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SUMMARY 

Th i s  r e p o r t  summarizes work on t h e  s e l e c t i o n  o f  an '''1 d i sposa l  form. 

I od ine  compounds have been screened on t h e  bas i s  o f  s o l u b i l i t i e s ,  thermal  

s t a b i l i t i e s ,  cos t  and a v a i l a b i l i t y ,  t o x i c i t y  o f  t h e  ca t i on ,  and t h e  

thermodynamic res i s tance  t o  o x i d a t i o n  and h y d r o l y s i s ,  and l e a c h i n g  o f  t h a t  

compound i n  p o r t l a n d  t y p e  I 1 1  cement. A lso cons idered were i o d i n e  cap tu re  

techno1 ogy, d isposa l  c r i t e r i a  o r  guide1 i nes ,  and t h e  d i sposa l  s i t e l s t r a t e g y .  

The recommended i o d i n e  f i x a t i o n ,  forms, based on t h e i r  l each  r e s i s t a n c e  

and chemical s t a b i  1  i t y  and con t i ngen t  on t h e  d isposa l  s t r a t e q y l s i t e  and 

cap tu re  technique, a r e  s i l v e r  i o d i d e  i n  cement and barium, ca lc ium,  o r  

s t r on t i um,  and mercur ic  i oda tes  i n  cement. I o d i n e  s o d a l i t e  appears p romis ing  

and m e r i t s  f u r t h e r  study. 

I f  compat ib le  w i t h  d i sposa l  requirements,  t h e  recommended forms f o r  

Mercurex and Iodox a r e  i nso l  u b l e  i oda tes  i n  cement and f o r  s i l v e r  sorbents  t h e  

sorbents  i n  cement o r  AgI i n  cement. Conversion between t h e  d i f f e r e n t  

o x i d a t i o n  s t a t e s  o f  i o d i n e  i s  f e a s i b l e  b u t  compl i ca tes  t h e  i o d i n e  t reatment .  

For t h e  d i f f e r e n t  d i sposa l  s t r a t e g i e s ,  i s o t o p i c  d i l u t i o n  o r  ocean 

d isposa l  has t h e  l e a s t  s t r i n g e n t  d isposa l  form requirements.  Any o f  t h e  

recommended forms should be s u i t a b l e  w i t h  p roper  s i t e  se lec t i on .  I s o l a t i o n  i n  

a  geo log ic  r e p o s i t o r y  f o r  thousands o f  years  r e q u i r e s  t h e  d isposa l  form t o  be 

t h e r m a l l y  and chemica l l y  s t a b l e  and r e s i s t a n t  t o  l e a c h i n g  a t  e l eva ted  

temperatures. Probably t h e  "bes t "  fo rm s tud ied  f o r  i s o l a t i o n  i s  s i l v e r  i o d i d e  

i n  cement. For e x t r a t e r r e s t r i a l  d i sposa l ,  t h e  d isposa l  form may have t o  

w i t hs tand  r e e n t r y  impact and su r f ace  d isposa l  i n  t h e  event o f  an abo r ted  

miss ion;  t h i s  assumes t h e  capsule i s  n o t  recovered. Thus t h e  p r imary  
- containment b a r r i e r  i s  c r i t i c a l .  The suqgested i o d i n e  form f o r  space d isposa l  

i s  a  heavy metal  iod ide .  

Al though s i l v e r  i o d i d e  appears t o  be t h e  "bes t "  d i sposa l  form, 

cons ide ra t i on  should be g iven  t o  i t s  va lue  as an i r r e p l a c e a b l e  resource. - 
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SELECTION OF A FORM FOR FIXATION OF IODINE-129 

L. L. Burger 

R. D. Scheele 

K. D. Wiemers 

INTRODUCTION 

Three i so topes  o f  i od ine ,  127, 129, and 131, a r e  among t h e  major  f i s s i o n  

products  f rom nuc lea r  f ue l s .  Be fo re  t h e  spent f u e l  i s  norma l l y  processed, 

t h e  l3'1, tlI2=8 days, w i l l  have decayed t o  a  n e g l i g i b l e  l e v e l  l e a v i n g  o n l y  
7  t h e  l ong  h a l f - l i f e  1 2 9 ~ ,  t1/2=1.6x10 yr  as a  p o t e n t i a l  r i s k  i f  re leased  t o  

t h e  environment. The q u a n t i t y  i n v o l v e d  i s  about one C i  pe r  GWe-yr (about 

7 kg) f o r  LWR fue l s .  Publ ished r e g u l a t i o n s  would l i m i t  t h e  amount o f  12gI 

d ischarged t o  t h e  environment t o  5 mCi/GWe-yr (40 CFR 190 1977) and s e t  l i m i t s  

f o r  i n  a i r ,  2 x 1 0 - ~ ~  c i / m 3 ,  and i n  d r i n k i n g  water  6 x 1 0 ~ ~  c i / m 3  (10 CFR 20 

1978). Current  r e v i s i o n s  o f  40 CFR 190 may s e t  s t i l l  o t h e r  standards. 

Considerable technology i s  a v a i l a b l e  f o r  removing i o d i n e  f rom aqueous and 

gaseous streams and c o n v e r t i n g  i t  t o  forms f o r  s to rage  and/or d isposa l .  

Reviews o f  removal methods f o r  i o d i n e  a r e  p rov ided  i n  two Oak Ridge Nat iona l  

Laboratory  (ORNL) pub1 i c a t i  ons (Hol 1  aday 1979; Jubi  n  1979). A b r i e f  

technology assessment o f  '''1 c o n t r o l  i n  a  reprocess ing  p l a n t  i s  con ta ined  i n  

a  PNL document (Burger  and Burns 1979). A r ecen t  survey o f  r a d i o i o d i n e  

removal i n  nuc lea r  f a c i l i t i e s  has been prepared by t h e  I n t e r n a t i o n a l  Atomic 

Energy Agency (IAEA 1980). 

The p resen t  r e p o r t  d iscusses t h e  p r o p e r t i e s  o f  p o t e n t i a l  f i x a t i o n  

m a t e r i a l s  w i t h  t h e  aim o f  p r o v i d i n q  a  bas i s  f o r  choosing s to rage  o r  d isposa l  

forms f o r  ' '''1. It must be mentioned t h a t  no governmental c r i t e r i a  f o r  e i t h e r  

s torage o r  d isposa l  have been def ined.  Thus, f o r  p r e l  im ina ry  screeninq,  

cons iderab le  l a t i t u d e  i n  t h e  va lue  of parameters such as leach  r a t e  and 

thermal s t a b i  1  i t y  may be permi t ted .  





CONCLUSIONS 

. - Our s tud ies  have shown t h a t  severa l  i o d i n e  forms a re  p o t e n t i a l  candidates 

f o r  use as a  f i x a t i o n  form f o r  '''1, con t i ngen t  upon t h e  d i sposa l  

env i ron~nent /s t ra tegy .  Several  i o d i d e s  and i oda tes  were screened f o r  t h e i r  

s o l u b i l i t y ,  thermal s t a b i l i t y ,  r e s i s t a n c e  t o  o x i d a t i o n  and h y d r o l y s i s ,  c o s t  

and a v a i l a b i l i t y ,  and t h e  i o d i n e  l each  r a t e  when i nco rpo ra ted  i n t o  cement. 

A lso i n f l u e n c i n g  t h e  f i n a l  i o d i n e  f i x a t i o n  form a r e  t h e  l i k e l y  i o d i n e  

products  f rom t h e  var ious  gaseous i o d i n e  cap tu re  technolog ies.  Mercurex and 

Iodox produce ioda tes .  The s i l v e r - c o n t a i n i n g  s o l i d  sorbents  loaded w i t h  

i o d i n e  a r e  themselves products ;  as an op t ion ,  however, w i t h  s i l v e r  z e o l i t e s  

t h e  i o d i n e  can be s t r i p p e d  as hydrogen i o d i d e  and conver ted  t o  an i n s o l u b l e  

i o d i d e  o r  t rapped on a  d i f f e r e n t  metal  z e o l i t e .  Lead z e o l i t e  had been 

suggested, bu t  our  s t u d i e s  have shown l ead  z e o l i t e  t o  be a  poor  f i x a t i o n  

form. For Mercurex and Iodox t h e  i o d a t e  i s  t h e  p r e f e r r e d  form, and f o r  s o l i d  

sorbents  t h e  sorbents  themselves o r  an i o d i d e  a r e  t h e  p r e f e r r e d  forms. 

Our l each ing  s tud ies  on i o d i d e s  i n  cement have shown t h a t  s i l v e r  i o d i d e  

i s  t h e  o n l y  acceptable iod ide .  Copper and l e a d  i o d i d e s  hydro lyzed  i n  t h e  h i g h  

pH environment o f  t h e  cement and e x h i b i t e d  h i gh  leach  ra tes .  Copper i o d i d e  

might  be acceptable i n  a  medium which i s  bo th  reduc ing  and n e u t r a l .  Tha l l i um  

i od ide ,  t h e  on l y  o t h e r  p o t e n t i a l l y  s t a b l e  i o d i d e  i n  cement, was r e j e c t e d  on 

t o x i c i t y  grounds. S i l v e r  i o d i d e  i n  cement had t h e  lowes t  l each  r a t e  o f  a l l  

i o d i n e  forms tested.  

Leaching s tud ies  on i oda tes  i n  cement showed n e a r l y  equ i va len t  l each ing  

between barium, ca lc ium,  s t r on t i um,  and mercur ic  ioda tes .  Because o f  s u l f a t e  

- i o n  i n  cement t h e  lower  s o l u b i l i t y  o f  bar ium and s t r o n t i u m  ioda tes ,  compared 

t o  ca l c i um ioda te ,  i s  n o t  e f f e c t i v e  i n  reduc ing  t h e  l each  ra te .  Mercur i c  

i o d a t e  has a  s t i l l  l ower  s o l u b i l i t y ,  b u t  i n  t h e  h i gh  pH o f  t h e  cement i t s  

behavior  i s  no b e t t e r  than  t h e  a l k a l i n e  e a r t h  iodates.  Because o f  c o s t s  

ca lc ium i s  probably  p r e f e r r e d  over  t h e  o thers ,  depending, o f  course, on i t s  

c o m p a t i b i l i t y  w i t h  p recu rso r  processes. Assuming cons tan t  water  con tac t ,  t h e  

expected leach  t imes f o r  these  m a t e r i a l s  vary  f rom a  few hundred t o  a  few 

thousand years  a f t e r  t h e  containment i s  breached. The use o f  s i l v e r  i o d i d e  i n  

cement should extend t h e  t ime  by a  f a c t o r  o f  100 o r  more. 



The simul a ted  dynami c  1  each study on i odi  ne-1 oaded s i  1  ve r  mordeni t e  i n  

cement showed i t  t o  be i n t e r m e d i a t e  between s i l v e r  i o d i d e  and t h e  i oda tes ,  

w h i l e  t h e  s t a t i c  t e s t  showed e q u i v a l e n t  behavior  t o  t h e  ioda tes .  

Because o f  i t s  h i g h  l each  r e s i s t a n c e  and chemical s t a b i l i t y ,  s i l v e r  

i o d i d e  i s  t h e  most a t t r a c t i v e  i o d i n e  f i x a t i o n  form; however, s i l v e r  i s  an 

expensive, va luable,  and scarce resource. For c e r t a i n  purposes, such as 

photography and some e l e c t r i c a l  systems, t h e r e  i s  no s u b s t i t u t e  and t h e  demand 

exceeds t h e  known reserves. Others p o i n t  ou t ,  however, t h a t  t h e  t o t a l  s i l v e r  

r e q u i r e d  f o r  i o d i n e  d isposa l  i s  i n s i g n i f i c a n t  compared t o  t h a t  used i n  

i n d u s t r y .  I f  s i  1  ver  must be used, s i  1  ver  i od ide - -no t  s i  1  ve r  so rben ts - - i  s  t h e  

recommended form because i t s  s i l v e r  u t i l i z a t i o n  i s  100%. 

To p reven t  re lease  d u r i n g  s h i p p i n g  and p red isposa l  s torage,  a d d i t i o n a l  

coa t i ngs  can be app l ied ,  a l though a  s t e e l  drum may be adequate. For  d i sposa l  

and t o  p reven t  t h e  h i g h  i n i t i a l  l each  r a t e  seen a t  t h e  beg inn ing  o f  t h e  l each  

s tud ies ,  a  second p r o t e c t i v e  l a y e r  o f  cement would p rov ide  adequate temporary 

p reven t i on  o f  re1 ease. 

