o p e r a t i n g  c o n d i t i o n s  f o r  each exper iment 

a r e  presented i n  Tab le  3  and Tab le  4, r e s p e c t i v e l y .  The c o n t a i n e r s  f o r  t h e  

morden i te  and o t h e r  g lass  components i n  t h e  system were b o r o s i l i c a t e  g lass .  

Other  m a t e r i a l s  used i n  c o n s t r u c t i o n  were s t a i n 1  ess s t e e l  and p l a s t i c  t u b i n g .  

The p l a s t i c  ( T e f l o n @  and Tygon@) t u b i n g  was r e s t r i c t e d  t o  l o c a t i o n s  upstream 

from t h e  heaters .  

To i n s u r e  cons tan t  temperature  th roughou t  t h e  bed, t h r e e  heat tapes were 

used, and t h e  bed i n s u l a t e d  w i t h  a  ceramic f i b e r  b l a n k e t .  Thermocouples were 

p laced  i n  each bed segment. I n i t i a l  l y ,  we used p r o p o r t i o n a l  temperature  con- 

t r o l  l e r s .  L a t e r ,  a  smal l  1  abo ra to ry  computer moni to red and c o n t r o l  l e d  bed seg- 

ment temperatures .  I n  a d d i t i o n  t o  temperature  m o n i t o r i n g  and c o n t r o l  , t h e  com- 

p u t e r  a1 so i n i t i a t e d  exper iments and mon i to red  and recorded o t h e r  exper imen ta l  

c o n d i t i o n s  such as f l o w  r a t e s  and dew p o i n t .  

We p r e t r e a t e d  each bed w i t h  a i r  f o r  16 hours a t  t h e  o p e r a t i n g  temperature .  

T h i s  i n s u r e d  an e q u i l i b r i u m  water  con ten t  and s i l v e r  o x i d a t i o n  s t a t e .  

Gas tanks  c o n t a i n i n g  -4 x  mole CH31/L N2 were prepared and used as 

t h e  CH31 source. The i n f l u e n t  CH31 c o n c e n t r a t i o n  used i n  our exper iments was 

1.3 x  moles CH31/L. The CH31 c o n c e n t r a t i o n  v a r i e d  w i t h  each i n d i v i d u a l  

t ank  so i t was necessary t o  a d j u s t  f l o w s  based on s tandard  analyses made p r i o r  

t o  each run. 

NO2 was prepared by r e a c t i n g  1 p a r t  NO w i t h  9 p a r t s  O2 i n  a  1 L o r  3  L  

ho ldup f l a s k .  F o r  t h e  exper iments  w i t h  NO exper iments,  t h e  NO convers ion  t o  

NO2 by r e a c t i o n  w i t h  a i r  was min imized by i n t r o d u c i n g  t h e  NO j u s t  p r i o r  t o  t h e  

t o p  o f  t h e  morden i te  bed. 

@ T e f l o n  i s  a  t rademark o f  E. I. du Pont de Nemours & Co. 
@ Tygon i s  a  t rademark o f  t h e  Nor ton Company. 
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TABLE 3. Opera t i ng  Parameters f o r  2.5 cm Dia Bed 

Bed l e n g t h ,  cm 

Bed diameter,  cm 

Bed m a t e r i a l  

P a r t i c l e  s i z e  

Bed temperature ,  O C  

Face v e l o c i t y ,  m/min 

C a r r i e r  gas 

CH31 c o n c e n t r a t i o n ,  mol e/L 

H20 concen t ra t i on ,  mole/L 

Labora to ry  a i  r 

Tank a i r  

NO c o n c e n t r a t i o n ,  mole/L 

NO2 c o n c e n t r a t i o n ,  mole/L 

AgZ o r  AgOZ 

20-40 mesh o r  0.16 cm 
d iameter  e x t r u d a t e  

110, 150, o r  200°C 

7.5 

A i r  

1.3 x  10 '~  

TABLE 4. O p e r a t i n g  Parameters f o r  5.0 cm Dia  Bed 

Bed l e n g t h ,  cm 

Bed diameter,  cm 

Bed m a t e r i a l  

P a r t i c l e  s i z e  

Bed temperature ,  O C  

Face v e l o c i t y ,  rnlmin 

C a r r i e r  gas 

CH31 c o n c e n t r a t i o n ,  m l e / L  

H20 c o n c e n t r a t i o n ,  mole/L 

NO c o n c e n t r a t i o n ,  m l e / L  

NO2 c o n c e n t r a t i o n ,  mol e /L  

AgOZ 

10-16 mesh 



We used l a b o r a t o r y  a i r  w i t h  a  nominal wa te r  c o n t e n t  o f  -5 x  mole H20/L as 

o u r  a i r  source. I n  a  few e a r l y  exper iments,  we used tank a i r  hav ing  a  wa te r  

c o n t e n t  o f  4  x  mole H20/L. The l a b o r a t o r y  a i r  was pumped u s i n g  an o i l -  

f r e e  pump. I n  p r e l i m i n a r y  t e s t s  w i t h  t h e  5 cm d i a  bed, we used an o i l  l u b r i -  

ca ted  pump. However, o i l  was observed i n  t h e  d e l i v e r y  l i n e s .  S ince t h i s  c o u l d  

contaminate  t h e  mordeni t e  bed, we sw i t ched  t o  comp le te l y  o i  1  - f ree  components. 

