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SUMMARY AND CONCLUSIONS 

The technology o f  f i x a t i o n  of t r i t i u m  i n  a  s o l i d  fo rm was examined. 

The p r i n c i p a l  emphasis was on t h e  s to rage  i n  s o l i d  form o f  t r i t i u m  waste 

f rom t h e  nuc lea r  f ue l  c y c l e  w i t h  t he  a im o f  p reven t i ng  i t s  s i g n i f i c a n t  

e n t r y  i n t o  t h e  b iosphere.  

Sources and rou tes  o f  t r i t i a t e d  wastes i n  t h e  f u e l  c y c l e  were reviewed. 

I t  was concluded t h a t  t h e  b u l k  o f  t h e  t r i t i u m  produced i n  t h e  f u e l  c y c l e  

ends up i n  t h e  f u e l s  reprocess ing  p l a n t ,  and w i t h  c u r r e n t  reprocess ing  

p r a c t i c e ,  ends up as a  ve r y  l a r g e  volume of l ow - l eve l  tri t i a t e d  water .  

A1 t e r n a t i v e  p r a c t i c e  m igh t  produce much sma l l e r  volumes. 

C r i t e r i a  were e s t a b l i s h e d  f o r  nar row ing  t he  very  wide p o s s i b l e  cho i ce  

o f  t r i t i u m  f i x a t i o n  methods and t he  m e r i t s  o f  va r i ous  c lasses  o f  t r i t i u m  

compounds a r e  d iscussed.  Cur ren t  t r i t i u m  f i x a t i o n  technology and f i x a t i o n  

r esea rch  was reviewed. 

The bas i c  chemical  and t e c h n i c a l  aspects  o f  known and p o t e n t i a l  f i x a t i o n  

methods and t h e  a p p l i c a b i l i t y  o f  these methods t o  s p e c i f i c  sources o r  t ypes  

o f  t r i t i a t e d  waste w i t h  some es t ima te  o f  economics a r e  g iven .  These f i x a t i o n  

methods a r e  compared b r i e f l y  t o  some o t h e r  t r i t i u m  d i sposa l  methods. Recom- 

mendations f o r  f u r t h e r  s t u d i e s  a r e  made. Clays, P o r t l a n d  cement, and 

hyd r i des  a l l  appear t o  have m e r i t ,  depending on t h e  n a t u r e  ( p r i n c i p a l l y  

degree o f  d i l u t i o n )  o f  t h e  t r i t i u m  waste. 
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THE TECHNOLOGY OF TRITIUM FIXATION AND STORAGE 

L .  L. Burger and J .  L .  Ryan 

I .  INTRODUCTION 

Histor ical ly  t r i t ium has been considered one of the most innocuous of 

the f i s s ion  products. A rough determination of the path of the t r i t ium 

in a nuclear plant  together with calculation of y ie lds  has usually been 

substi tuted f o r  routine monitoring. Invariably the calculated discharges 

were well below s e t  standards fo r  e i the r  gaseous or  l iquid  radioactive 

wastes. However, a s  the production r a t e  from increased numbers of power 

reactors goes u p ,  and downward evaluations of maximum permissible concen- 

t r a t i ons  a r e  contemplated, more a t t en t ion  i s  being given t o  both the pro- 

duction and the control of t r i t ium in the nuclear fuel cycle. 

Many estimates have been made of the world's t r i t ium production and 

inventory. Recent considerations(') of both the natural level and 

the projected man-made contribution a re  not great ly  d i f fe ren t  than Peterson ' s 
estimates. (4 )  Figure 1 shows the  authors '  evaluation of these data and a re  

essen t ia l ly  Peterson's  values. Uncertainties include: 

a The reactor inventory i s  based on l i g h t  water reactors.  Extensive use 

of Pu recycle wi l l .  r a i s e  the T y ie ld  since the f i s s ion  yie ld  from Pu 
i s  about twice t h a t  of U .  (Estimates fo r  LMFBR a r e  about double 
those fo r  PWR's). The molten s a l t  reactor and heavy water reactor 

give a yie ld  from 40 t o  100 times higher. (8,9) 

a The weapons residue curve assumes no addit ions since 1963 whereas 

there have been several atmospheric t e s t s .  

a The "natural" level i s  uncertain because accurate measurements were 

not made before the inventory was radical ly  disturbed by man-made 

t r i t ium.  