O f  t h e  p o t e n t i a l  d i sposa l  s i t e s ,  d i s p e r s i o n  i n  t h e  oceans has t h e  fewest  

r e s t r i c t i o n s  on t h e  i o d i n e  f i x a t i o n  form. The s t a b i l i t y  and s o l  u b i l  i t y  

requi rements a r e  on ly  moderate; t h e  o n l y  requirement i s  t h a t  t h e  d i s p e r s i o n  

t ime  i s  l e s s  than  o r  equal t o  t h e  re l ease  t ime. A l l  o f  t h e  suggested 

candidates l i s t e d  above may be used; i n  f a c t ,  g iven  t h e  r i g h t  s i t e ,  a  very  

s o l u b l e  form l i k e  ca l c i um i o d i d e  c o u l d  be used. S i l v e r  i s  n o t  ou r  cho i ce  f o r  

ocean d isposa l  because o f  i t s  va lue  as a  resource. 

The s t a b i l i t y  and l e a c h i n g  cons ide ra t i ons  f o r  i s o l a t i o n  i n  a  d r y  

r e p o s i t o r y  a r e  much more c r i t i c a l  because o f  t h e  l o n g  h a l f - l i f e  o f  '"1. For 

t i m e  pe r i ods  comparable t o  t h e  r a d i o a c t i v e  decay t ime,  t e r r e s t r i a l  d i sposa l  

must be cons idered as d i s p e r s a l  because of geo log ic  phenomena. Any re l ease  

must t h e r e f o r e  be a t  harmless concent ra t ions .  As has been noted, none o f  t h e  

i o d i n e  compounds has bo th  h i g h  chemical  s t a b i  1  i t y  and h igh  l each  r e s i s t a n c e  

except  perhaps s i l v e r  i od ide .  Thus s i l v e r  i o d i d e  i n  cement may be t h e  b e s t  

form. Next may be t h e  group I 1  iodates.  

The requi rements on t h e  form would be t h e  most s t r i n g e n t  f o r  

e x t  r a t e r r e s t r i  a1 d isposa l  . I n  t h e  event of a  t r a n s p o r t a t i o n  acc iden t  i o d i  ne 

r e t e n t i o n  would depend e n t i r e l y  on t h e  p r imary  b a r r i e r .  Thus, t h e  d i sposa l  



form must meet o r  exceed t h e  requi rements  f o r  d i sposa l  i n  a  geo log i c  

r e p o s i t o r y  o r  i n  t h e  ocean. 

There a r e  p o t e n t i a l  a l t e r n a t i v e  forms. P re l  im ina ry  work w i t h  soda1 i t e  

i n d i c a t e s  very  good l each  r e s i s t a n c e  comparable t o  t h a t  o f  AgI i n  cement. The 

use o f  composites w i t h  p a r t i c l e s  p r o t e c t e d  by a  p r imary  c o a t i n g  and mixed w i t h  

cement i s  a l s o  a  p o s s i b i l i t y .  The use o f  b i tumen o r  s y n t h e t i c  o rgan i c  
polymers w i l l  undoubtedly g i v e  b e t t e r  sho r t - t e rm  r e s i s t a n c e  t o  l e a c h i n g  than  

does cement, bu t  these m a t e r i a l s  cannot be r e l i e d  upon f o r  ve ry  l o n g  p e r i o d s  

o f  t ime. I m p l a n t a t i o n  by s p u t t e r i n g  i n t o  an i n e r t  m a t r i x  has been 

considered. It would p robab ly  be a  d i f f i c u l t  and c o s t l y  process. Glasses a r e  

ano ther  p o s s i b i l i t y ,  b u t  s u i t a b l e  m a t e r i a l s  have n o t  y e t  been i d e n t i f i e d .  





. - I n  t h e  fue l  c y c l e  t h e  i o d i n e  re l ease  p o i n t  i s  t h e  o f f - gas  streams f rom 

t h e  fue l  reprocess ing  p l a n t .  I o d i n e  removal f rom these streams has r e c e n t l y  

focused on t h r e e  techniques:  ( 1 )  mercur i c  n i t r a t e - n i t r i c  a c i d  sc rubb ing  

(Mercurex) , (2 )  scrubbing w i t h  hyperazeo t rop ic  (>20 - M) n i t r i c  a c i d  ( I odox )  , 
and (3 )  s o r p t i o n  on s o l i d  media. Caus t i c  scrubbing, used i n  e a r l y  p rocess ing  

a c t i v i t i e s ,  i s  s t i l l  cons idered a  v i a b l e  process. 

These processes have been reviewed i n  many repo r t s ,  e.g., Mercurex 

(Hol laday  1979; St romat t  1958; Yarbro e t  a l .  1969), Iodox (Hol l aday  1979; 

G i  nnow and C la rk  1978; C o l l  i n s  and Benker 1979), ge ls  and ox ide  s o l  i d s  ( Jub in  

1979; Hol laday 1979; Ackley and Combs 1973; Gal e t  a l .  1974; W i l  helm and 

Schuet te l  k o p f  1973), and z e o l i t e s  ( Jub in  1979; Hol laday  1979; Pence e t  a l .  

1971; Stap les e t  a l .  1976). Trapping o f  i o d i n e  spec ies w i t h  s i l v e r - n i t r a t e  

impregnated amorphous s i l i c a  has been s t u d i e d  e x t e n s i v e l y  i n  Europe u s i n g  

product  AC-612W developed by W i  1  helm and coworkers (Wi 1  helm and Schuet te l  kop f  

1973). Good r e s u l t s  us i ng  a  commercial s i l i c a  ge l  impreqnated w i t h  about 6.5% 

s i  1  ve r -n i  t r a t e  have recent1.y been repo r ted  bay Schwarzbach and H lad i  k (1980). 

MERCUREX 

The Mercurex process uses a  mercu r i c  n i t r a t e - n i t r i c  a c i d  s o l u t i o n  t o  

compl ex t h e  i od ine .  To separate t h e  i o d i n e ,  reduce t h e  mercur-y r equ i  rements , 
and e l i m i n a t e  d isposa l  o f  l a r g e  q u a n t i t i e s  o f  mercur.y w i t h  t h e  i o d i n e ,  

procedures have been developed t h a t  use e l e c t r o l y t i c  o x i d a t i o n  (Scheele 1978a) 

o r  n i t r i c  a c i d  o x i d a t i o n  (Yarbro e t  a l .  1969; P a r t r i d g e  and Bosuego 1979) t o  

separate t h e  i o d i n e  as HCJ ( IO~)~ .  I f  HCI(IO~)~ i s  n o t  a  s u i t a b l e  i o d i n e  

d isposa l  form, meta thes is  cou ld  be used t o  produce HgO and NaI03, w i t h  

subsequent convers ion t o  an i n s o l u b l e  metal  ioda te .  However, t h e  s teps,  

which would most l i k e l y  be ba tch  type,  a r e  slow and t h e  separa t ions  o f  s o l i d s  

d i f f i c u l t .  

AC612W. Reg is te red  trademark o f  ~;'d Chemie A.G. , Munich, Germany. 
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I ODOX 

I n  t h e  Iodox process t h e  hyperazeo t rop ic  n i t r i c  a c i d  o x i d i z e s  t h e  i o d i n e  

t o  i o d i c  ac id ,  which i s  e a s i l y  conver ted  t o  an i n s o l u b l e  i oda te .  The i o d i n e  

p roduc ts  o f  t h e  Iodox process a r e  i o d i c  a c i d  o r ,  w i t h  a d d i t i o n a l  process ing,  

an i n s o l u b l e  ioda te .  

SOLID SORBENTS 

For s o l i d  sorbents  t h e  m a t e r i a l  i t s e l f  can be t h e  f i n a l  product.  With 

s i l v e r  z e o l i t e s ,  which have rece ived  much a t t e n t i o n  i n  r ecen t  years,  an 

a l t e r n a t i v e  i s  t o  remove t h e  i o d i n e  by t rea tment  w i t h  hydrogen and reabsorb i t  

on l e a d  z e o l i t e  (Thomas e t  a l .  1977). I n d i c a t i o n s  a re ,  however, t h a t  PbXI i s  

n o t  a very s t a b l e  m a t e r i a l  and niay n o t  be a good s to rage  medium (Scheele 

1980). A d i f f e r e n t  approach i s  t o  t r a p  t h e  H I  i n  water  and conve r t  i t  t o  a 

meta l  i o d i d e  o r  iodate.  It w i l l  be seen t h a t  i oda tes  a re  o f t e n  p r e f e r a b l e  t o  

i o d i d e s  f o r  s to rage  forms. Conversion o f  i o d i d e  t o  i o d a t e  i n t r oduces  some 

problems: elemental  i o d i n e  i s  an i n te rmed ia te ,  and v o l a t i l i z a t i o n  must be 

avoided. E lec t rochemica l  o x i d a t i o n  shows some promise, and o x i d a t i o n  w i t h  

ozone i s  p o s s i b l e  i n  a l k a l i n e  s o l u t i o n  (Scheele 1978a,b). Ox ida t i on  w i t h  

c h l o r i n e  i s  e a s i l y  c a r r i e d  ou t ,  b u t  t h e  reagent i s  n o t  compat ib le  w i t h  t h e  

normal process equipment. 

C A U S T I C  SCRUBS 

If t h e  d i s s o l v e r  o f f - gas  (DOG) i s  washed f r e e  o f  most o f  t h e  NOx, t hen  

c a u s t i c  scrubs a r e  convenient ,  w e l l  demonstrated techniques. 80th Cop (14c)  

and t h e  bu lk  o f  t h e  i o d i n e  can be removed. A disadvantage i s  t h e  waste volume 

produced. The scrubber  would be fo l lowed by a s o l i d  sorbent  t o  remove o r g a n i c  

i o d i d e s  and t h e  t r a c e  12. The i o d i n e  would be p r e c i p i t a t e d  as an i o d i d e  o r  

i o d a t e  f o l l  owing r e d u c t i o n  o r  ox i da t i on .  



DISPOSAL CONSIDERATIONS 

. - 
CRITERIA 

No c r i t e r i a  e x i s t  f o r  t h e  s to rage  o r  d isposa l  o f  '''1. There fo re  t h e r e  

i s  no q u a n t i t a t i v e  measure o f  t h e  s u i t a b i l i t y  o f  a  process, a  s to rage  o r  

d isposa l  form, o r  a  d isposa l  s i t e .  Suggest ions f o r  determi n i n g  such c r i t e r i a  

have been discussed i n  another  r e p o r t  (Burger 1980). 

Gu ide l ines  have been suggested by t h e  Environmental  P r o t e c t i o n  Agency 

(EPA) f o r  l i m i t i n g  t h e  exposure f rom f u e l  c y c l e  opera t ions .  The r e q u l a t i o n s  

would l i m i t  t h e  amount of '''1 d ischarged t o  t h e  environment t o  5 mCi/GWe-yr 

(40 CFR 190) and s e t  l i m i t s  f o r  '''1 i n  a i r  2x10-" c i / m 3 ,  and i n  d r i n k i n g  

water  6 x 1 0 - ~  c i / m 3  (10  CFR 20 1978). The 5 m C i  re lease  1  i m i  t imp1 i e s  t h a t  

about 4 x 1 0 - ~  o f  t h e  '''1 can be discharged. 