The AgZ was procured f rom Ionex C o r p o r a t i o n  p res i zed .  The AgZ used i n  t h e  

2.5 cm d i a  bed was 20-40 mesh and 0.16 cm d i a  e x t r u d a t e ,  w h i l e  i n  t h e  5.0 cm 

d i a  bed we used 10-16 mesh (one exper iment  used 20-40 mesh). The AgOZ was p re -  

pared by h e a t i n g  t h e  AgZ a t  300°C i n  a  d r y  N2 stream f o r  3  t o  4  hours f o l l o w e d  

by h e a t i n g  a t  500°C i n  f l o w i n g  H2 f o r  24 hours. 

A  gas chromatograph w i t h  an auto-sampl ing  v a l v e  measured t h e  CH31 concen- 

t r a t i o n  i n  t h e  i n f l u e n t  and bed segment e f f l u e n t s  (see F i g u r e  3) .  For  t h e  

2.5 cm d i a  bed, samples were taken  of t h e  i n f l u e n t  and a f t e r  each 5.0 cm seg- 

ment. For  t h e  5.0 cm d iameter  bed, samples were taken  o f  t h e  i n f l u e n t ,  a f t e r  

t h e  f i r s t  8.0 cm, and then  a f t e r  each o f  t h e  rema in ing  two 5  cm bed segments. 

We used a  2  m Pora-Pak QS@ 80 x  100 mesh column a t  200°C w i t h  a  He f l o w  o f  

100 mL/min. Th is  gave a  CH31 r e t e n t i o n  t i m e  o f  7.5 minutes.  A  p h o t o i o n i z a t i o n  

d e t e c t o r  w i t h  a  10.5 eV lamp was used. A  normal sampl ing  c y c l e  f o r  t h e  e n t i r e  

bed r e q u i r e d  50 minutes.  Methy l  i o d i d e  s tandards  were run p r i o r  t o  and a f t e r  

each exper iment . 
When NO o r  NO2 was present ,  some o r  a l l  o f  t h e  CH31 was conver ted  t o  I*. 

We mon i to red  I2 progress  th rough  t h e  bed u s i n g  t i s s u e  paper d ipped i n  a  s t a r c h  

s o l u t i o n .  When I2 was present ,  t h e  paper t u r n e d  t h e  c h a r a c t e r i s t i c  b l u e -  

p u r p l e  c o l o r  of t h e  s t a r c h - i o d i n e  complex. T h i s  method a l l owed  us t o  d e t e c t  an 

RF o f  -100. 

We used t h e  i n t e g r a t e d  i n p u t  CH31 t o  c a l c u l a t e  t h e  average bed l o a d i n g .  

For  s e l e c t e d  exper iments,  each bed segment was ana lyzed by F. T. Hara and 

A. W. Lau tens lege r  o f  PNL u s i n g  x - ray  f l uo rescence  t o  determine t h e  i o d i n e  

1  oadings. 

@ Trademark o f  Waters Assoc ia tes ,  I nc .  



Species o t h e r  than  NO, NO2 o r  CH31 were d e t e c t e d  i n  t h e  o f f  gas. Whi le  

d e t e r m i n a t i o n  o f  o t h e r  chemical spec ies  was beyond t h e  scope o f  t h i s  p r o j e c t ,  

p o s s i b i l i t i e s  a r e  d imethy l  e t h e r  o r  methanol , as ment ioned e a r l i e r .  
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EXPERIMENTAL RESULTS 

I n i t i a l  p lans  were t o  use a  2.54 cm d i a  x  15 cm deep bed o f  20-40 mesh 

AgOZ t o  e v a l u a t e  t h e  e f f e c t s  o f  temperature,  NO, and NO2 on CH31 cap tu re  u s i n g  
3  a  s t a t i s t i c a l  exper imenta l  des ign ( 2  f a c t o r i  a1 ) . A f t e r  some p r e l  i m i n a r y  work 

(exper iments  1-1 th rough  1-6) and t h e  f i r s t  t h r e e  runs o f  t h e  exper imen ta l  

des ign  (1-7 th rough  1-9) ,  i t was determined t h a t  a  l a r g e r  bed and l a r g e r  mesh 

s i z e  would g i v e  more s i g n i f i c a n t  r e s u l t s  f o r  process design.  We inc reased  t h e  

bed s i z e  t o  5.r~ cm d i a  x  18 cm deep and t h e  p a r t i c l e  s i z e  t o  10-16 mesh. Based 

on our  work w i t h  t h e  2.5 cm d i a  bed, we expanded t h i s  exper imenta l  des ign  t o  

i n c l u d e  a  f o u r t h  v a r i a b l e ,  s u p e r f i c i a l  bed v e l o c i t y .  Four  exper iments (2 -1  

th rough  2-4) were performed t o  measure v a r i a b i l i t y  b e f o r e  beg inn ing  t h e  s t a t i s -  

t i c a l  l y  designed exper imenta l  program (exper iments  2-6 th rough  2-28). 

2.5 cm DIA BED STUDY 

The exper imenta l  parameters and r e s u l t s  f o r  t h e  smal l  bed a r e  presented i n  

Tab le  5. Appendix F i g u r e s  A.l and A.2 p resen t  CH31 c o n c e n t r a t i o n  i n  t h e  

i n f l u e n t  and e f f l u e n t s  f o r  each 5 cm bed segment as a  f u n c t i o n  o f  average bed 

l o a d i n g  f o r  exper iments  1-3 and 1-4. 