4  Fus ion r e a c t o r s  w i l l  produce and consume about 5  x  10 t imes as much 

t r i t i u m  pe r  u n i t  power as a  f i s s i o n  r e a c t o r .  ( 7 )  A  power system based 

on f u s i o n  w i t h  a  t r i t i u m  l o s s  of 0.01% per  day would inc rease  t h e  man- 

made environmental  t r i t i u m  by a  f a c t o r  o f  10. 

On a  g l oba l  sca le  i t  can be argued t h a t  t r i t i u m  p roduc t i on  poses no 
9  problems. An i n v e n t o r y  o f  10 C i  (what appears now t o  be a  maximum steady 

s t a t e  va lue)  cou ld  be d i sso l ved  i n  t h e  t o p  75 m o f  t h e  oceans (2.7 x  10 19 

l i t e r s ( ' ) )  t o  g i v e  a  concen t ra t i on  o f  3.7 x  1 0 - l o  p C i / m l .  Th i s  i s  a  com- 

f o r t a b l e  d i s t a n c e  f rom t h e  present  mpc o f  3  x  p C i / m l .  However, on a  

1  oca l  sca le  t h e  problems become r e a l  . A  10 ton/day reprocess ing  p l a n t  
9  may have 6,000 C i  pe r  day t o  d ispose o f  r e q u i r i n g  2  x  10 l i t e r s  o f  water  

pe r  day t o  d i l u t e  t o  t h e  mpc l e v e l .  The atmosphere i s  more e f f i c i e n t  i n  

d i s p e r s i n g  wastes and Bar ry  ( l o )  has suggested t h a t  2,000 Ci/day cou ld  be 

re leased  con t i nuous l y  through a  300-600 f t  stack.  S i n g l e  d ischarge  i n c i -  

dents  o f  6.8 x  l o 4  C i  (Doury ) o r  4  x  1  o6 C i  (Ba r r y  O)) a r e  suggested 

as poss ib l e .  I n t e r n a l  r e c y c l e  o f  aqueous streams can b u i l d  t h e  concentra-  

t i o n  t o  l e v e l s  such t h a t  such d ischarges cou ld  be made b u t  t h i s  may be 

ques t i onab le  o p e r a t i n g  ph i losophy.  Storage o f  concentrated t r i t i u m  wastes 

p o s s i b l y  preceded by i s o t o p i c  concen t ra t i on  may be a  necessary f u t u r e  

o p e r a t i o n  i n  t h e  nuc lear  f u e l  cyc le .  

The e x c e l l e n t  r ev i ew  by ~ a c o b s ( ' )  i nc l udes  a  d i scuss ion  o f  t h e  impact 

o f  l o c a l  re leases  o f  t r i t i u m  and i t s  movement i n  t h e  environment. A  r e p o r t ,  

" T r i t i u m  and Noble Gas F i s s i o n  Products i n  t h e  Nuclear Fuel Cycle," be ing 
i ssued  by Argonne Na t i ona l  Laboratories(1 d iscusses tri t i  p roduc t i on  and 

behavior  i n  p resen t  power r e a c t o r s  and i n  f u e l  reprocess ing  p l a n t s .  Th i s  
. 

r e p o r t  a l s o  rev iews  t r i t i u m  and Noble gas c o l l e c t i o n  and r e t e n t i o n  methods 

c u r r e n t l y  used o r  cons idered.  The c u r r e n t  t r i t i u m  c o n t r o l  p r a c t i c e s  i n  

use i n  t h e  Un i t ed  S ta tes  i n  l a b o r a t o r i e s ,  r e a c t o r s  and process ing p l a n t s  

a r e  surveyed i n  a  s t a t e - o f - t h e - a r t  r e p o r t  beiog issued by Mound Labo ra to r i es .  (13)  . 

The p resen t  r e p o r t  i s  much narrower i n  scope and surveys t h e  technology 

a v a i l a b l e  f o r  f i x a t i o n  and s to rage  o f  t r i t i a t e d  wastes and suggests some 

research work t o  advance t h e  technology.  



11. HANDLING OF TRITIUM WASTES 

Most o f  t h e  man-made t r i t i u m  w i l l  c o n t i n u e  t o  be produced i n  power 

r e a c t o r s .  T a b l e  1 1  i s t s  t y p i c a l  p r o d u c t i o n  r a t e s  f o r  d i f f e r e n t  r e a c t o r  

t ypes .  The wide ranges l i s t e d  i n d i c a t e  v a r i a t i o n  i n  d e s i g n  and o p e r a t i o n .  