Al though i t  i s  f e l t  t h a t  a  r e t e n t i o n  f ac to r ,  RF, of 10' can be achieved 

a t  t h e  reprocess ing p l a n t ,  when one cons iders  t h e  many paths o f  i o d i n e  and t h e  

p o s s i b i l i t y  o f  acc iden ta l  d ischarges,  an RF o f  10' i s  probably  more 

r e a l i s t i c .  However, under t h e  EPA proposed gu ide l i nes ,  an RF o f  about 220 i s  

r equ i red  and no re l ease  i s  then  p e r m i t t e d  on s to rage  o r  d isposa l .  An e q u a l l y  

reasonable ph i losophy  would s t a t e  t h a t  s i n c e  t h e  l o s s  a t  t h e  reprocess ing  

p l a n t  may vary up t o  I%, then i t  makes l i t t l e  sense t o  r e s t r i c t  l osses  on 
4  s to rage  t o  l e s s  than  t h a t .  A 1% l o s s  over  an i s o l a t i o n  p e r i o d  o f  10 y r  i s  

f r a c t i o n  per  annum which can be compared t o  t h e  r a d i o a t i v e  decay r a t e  of 

4 . 4 ~ 1 0 - ~ ~ r - l .  The f i g u r e  may be meaningless s i n c e  p e r  yea r  would be 

exceeding ly  d i f f i c u l t  t o  measure. It i s  a l s o  meaningless t o  cons ider  

r a d i o a c t i v e  decay as a  f a c t o r ,  and any form o f  s to rage  may--over a  p e r i o d  o f  a  

few ha1 f -1 i ves--become d i s p e r s a l  because o f  geo log ic  phenomena. Thus t h e  

concept o f  i s o l a t i o n  i m p l i e s  d i s p e r s i o n  a t  an accep tab ly  h i g h  d i l u t i o n .  

RADIOLYSIS 

A f a c t o r  i n  s e l e c t i n g  a  f i x a t i o n  form f o r  any r a d i o i s o t o p e  i s  p o s s i b l e  

r a d i a t i o n  damage. Iodine-129 emi ts  a  low energy 150 keV-B p a r t i c l e  and a  38 

keV y, and has a  ha l f -1  i f e  o f  l . 6x l o7  yr. 



The r a d i a t i o n  e f f e c t s  must be cons idered  even though t h e  a c t i v i t y  o f  12gI 

i s  almost n e g l i g i b l e  over  normal obse rva t i on  t ime. Over t h e  l o n g  p e r i o d s  

r e q u i r e d  f o r  t h e  i s o l a t i o n  s t r a t e q y  t h e  damage w i l l  accumulate. Us ing  a  decay 

cons tan t  o f  1.38 E-15 s-' and an average energy o f  60 keV, t h e  energy 
2  2 depos i t ed  i s  about 10 eV/kgI-yr.  For  a  G va lue  of 1.0 f o r  t h e  m a t r i x  and 10% 

4  i o d i n e  load ing ,  2% o f  t h e  m a t r i x  would be dest royed i n  10 yr. Th is  c o u l d  be 

cons idered  se r i ous  damage. 

W. E. C la rk  and W .  B. Howerton (1980) eva lua ted  r a d i o l y t i c  r e d u c t i o n  o f  

i o d a t e  as Ra ( I03 )2  i n  cement u s i n g  a  6 0 ~ o  source. They found t h a t  i n  1000 y r  

0.21% o f  t h e  i o d a t e  would be reduced t o  iod ide .  Barium i o d i d e  i s  much more 

s o l u b l e  than bar ium i oda te ;  thus  t h e  d isposa l  form has been degraded. 

Long-time s to rage  i m p l i e s  t h a t  c o n s i d e r a t i o n  be g iven  t o  choosing bo th  an 

i o d i n e  compound and a  m a t r i x  m a t e r i a l  t h a t  a r e  reasonably  s t a b l e  towards 

r a d i a t i o n  damage. R a d i o l y s i s  i s  ano ther  element i n  t h e  d i s p e r s a l  

phenomenon. 

DISPOSAL STRATEGY 

Four b a s i c  d isposa l  s t r a t e g i e s  e x i s t :  (1) geo log ic  d i sposa l  -1 ong-term d r y  

i s o l a t i o n ,  (2 )  i s o t o p i c  d i l u t i o n  i n  t h e  ocean, ( 3 )  e x t r a t e r r e s t r i a l ,  and ( 4 )  

t ransmuta t ion .  These have been d iscussed i n  severa l  r e p o r t s :  R i  eck and 

F ruch te r  (1975), Burns and D e f i e l  d  (1978),  IAEA (1980), Burger (1980). 

Opt ions 3  and 4  a r e  n o t  l i k e l y  t o  be chosen. Opt ion 3  i s  cons idered  b r i e f l y  

here, bu t  t h e  main emphasis i s  on s t r a t e g i e s  1 and 2. With these  two t h e  

cho ice  has an impo r tan t  impact on t h e  f i x a t i o n  form because i t  w i l l  d i c t a t e  

a l l owab le  leach  r a t e s  and t h e  r e q u i r e d  thermal s t a b i l i t y .  

Geolog ic  Di sposal  

An e a r l y  concept o f  geo log ic  d isposa l  i nc l uded  ". . .the b a s i c  r e q u i  rement 

f o r  any geo log ic  environment t o  be s u i t a b l e  f o r  d isposa l  o f  r a d i o a c t i v e  waste 

i s  t h e  c a p a b i l i t y  t o  s a f e l y  c o n t a i n  and i s o l a t e  t h e  emplaced r a d i o a c t i v e  

m a t e r i a l  u n t i  1 decay has reduced t h e  r a d i o a c t i v i t y  t o  nonhazardous l e v e l  s"  

(Schneider and P l a t t  1974). For iod ine-129  t h i s  would be 1 0 ~ ~ r ,  imposs ib l y  

l o n g  cons ide r i ng  normal geo log ic  changes. However, i f  we use t h e  IAEA 

d e f i n i t i o n  o f  i s o l a t i o n ,  ". ..the segrega t ion  o f  r ad ionuc l  i d e s  f r om t h e  human 

environment and t h e  r e s t r i c t i o n  o f  t h e i r  r e l ease  i n  unacceptable q u a n t i t i e s  o r  



concentrat ions. .  . ," then  d i s p e r s i o n  o r  d i l u t i o n  i s  acceptable.  Geologic 

d i sposa l  , whether i n  g r a n i t i c ,  a r g i l  laceous o r  s a l t  fo rmat ions ,  i s  feas i  b l  e. 

The impor tan t  p o i n t  i s  t h a t  harmless concen t ra t i ons  ( o r  presumably harm1 e s s l y  

smal l  1 2 9 ~ / 1 2 7 ~  r a t i o s )  w i  11 reach man I s  environment. Thi s  w i  11 be governed 

p r i m a r i l y  by t h e  water  leach  ra te ,  and a  minimum va lue  must be achieved. 

I f  t h e  s i t e  i s  a  s a l t  cavern, leakage e f f e c t s  cou ld  be m i t i g a t e d  by 

i s o t o p i c  i o d i n e  d i l u t i o n .  However, even i f  we assume an i od i  n e / c h l o r i  ne r a t i o  

i n  t h e  s a l t  bed t o  be 10 t imes  t h a t  o f  seawater, 300 t o f  s a l t  ( l o 6  m3 of 

sa tu ra ted  b r i n e )  would be r e q u i r e d  t o  d i l u t e  10 kg ( 1  b a r r e l )  o f  t o  a  

10' 1 2 9 ~ / 1 2 7 ~  r a t i o .  There i s  no guarantee t h a t  t h e  combined wate r  f l o w -  

1  each c h a r a c t e r i s t i c s  cou ld  produce even t h i s  maximum r a t i o .  (a ) 

Thermal f a c t o r s  a r e  a l s o  impo r tan t  i n  s e l e c t i n g  a  f i x a t i o n  form f o r  t h i s  

s i t i n g .  Assuming 15"C/km, t h e  temperature w i l l  be 90°C a t  6  km deep. 

Therefore,  t h e  f i x a t i o n  form must be t h e r m a l l y  s t a b l e  t o  a t  l e a s t  100°C, 

p r e f e r a b l y  t o  250°C. The h i g h e r  temperature w i l l  a l s o  i nc rease  t h e  leach  

ra te .  

We assume t h a t  t h e  12'1 i s  no t  s t o r e d  w i t h  h i g h - l e v e l  waste c a n i s t e r s  due 

t o  t h e i r  h i gh  r a d i a t i o n  f i e 1  d  and p o t e n t i a l  l y  h i g h  temperatures,  which would 

inc rease  t h e  requirements on t h e  i o d i n e  f i x a t i o n  form. It i s  a l s o  recommended 

t h a t  t h e r e  be no minera l  resources present ,  thus  reduc ing  t h e  p o s s i b i l i t y  o f  

i n t r u s i o n  by man. 

Ocean Disposal  

Ocean d isposa l  has t h e  advantage o f  i s o t o p i c  d i l u t i o n  o f  '''1 by t h e  

n a t u r a l  i o d i n e  i n  t h e  sea (8x1016 g a t  a  concen t ra t i on  o f  ~XIO-' - M). Th is  

lessens t h e  requi rements f o r  leach  res is tance .  The e s s e n t i a l  requi rement  i s  
- t h a t  t h e  re l ease  r a t e  be l e s s  than  t h e  m i x i n g  r a t e  i n  t h e  ocean. Ocean 

d isposa l  i s  planned d ispers ion .  

I o d i n e  t h a t  i s  re leased  f rom t h e  f i x a t i o n  form w i l l - - o v e r  a  p e r i o d  o f  a  

few thousand years--become mixed w i t h  t h e  n a t u r a l  i o d i n e  i n  t h e  ocean. Over a  

(a )  The l o - '  r a t i o  i s  c a l c u l a t e d  as a  maximum l e v e l  f o r  t h e  human t h y r o i d  
based on 75 mrem/yr dose. The ac tua l  129/127 r a t i o s  i n  sur face water  
a r e  about lo4 times lower  (Burger  1980). 



f i n a l  concen t ra t i on  of  o r  t h e  1291127 r a t i o  i s  kep t  a t  a  harmless l e v e l  

based e i t h e r  on maximum p e r m i s s i b l e  concen t ra t i ons  o r  on 129/127 r a t i o s .  

D i l u t i o n  by t h e  ocean o f  t h e  5 . 7 ~ 1 0 ~  kg ( l o 4  C i )  o f  12'1 t h a t  may be 

produced by t h e  yea r  2000 (Russel 1  1971) would produce a  c o n c e n t r a t i o n  o f  

3.8x10'14 g/L ( 6 . 7 ~ 1 0 - l 8  C i / L ) ,  o r  rough ly  o f  t h e  u n c o n t r o l l e d  area MPC 

f o r  d r i n k i n g  water. The 1291127 r a t i o  would be 3.7~10-11, l e s s  than  o f  

t h e  recommended maximum f o r  t h e  human t h y r o i d .  

E x t r a t e r r e s t r i a l  D isposal  

I n  t h i s  s t r a t e g y  t h e  d isposa l  s i t e  i s  e a r t h  o r b i t ,  s o l a r  o r b i t ,  s o l a r  

impact,  o r  deep space ( s o l a r  escape) (Schneider and P l a t t  1974). Rieck and 

F ruch te r  (1975) b e l i e v e  s o l a r  escape i s  t h e  p r e f e r r e d  op t ion .  Burns and 

D e f i e l d  (1978) a l s o  i n d i c a t e  t h a t  s o l a r  escape i s  t h e  o n l y  method which w i l l  
8 guarantee d isposa l  f o r  10 y r .  Th is  s t r a tegy ,  as descr ibed  by Burns and 

D e f i e l d  (1978), uses technology y e t  t o  be demonstrated. 

Rieck and F ruch te r  p l ace  s t r i n g e n t  requirements on t h e  f i x a t i o n  fo rm as 

t hey  b e l i e v e  t h a t  i n  t h e  event o f  an abor ted  miss ion  t h e  c o n t r o l  o f  i o d i n e  

re l ease  w i  11 depend e n t i  r e l y  upon t h e  p r imary  containment b a r r i e r .  The 

c a p a b i l i t y  t o  w i t hs tand  impact and subsequent ground o r  sea d i sposa l  i s  

requi red.  Burns and D e f i e l d  a l s o  i n d i c a t e  t h a t  t h e  c a p a b i l i t y  o f  recovery  i s  

r equ i  red. 



SELECTION OF A STORAGE/DISPOSAL MATERIAL 

. - Since c r i t e r i a  f o r  s to rage  o r  d isposa l  o f  '*'I a r e  n o t  es tab l i shed ,  a  

"bes t  form o r  m a t e r i a l "  cannot be i d e n t i f i e d .  Rather we w i l l  t a b u l a t e  t h e  

p e r t i n e n t  f ac to r s ,  economic and s c i e n t i f i c ,  such t h a t  choices can be made t o  

f i t  t h e  c o n d i t i o n s  i d e n t i f i e d .  The cho ice  w i l l  i n v o l v e  t h e  bes t  o v e r a l l  

performance r e s u l t i n g  f rom i n t e r a c t i o n  o f  t h e  f i x a t i o n  m a t e r i a l ,  t h e  ma t r i x ,  

t h e  con ta ine r ,  and t h e  surroundings. However, t h e r e  may be no s i n g l e  bes t  

opt ion.  