Fo r  t h e  o t h e r  exper iments,  measurement o f  CH31 c o n c e n t r a t i o n s  was impos- 

s i b l e  because CH31 was conver ted t o  I2 i n  t h e  f i r s t  bed segment. I n  compar ing 

these  and subsequent data,  i t  may be noted t h a t  t h e  maximum t h e o r e t i c a l  load-  

i ng ,  assuming AgI, i s  about 225 mg I / g  z e o l i t e .  

From these p r e l  i m i  na ry  s t u d i e s ,  seve ra l  obse rva t i ons  can be made: 

a I f  NO o r  NO2 was present ,  t h e  CH31 was conver ted t o  I2 f o r  AgOZ; 

t h i s  convers ion a l s o  occur red f o r  AgZ a t  a  face  v e l o c i t y  o f  3.75 

m/min i n  t h e  absence o f  NOx. 

a I f  t h e r e  was very l i t t l e  water  i n  t h e  gas s t ream ( 4  x  l o e 6  mole /L) ,  

t h e  t r a p p i n g  e f f i c i e n c y  o f  AgOZ was s i g n i f i c a n t l y  reduced (compare 

exper iments  1-3 and 1-4) .  
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Large r  morden i te  p a r t i c l e s ,  0.16 cm d i a  ex t ruda te ,  had a  poore r  

t r a p p i n g  e f f i c i e n c y  than  20-40 mesh m a t e r i a l .  

AgZ was l e s s  e f f i c i e n t  t han  AgOZ even a t  a  lower  face v e l o c i t y  

(compare exper iments  1-2 and 1-3). 

The presence o f  NO and/or  NO2 (NO,) had mixed e f f e c t s  on t h e  load-  

i n g  e f f i c i e n c y ;  exper iments  1-3 and 1-5 appear t o  have comparable 

l oad ings ,  w h i l e  exper iment 1-6 had a  much g r e a t e r  l o a d i n g  under 

i d e n t i c a l  c o n d i t i o n s .  

Temperature had mixed e f f e c t s  on l o a d i n g .  

Because a l l  o f  t h e  exper iments  i n  t h e  s t a t i s t i c a l  exper imenta l  p l a n  were 

n o t  completed, t h e  i n d i v i d u a l  e f f e c t s  o f  temperature ,  NO, and NO2 were con- 

founded, and thus  i t  was d i f f i c u l t  t o  e x t r a c t  any conc lus ions  about any one of 

t h e s e  i n d i v i d u a l  e f f e c t s  f rom t h i s  s e t  o f  data.  

5.0-cm DIA BED STUDY 

The apparent  impor tance o f  face v e l o c i t y  suggested t h a t  we i n c l u d e  i t  as a  

parameter. With t h e  h e l p  o f  G. F. P iepe l  o f  PNL we s e t  up a  z4 f a c t o r i a l  

des ign w i t h  4  r e p l i c a t e s  o f  t h e  c e n t e r  o f  t h e  hypercube. The r e p l i c a t e s  a r e  

needed t o  p r o v i d e  an e s t i m a t e  o f  pure (random) e r r o r .  I n  an a t tempt  t o  have 

l i n e a r  response v a r i a b l e s ,  we t rans fo rmed  t h e  temperature  and t h e  NO and NO2 

c o n c e n t r a t i o n s .  The temperature  v a r i a b l e  X T  = exp( -1 /T)  i s  based on t h e  A r rhe -  

n i u s  equat ion ,  k = A exp(-Ea/T), where k i s  t h e  r e a c t i o n  ra te ,  A i s  t h e  f r e -  

quency f a c t o r ,  Ea i s  t h e  a c t i v a t i o n  energy, and T  i s  temperature  i n  degrees 

K e l v i n .  

For t h e  NO and NO2 t r a n s f o r m a t i o n  v a r i a b l e s  we assumed t h a t  t hey  reac ted  

w i t h  CH31 as shown i n  equa t ions  (15)  and (16)  i n  Tab le  2. The NOx/CH31 r a t i o s  

a r e  rough ly  4  and 2, r e s p e c t i v e l y .  We t h e r e f o r e  adopted t h e  t r a n s f o r m a t i o r l s  

[ N O 1  
NO = ( -4 .1~10  - 4 )  114 and 



The cons tan t  4.1 x  i s  t h e  maximum c o n c e n t r a t i o n  employed i n  moles/L, and 

i s  e q u i v a l e n t  t o  about 1 ~ 0 1 % .  

The exper imen ta l  c o n d i t i o n s ,  average i o d i n e  l o a d i n g  a t  b reak th rough  

(RF = l o o ) ,  and t h e  i o d i n e  spec ies  found i n  t h e  e f f l u e n t  a r e  presented i n  

Table 6. The f i r s t  f o u r  runs 2-1 th rough  2-4 (F igu res  A.3 th rough  A.6) were 

made t o  measure v a r i a b i  1  i ty. The p a r a m e t r i c  s tudy  i n c l u d e d  exper iments  2-5 

t h r o u g h  2-24. The h i g h  temperature  exper iments  were 2-25 t h r o u g h  2-28. F i g -  

u res  A.5 th rough  A.26 a r e  p l o t s  o f  CH31 c o n c e n t r a t i o n  i n  t h e  i n f l u e n t ,  e f f l u e n t  

f rom t h e  f i r s t  8  cm bed segment, and t h e  n e x t  two 5  cm bed segments as a  func -  

t i o n  o f  average bed load ing .  I n  some f i g u r e s  t h e  8  cm bed segment was d i v i d e d  

i n t o  3  and 5  cm bed segments. ( F i g u r e s  a r e  n o t  p resented f o r  Exper iments 2-9, 

2-13, and 2-25 because t h e i r  CH31 was conver ted  t o  12) .  