To a  c o n s i d e r a b l e  e x t e n t  t h e  h i g h e r  va lues  show t h e  e f f e c t  o f  u s i n g  boron 

i n  r e a c t i v i t y  c o n t r o l ,  e.g., c o n t r o l  r o d s  f o r  b o i l i n g  water  r e a c t o r s  and 

t h e  LMFBR, and b o r i c  a c i d  i n  t h e  p r e s s u r i z e d  wa te r  r e a c t o r .  

I n  t h e  case o f  t h e  heavy wa te r  r e a c t o r  (HWR) neu t ron  r e a c t i o n s  w i t h  

deu te r ium make a  m a j o r  c o n t r i b u t i o n .  I n  t h e  m o l t e n  s a l t  r e a c t o r  i t  i s  

n - r e a c t i o n s  w i t h  l i t h i u m .  For t h e  f u s i o n  r e a c t o r  (CTR), t r i t i u m  i s  a  f u e l  

and i s  a l s o  bred i n  t h e  l i t h i u m  b l a n k e t .  The development o f  t h e  CTR w i l l  

p l a c e  t r i t i u m  c o n t r o l  i n  a  c o m p l e t e l y  d i f f e r e n t  p e r s p e c t i v e .  T h i s  t o p i c  

w i l l  n o t  be cons ide red  i n  t h i s  r e p o r t .  However, t h e  CTR w i l l  have a  num- 

b e r  o f  t r i t i u n i  problems i n  common w i t h  f i s s i o n  r e a c t o r s ,  e.g., m o n i t o r i n g ,  

waste t r e a t m e n t  and t r i t i u m  s to rage .  

The f r a c t i o n  o f  f i s s i o n  t r i t i u m  t h a t  escapes f rom t h e  f u e l  i n t o  t h e  

c o o l i n g  system depends on t h e  c l a d d i n g  and t h e  o p e r a t i n g  temperature .  

S t a i n l e s s  s t e e l  i s  q u i t e  permeable w h i l e  z i r c o n i u m  b locks  t h e  escape. I n  

t h e  LMFBR a  c o n s i d e r a b l e  f r a c t i o n  o f  t h e  t r i t i u m  w i l l  d i f f u s e  th rough  t h e  

s t a i n l e s s  c l a d d i n g  t o  t h e  sodium and be removed i n  c o l d  t r a p s .  EBR-I1 

measurements ( I 7 )  showed t h a t  65% o f  t h e  t r i t i u m  appeared i n  t h e  p r i m a r y  

system t r a p ,  25-30% was r e t u r n e d  i n  t h e  f u e l  and l e s s  than  1% escaped t o  

t h e  steam system. 

Our p r i n c i p a l  concern w i l l  be t h e  l i g h t  wa te r  r e a c t o r s  (LWR) which 

w i  11 compr ise t h e  b u l  k  o f  t h e  power r e a c t o r s  f o r  t h e  n e x t  few decades. A 

few o f  t h e  e x i s t i n g  l o a d i n g s  a r e  s t a i n l e s s  c l a d .  Most a r e  z i r c o n i u m  c l a d ,  

z i r c a l l o y - 2  o r  z i r c a l l o y - 4 ,  and o f  t h e  t r i t i u m  t h a t  d i f f u s e s  f r o m  t h e  f u e l  

m a t r i x  n e a r l y  a l l  w i l l  be h e l d  by t h e  z i r c o n i u m  as t h e  hydr ide .  The f r a c -  

t i o n  o f  f i s s i o n  t r i t i u m  t h a t  escapes t o  t h e  c o o l a n t  t h e n  i s  somewhat uncer 

t a i n .  Smi th  and G i l b e r t  ( I 8 )  assume a  leakage  r a t e  abou t  t w i c e  t h e  r a t e  o f  

f o r m a t i o n  f r o m  deu te r ium a c t i v a t i o n  o r  abou t  3 x  pCi/MW(th)-sec. 
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T h i s  i s  l e s s  than  1% o f  t h e  f i s s i o n  p roduc t i on  r a t e .  Other leakage r a t e s  
( 8  1 es t imates  a r e  s i m i l a r l y  low. 