SURROUNDINGS 

The surroundings o r  environment depend upon t h e  d isposa l  s i t e  

cons ide ra t i ons  j u s t  discussed. The behav io r  o f  i o d i n e  i n  t h e  sur round ing  

m a t e r i a l  cou ld  be g r e a t l y  i n f l u e n c e d  by secondary containment o r  b a c k f i  11 

ma te r i a l .  I f  a  d r y  qeo log i c  f o rma t i on  i s  chosen, then  i t  would be 

p a r t i c u l a r l y  d e s i r a b l e  t o  use spec ia l  b a c k f i l l  compounds t o  c o n t r o l  t h e  i o d i n e  

d ispers ion .  Such s t u d i e s  have n o t  been made. The use o f  meta ls  which fo rm 

s l i g h t l y  so lub le  i o d i n e  compounds i s  one p o s s i b i l i t y .  The r e l a t i v e l y  immobile 

i o d i n e  found i n  t h e  t o p  l a y e r  o f  s o i l  and on p l a n t  su r faces  suggests t h a t  some 

organ ic  forms a re  q u i t e  s t a b l e  and " f i x e d "  w i t h  respec t  t o  m ig ra t ion .  

However, no th i ng  i s  known about t h e i r  behavior  over  more than  a  few decades. 

The da ta  do suggest t h a t  a t  l e a s t  f o r  elemental  i o d i n e  o rgan i c  b a r r i e r s  may be 

of  some value. Contro l  o f  t h e  o x i d a t i o n  s t a t e  may be an impor tan t  f u n c t i o n  o f  

b a c k f i  11 ma te r i a l .  

CONTAINER 
- 

The c o n t a i n e r ' s  main r o l e  i s  t o  p rov ide  phys i ca l  i n t e g r i t y  d u r i n g  

temporary s to rage  and shipment. Iod ine-129 i s  a  l o w - s p e c i f i  c  a c t i v i t y  

r a d i o a c t i v e  ma te r i a l ,  f o r  which s h i p p i n g  r e g u l a t i o n s  r e f e r  o n l y  t o  such i tems 

as proper  l a b e l i n g  and t r a n s p o r t a t i o n  i n  sole-use veh ic les .  A b u f f e r  m a t e r i a l  

between t h e  f i x a t i o n  compound and t h e  drum c o u l d  p rov ide  an a d d i t i o n a l  s a f e t y  

f a c t o r .  The convent ional  s t a i n l e s s  s t e e l  con ta ine r  may be used f o r  i o d i n e ;  

however, f o r  d isposa l  i n  deep sea sediments f u r t h e r  s tud ies  may show t h a t  



s t a i n l e s s  i s  unnecessary. A r ecen t  IAEA document descr ibes  a  concre te -  

enc losed s t e e l  drum designed f o r  sea d isposa l  (IAEA 1981). 

MATR I X 

A  m a t r i x  m a t e r i a l  i n  which t o  encapsulate t h e  chosen i o d i n e  f i x a t i o n  

compound f o r  s torage,  t r a n s p o r t a t i o n ,  o r  d isposa l  purposes i s  d e s i r a b l e  

regard1 ess o f  t h e  management mode chosen; severa l  a1 t e r n a t i v e s  e x i s t ,  p o r t l a n d  

cement, g lasses,  p l a s t i c s ,  and bitumen. 

P o r t l a n d  cement i s  an obvious cho i ce  on t h e  bas i s  o f  t h e  c o s t  and 

convenience. I n  t h e  presence o f  water ,  however, h y d r o l y s i s  r e a c t i o n s  promoted 

by t h e  cement 's h i gh  pH cause many o f  t h e  p o t e n t i a l  f i x a t i o n  compounds t o  

decompose. These r e a c t i o n s  a r e  d iscussed f u r t h e r  i n  t h e  s e c t i o n s  on f i x a t i o n  

compounds and 1  eachi  ng. 

Glasses a r e  a  p o s s i b i l i t y  and severa l  a r e  be ing  examined a t  Rennes 

U n i v e r s i t y  i n  France. No r e s u l t s  have been pub1 ished. P l a s t i c s  would p r o v i d e  

a  temporary p r o t e c t i o n .  Bitumen, more r e s i s t a n t  than  most s y n t h e t i c  polymers, 

i s  another  p o s s i b i l i t y .  The l a t t e r  two should p rov ide  l owe r  i n i t i a l  l e a c h  

ra te ,  b u t  t h e  long- te rm s t a b i l i t y  of o rgan i c  polymers i s  n o t  good. 

Rad ia t i on  damage i s  seldom cons idered  f o r  12'1 compounds s i n c e  t h e  

a c t i v i t y  i s  almost n e g l i g i b l e  over  normal obse rva t i on  t ime. As no ted  e a r l i e r ,  

over  l o n g  pe r i ods  o f  t i m e  r e q u i r e d  f o r  t h e  i s o l a t i o n  s t r a t e g y  t h e  damage w i l l  

accumulate and f o r  a  G va lue  o f  1.0 (one molecule decomposed p e r  100 eV energy 

absorbed) about 2% would be dest royed i n  l o 4  yr. Actua l  G va lues may be 1  ower 

b u t  s t i l l  h i gh  enough t o  cause s e r i o u s  damage i n  o rgan i c  m a t e r i a l s  and many 

glasses. 

FIXATION MATERIAL 

The f i x a t i o n  m a t e r i a l  may be a  s imp le  i o d i n e  compound such as t h e  meta l  

i o d i d e s  o r  i oda tes  o r  may c o n s i s t  o f  t h e  i o d i n e  sorbed i n t o  a  s o l i d  suppor t .  

The f o l l o w i n g  d i scuss ion  on p o t e n t i a l  f i x a t i o n  m a t e r i a l s  w i l l  cover  t hose  

p r o p e r t i e s  p e r t i n e n t  t o  t h e  s e l e c t i o n  o f  a  f i x a t i o n  m a t e r i a l .  D e t a i l e d  

i n f o r m a t i o n  concern ing leachab i  1  i t y  w i l l  fo l low.  



I o d i  ne Compounds 

Tables 1 through 7 l i s t  da ta  on s o l u b i l i t y ,  ox i da t i on ,  r educ t i on ,  

t h e r m o s t a b i l i t y ,  vapor pressure, t o x i c i t y  p r o p e r t i e s ,  and c o s t  and 

avai  1  ab i  1  i t y  o f  pure i o d i n e  compounds. 

Behavior towards water  i s  o f  pr ime importance. S o l u b i l i t y  da ta  f o r  

i o d i d e s  and i oda tes  a r e  l i s t e d  i n  Tables 1 and 2, r e s p e c t i v e l y .  I nc l uded  a r e  

da ta  f o r  t h e  h y d r o l y s i s  product.  Note t h a t  t h e  meta ls  B i ,  Cu, Pb, T I ,  and Pd 

have h y d r o l y s i s  products  an o r d e r  o f  magnitude more i n s o l u b l e  t h a n  t h e  

corresponding iod ides .  Th is  i s  assumed t o  be an undes i rab le  a t t r i b u t e ,  

a l though f o r  very low s o l u b i l i t y  m a t e r i a l s ,  e.g., Pd12 t h e  impor tance 

d imin ishes.  On t h e  o t h e r  hand, f o r  l ead  and bismuth t h e  problem can be 

ser ious.  S i l v e r  i o d i d e  c l e a r l y  emerges as t h e  choice. No da ta  were found f o r  

t he  oxy- iod ides.  

O f  t h e  metals l i s t e d  i n  Table 2, no i o d a t e  da ta  were found f o r  Bi .  For 

t h e  o the rs  t h e  i oda tes  a r e  somewhat more s o l u b l e  than  t h e  i o d i d e s  b u t  s t i l l  

a t t r a c t i v e l y  low. There a r e  many o t h e r  s l i g h t l y  s o l u b l e  ioda tes ,  as Table 2  

shows. Note t h a t  t h e  group I 1  i oda tes  a r e  s t a b l e  towards h y d r o l y s i s  and 

moderately i nso lub le .  A lso r e c a l l  t h a t  t h e  h y d r o l y s i s  p roduc t  may proceed t o  

t h e  ox ide  form, which f o r  t h e  heavy meta ls  i s  o f t e n  more i n s o l u b l e .  

Tables 3 and 4 l i s t  p e r t i n e n t  phys i ca l  p r o p e r t i e s  and thermodynamic da ta  

a long  w i t h  da ta  f o r  H I ,  12, and H20. I n  t h e  presence o f  oxygen o n l y  Ag and T I  

show e x c e l l e n t  r e s i s t a n c e  towards re l ease  o f  iod ine .  Note t h a t  B i  and Cu have 

i od ides  t h a t  a r e  q u i t e  uns tab le  w i t h  respec t  t o  t h e i r  oxides. These two 

meta ls  a l s o  form moderately s t a b l e  oxy- o r  hydroxy- iod ides,  b u t  no 

q u a n t i t a t i v e  i n f o r m a t i o n  was found. 

One p o s s i b l e  r e a c t i o n  o f  t h e  i oda tes  t h a t  needs t o  be mentioned i s  

reduct ion.  Whi le r educ t i on  by o r d i n a r y  chemical  r e a c t i o n s  does n o t  r e a d i l y  

occur, t h e  poss i  b i  1  i ty  o f  anaerobic  r e d u c t i o n  i n v o l  v i  ng b a c t e r i a l  a c t i o n  must 

be considered. We know o f  no da ta  o f  t h i s  type,  b u t  i t  i s  conce ivab le  t h a t  

over  l o n g  per iods  of t ime  1 ,  I2 and o rgan i c  i o d i d e s  may form i n  such an 

env i  ronment. 



TABLE 1. S o l u b i l i t y  Data f o r  I od ides  

Compound 

AS 1 
AgOH 

B i  I3 

B i  (OH) 

Cu I 

CuOH 

s o l  u b i  1 i ty ( a )  
Product 

8 . 3 ~ 1 0 " ~  

2 . 0 x 1 0 - ~  

( a )  Data f rom Dean 1973 except  as noted. 

( b )  Horner 1976. 



TABLE 2. S o l u b i l i t y  o f  Iodates 

[103-] o r  

Sol u b i  1 i t y  [OH'], 

Compound p roduc t  (a) g-mol e/L 

AS I 03 
AgOH 

B i  (103)2 I n s o l u b l e  

B i  (OH) 4 . 0 ~ 1 0 ' ~ ~  3 . 3 ~ 1 0 ' ~  



Table 2  (con t inued)  

[103'] o r  

S o l u b i l i t y  [OH'], 

Compound p roduc t  ( a )  g-mol e/L 

N i  ( 103) 2 1 . 4 ~ 1 0 ' ~  3 . 0 ~ 1 0 ' ~  

N i  (OH) 2. 0 ~ 1 0 - l 5  1 . 6 ~ 1 0 ' ~  

( a )  Dean 1973.  
( b )  S e i d e l l  1953 .  