I n  t h i s  se t  o f  exper iments  performed u s i n g  a  l a r g e r  bed and p a r t i c l e  s i z e ,  

we d i d  n o t  t y p i c a l l y  see t o t a l  conve rs ion  o f  a l l  o f  t h e  CH31 t o  I2 i n  t h e  p r e -  

sence o f  NOx as we d i d  w i t h  t h e  s m a l l e r  p a r t i c l e  s i z e  AgOZ. We d id ,  however, 

see t o t a l  conve rs ion  i n  2-10 and 2-13, b o t h  a t  150°C and 3.75 m/min face  ve loc -  

i t y ,  one w i t h  NOx absent  and t h e  o t h e r  w i t h  NOx p resen t .  T o t a l  conve rs ion  d i d  

occur  a t  200°C i n  t h e  presence o f  NO,, independent o f  f ace  v e l o c i t y .  P a r t i c l e  

s i z e  does a f f e c t  t h e  e f f i c i e n c y  o f  t h e  CH31 convers ion  t o  I2 on a  s i l v e r  mor- 

den i t e  bed. 

Tab le  7  p resen ts  t h e  r e s u l t s  o f  seve ra l  conf i rmatory  x-ray f l uo rescence  

ana lyses per formed by F. T. Hara and A. W. Lau tens lege r  o f  PNL. I n  some cases 

t h e  l o a d i n g  was n o t  t e r m i n a t e d  a t  b reakthrough,  so t h e  f i n a l  m a t e r i a l s  

c o n t a i n e d  more i o d i n e  t h a n  presented i n  Tab le  4. To e x t r a p o l a t e  bed segment 

l o a d i n g s  a t  an RF o f  100, t h e  r a t i o  o f  t h e  f i n a l  average l o a d i n g  t o  t h e  t i m e -  

based average l o a d i n g  a t  an RF o f  100 was found, and t h e  f i n a l  l o a d i n g  o f  each 

bed segment was d i v i d e d  by t h i s  r a t i o .  To i l l u s t r a t e  t h e  accuracy o f  t h e  

a n a l y s i s ,  t h e  t ime-based f i n a l  l o a d i n g  i s  a l s o  presented.  



TABLE 6. Summary o f  5.0 cm D i a  Bed Studies 

E xp. 
No. - 
2-1 

2-2 

2-3 

2-4 

2-5 

2-6 

2-1 

2-8 

2-cj 

2- 10 

2-11 

2-12 

2-13 

2- 14 

2- 15 

2-16 

2-17 

2-18 

2- 19 

2-20 

2-21 

2-22 

2-23 

2-24 

2-25 

2-26 

2-27 

2-28 

NO, 
I I I O ~  e/L 

0  

0  

0  

0  

5  .2x1~) -5  

4.1 x 1 0 - ~  

Face 
V e l o c l  t y ,  

rn/rnl n  

Average 
Loadi  ng 

(a RFa100, 
Ivg I / g  AgOZ 

2  5  

15 

29 

22 

38 

19 

<7 

b3 

127 

157 

97 

25 

93 

32 

2  1  

15 

105 

4  7  

5  5  

7  1 

15 

6 

I o d i n e  
Specles a t  

Breakthrough 

C H ~ I  

C H ~  I 

CH31 (No I2 d e t e c t e d )  

CIi31 (No I2 d e t e c t e d )  

CH31 ( I 2  a t  3  cm) 

CI131 (No I2 d e t e c t e d )  

Cl131 (No I2 d e t e c t e d )  

CI131 ( I 2  a t  13 an) 

l2 (No CHRI d e t e c t e d )  

CtI3I and I2 

Cl131 ( I 2  a t  13 CIII) 

CH31 ( I 2  a t  3  cm) 

i2 (No CH31 d e t e c t e d )  

Ct131 (No I2 d e t e c t e d )  

Ct131 (No I2 d e t e c t e d )  

CH31 (No I2 d e t e c t e d )  

CH31 ( I 2  a t  3  cm) 

CH31 (No I2 d e t e c t e d )  

C H ~ I  ( I 2  a t  13 crn) 

CH31 (No I2 d e t e c t e d )  

CH31 (No I2 d e t e c t e d )  

CH31 (No I2 d e t e c t e d )  

4 . 1 ~ 1 0 ' ~  0  152 3.75 91 CH91 and 1, 
J L 

5 . 2 ~ 1 0 ' ~  2 . 6 ~ 1 0 ' ~  116 7.5 4  7  CH31 ( I 2  a t  13 an) 

4 . 1 ~ 1 0 ' ~  4 . 1 ~ 1 0 ' ~  200 3.75 7  6 I2 (No CH31 d e t e c t e d )  

0  0 200 3.75 217 I2 and CH31 

0  0  200 15 .O 169 I2 and CH31 

4 .1x10 -~  4 . 1 ~ 1 0 ' ~  200 15 .O 88 I2 (No CH31 d e t e c t e d )  



TABLE 7. Summary o f  I o d i n e  Load ing by Bed Segment 

Exp. 
No. Bed segment ( a )  

2-5 1 A 

1 B 

2 

3 

Ave 

2-11 1 A 

1 B 

2 

3 

Ave 

2-17 1A 

1 B 

2 

3 

Ave 

2-24 1A 

1 B 

2 

3 

Ave 

2-25 1 A 

1 B 

2 

3 

Ave 

~ s t i m a t e d ( ~ )  
I o d i  ne Loadi  ng 
a t  an RF = 100, 

mg I / g  AgOZ 

59 

Measured 1od i  n e ( ~ )  Time C a l c u l a t e d  
Load ing a t  End I o d i n e  Load ing a t  

o f  Loading,  Exper iment End, 
mg I / g  AgOZ mg I / g  AgOZ 

139 



TABLE 7. ( c o n t d )  