Table 1 

Produc t ion  o f  T r i t i u m  i n  Power Reactors 

Reactor Type Produc t ion  Rate Reference 
(CilMWth-yr) 

LWR 5 - 10 ( 8  1 
HWR 200 - 1000 (8 )  ( 9 )  

LMFBR 5 - 50 ( 8 )  ( 9 )  (12)  

HTGR 7 (8  
MSBR 300 ( 3 )  (15)  (14)  

CTR 4-5 x  l o 5  ( 9 )  (16)  

Wi th  s t a i n l e s s  c l a d d i n g  losses  may be h i g h l y  v a r i a b l e  depending on t h e  

t e m ~ e r a t u r e  reached . (899 )  T r i t i u m  losses  i n t o  t h e  r e a c t o r  coo lan t  have - -  - - - -  

been rev iewed by S t e i n d l  e r ,  e t .  a1 . , 2, and by Rhinehammer and Lamberger. (1  3 )  

Cladding d e f e c t s  a r e  another  v a r i a b l e  and i n  a d d i t i o n  t o  a f f e c t i n g  

t h e  r e a c t o r  c o o l a n t  l e v e l s  t hey  w i l l  be l a r g e l y  r espons ib l e  f o r  any t r i t i u m  

b u i l d u p  i n  s to rage  bas ins f o r  d ischarged f u e l .  I n  each case re leased  tri- 

t i u m  w i l l  be r a p i d l y  conver ted t o  HTO. 

Most o f  t h e  f i s s i o n  produced t r i t i u m  w i l l  f o l l o w  t h e  f u e l  t o  t h e  r e p r o -  

cess ing p l a n t .  Here p a r t  w i l l  go t o  b u r i a l  w i t h  t h e  c ladd ing .  O f  t h e  

remaining, p a r t  w i l l  be re leased  i n  t h e  "head end" steps, i .e . ,  chopping, head 

end t rea tments  such as " vo lox ida t i on , "  e tc . ,  and f i n a l l y  t he  remainder w i l l  

e q u i l i b r a t e  w i t h  t h e  aqueous phase on d i s s o l u t i o n .  Most o f f - gas  systems 

w i l l  employ an o x i d a n t  such as CuO o r  CuO-Mn02 t o  conver t  t r i t i u m  t o  tri- 

t i a t e d  water.  I f  chopping i s  f o l l owed  by v o l o x i d a t i o n  then  more than  99% 

of t he  t r i t i u m  i n  t h e  f u e l  w i l l  be removed and conver ted t o  water .  (19)  

Heat ing o f  t h e  chopped f u e l  i n  an i n e r t  atmosphere i s  a l s o  be ing cons idered 

as a t r i t i u m  removal process. 



I f  such p re t rea tment  i s  n o t  employed, then t he  b u l k  o f  t he  f i s s i o n  

t r i t i u m  w i l l  end up as HTO i n  t he  d i s s o l v e r  and v i r t u a l l y  a l l  w i l l  pass 

i n t o  t he  f i r s t  c y c l e  waste. Measurements by Henry a t  Idaho F a l l s  (20)  

have shown t h a t  o n l y  about 0.1% f o l l o w s  t he  o rgan i c  phase i n  t he  f i r s t  

so l ven t  e x t r a c t i o n  column, and n e a r l y  a l l  remains i n  t he  waste stream. 

Th i s  f i r s t  c y c l e  waste i s  concentrated and n i t r i c  a c i d  i s  recovered. The 

water  and a c i d  recovered must then be recyc led ,  d ischarged o r  s to red .  

I t  i s  seen t h a t  a  wide v a r i e t y  of t r i t i u m - c o n t a i n i n g  aqueous streams 

i s  produced i n  t h e  f u e l  cyc le .  These i nc l ude :  

Reactor c o o l a n t  water  

Rad waste f rom r e a c t o r s  

Storage bas in  water 

Condensates f rom head-end t reatments  

Recovered a c i  d  

Recovered water  

Condensates f rom o t h e r  o f f - gas  systems 

and o t h e r  1  ow-1 eve1 wastes. 

The volumes and t r i t i u m  concent ra t ions  i n  these streams a r e  h i g h l y  

v a r i a b l e .  Reactor coo lan t  o f  LWR's may range f rom a  few nanocuries/ml t o  

a  few mic rocur ies /ml  . ( 1 1 ) ( 1 2 ) ( 2 1 )  The secondary coo lan t  o f  t he  PWR has - 
been repo r ted  t o  be lower  by a  f a c t o r  o f  10-1000. ( I 3 )  ~ i n ( ~ ' )  est imates 

waste streams f rom the  r e a c t o r s  t o  be 1  x pCi/ml f o r  t he  BWR and 

1 x  pCi/ml f o r  t he  PWR. However, a t  a  t r i t i u m  l o s s  r a t e  o f  1% o r  

about 100 C i  t h i s  represen ts  a l a r g e  volume. 