TABLE 3. Phys ica l  and Thermodynamic P r o p e r t i e s  o f  Low-Sol u b i  1 i ty  
Iod ide  Compounds Plus I o d i n e  and Hydrogen I o d i d e  

B o i l i n q  o r  ('1 
 el t i n g ( a )  Decomposit ion -aGf ( b )   AH,(^) S ( b )  aG0 (MI+02) 

Compound Point,"C Po in t ,  " C  k ca l  /mol e k c a l  /mol e c a l  /mol e-deg kcaf/g-atom I 

B i  I3 409 542 dec 35.6 36.0 53.7 

B i 0 0 13.6 

B i  203 17.2 136.4 36.2 

C U ~ O  

cuo 

357 dec 

354 



TABLE 3 ( con t i nued )  

B o i l i n g  o r  ( a )  
 elt tin^(^) Decomposit ion - A G ~ ( ~ )  -AH ( b )  s ( b )  AG, (MI+o2) f Compound Poi n t  , 'C Po in t ,  "C k c a l  /mol e kca /mol e c a l  /mol e-deg kcaf /g-atom I 

PbO 45.1 57.1 15.6 

Pd 12 

P d 

PdO 
rV 
0 

TI  I 440 845 

T 1 

TI  20 

Vapor Pressures,  T o r r  

AgI  l o g  p = -10.250E03 - 3.52 l o g  T + 20.09, range 558 - 1 5 0 5 0 ~ ( ~ )  

T 

R i  I3 l o g  p = 8.170 - 4 3 1 0 / ~ ( ~ )  

C U I  l o g  p = -7.853E03 + 8 . 6 7 ~ ( ~ ) ,  range 411 t o  497OC 

T 



TABLE 3 (con t inued)  

V a ~ o r  Pressures. To r r  

Hg12 l o g  p = -5.690E03 - 6.47 l o g  T + 3fl.27(4, range 25-250°C 

T 

H912 l o g  p = -4.620E03 - 5.53 l o g  T + 25.72(d), range 250-354OC 

T 

I2 l o g  p = -3.578E03 - 2.51 l o g  T + 17.715(~) ,  range 25-114OC 

T 

I2 1 og p = -3.205E03 - 5.18 l o g  T + 23.65(d), range 114-185OC 

ru 
-I 

T 

Pb12 l o g  p = -9.34E03 - 2.35 l o g  T - 0.32E-03T + 19 .68 (~ ) ,  range 25-407OC 

Pb12 l o g  p = -10.000E03 - 9.21 l o g  T + 39 .80 (~ ) ,  range 407-862OC 

T 

TI I l o g  p = -7.270E03 - 2.01 1oq T + 15 .85(~) ,  range 25 - 440°C 

T 

T I  I l o g  p = -6.890E03 -3.02 l o g  T + 18 .20 (~ ) ,  range 440 - 845OC 

T 

( a )  Weast 1969. 
(b)  Wagman e t  a l .  1965. 
( c )  For  t h e  f o rma t i on  o f  Cu20 and CuO, r e s p e c t i v e l y .  
(d)  B a r i n  and Knacke 1973 o r  Bar in ,  Knacke, & Kubaschewski 1977. 
( e )  Smith 1973. 



TABLE 4. Phys ica l  and Thermodynamic P r o p e r t i e s  
o f  Low-Sol u b i  1 i t y  Ioda tes  

Boi 1 i ng o r  ( a )  
S (b )   AH,(^)   el t i n g ( a )  Decomposl t i o n  - A G ~ ( ~ )  

Compound P o i n t  ,"C P o i n t  ,"C k ca l  /mol e kca l  /mole c a l  /mole-deg 
- .  

&I103 >ZOO 410 (dec) ( c )  22.4 40.9 35.7 

Ba( I03)  2 dec 206.7 245.5 59.6 

B a ( 1 0 3 ) 2 ' ~ 2 0  200 (H20) 263.9 31 6 7 1 

B i  ( 103) 2 

540 (dec) 200.6 239.6 5 5 

309.1 

542.0 664.6 108 

dec 

275 (dec) 

250 (dec) 46.8 

41.2 

300 (dec) 84.0 118.4 74.8 



Table 4 (con t inued)  

Boi  1 i ng o r ( a )  
 el t i ng(a) Decomposit ion -hGf (b)  -AH ( b )  S (b )  

Compound Po in t ,  O C  Po in t ,  "C k ca l  /mole kcaf/mol e  c a l  /mol e-deg 

250 (dec) 

dec 

(a )  Weast 1969 except  as noted. 
(b) La t imer  1956. 
( c )  Duval 1963. 
( d )  I n fo rma t i on  unavai  1  a b l e  f o r  compound. 

TABLE 5. Thermal Behavior o f  I od ides  

Compound 

AS 1  
B i  I3 

BiOI  

CuI 

M e l t i n g  B o i l i n g  
P o i n t  , P o i n t  , 1odi ne(a )  

"C " C 10ss ,~C 

558 1505 900 (dec) 

408.6 

300 ! b, 

296 (dec) 

88 ( s u b l )  

367 

I o d i n e  
LOSS, Our 

Lab, O C  React ion 

600, (sub l  ) 

2 l l ( s u b l )  

298(dec) CuI+1/202 + 

cu0+1/21~(a)  

l l l ( s u b 1 )  

105 ( sub l )  

( a )  Duval 1963 

(b )  Smith 1973 



TABLE 6. Thermal Behavior  o f  Ioda tes  

Compound 

m i  xed 
r e s u l t s  

I o d i n e  
LOSS, Our 
1 ab, "C ~ e a c t i o n ( ~ )  

410 Ag(IO3) + AgI + 3/202 

5Ba(103)2 +Ba5( I06)2 + 412 + 902 

480 (dec) 

296 (dec) 

s tab1 e 5Ca(103)2 +Ca5(I06)2 + 412 + 902 
t o  500 

300 Duval suggests mechanism analogous t o  
a l k a l i n e  e a r t h  ioda tes .  

460 

175, 285 

415 (dec) 

s t a b l  e 
t o  500 

( 1  Duval 1963. 



A r e a c t i o n  o f  cons iderab le  importance i s  thermal decomposit ion. Tables 5 

and 6 show t h e  thermal behavior.  "Decomposit ion temperatures"  f rom t h e  

l i t e r a t u r e  a r e  compared t o  t h e  thermograv imet r i c  (TGA) da ta  f rom o u r  

l abo ra to r y .  The l a t t e r  temperature da ta  a r e  t h e  p o i n t s  a t  which >1% l o s s  

occurs on t h e  TGA curves. 

V o l a t i l i z a t i o n  o f  t h e  i o d i d e s  occurs over  a wide range of temperatures. 

Table 7 l i s t s  c a l c u l a t e d  vapor pressures f o r  t h e  equat ions g iven  i n  Table 5. 

The i o d i d e s  o f  bismuth and mercury may be t o o  v o l a t i l e  t o  be u s e f u l  f i x a t i o n  

forms. T h a l l  ium i o d i d e  i s  border1 ine.  

The i oda tes  a r e  mos t l y  s t a b l e  t o  300-500°C, a t  which p o i n t  t hey  produce 

iod ides.  Note t h a t  t h e  group I 1  i oda tes  d i s p r o p o r t i o n a t e  b u t  a t  r e l a t i v e l y  

h i gh  temperatures, e.g., 550' f o r  Sr(103)2. The decomposit ion mechanism i s  

n o t  known f o r  a l l  metal ioda tes .  Duval (1963) suggests t h a t  Ce( I03)4 

decomposes i n  a manner analogous t o  t h e  a l k a l i n e  e a r t h  iodates.  The r a r e  

e a r t h  i oda tes  a r e  t h e r m a l l y  ve ry  s tab le ,  and i f  i t  were n o t  f o r  p o t e n t i a l  

re lease  o f  i o d i n e  through h y d r o l y s i s ,  they  would be good f i x a t i o n  forms. 

TABLE 7. Vapor Pressures o f  Metal ~ o d i d e s ( ~ )  

Compou nd Pressure, t o r r  (K )  

( a ) ~ a l c u l a t e d  f rom equat ions i n  Table 3. 1 t o r r  = 133.3 Pa. 



A t  t h i s  p o i n t  t o x i c i t y  can be mentioned. A1 1  heavy meta ls  a r e  cons idered  

t o x i c ,  and lead,  mercury, and t h a l l  ium can be cons idered hazardous. The 

danger i s  n o t  so much f rom i n g e s t i o n  o f  t h e  metal  compound ( t h e  replacement of 

t h e  n a t u r a l  human i o d i n e  l e v e l  by i o d i n e  f rom Hg12 would i n t r o d u c e  about 20 mg 

Hg i n t o  t h e  human body; t h e  LD50 f o r  Hg12 i s  a t  l e a s t  two o rders  o f  magnitude 

g r e a t e r )  as i t  i s  from t h e  hazard o f  employing a  process u s i n g  t h e  

ma te r i a l s .  Mercur i c  i o d i d e  i s  q u i t e  v o l a t i l e ,  p  = 27 t o r r  a t  500K. The 

i o d a t e  decomposes t o  t h e  i o d i d e  on hea t ing .  

The vapor p ressure  of T I 1  i s  apprec iab le ,  0.6 t o r r  a t  700 and 355 t o r r  a t  

1000 K. The vapor p ressure  of B i13  i s  q u i t e  h i g h  0.36 t o r r  a t  500 K and 10  

t o r r  a t  600 K. It i s  l e s s  t o x i c ,  p robab ly  because i t  hydro lyzes  r e a d i l y ;  t h i s  

f a c t  i n  i t s e l f  lessens i t s  va lue  as a  f i x a t i o n  candidate.  The i o d a t e s  a r e  

more s t a b l e  chemica l l y  than  t h e  iod ides .  However, t h e  h y d r o l y s i s  r e a c t i o n  may 

s t i l l  be impor tan t .  

For  minimum i o d i n e  re lease  under extreme cond i t i ons ,  t h e  group I 1  s a l t s ,  

Ca, S r  and Ba, appear t o  be t h e  bes t  cho ices  o f  t h e  ioda tes .  I n  t h e  absence 

of  water,  severa l  o t h e r  i oda tes  would be acceptable.  S i l v e r  i o d i d e  i s  t h e  

o n l y  i o d i d e  acceptable on t h e  b a s i s  of  thermal  s t a b i l i t y  and r e s i s t a n c e  t o  a i r  

and water. 

As has been noted, t h e r e  i s  no s t a t e d  b a s i s  f o r  assuming t h a t  t o t a l  

i s o l a t i o n  of  l Z 9 1  i s  t h e  goal f o r  i o d i n e  management. Thus t h e r e  i s  no 

a  p r i o r i  b a s i s  f o r  d i s c a r d i n g  a  compound because, f o r  example, o f  s low 

h y d r o l y s i s  o r  o x i d a t i o n .  I n  f a c t ,  i f  d i s p e r s i o n  o f  w i t h  i s o t o p i c  

d i l u t i o n  i s  t h e  accepted mode moderate i n s t a b i l i t y  i s  t o l e r a b l e  o r  even 

des i rab le ,  because, t h e  " i d e a l "  r e l ease  r a t e  i s  equal o r  l e s s  t han  t h e  m i x i n g  

ra te .  I n  view o f  t h i s  i t  i s  impo r tan t  t o  examine t h e  a v a i l a b i l i t y  and c o s t  o f  

many o t h e r  compounds. 

Sol i d  Sorbents 

The s o l  i d  sorbents  have been reviewed e l  sewhere (Jub i  n  1979; Hol 1  aday 

1979; Burger and Burns 1979) and i n c l u d e  var ious  s o l i d s  impregnated w i t h  

s i l v e r  o r  o t h e r  meta ls ,  a c t i v a t e d  carbon, o rgan ic  r e s i n s  and zeol  i t e s .  Those 

t h a t  have su rv i ved  t h e  e f f i c i e n c y  t e s t s  o f  va r ious  l a b o r a t o r i e s  and a r e  

compat ib le  w i t h  process cond i t i ons ,  e.g., r e s i s t a n t  t o  contaminant  gases, a r e  



t h e  h i g h - s i l i c a  z e o l i t e s  and s i l v e r  n i t r a te - imp regna ted  amorphous s i l i c a .  

These two m a t e r i a l s  were t e s t e d  f u r t h e r ,  t h e  former i n  t h e  form o f  s i l v e r  

exchanged Zeolon 9 0 P  (AgZ), and t h e  l a t t e r  t h e  Bayer p roduc t  

AC-612P. Some comparat ive measurements were made on s i l ve r -exchanged 

f a u j a s i t e  , z e o l i t e  X, (AqX). Th is  m a t e r i a l  has a  h i g h e r  A1203/Si02 r a t i o  

than mordeni te  and i s  much l e s s  a c i d - r e s i s t a n t .  It does have a  h i g h e r  s i l v e r  

con ten t  and thus  a  h i ghe r  i o d i n e  capac i ty .  The s i l v e r  z e o l i t e s  were ob ta ined  

f rom Ionex Corpora t ion  and t h e  AC-612P f rom Un i t ed  Ca ta l ys t s ,  Inc.  They were 

loaded w i t h  i o d i n e  by severa l  techniques:  1) h e a t i n g  w i t h  measured amounts o f  

12 over  pe r i ods  o f  t i m e  up t o  24 h r ;  2) pass ing  very  d i l u t e  i o d i n e  th rough a  

bed o f  m a t e r i a l  f o r  a  2-week per iod ,  and 3) loading-breakthrough exper iments 

us ing  e i t h e r  I p  o r  CH31. The temperature was no rma l l y  150°C, b u t  lower  

(110°C) and h ighe r  (24Q°C) values were a l s o  t r i e d .  C h a r a c t e r i z a t i o n  s t u d i e s  

employed thermal ana l ys i s ,  o rgan i c  e x t r a c t i o n  and su r f ace  ana l ys i s .  