~ s t i m a t e d ( ~ )  Measured lo dine(^) Time C a l c u l a t e d  
I o d i n e  Load ing Loading a t  End I o d i n e  Loading a t  

Exp. a t  an RF = 100, o f  Loadi ng, Exper i  ment End, 
No. Bed mg I / g  AgOZ mg I / g  AgOZ mg I / g  AgOZ 

2 219 

3  212 

Ave 217 

Ave. 169 

2-28 1A 

2  

3  

Ave 88(d ) 

( a )  The bed, when removed, was segmented as l A ,  t o p  3  cm; 1B nex t  5  cm; 2, 
n e x t  5  cm; and 3, n e x t  5  cm. 

( b )  Es t imated l o a d i n g  was c a l c u l a t e d  f o r  each segment by m u l t i p l y i n g  t h e  
measured i o d i n e  con ten t  on t h a t  segment by t h e  r a t i o  of t h e  t i m e -  
c a l c u l a t e d  t o t a l  bed average t o  t h e  measured t o t a l  bed average. 

( c )  Determined by X-ray f 1  uorescence a n a l y s i s  . 
( d )  Experiment stopped a t  RF = 100. T ime-ca lcu la ted  l o a d i n g  a t  end. Segment 

l o a d i n g  shou ld  be same as X-ray a n a l y s i s .  

I n s p e c t i o n  of t h e  l oad ings  by bed segment shows mass t r a n s f e r  zones rang- 

i n g  f rom 10 cm (exper iment  2-5) t o  l e s s  than  5  cm (exper iment  2-26). 

As mentioned e a r l i e r ,  t h e  maximum t h e o r e t i c a l  l o a d i n g ,  assuming AgI  as t h e  

product ,  i s  225 mg I / g  AgZ. Exper iment 2-26, loaded a t  200°C i n  t h e  absence o f  

NOx, has n e a r l y  t h e  maximum t h e o r e t i c a l  l oad ing .  



DATA ANALYSIS 

A  s t a t i s t i c a l  a n a l y s i s  o f  t h e  r e s u l t s  was performed by W. M. Bowen o f  PNL. 

To determine whether a  v a r i a b l e  a f f e c t e d  CH31 capture ,  an e x t e n s i v e  a n a l y s i s  o f  

v a r i a n c e  (ANOVA) was performed u s i n g  a  s t a t i s t i c a l  computer package. 

An ANOVA (e.g., Tab le  8 )  a t tempts  t o  ana lyze  t h e  v a r i a t i o n  found f o r  a  

dependent v a r i a b l e  ( response)  by a t t r l ' b u t i  ng p o r t i o n s  o f  t h e  response v a r i a t i o n  

t o  independent v a r i a b l e s  ( sou rces ) .  There a r e  two b a s i c  sources of response 

v a r i a t i o n :  1 )  random o r  pure e r r o r  v a r i a t i o n ,  caused by f a c t o r s  which a r e  n o t  

o r  cannot be c o n t r o l l e d ;  and 2) v a r i a t i o n s  caused by changes i n  t h e  l e v e l s  o f  

t h e  source v a r i a b l e s  which were c o n t r o l l e d  i n  t h e  exper iment.  

The t h e o r y  and methodology o f  ANOVA i s  t o o  complex t o  be d i scussed  here ,  

so  we w i l l  o n l y  p r o v i d e  a  b r i e f  e x p l a n a t i o n  i n  genera l  terms. For  f u r t h e r  

i n f o r m a t i o n ,  read ing  Snedecor and Cochran (1980) i s  suggested. 

ANOVA p a r t i t i o n s  t h e  t o t a l  v a r i a b i l i t y  i n  t h e  response v a r i a b l e  i n t o  por -  

t i o n s  a t t r i b u t a b l e  t o  each independent v a r i a b l e .  The Sum o f  Squares (SS) o r  

Mean Square (MS) f o r  each independent v a r i a b l e  i s  a  measure o f  t h e  p o r t i o n  o f  

t h e  t o t a l  v a r i a b i l i t y  accounted f o r  by t h e  e f f e c t  o f  t h e  independent v a r i a b l e  

on t h e  response v a r i a b l e .  To determine whether t h e  e f f e c t  o f  t h i s  independent 

v a r i a b l e  i s  s t a t i s t i c a l l y  s i g n i f i c a n t ,  i t s  MS i s  d i v i d e d  by t h e  Mean Square due 

t o  exper imen ta l  e r r o r  (MSE). When t h e r e  i s  no e f f e c t ,  t h i s  r a t i o  f o l l o w s  t h e  F  

d i s t r i b u t i o n .  When t h e r e  i s  an e f f e c t ,  t h e  r a t i o  w i l l  tend t o  be l a r g e r  t h a n  

an F  d i s t r i b u t e d  v a r i a b l e .  Thus, t h e  r a t i o  i s  compared w i t h  a  v a l u e  o b t a i n e d  

from a  Tab le  o f  t h e  F  d i s t r i b u t i o n .  'The independent v a r i a b l e  has a  s t a t i s t i -  

c a l l y  s i g n i f i c a n t  e f f e c t  i f  t h e  r a t i o  exceeds t h e  t a b l e  value.  The s i g n i f i -  

cance l e v e l  r e p o r t e d  i n  t h e  ANOVA t a b l e  i s  t h e  p r o b a b i l i t y  o f  be ing  wrong i n  

c o n c l u d i n g  t h a t  t h e  independent v a r i a b l e  a c t u a l  l y  has an e f f e c t  beyond v a r i  a- 

t i o n s  due t o  exper imen ta l  e r r o r .  Thus, a  smal l  s i g n i f i c a n t  l e v e l  p r o v i d e s  

g r e a t e r  con f idence  i n  conc lud ing  t h a t  t h e r e  a c t u a l l y  i s  an e f f e c t .  