Waste water  can be cleaned up and recyc led  t o  t he  r e a c t o r  thus per-  

m i t t i n g  t he  t r i t i u m  l e v e l  t o  b u i l d  up t o  h igher  concen t ra t ions .  I t  has 

been suggested t h a t  t he  c o o l a n t  i n  a  PWR cou ld  be mainta ined a t  5 pCi/ml (13) 

o r  g rea te r .  I n  t h e  long  run, ex tens ive  r e c y c l e  s imp ly  r a i s e s  t he  t r i t i u m  

concen t ra t i on  and lowers t he  volume o f  t h e  waste streams. Thus, i t  i s  seen 

t h a t  tri t i a t e d  water f rom power r e a c t o r s  may cover  t he  concen t ra t i on  range 

f rom lom6 p C i / m l  i n  secondary c o o l a n t  t o  10 pCi/ml i n  p r imary  coo lan t  w i t h  

waste volumes rang ing  f rom hundreds o f  1  i t e r s  t o  hundreds of thousands of 

1  i t e r s  per  day. 



I n  t h e  reprocess ing  p l a n t ,  volumes and concent ra t ions  cover an e q u a l l y  

wide range. Of f -gas condensates may be ve ry  small i n  volume, l i t e r s / d a y ,  

b u t  ve ry  h i g h  i n  t r i t i u m  concent ra t ion .  Storage bas in  water  i s  h i g h  i n  

volume and w i l l  no rma l l y  b u i l d  up t o  low l e v e l s  o f  concen t ra t i on  o n l y  a f t e r  

r e l a t i v e l y  l o n g  per iods  o f  t ime.  

The major  concern i s  t he  f i r s t  c y c l e  waste, under t h e  c o n d i t i o n  o f  no 

head-end t r i t i u m  removal. A 10 t o n  per  day reprocess ing p l a n t  w i l l  produce 

about 50,000 &/day of f i r s t  c y c l e  waste. ("I A t  40,000 MW days l t on  exposure 

and a  T p roduc t i on  r a t e  of 5  Ci/MW-yr, t h e  concen t ra t i on  o f  t h i s  waste would 

be 100 p C i / m l .  

Very l i t t l e  t r i t i u m  w i l l  f o l l o w  t h e  o rgan i c  phase t o  subsequent ex t rac -  

t i o n  cyc les .  ('O) However, r e s t r i c t i o n  o f  t h e  t r i t i u m  t o  t h i s  f i r s t  c y c l e  

means t h a t  recovered a c i d  and water  can o n l y  be used i n  p repar ing  f i r s t  

c y c l e  feed, i .e., i n  f u e l  d i s s o l v i n g  ope ra t i ons  and feed  make-up. Some 

use i n  t he  f i r s t  c y c l e  scrub stream may be p o s s i b l e  depending on phase 

sepa ra t i on  e f f i c i e n c y .  I n  t he  purex process t h e  t o t a l  water  condensate 

volume i s  a t  l e a s t  an o rde r  o f  magnitude g r e a t e r  than t h e  above and, depending 

on how the  condensates f rom a c i d  recovery  a r e  combined, much lower  concentra- 

t i ons- -and  h ighe r  volumes may be produced. For e f f e c t i v e  t r i t i u m  c o n t r o l  i t  

would appear p rudent  t o  i s o l a t e  f i r s t  c y c l e  recovered a c i d  and condensate 

f rom t h e  r e s t  o f  t h e  p l a n t .  However, s i nce  t h i s  cannot a l l  be used i n  t h e  

f i r s t  e x t r a c t i o n  cyc le ,  a  l a r g e  waste stream con ta in i ng  g r e a t e r  than  100 ~ C i / m l  

t r i t i u m  would be produced. 

It i s  seen t h a t  t r i t i u m  wastes i n  t h e  f u e l  c y c l e  a r e  va r i ed .  Volumes 

can be reduced by r e c y c l i n g  i n  bo th  r e a c t o r s  and reprocess ing  p l a n t s .  Th is ,  

o f  course, r a i s e s  t h e  concen t ra t i on  o f  t h e  wastes. The t r i t i u m  waste i n  

each case can p robab ly  be e f f e c t i v e l y  channeled i n t o  a  "pure" water  form, 

i .e . ,  f r e e  o f  so lu tes .  