The method o r  c o n d i t i o n s  o f  p repa ra t i on ,  e. g., temperature, s low l o a d i n g  

vs. r a p i d  load ing ,  made 1 i t t l e  d i f f e r e n c e  i n  t h e  p r o d u c t ' s  s t a b i l i t y .  An 

excep t ion  was t h e  water e f f e c t .  The presence o f  water  equ i va len t  t o  about 10% 

o r  g rea te r  o f  t h e  z e o l i t e  s a t u r a t i o n  va lue  produced a  more s t a b l e  product .  As 

measured by e x t r a c t i o n  w i t h  CC14, t h i s  was more ev iden t  w i t h  t y p e  X z e o l i t e s  

(AgX) than w i t h  t h e  mordenite,  and i t  appeared un impor tant  whether t h e  water  

was i n t r oduced  w i t h  t h e  i o d i n e  o r  subsequent t o  it. Metal z e o l i t e s  norma l l y  

c o n t a i n  enough water  t o  accommodate t h e  reac t ion .  

Depending on t h e  e x t e n t  o f  i o d i n e  loading,  i t  was found p o s s i b l e  t o  

e x t r a c t  much o f  t h e  i o d i n e  sorbed on AgX u s i n g  carbon t e t r a c h l o r i d e ,  

t e t r a c h l o r e t h y l e n e ,  to luene,  and s i m i l a r  so l ven t s  by a  Soxhlet  technique. 

However, none was e x t r a c t e d  f rom AgZ. Sorbed i o d i n e  produces a  wide range o f  

co lo r - -g ray ,  green, brown, purp le - -bu t  t h e  c o l o r  does n o t  seem t o  r e l a t e  

d i r e c t l y  t o  t h e  ease o f  removal. 

The i o d i n e  l o a d i n g  l e v e l  i s  impo r tan t  because i o d i n e  i s  much more r e a d i l y  

vo l  a t i  1  i z e d  f rom h ighe r  1  oaded samples. The comple te ly  s u b s t i t u t e d  morden i te  

con ta ins  about 1.67 mmol Aq/g, and 1:l I /Ag r a t i o  corresponds t o  about 215 mg 

I / g  z e o l i t e .  Loadings used i n  t h i s  s tudy were no rma l l y  50, 100, 150, and 200. 

Zeolon 9 0 P  i s  t h e  r e g i s t e r e d  trademark o f  t h e  Norton Chemical Process 
Products D i v i s i o n  o f  Norton Co. , Akron, Ohio. 



Two types  o f  thermal a n a l y s i s  were used. The f i r s t  employed 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)  o r  thermogravimet r i  c  a n a l y s i s  (TGA) t o  examine t h e  

prepared samples. I n  t h e  second t h e  DSC apparatus was used t o  s tudy t h e  

l o a d i n g  reac t i on .  The s t u d i e s  show t h a t  t h e  i o d i n e  sorbed on AgZ up t o  about  

45 mg/g AgZ i s  f i rmly bound, p robab ly  l a r g e l y  as AgI, and i s  n o t  re leased  by 

hea t ing .  I o d i n e  i n  excess o f  t h i s  i s  re leased  between 250 and 500°C and i s  

appa ren t l y  h e l d  i n  a  moderately s t a b l e  complex i n v o l v i n g  s i l v e r .  A p r a c t i c a l  

l o a d i n g  f o r  AgZ i n  a  t r a p p i n g  system i s  about 140 mg/g (Thomas e t  a l .  1977);  

t h u s  much o f  t h e  sorbed i o d i n e  i s  n o t  f i r m l y  f i xed .  Iod ine- loaded AgOZ and 

AgX behaved s i m i l a r l y .  Lead exchanged z e o l i t e  X, PbX, loaded w i t h  i o d i n e  f r om 

a  d i l u t e  H I  gas stream, was found t o  r e l ease  i o d i n e  beg inn ing  a t  150°C. The 

i o d i n e  c o n t a i n i n g  AC-6120 con ta ins  s i l v e r  n i t r a t e  making t h e  thermal  a n a l y s i s  

more invo lved ,  b u t  i o d i n e  does appear t o  be more firmly f i xed .  

Thermal t r a n s i t i o n s  c h a r a c t e r i s t i c  o f  AgI a r e  seen i n  some samples. One 

would no t  expect t o  see t r a n s i t i o n s  c h a r a c t e r i s t i c  o f  massive c r y s t a l l i n e  

compounds i n  t h e  i s o l a t e d  groups o f  molecules i n  t h e  z e o l i t e  c a v i t i e s ;  and, 

indeed, we have no t  observed them i n  o t h e r  l a b o r a t o r y  p repara t ions .  

B r i e f  examinat ions o f  these m a t e r i a l s  us i ng  su r f ace  a n a l y s i s  techniques,  

Auger and ESCA, i n d i c a t e d  t h a t  t h e  bonding of i o d i n e  t o  s i l v e r  was d i f f e r e n t  

i n  AgZI than  i n  AgI. Scanning e l e c t r o n  microscopy coupled w i t h  X-ray 

f luo rescence  a n a l y s i s  showed t h a t  a t  a  l o a d i n g  o f  150 mgI/g AgZ t h e  i o d i n e  was 

u n i f o r m l y  d i s t r i b u t e d .  A f t e r  r e d u c t i o n  o f  AgZ t o  AgOZ, i o d i n e  d i s t r i b u t i o n  i s  

no l o n g e r  even because of s i l v e r  m ig ra t ion .  Th is  i s  d iscussed f u r t h e r  by 

Scheel e  ( 1 9 8 0 ~ ;  1 9 8 1 ~ ) .  

A1 t e r n a t i v e  Forms 

As mentioned e a r l i e r ,  g lasses have been cons idered by French workers. 

Glasses based on f l u o r i d e - - l i k e l y  t o  be compat ib le  w i t h  i o d i n e  compounds--tend 

t o  be r a t h e r  s o l u b l e  i n  water. No a c t u a l  da ta  have been found. 

Syn the t i c  m ine ra l s  a r e  an a t t r a c t i v e  p o s s i b i l i t y ,  and one o f  t h e  b e s t  may 

be s o d a l i t e .  Th i s  has been s t u d i e d  by Winters  and Johnston f o r  t h e  P a c i f i c  

Northwest Labora to ry  (Win te rs  1980). 



I o d i d e  s o d a l i t e  i s  e a s i l y  prepared by r e a c t i n g  NaI, NaOH, and k a o l i n i t e  

c l a y  i n  s t o i c h i o m e t r i c  amounts a t  low temperature i n  an aqueous s l u r r y .  

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

and d e n s i f i c a t i o n  o f  t h e  p roduc t  a r e  accomplished by ho t -p ress ing  a t  1000°C 

and 34.5 MPa (5000 p s i )  f o r  1 hr ,  a f t e r  a  1 h r  heat-up a t  t h e  same pressure. 

The f i n a l  p roduc t  i s  a  very  hard, mechan ica l l y  s t a b l e  m a t e r i a l ,  w i t h  a  d e n s i t y  
3 3  of 2.4 g/cm ( t h e o r e t i c a l  d e n s i t y  = 2.6 g/cm ). The hot -pressed s o d a l i t e s  

have n e a r - t h e o r e t i c a l  i o d i n e  con ten ts  o f  -19 wt% (maximum l o a d i n g  = 22 wt%). 

Good thermal and r a d i a t i o n  s t a b i l i t i e s  have been repo r ted  (Vance e t  a l .  

1981). Leach r a t e s  o f  some samples have been very  low, g/cmZ-d, 

correspondi  ng t o  about 6 x 1 0 - ~  cm/d normal i zed rate.  I o d i n e  1  osses observed 

d u r i n g  t h e  e n t i r e  process amount t o  o n l y  a  few percent ,  o c c u r r i n g  d u r i n g  t h e  

ho t  pressing. I n  a  p r o p e r l y  designed system, these  losses  should be 

recoverab le  f o r  r e c y c l e  i n t o  t h e  feed  stream. 





COST AND AVAILABILITY 

Cost and a v a i l a b i l i t y  da ta  f o r  t h e  cand ida te  f i x a t i o n  m a t e r i a l s  a re  

l i s t e d  i n  Table 8. Costs ranged f rom <$0.40/kg t o  >$4000/kg. The c a t i o n  c o s t  

f rom 1  eas t  t o  most expensive was Ca < S r ,  Ba, Zn, Pb, Cu < Ce, B i  , N i  , T I  , Hg 

< Ag < Pd. Based on s i m i l a r i t y  i n  c o s t  t r ends  between most o f  t h e  compounds 

and meta ls  (Wiemers 1978a), La and U would be comparable w i t h  t h e  Ce group. 

I n  terms of U.S. p r imary  production/demand, Ca, La, T I ,  and Ce were a l l  

acceptable.  Cu, Pb, Ba, and N i  were b o r d e r l i n e  cases. S r ,  Pd, Ag, and Zn 

were 1 east  acceptable.  World r ese rve  and resource were s a t i s f a c t o r y  f o r  a1 1  

b u t  R i ,  and poss ib l y  f o r  Ag and Hg. On t h e  bas i s  o f  c o s t  and a v a i l a b i l i t y  Ag, 

Pd, and B i  a re  t h e  l e a s t  des i r ab le .  Of t h e  cand ida te  f i x a t i o n  m a t e r i a l s  

remain ing i n  Tables 1 and 2, Ca and Ba f o l l o w e d  by Ni,  Ce, and La a r e  

recommended f o r  t h e  ioda tes ,  and Pb, Cu and p o s s i b l y  N i  a r e  recommended f o r  

t h e  i o d i d e s  based o n l y  on a  c o s t  and a v a i l a b i l i t y  ana lys is .  



TABLE 8. Cost and A v a i l a b i l i t y  Data f o r  Candidate 
Iod ine  F ixat ion  Materials  

U.S. Primary A v a i l a b i l i t y  (b) 
c o s t  (€4 Production k r l d  Reserve World Resource 

Metal Compound $/kg Cation t o  Demand t o   ema and'^'^) t o  Demand (d ,e) 



Table 8 (continued) 

U.S. Primary Ava i l ab i l i t y  (b )  
Product ion World Reserve World Resource 

Metal Compound $/kg Cation t o   ema and(^) t o    em and(^'^) t o    em and'^'^) 

"adequate" 

A l l  c o s t  values a r e  from Chemical Marketing Reporter (1981). 
A l l  a v a i l a b i l i t y  values a r e  from Bureau o f  Mines except fo r  Ca. The values for  Ca represent  
t h e  quant i ty  of CaC12 traded i n  1972 a s  given by Bureau of Mines (1975). Ce and La values  
a r e  for t h e  t o t a l  quant i ty  o f  rare-ear th  oxide. Ce and La comprise 80% of t h i s  group. 
Ratio is given f o r  U.S. Primary Production predic ted  f o r  year 2000 versus  U.S. Demand 
predicted for year 2000. 
Ratio of World Reserve o r  Resource est imated i n  t h e  year 1974 versus  predic ted  Demand f o r  
year 1974-2000. 
Ident i f ied  resources a r e  s p e c i f i c  bodies  o f  mineral-bearing ma te r i a l  whose loca t ion ,  qua l i t y ,  
and quant i ty  a r e  known from geologic evidence supported by engineerinq measurements regarding 
t h e  demonstrated category,  and inc ludes  r e se rves  and subeconomic resources. The reserve  is  
t h a t  port ion of t h e  i d e n t i f i e d  resource  from rhich  ava i l ab le  mineral o r  energy commodity can 
be economically and l ega l ly  ex t r ac t ed  a t  t h e  time of determination. 
No pr ice  quotes l i s t e d  i n  Chemical Marketing Reporter (1981). 
The values f o r  domestic demand and production and world demand a r e  f o r  uraniun t o  be  used f o r  
enrichment. The est imated domestic demand for depleted uranium i n  t h e  year 2000 was 3 .99~10 3 

t ;  6% of the  t o t a l  domestic demand. b o u t  9i'% of t h e  demand f o r  uraniun t o  b e  used f o r  
enrichment w i l l  be added t o  t h e  depleted uranium s tockp i l e s  providing an abundance o f  
depleted uraniun r e l a t i v e  t o  i ts demand. Reserve and resource values a r e  determined f o r  
na tu ra l  uranium. 
Information not  avai lable .  
Th and U were o r i g i n a l l y  included because of t h e  p rope r t i e s  o f  t h e  iodates .  They can 
probably be el iminated because o f  associa ted  r a d i o a c t i v i t y  and t h e  po ten t i a l  hydrolys is  
r eac t  ions. 