The a n a l y s i s  was performed i n  two phases. The f i r s t  (Phase 1) ana lyzed  

t h e  da ta  f rom exper iments  2-5 t o  2-24. The second (Phase 11) added t h e  r e s u l t s  



TABLE 8. F u l l  Model ANOVA f o r  Phase 1 Ana lys i s  

Source 

Mai n  
E f f e c t s  

Two-way 
I n t e r -  
a c t i o n s  

Three-way 
I n t e r -  
a c t i  ons 

Four-way 
I n t e r -  
a c t  i on 

Degrees Sum o f  Var iance S i g n i f i c a n c e  
o f  Freedom Squares R a t i o  Level  

1 1681.0 1.44 

1 72.3 < 1  

I Temperature (T)  1 13225 .O 11.35 0.05 

Face v e l o c i t y  (F )  1 9506.3 8.16 0.10 

NOxN02 

NOxT 

NOxF 

N02xT 

N02xF 

.TxF 

IVOxN02xT 1 156.3 <1  

NOxN02xF 1 144.0 < 1  

NOxTxF 1 90.3 <1  

N02xTxF 1 36.0 <1  

Pure E r r o r  3  3495 MSE = 1165 

f rom t h e  exper iments (2-25 th rough  2-28) performed a t  200°C. The r e s u l t s  o f  

each phase were s i m i l a r ,  as d iscussed i n  d e t a i  1  below. Temperature and face  

v e l o c i t y  had t h e  g r e a t e s t  e f f e c t s ,  NO had a  l e s s e r  e f f e c t ,  and NO2 had no 

e f f e c t .  The h i g h e s t  i o d i n e  l oad ings  were ob ta ined  a t  h i g h e r  temperatures ,  

l ower  face  v e l o c i t i e s ,  and i n  t h e  absence o f  NO. Complex i n t e r a c t i o n s  were 

found between t h e  d i f f e r e n t  independent v a r i a b l e s  ; i .e., t h e  e f f e c t  of one va r -  

i a b l e  i s  a f f e c t e d  by t h e  l e v e l  o f  another  v a r i a b l e .  



Phase 1 A n a l y s i s  

I n i t i a l l y  an ANOVA was per fo rmed t o  t e s t  t h e  s i g n i f i c a n c e  o f  t h e  4 main 

f a c t o r s ,  6 two-way i n t e r a c t i o n s ,  4 three-way i n t e r a c t i o n s ,  and 1 four -way 

i n t e r a c t i o n ,  and t o  t e s t  f o r  l a c k - o f - f i t .  A  s t a t i s t i c a l l y  s i g n i f i c a n t  main 

e f f e c t  i n d i c a t e s  t h a t  t h e  co r respond ing  f a c t o r  had a  l i n e a r  e f f e c t  on t h e  

response v a r i a b l e ,  which i s  average bed l o a d i n g  a t  an RF o f  100. A  s i g n i f i c a n t  

two-way i n t e r a c t i o n  means t h a t  t h e  e f f e c t  o f  one v a r i a b l e  depends on t h e  l e v e l  

o f  a  second v a r i a b l e  and v i c e  versa.  The same a p p l i e s  t o  t h e  three-way and 

four-way i n t e r a c t i o n s .  The l a c k - o f - f i t  t e s t  i n d i c a t e s  whether any o f  t h e  f a c -  

t o r s  had o t h e r  t han  s imp le  l i n e a r  e f f e c t s .  

The r e s u l t s  o f  t h e  i n i t i a l  ANOVA, wh ich  a r e  p resen ted  i n  Tab le  8, i n d i c a t e  

t h a t  l a c k - o f - f i t ,  t h e  three-way and four-way i n t e r a c t i o n s  a r e  n o t  s i g n i f i c a n t .  

Thus, t hese  c o u l d  be "poo led"  w i t h  p u r e  expe r imen ta l  e r r o r  t o  p r o v i d e  an 

improved e s t i m a t e  o f  pure  expe r imen ta l  e r r o r  and a  reduced model t e s t e d  by 

ANOVA. 

The reduced ANOVA r e s u l t s  a r e  p resen ted  i n  Tab le  9. We f i n d  t h a t  t h e  tem- 

p e r a t u r e  (T )  and s u p e r f i c i a l  f a c e  v e l o c i t y  ( F )  have s i g n i f i c a n t  main e f f e c t s ,  

and t h a t  t h e y  i n t e r a c t  (TxF symbol izes  t h e  i n t e r a c t i o n  o f  t empera tu re  and f a c e  

v e l o c i t y ) .  These l i n e a r  e f f e c t s  and i n t e r a c t i o n s  a r e  i 11 u s t r a t e d  i n  F i g u r e s  4 

and 5. I n  t h e  f i g u r e s  t h e  mean bed l o a d i n g s  appear i n  parentheses.  