111. GENERAL CONSIDERATIONS 

An a lmost  i n f i n i t e  number of compounds o f  hydrogen can be prepared 

which a r e  capable o f  produc ing a  so l  i d  s to rage  form f o r  t r i t i u m .  These 

i n c l u d e  most o rgan i c  con~pounds, hydrates ( i n c l u d i n g  hydrox ides) ,  hydr ides,  

adsorbents, e t c .  Because t h e  number o f  compounds i s  so l a rge ,  i t  i s  impor- 

t a n t  t o  s t a r t  by l i s t i n g  some o f  t h e  c r i t e r i a  t h a t  a r e  impo r tan t  i n  narrowing 

t he  ext remely  l a r g e  f i e l d  o f  p o s s i b i l i t i e s .  These i n c l u d e  c o s t  o f  raw 

m a t e r i a l s ,  ease o f  p repa ra t i on  o f  t h e  t r i t i u m  c o n t a i n i n g  p roduc t  and cos t s  

r e l a t e d  there to ,  capac i t y  f o r  b i n d i n g  t r i t i u m ,  s t a b i l i t y  and s a f e t y  o f  

hand l ing  o f  t h e  t r i t i u m  con ta in i ng  p roduc t  f o r  l ong  term storage,  compati- 

b i l i t y  o f  t h e  p roduc t  w i t h  any p o s s i b l e  s torage con ta ine r ,  and degree o f  

t r i t i u m  l o s s  as measured by vapor pressures, s o l u b i  1  i t i e s ,  and exchange 

r a t e  w i t h  water.  These a r e  obv ious l y  a l l  i n t e r r e l a t e d  and t oge the r  d e t e r -  

mine t h e  o v e r a l l  cos t s  o f  s t o r i n g  t r i t i u m  i n  a  s o l i d  fo rm w i t h  minimum 

re1  ease r a t e s .  

I t  i s  h i g h l y  u n l i k e l y  t h a t  any one compound, o r  f o r  t h a t  m a t t e r  any 

g i ven  type  o f  compound, w i l l  bes t  s a t i s f y  a l l  o f  these c r i t e r i a ,  and i t  i s  

q u i t e  poss ib l e  t h a t  t h e  optimum compound ( o r  c l a s s  o f  compound) f o r  f i x a t i o n  

m igh t  depend on t h e  p a r t i c u l a r  a p p l i c a t i o n  such as t h e  volume o f  t r i t i a t e d  

water  i nvo l ved  and i t s  t r i t i u m  concent ra t ion .  Thus f o r  f i x a t i o n  o f  l a r g e  

volumes o f  t r i t i a t e d  water, t h e  c o s t  o f  p repa r i ng  a  t r i t i a t e d  compound i s  

a  much more impo r tan t  c r i t e r i o n  than  i t  i s  f o r  t h e  f i x a t i o n  o f  a  smal l  

volume o f  ve ry  h i g h  l e v e l  t r i t i a t e d  water.  

The carbon-hydrogen bond i n  o rgan ic  compounds i s  u s u a l l y  h i g h l y  cova len t  

and n o n l a b i l e  and thus  ve ry  l ow  hydrogen exchange r a t e s  can be expected 

compared t o  o t h e r  hydrogen compounds ( i n c l  u d i  ng even t h e  much more expensive 

boron-hydrogen and s i  1  i con-  hydrogen compounds) . A major  o b j e c t i o n  t o  

o rgan i c  compounds i s  t h a t  t he  c o s t  o f  p repar ing  hydrocarbons ( o r  t h e i r  d e r i -  

v a t i v e s )  f rom t r i t i a t e d  water  w i l l  a lmost  c e r t a i n l y  be q u i t e  h i gh  i f  l a r g e  

volumes o f  water  a r e  invo lved .  S t a r t i n g  w i t h  t r i t i a t e d  water, t he  lowes t  

c o s t  method o f  p repa r i ng  a  t r i t i a t e d  o rgan ic  compound having low hydrogen 



exchange or  leach ra tes  i s  probably through the reaction of water with calcium 
carbide t o  form acetylene followed by the .conversion of this t o  a polymeric 

hydrocarbon. 

There i s  perhaps no clear-cut  l i n e  t ha t  divides adsorbents from hydrates 

and the b i n d i n g  of water by adsorbents may range from tha t  very loosely 

held i n  large  pores s t r i c t l y  by capi l lary  action and by swelling of hydro- 

phi1 i c  polymers (mechanical adsorbents) t o  a much smaller amount of water 
strongly chemisorbed on surfaces by what i s  more t r u ly  a surface hydration 
mechanism. Many mechanical adsorbents such as  sawdust, e t c . ,  a r e  very inex- 

pensive and a re  capable of very ea s i l y  absorbing large  amounts of water. 