LEACH RESISTANCE 

Contact o f  t h e  '''1 d isposa l  fo rm w i t h  water  may occur  e i t h e r  by des iqn 

o r  by acc iden t .  For t h e  d i s p e r s a l  s t r a t e g y ,  removal o f  i o d i n e  by l e a c h i n g  i s  

p a r t  o f  t h e  design. On t h e  o t h e r  hand, i f  an i s o l a t i o n  s t r a t e g y  i s  assumed 

t h e  p o s s i b i l i t y  o f  aqueous con tac t  must a l s o  be considered. I n  e i t h e r  case 

t h e  goal i s  t o  assure a  low concen t ra t i on  and/or a  h i g h  i s o t o p i c  d i l u t i o n  w i t h  

1271. Both a r e  e a s i l y  ach ieved w i t h  ocean d isposa l  and t h e  l each  r a t e  i s  n o t  

c r i t i c a l .  For i s o l a t i o n ,  e.g., s to rage  i n  g r a n i t i c  o r  a r g i l l a c e o u s  depos i t s  

o r  i n  s a l t  caverns, t h e  l each ing  r a t e  becomes very  impor tant .  Thus a  wide 

range o f  leach  r a t e s  may be o f  i n t e r e s t .  

PAST WORK 

W. E. C lark  (1977), M. T. Morgan e t  a l .  (1978), J. A. P a r t r i d g e  and 

G. P. Bosuego (1979) and t h e  P a c i f i c  Northwest Labora to ry  have performed 

l each ing  s tud ies  on se lec ted  i o d i n e  compounds i n  cement, e v a l u a t i n g  va r i ous  

cement a d d i t i v e s  o r  coat ings.  

C la rk  used a  m o d i f i e d  IAEA dynamic leach  s i m u l a t i o n  t e s t  t o  eva lua te  

Ba(1O )2,  AgI03, H C J ( I O ~ ) ~ ,  and Pb(I03) '  i n  p o r t l a n d  I cement as d isposa l  forms 
199 f o r  I captured  u s i n g  t h e  Iodox process. O f  t h e  i oda tes  tes ted ,  ~ a ( 1 0 ~ ) '  i n  

cement was g e n e r a l l y  s u p e r i o r  and t h e  most c o n s i s t e n t ;  he d i d  f i n d  some 

samples o f  Hg(I03) '  and AgIOg i n  cement t o  per fo rm comparably. He repo r ted  

t h a t  a  c y l i n d e r  2.54 crn diam and 2.54 cm h i g h  had a  l each  r a t e  o f  3 x 1 0 - ~  

cm/d(a) between days 30 and 60. O f  t h e  coa t i ngs  and a d d i t i v e s  t r i e d ,  h u t y l  

s t e a r a t e  a d d i t i v e  proved t h e  most e f f e c t i v e  and reduced t h e  l each  r a t e  by a  

f a c t o r  o f  3. 

Morqan and coworkers eva lua ted  t h e  e f f e c t  of water,  cement r a t i o s ,  c u r i n g  

t ime,  i o d i n e  content ,  gamma i r r a d i a t i o n ,  and d i f f e r e n t  l eacha te  composi t ions 

on i o d i n e  l each ing  f rom 9-15 w t %  ~ a ( I 0 ~ ) ~  cement u s i n q  a  m o d i f i e d  IAEA leach  

t e s t .  T h e i r  s t u d i e s  showed t h a t  o n l y  t h e  l eacha te  composi t ion caused a  

s i g n i f i c a n t  change i n  l each  ra tes.  T h e i r  es t imated  e f f e c t i v e  d i f f u s i o n  

( a )  The 1  each r a t e  u n i t  o f  cm/d may be conver ted  t o  f r a c t i o n  1  eached pe r  
day by m u l t i p l y i n g  by t h e  su r f ace  t o  volume r a t i o .  



c o e f f i c i e n t  i n  d i s t i l l e d  wate r  was De = 1 . 9 ~ 1 0 ' ~  exp(-4163/T, K )  cm2/sec. The 

va lues o f  De i n  seawater, s imu la ted  seawater, t a p  water ,  and s p r i n q  wate r  were 

l o 4  t imes  lower  than  i n  d i s t i l l e d  water. Th is  r educ t i on  was a t t r i b u t e d  t o  t h e  

f o rma t i on  o f  a  p r o t e c t i v e  su r f ace  f i l m  which slowed i o d i n e  l oss .  

P a r t r i d g e  and Bosuego s t u d i e d  t h e  l e a c h i n g  o f  26.9 w t %  mercu r i c  i o d a t e  i n  

cement. The mercur ic  i o d a t e  was produced by t h e i r  process t h a t  uses n i t r i c  

a c i d  t o  o x i d i z e  i o d i n e  i n  mercurex s o l u t i o n .  I n  a d d i t i o n  t o  t h e i r  t e s t  u s i n g  

pure mercur ic  i oda te ,  ano ther  t e s t  u s i n g  2.9 wt% mercur ic  i o d a t e  and 24.8 wt% 

mercur ic  n i t r a t e  was performed. They used a  s imu la ted  dynamic l each  procedure 

i n  bo th  cases. The former  had a  g r e a t e r  l each  r a t e  6 .72x10-~  cm/d compared t o  

3 . 5 6 ~ 1 0 - ~  cm/d between days 1 and 10. 

P re l  i m i  nary  s t u d i e s  a t  PNL (Wiemers 1978b, 1978c, 1979a, 1979b, 1979c), 

cons i s ted  o f  t h r e e  sc reen ing  t e s t s  t o  eva lua te  t h e  e f f e c t s  o f  l e a c h i n g  method, 

env i ronmenta l  parameters, cement a d d i t i v e s  and coa t ings ,  and t h e  n a t u r e  o f  t h e  

i o d i n e  compound on i o d i n e  l e a c h a b i l i t y  f rom p o r t l a n d  t y p e  111 cement. 

Sunimarizing t h e  most s i g n f i c a n t  f a c t o r s  i n  these  t e s t s :  ( 1 )  f o r  pure  i o d i n e  

compounds i n  cement, approach t o  dynamic l each  c o n d i t i o n s  inc reased  l e a c h  

ra tes ,  ( 2 )  h i g h e r  temperature inc reased  l each  ra tes ,  (3 )  h i g h  carbonate 

leacha te  concen t ra t i on  decreased l each  ra tes ,  (4 )  i o d i n e  l o a d i n g  i n  cement o f  

>5 w t %  inc reased  l each  ra tes ,  and (5)  low i o d i n e  compound s o l u b i  1  i t y  decreased 

leach  ra tes .  No a d d i t i v e s  o r  coa t i ngs  t e s t e d  had a  s i g n i f i c a n t  e f f e c t .  

PRESENT WORK 

From t h e  da ta  accuniulated on s o l u b i l i t i e s ,  thermal s t a b i l i t i e s ,  c o s t  and 

a v a i l  ab i  1  i t y ,  t o x i c i t y ,  l each  c h a r a c t e r i s t i c s  f rom e a r l i e r  sc reen ing  s t u d i e s ,  

and 1  i k e l y  end p roduc ts  o f  t h e  va r i ous  i o d i n e  cap tu re  processes desc r i bed  

e a r l i e r ,  severa l  i od ides ,  ioda tes ,  and i o d i n e - c o n t a i n i n g  s o l i d  sorben ts  f i x e d  

i n  cement were se lec ted  f o r  f u r t h e r  l e a c h i n g  s tud ies .  The i o d i n e  forms chosen 

were Cur, Pb12, AsI, Ba(IO3l2,  P ~ I ( I O ~ ) ~ ,  H s ( I O ~ ) ~ ,  150 mgI/g s i l v e r  morden i te  

(AgZI ) , and HI-1 oaded (370 mgI/g) 1 ead zeol  i t e  X(PbX1). 

Exper imenta l  

C h a r a c t e r i s t i c s  o f  a  t y p i c a l  i o d i n e - c o n t a i n i n g  cement m o n o l i t h  a r e  l i s t e d  

i n  Table 9. The mono1 i t h s  were suspended i n  g l ass  beakers c o n t a i n i n g  t h e  

l eacha te  a t  ambient temperature (19-23OC), and t h e  t e s t s  were performed i n  



a i  r. The l e a c h a t e - t o - s u r f a c e - a r e a  r a t i o  was 10: l .  The r e s u l t s  a r e  presented 

as t h e  normal ized f r a c t i o n  leached, which i s  c a l c u l a t e d  by m u l t i p l y i n g  t h e  

f r a c t i o n  leached by t h e  sample's geometr ic volume-to-surface area r a t i o .  Th i s  

va lue  was norma l l y  0.5 cm. 

TABLE 9 - Typ ica l  C h a r a c t e r i s t i c s  o f  I o d i  ne-Cement Mono1 i t h s  

Proper ty  

I o d i n e  concent ra t ion ,  mmol I / g  d r y  cement 

Cement t y p e  

Water/cement weight r a t i o  

Height ,  cm 

Diameter, cm 

Geometric volume, V, cm 3  

Geometric su r f ace  area, S, cm 2  

V/S,  cm 

Cur ing t ime  

Value 

0.8 

Po r t l and  Type 111 

0.3 

4.5 

2.54 

23.0 

45.0 

0.5 

7 days 

Two leach  t e s t  procedures were used: a  m o d i f i e d  IAEA dynamic leach  t e s t  

and a  s t a t i c  leach  t e s t .  I n  t h e  m o d i f i e d  IAEA t e s t  t h e  l eacha te  was g e n t l y  

a g i t a t e d  on a  mechanical shaker and was changed a t  se lec ted  i n t e r v a l s .  A 

t y p i c a l  sampl ing schedule was t h r e e  t imes  d a i l y  f o r  t h e  f i r s t  week, t w i c e  p e r  

day f o r  week 2, once p e r  day f o r  weeks 3  through 5, and once p e r  week th rough 

week 9. The l eacha te  was d i s t i l l e d  water. The i o d i n e  forms t e s t e d  by t h e  

mod i f i ed  I A E A  method were AgI, Ba( I03)2,  C C ~ ( I O ~ ) ~ ,  and AgZI, a l l  i n  p o r t l a n d  

t y p e  I 1 1  cement. I n  t h e  s t a t i c  l each  t e s t ,  we t y p i c a l l y  sampled t h e  l eacha te  

on days 3, 7, 14, 56, 112, and 180 and rep laced  t h e  sample w i t h  an equal 

vn l  ume o f  l eacha te  p r e e q u i l  i b r a t e d  w i t h  a  pure  cement sample. The i o d i n e  

forms t e s t e d  by t h e  s t a t i c  method were AgI, CuI, Pb12, ~ a ( 1 0 ~ ) ~ .  Ca(103)2, 

Hg(IO3l2,  PbXI, and AgZI a l l  i n  p o r t l a n d  t y p e  111 cement. D i s t i l l e d  water  was 

t h e  leacha te -  For Ba(IO3)2 and Hg( I03)2  seawater and Columbia R i v e r  wa te r  

leacha tes  were a l s o  t es ted .  