F i g u r e  4 i n d i c a t e s  t h a t  bed l o a d i n g  i n c r e a s e s  w i t h  i n c r e a s i n g  tempera tu re ,  

and t h i s  i n c r e a s e  i s  g r e a t e r  a t  low f a c e  v e l o c i t y .  However, t h e  r e l a t i v e  l o a d -  

i n g s  [L (T2 ) /L (T1 ) ]  a r e  n o t  very  d i f f e r e n t ,  b e i n g  s l i g h t l y  g r e a t e r  a t  t h e  h i g h  

v e l o c i t y .  The n a t u r e  o f  t h e  in te rdependence o f  F  and T, as seen i n  F i g u r e s  4 

and 5, i s  u n c l e a r .  From t h e  low l o a d i n g s  a t  t h e  l ower  tempera ture ,  i t  i s  

apparent  t h a t  t h e  s i l v e r  s i t e s  a r e  e f f e c t i v e l y  b locked ;  i .e., t h e  CH31 r e s i -  

dence t i m e  i s  n o t  adequate a t  e i t h e r  f l o w  r a t e .  

The main e f f e c t  o f  NO and t h e  two-way i n t e r a c t i o n s  o f  NOxF and N02xF were 

s i g n i f i c a n t  a t  t h e  0.25 l e v e l .  F i g u r e s  6 and 7  show t h e  e f f e c t s  o f  NO and NO2 

a t  t h e  two l e v e l s  of f a c e  v e l o c i t i e s ,  r e s p e c t i v e l y .  The i n t r o d u c t i o n  o f  NO 

reduced t h e  mean l o a d i n g ;  t h i s  e f f e c t  was g r e a t e r  a t  3.75 rn/min t h a n  a t  

15 rn/min. As d i scussed  i n  t h e  Phase 2  s e c t i o n ,  i t  appears t h a t  NO b locked,  



TABLE 9. Reduced Model ANOVA f o r  Phase 1 A n a l y s i s  

Source 

NO 

N02 
Temperature (T )  

Face V e l o c i t y  (F)  

NOxN02 

NOxT 

NOxF 

N02xT 

N02xF 

TxF 

Degrees 
o f  Freedom 

1 

1 

1 

1 

Sum o f  
Sauares 

Var iance S i g n i f i c a n c e  
R a t i o  Leve l  

2.87 0.25 

E r r o r  9 5272.6 MSE = 585.8 

competed w i t h ,  o r  i n h i b i t e d  t h e  r e a c t i o n  o f  CH31 w i t h  t h e  a c t i v e  s i t e s  i n  AgOZ. 

The e f f e c t  o f  NO2 was mixed. A t  3.75 m/min, a  decrease i n  mean l o a d i n g  

occur red,  w h i l e  a t  15 m/min, a  s l i g h t  i n c r e a s e  i n  mean l o a d i n g  occur red.  The 

e f f e c t  was g r e a t e r  a t  t h e  low face  v e l o c i t y .  

Phase 2  A n a l y s i s  

I n  phase 2  a l l  28 da ta  p o i n t s  were i n c l u d e d  i n  t h e  ana lys i s .  The same 

process o f  e l i m i n a t i n g  s t a t i s t i c a l l y  n o n s i g n i f i c a n t  e f f e c t s  and e s t i m a t i n g  a  

"pooled" v a r i a n c e  was performed. The r e s u l t s  o f  t h e  reduced model ANOVA a re  

presented i n  Tab le  10. Because o f  t h e  i ncomp le te  des ign a t  200°C, where we 

o n l y  eva lua ted  t h e  presence o r  absence o f  NOx, t h e  e f f e c t s  o f  NO and NO2 a r e  

comp le te l y  confounded a t  t h i s  temperature .  Thus t h e  NOxT and N02xT two-way 

i n t e r a c t i o n s  a re  p a r t i a l l y  confounded f o r  a l l  temperatures .  There fore ,  f o r  

t h i s  a n a l y s i s  i t  was assumed t h a t  N02xT i s  n e g l i g i b l e  based on t h e  Phase I 

a n a l y s i s .  

Tab le  10 shows t h a t  NO2 main e f f e c t ,  NOxN02 and N02xT two-way i n t e r a c -  

t i o n s ,  and t h e  three-way and four-way i n t e r a c t i o n s  were n o n s i g n i f i c a n t .  Note 
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TABLE 10. Reduced Model ANOVA For Phase 2  A n a l y s i s  

Degrees 
Freedom 

Sum o f  
Squares 

8133 

34365 

13225 

Mean Sum 
o f  Squares 

8133 

V a r i  ance 
R a t i o  

20.49 

S i g n i f i c a n c e  
Leve l  

0.0005 

Source 

N  0  

Temperature ( T )  

C o n t r a s t  1 ( C l )  

C o n t r a s t  2  (C2) 

Face v e l o c i t y  ( F )  

NOxT 

NOxCl 

NOxC2 

NOxF 

N02xF 

TxF 

ClxF 

C2xF 

E r r o r  16 6351 MSE = 397 

a l s o  i n  Tab le  10 t h a t  t empera tu re  i s  p a r t i t i o n e d  i n t o  two c o n t r a s t s .  Con- 

t r a s t  1 i s  t h e  same a n a l y s i s  used i n  Phase 1. C o n t r a s t  2  (C2) compares t h e  

average o f  t h e  means a t  86 and 152°C w i t h  t h e  mean a t  200°C. 