Unfortunately these materials  b i n d  water extremely weakly resul t ing i n  water 
vapor pressures l i t t l e  d i f fe ren t  from t h a t  of l iquid water, and the water 
exchange r a t e  of material exposed t o  atmospheric humidity o r  l iquid  water can 

be expected t o  be qui te  h i g h .  Storage of t r i t i a t e d  water on such materials  
would therefore require some type of outer container ( tank,  e t c . )  a s  a primary 
containment. For most purposes, i t  must be concluded t ha t  f o r  long term 
storage there  i s  not a great  deal of difference between storage a s  l iquid  
water o r  a s  water i n  a mechanical adsorbent. T h u s  corrosion of tanks, e t c . ,  
by water on a mechanical adsorbent would probably be a s  severe o r  worse than 
corrosion by l iqu id  water. This type of material m i g h t  f i n d  use i n  minimizing 
short  term leakage r a t e s  from containers such a s  barre ls ,  e t c . ,  s ince f o r  a 
leaky container not immersed i n  water, the  loss  from the container o r  exchange 
w i t h  external water vapor would be by vapor d i ~ f u s i o n  instead of by l iquid 
flow a s  in the  case of l iquid water. 

Several adsorbents have extremely large surface areas  and adsorb water 
moderately strongly.  Some of these,  such a s  activated alumina and s i l i c a  
ge l ,  have reasonably h i g h  capaci t ies  and a re  moderately inexpensive. These 

have been used t o  a considerable extent  a s  drying agents and t he i r  propert ies 
a r e  well known. Their principal drawbacks f o r  t r i t ium f ixat ion would be 

t ha t ,  although the vapor pressure i s  low a t  low water loading, i t  becomes 

ra ther  high a s  loading increases so t h a t  the e f fec t ive  capacity fo r  the more 

t i gh t l y  bound water is  low, and they will  i sotopical ly  exchange very rapidly 

w i t h  water vapor or  l iquid  water. 



An extremely large number of hydrates (including hydroxides) ex i s t s  

b u t  a r e l a t i ve  few of these warrant consideration. Many hydrates a re  water 

soluble,  many are  expensive, and many of those which are  not soluble o r  

only s l i gh t l y  so can be expected t o  exchange water rapidly because of large ,  

readi ly  accessible surface areas.  Relatively low cost  compounds which form 

hydrates of low water vapor pressure and which bind or  exchange water rapidly 

have been studied and used as  drying agents. The most notable of these i s  

anhydrous calcium su l f a t e  which i s  very low in  cos t  and i s  of re la t ive ly  low 

so lub i l i t y  b u t  which has ra ther  low water capacity and rapid water exchange. 

The hydrated s i l i c a t e s  cons t i tu te  the group most l ike ly  to contain the best 

candidate compounds having a combination of low so lub i l i t y ,  low cos t ,  high 

water capacity, low vapor pressure, and (compared t o  other hydrates) i n  some 

cases low exchange ra tes .  These include materials  such as Portland cement 

and s imilar  mater ia ls ,  zeo l i t es  (molecular s i eves ) ,  and clays.  

The cement materials  a r e  of par t icular  i n t e r e s t  because the  hydrated 

forms are  massive so l ids  which can be expected t o  have much lower practical  

exchange ra tes  than other hydrates which a re  typical ly  i n  powdered, granular, 

o r  pellet ized form. 

I t  i s  ins t ruc t ive  to consider the radiolys is  problem associated with 

t r i t ium waste storage. One mg of t r i t ium will produce hydrogen by radiolys is  

of water a t  the  r a t e  of 4.44 x lo-" ( G  = 1 . O )  moles/second based on complete 

absorption of the (0.4) (0.018 x lo6 ev) B p ~ r t i c l e .  A maximum G value i s  

1.7 molecules per 100 ev absorbed. (23) This value might be approached in 

water. In so l id  hydrates i t  i s  probably an order of magnitude l e s s .  Thus 

the to ta l  t r i t ium waste per day from our reference 10 tonlday plant  would 

produce hydrogen a t  a r a t e  of from 4 x t o  4 x moles per day. In 

one year the corresponding range would be 0.15 - 1.5 moles and fo r  complete 

decay extrapolates to  3.6 - 36 moles. 