An i o d i d e - s p e c i f i c  i o n  e l e c t r o d e  was used f o r  t h e  l eacha te  ana lys is .  For 

ioda tes ,  r educ t i on  was fi r s t  c a r r i e d  o u t  u s i n g  hydroxy l  ami ne. The d e t e c t i o n  

l i m i t  was -10-7 M I-. - 



Resu l ts  

I od ides  

C U I  and Pb12 have low s o l u b i l i t i e s  b u t  a re  s u s c e p t i b l e  t o  o x i d a t i o n  and 

t o  h y d r o l y s i s  i n  t h e  a l k a l i n e  environment o f  t h e  cement, pH -12. There a r e  no 

c a t i o n s  i n  t h e  cement capable o f  l o w e r i n g  t h e  s o l u b i l i t y  o f  t h e  i o d i n e  

released. I n  leach  t e s t s ,  CuI and Pb12 l o s t  i o d i n e  very  r a p i d l y ,  e.g., f o r  

CuI 20% i n  15 days. 

AgI has a  very low s o l u b i l i t y  and t h u s  good leach  res is tance .  F i gu res  1 

and 2  p resen t  t h e  r e s u l t s  f o r  t h e  s t a t i c  and t h e  dynamic l each  t e s t s  o f  AgI i n  

cement, r espec t i ve l y .  Using t h e  da ta  presented i n  F igu re  2 f o r  t h e  d.ynamic 

s i m u l a t i o n  t e s t  between days 40 and 100, t h e  leach  r a t e  was 8 x l 0 - ~  cm/d. A t  

t h i s  r a t e  i t  would t a k e  430 years  t o  l each  1% o f  t h e  i o d i n e  f rom a  208-L 

cement mono l i th .  

For  t h e  i od ides ,  AgI i n  cement was t h e  b e s t  d isposa l  fo rm tes ted ,  and 

even though i t  i s  expensive (see Table 8), i t  i s  t h e  recommended fo rm f o r  an 

i odi de product.  

Ioda tes  

Ioda tes  a re  t y p i c a l l y  more s o l u b l e  t han  i o d i d e s  b u t  a r e  r e s i s t a n t  t o  

ox ida t i on .  Un fo r t una te l y ,  h y d r o l y s i s  s t i l l  can occur. Also, i t  must be no ted  

t h a t  much o f  t h e  e a r t h ' s  c r u s t  i s  reducing, e.g., c o n t a i n i n g  ~ e "  ion, and slow 

r e d u c t i o n  o f  i oda tes  i s  a  p o s s i b i  1  i t y  e s p e c i a l l y  a t  low pH. The group I 1  

i oda tes  a r e  q u i t e  i n s o l u b l e  (Tab1 e  2) when con t ras ted  w i t h  t h e  cor respond ing  

hydroxides. Thus t h e  i oda tes  o f  Ca, S r ,  and Ba a r e  p o t e n t i a l  candidates.  

These as we1 1  as Hg(103)2 and Pb(103)2 have been examined i n  cement. 

Un fo r t una te l y ,  i n  t h e  case o f  lead ,  a t tempts  t o  prepare p h y s i c a l l y  s t a b l e  

cement met w i t h  f a i l u r e .  Resu l ts  f rom t h e  s t a t i c  leach  t e s t s  f o r  Ba, Hg and 

Ca a r e  shown i n  F igures  3, 4, and 5. L i t t l e  d i f f e r e n c e  i s  seen between t hese  

forms. The normal ized f r a c t i o n  leached f o r  each i s  - 3 ~ 1 0 ' ~  cm a f t e r  90 

days. The normal ized f r a c t i o n  leached i n  t h e  dynamic t e s t s  f o r  ~ a ( 1 0 ~ ) 2 ,  

Ca(103)2, and i n  t h e  e a r l i e r  s tudy f o r  Sr(103)2 a re  s i m i l a r .  F i g u r e  6 shows 

t h e  dynamic leach  r e s u l t s  f o r  Ba ( I03 )p=  Note t h a t  t h e  f r a c t i o n  leached 

dynamica l l y  i s  a  f a c t o r  o f  10 g r e a t e r  t han  i n  t h e  s t a t i c  t e s t .  



SAMPLE #1 
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FIGURE 1. S t a t i c  Leach Test o f  AgI i n  
P o r t l a n d  Type I 1 1  Cement, 0.8 rnrnol AgI/g 
Dry Cement ( D i s t i l l e d  Water Leachate) 

FIGURE 2. Simulated Dynamic Leach Test o f  
AgI i n  Po r t l and  Type I 1 1  Cement, 0.8 mmol 
AgI/g Dry Cement (Cement-Equi 1 i bra ted  Dis- 
t i  1 l e d  Water Leachate) 
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FIGURE 3. S t a t i c  Leach Test  of B a ( I 0 3 ) 2  i n  P o r t l a n d  Type I 1 1  
Cement, 0.4 r~~mol  Ba(IOg)2,1g ~ r y  Cement 
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Cement, 0.4 mmol H g ( I 0 3 ) z I g  Dry Cement 
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SAMPLE #1 - 

SAMPLE #2 
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FIGURE 5. S t a t i c  Leach Test o f  Ca( I03)2 
i n  P o r t l a n d  Type I 1 1  Cement, 0.4 mmol 
~ a ( 1 0 ~ ) ~  / g  Dry Cement ( D i s t i l l e d  Water 
Leachate) 
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FIGURE 6. Simulated Dynamic Leach Test 
o f 3 ) 2  i n  Po r t l and  Type I 1 1  Cement 
0.4 mmol Ba( I0  ) 2 / g  Dry Cement ( D i s t i l l e d  
Water Leachate 3 



Using t h e  dynamic t e s t  r e s u l t s  f o r  Ba(103)2 between days 40 and 70, t h e  

l each  r a t e  i s  es t imated  a t  7 ~ 1 0 - ~ c m / d ,  which i s  comparable t o  t h a t  ob ta i ned  by 

C la r k  (1979). Th is  r a t e  corresponds t o  a  1% l o s s  f rom a  208 L mono1 i t h  i n  5  

years.  

Un fo r t una te l y ,  i t  i s  d i f f i c u l t  t o  compare our  s t a t i c  l each  t e s t  r e s u l t s  

f o r  Hg( I03) *  i n  cement t o  t h e  s imu la ted  dynamic t e s t s  o f  P a r t r i d g e  and Bosuego 

(1979). I f ,  however, t h e  f a c t o r  o f  10 d i f f e r e n c e  seen i n  our  own t e s t s  

between s t a t i c  and s imu la ted  dynamic t e s t s  ho lds,  ou r  r e s u l t s  appear 

comparable t o  P a r t r i d g e  and Bosuego's, e s p e c i a l l y  t a k i n g  t h e i  r h i g h e r  i o d i n e  

con ten t  i n t o  account. 

Sol i d  Sorbents 

The s o l i d  sorbents  cons idered a r e  p o t e n t i a l  d isposa l  forms as used. 

However, g ranu la r  o r  powder forms p resen t  hand l i ng  problems i n  a d d i t i o n  t o  

much lower  r e s i s t a n c e  t o  l e a c h i n g  o r  v o l a t i l i z a t i o n .  We b e l i e v e  

i m m o b i l i z a t i o n  i n  a  m o n o l i t h i c  fo rm i s  des i r ab le .  

As mentioned i n  t h e  d i scuss ion  on i o d i n e  cap tu re  techno log ies ,  s i l v e r  

z e o l i t e s  (AgZ, AgX), and PbX have been cons idered f o r  cap tu re  and s to rage  o f  

12'1. Both iod ine- loaded AgZ (150 mgI/gAgZ), AgZI and hydrogen i od ide - l oaded  

PbX (370 mg I / g  PbX), PbXI have been leach- tes ted .  The AgZI cement samples 

con ta ined  0.8 rnmol I / ( g  d r y  cement + AgZ), and t h e  PbXI cement samples 

con ta ined  -1 mmol I / ( g  d r y  cement + PbX). The r e s u l t s  f o r  t h e  s t a t i c  t e s t s  

a r e  presented i n  F igures  7  and 8. 

When PbXI was added t o  t h e  cement, t h e  cement m i x t u r e  t u r n e d  pu rp le ,  

sugges t ing  re l ease  o f  e lementa l  i od ine .  F i gu re  7  shows t h a t  t h e  i o d i n e  i s  

e a s i l y  leached f rom t h i s  m a t e r i a l .  

Comparison o f  t h e  dynamic l each  r a t e s  f o r  AgZI i n  cement ( F i g u r e  9) w i t h  

t h e  dynamic leach  r a t e s  f o r  Ba( I03) *  i n  cement (F igu re  6) shows t h a t  i o d i n e  i s  

i s  leached f rom t h e  AgZI cement an o r d e r  of magnitude s lower  t h a n  from t h e  

Ba( I03)2  cement; i n  t h e  s t a t i c  t e s t s  t h e  r a t e s  were rough l y  equ i va len t .  I n  

t h e  dynamic t e s t  t h e  i o d i n e  leached a  f a c t o r  o f  10 f a s t e r  t han  f rom pure  AgI 

i n  cement. Th is  i s  t o  be expected s i n c e  ou r  s t u d i e s  have shown t h a t  o n l y  a  

p o r t i o n  o f  t h e  i o d i n e  sorbed on AgZ i s  AgI. Based on Sample 1 i n  F i g u r e  9, a t  

a  l each  r a t e  of  4x10'6 cm/d i t  would t a k e  100 yr  t o  l each  1% o f  t h e  i o d i n e  

f rom a  208-L cement monol i th .  
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FIGURE 8.  S t a t i c  Leach Test o f  150 mg I / g  
AgZ i n  Po r t l and  Type I 1 1  Cement, 0.8 mmol 
I / ( g  Dry Cement + AgZ) ( D i s t i  1 l e d  Water 

1 
Leachate) 

FIGURE 7. S t a t i c  Leach Test o f  -370 mg I / g  
PbX i n  Po r t l and  Type I 1 1  Cement, 1 mmol I / ( g  
Dry Cement + PbX) ( D i s t i l l e d  Water Leachate) 



Cbmparison o f  F i gu re  9  w i t h  F i g u r e  8 shows equ i va len t  l e a c h i n g  f o r  t h e  

dynamic and s t a t i c  leach  t e s t s  f o r  AqZI i n  cement. Tests on AgZI i n  cement 

have g iven  mixed r e s u l t s .  

Our s tud ies  have shown PbXI i n  cement t o  be a  poor  s e l e c t i o n  f o r  a  

d isposa l  form f o r  12'1, w h i l e  AgZI i n  cement i s  adequate, e s p e c i a l l y  i f  t h e  

i s o t o p i c  d i l u t i o n  d i sposa l  s t r a t e g y  i s  se lected.  AgZI i n  cement i s  no t  as 

good as AgI i n  cement. The behav io r  o f  t h e  former  i s  expected t o  be dependent 

on t h e  i o d i n e  l o a d i n g  s ince,  as descr ibed  above, on l y  40-50 mg/g 1  oad as 

AgI. Furthermore, t h e  use o f  s i l v e r  would be more e f f i c i e n t  i f  AqI i s  used 

i n s t e a d  o f  AgZI. 

A1 t e r n a t i v e  Forms 

I n  a d d i t i o n  t o  our  l e a c h i n g  s t u d i e s  on i o d i n e  compounds i n  cement, we 

used t h e  s t a t i c  l each  procedure t o  t e s t  an i o d i n e  s o d a l i t e  prepared by W. I. 

Winters  o f  Rockwell Hanford Operations. The r e s u l t s  f o r  d i s t i l l e d  wate r  a r e  

presented i n  F igu re  10. The s t a t i c  l e a c h i n g  r e s u l t s  were a  f a c t o r  o f  100 

improved compared t o  Ba( I03)2  i n  cement and were equ i va len t  t o  AgI i n  cement. 

Th is  s o d a l i t e  was comparable t o  t h e  b e s t  pure  i o d i n e  compound i n  cement 

tested.  With a d d i t i o n a l  p r o t e c t i o n  such as i n c o r p o r a t i o n  i n t o  cement, t h e  

1 each r e s i s t a n c e  should be improved. 
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F i  u r e  9. Simulated Dynamic Leach Tes t  o f  
50 mg I / g  AgZ i n  Po r t l and  Type I 1 1  Cement, re- 

0.8 mmol I / ( g  Dry Cement + AgZ) ( D i s t i l l e d  
Water Leachate)  
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FIGURE 10. S t a t i c  Leach Tes t  o f  I o d i n e  
S o d a l i t e ,  1.5 mmol I / g  ( D i s t i l l e d  Water 
Leachate) 
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