There a re  t h r e e  s i g n i f i c a n t  terms i n  Tab le  10 which a re  no t  i n  Tab le  9: 

l a c k - o f - f i t ,  C2, and NOxC2. Fi .gure 8 i l l u s t r a t e s  t h e  NOxT i n t e r a c t i o n .  When 

NO was present ,  bed l o a d i n g  s h a r p l y  i nc reased  as T  was inc reased  f rom 152 t o  

200°C. At  1% NO, t h e r e  i s  o n l y  a  s l i g h t  i n c r e a s e  between 152 and 200°C. 

F i g u r e s  9  and 10 i l l u s t r a t e  t h e  NOxF and N02xF two-way i n t e r a c t i o n s ,  

r e s p e c t i v e l y .  These a r e  c o n s i s t e n t  w i t h  t h e  r e s u l t s  f rom Phase 1 (see F i g -  

u r e s  6  and 7) .  A t  h i g h  f a c e  v e l o c i t y ,  15 mlmin, NO and NO2 have no e f f e c t ,  

w h i l e  a t  low f a c e  v e l o c i t y ,  t h e y  s i g n i f i c a n t l y  reduce t h e  mean l o a d i n g .  
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FIGURE 8. Phase 2 Ana lys i s :  The E f f e c t  o f  Temperature on CH31 
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The t y p i c a l l y  n e g a t i v e  e f f e c t s  seen f o r  t h e  ox ides o f  n i t r o g e n  , especi  a1 l y  

NO, can be a t t r i b u t e d  t o  a  number o f  f a c t o r s .  I n c l u d e d  i n  t h i s  l i s t  a r e  reac-  

t i o n  o r  complex f o r m a t i o n  between t h e  NOx spec ies ,  t h e i r  condensat ion products ,  

o r  t h e i r  d i s p r o p o r t i o n a t i o n  p roduc ts  w i t h  t h e  a c t i v e  s i l v e r ;  o r  r e a c t i o n  w i t h  

t h e  i o d i n e - s i l v e r  forms; o r  p h y s i c a l  b lockage o f  t h e  z e o l i t e  pores, h i n d e r i n g  

access o f  t h e  i o d i n e  t o  t h e  a c t i v e  s i l v e r  s i t e s .  Too l i t t l e  i n f o r m a t i o n  i s  

a v a i l a b l e  t o  d e f i n e  t h e  c o r r e c t  mechanism o r  cornbinat ion of mechanisms. 
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F i g u r e s  11 and 12 a r e  two i l l u s t r a t i o n s  o f  t h e  TxF i n t e r a c t i o n .  When T 

was s e t  a t  86 o r  200°C, face v e l o c i t y  had o n l y  a  s l i g h t  e f f e c t ;  however, when T 

was a t  15Z°C, a  sharp decrease i n  l o a d i n g  was seen when F was increased.  

The l o a d i n g  a t  b reakthrough i n c r e a s e s  w i t h  tempera tu re  ove r  t h e  comple te  

range, as expected. I f  we assume t h a t  r a t e s  a re  p r o p o r t i o n a l  t o  l oad ings ,  

a d m i t t e d l y  ques t i onab le ,  t h e n  t h e  c a l c u l a t e d  a c t i v a t i o n  energ ies  a r e  sma l l ,  ( 5  

t o  10 k c a l ) .  The f a c t  t h a t  t h e  l o a d i n g s  a r e  n o t  l i n e a r  w i t h  t h e  t rans fo rmed  

temperature ,  i .e., exp ( - l / T ) ,  over t h e  comple te  range i s  n o t  s u r p r i s i n g  i n  

v iew o f  t h e  i n t e r a c t i o n s  j u s t  d iscussed.  
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CONCLUSIONS AND RECOMMENDATIONS 

Our s t u d i e s  have shown t h e  e f f e c t i v e n e s s  o f  c a p t u r i n g  CH31 w i t h  AgZ t h a t  

has been reduced (hydrogen p r e t r e a t e d ) .  By e x t r a p o l a t i o n ,  AgOZ should be an 

e f f e c t i v e  t r a p  f o r  o t h e r  o rgan ic  i o d i d e s  found i n  t h e  POG. The e f f i c i e n c y  o f  

CH31 cap tu re  i s  dependent on va r ious  o p e r a t i o n a l  parameters and i s  a f f e c t e d  by 

o t h e r  gases i n  t h e  POG o f  a  n u c l e a r  rep rocess ing  p l a n t .  

Maximum e f f i c i e n c y  f o r  t h e  removal o f  CH31 from gas streams by AgZ i s  

o b t a i n e d  by smal l  p a r t i c l e  s ize ,  low face  v e l o c i t y ,  absence o f  NO, presence o f  

water  i n  t h e  gas stream, and e l e v a t i o n  o f  t h e  temperature  from 150 t o  around 

200°C. AgOZ i s  p r e f e r r e d  over  AgZ, and f o r  t h e  10-16 mesh p a r t i c l e s ,  a  bed o f  

a t  l e a s t  15 cm deep i s  suggested. 

Complex i n t e r a c t i o n s  e x i s t  between t h e  parameters i n v e s t i g a t e d  here. A 

b e t t e r  unders tand ing o f  these might  be ob ta ined  w i t h  a  s e t  o f  exper iments u s i n g  

a  r e l a t i v e l y  sha l l ow  bed and by observ ing  t h e  k i n e t i c s  o f  cap tu re  r a t h e r  t h a n  

t o t a l  bed load ing.  

A d d i t i o n a l  s t u d i e s  a re  reconimended t o  improve knowledge on t h e  b a s i c  chem- 

i s t r y  o f  t h e  s o r p t i o n  r e a c t i o n  o f  CH31 and 12 by s i l v e r  z e o l i t e s .  
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