This wil l  produce appreciable pressures only i f  the  t r i t ium i s  stored 

in concentrated form. One day 's  production in  a 55-gal lon drum with 252 

void space would produce a maximum of 0.007 atm./day or  2.44 atm. per year. 



Al though G va lues f o r  recombinat ion a r e  much h igher ,  Q 10, (24)  t h e  

r a d i a t i o n  l e v e l  ( l o w  T con ten t )  o f  t h e  vapor phase i s  small enough t h a t  

t he  r e a c t i o n  i s  n e g l i g i b l e .  HT formed w i l l  e q u i l i b r i a t e  r a p i d l y  w i t h  

water .  Hence t h e  r a d i o l y s i s  system i s  equ i va len t  t o  a normal water  

system w i t h  a r a d i a t i o n  source i n  t h e  l i q u i d  phase. For s o l i d  hydrates,  

t h e  gas p roduc t i on  r a t e  i s  c e r t a i n  t o  be smal ler--perhaps by as much as a 

f a c t o r  o f  ten .  Thus i t  appears t h a t  except  f o r  ve ry  h i g h l y  enr i ched  HTO, 

H2 p roduc t i on  i s  n o t  a problem. I n  t he  l a t t e r  case, exp los i ve  concentra-  

t i o n s  o f  hydrogen and oxygen may be produced and would need t o  be p rov ided  

f o r .  

3 The p roduc t i on  of He i s  a l s o  g e n e r a l l y  i n s i g n i f i c a n t .  The 6000 C i ,  

624 mg d a i l y  o u t p u t  o f  ou r  re fe rence  10 ton/day p l a n t  would produce hel ium 
3 a t  a r a t e  o f  about 0.1 mg/day, o r  4.8 a o f  He a f t e r  t o t a l  decay. 

The hyd r i des  d i f f e r  f rom t h e  o t h e r  groups o f  m a t e r i a l s  cons idered 

here i n  b i n d i n g  elemental  hydrogen r a t h e r  than  water .  T h i s  i s  a d i s t i n c t  

advantage, p a r t i c u l a r l y  f o r  temporary s torage,  when t h e  s t a r t i n g  fo rm i s  

elemental  hydrogen, b u t  i s  by i t s e l f  a ve ry  s t r ong  disadvantage f o r  t h e  

problem o f  tri t i a t e d  water  storage. Add i t i ona l  l y  hydr ides  ( o r  t h e  s t a r t i n g  

m a t e r i a l s  t o  prepare them) a r e  q u i t e  expensive. The main advantage and 

p o t e n t i a l  use o f  hydr ides  would appear t o  be t h e  temporary s to rage  o r  sh ip -  

ment o f  t r i t i u m  where i t  i s  des i r ed  t o  aga in  re l ease  t h e  t r i t i u m  as elemental  

gas. Many hyd r i des  a r e  ve ry  r e a c t i v e  m a t e r i a l s ,  and a l l  ( b u t  p a r t i c u l a r l y  

t h e  more chem ica l l y  s t a b l e  t r a n s i t i o n  meta l  hydr ides  such as hydr ides  o f  

t i t a n i u m ,  z i rconium, y t t r i u m ,  e t c .  ) a r e  r a t h e r  expensive. For t h i s  reason 

i t  i s  n o t  l i k e l y  t h a t  hydr ides  would be cons idered f o r  s to rage  o f  l ow  l e v e l  

t r i t i a t e d  hydrogen wastes. Hydr ides w i l l  undoubtedly be o f  cons iderab le  

importance f o r  t h e  temporary s to rage  o f  t r i t i u m  gas i n  t h e  o p e r a t i o n  o f  

f u s i o n  reac to r s .  



IV. C U R R E N T  PRACTICES AND STUDIES IN TRITIUM FIXATION 
- ... 

Current tr i t ium control technology has recently been rather thoroughly 

reviewed by Ri nehammer and Lamberger . ( I3 )  This review covers current 

control and disposal practices for  tritium wastes generated by laboratories 

and processing faci 1 i t i e s ,  reactors (government and private) , and reprocessing 

plants. Several methods for  the sol idif icat ion of these tritium wastes are  

discussed, as i s  current research on tri t ium sol idif icat ion and waste storage 

methods. 

I t  i s  very important to  note that  currently these sol idif icat ion methods 

are being applied almost ent i rely to relat ively small volume laboratory and 

tri t ium processing wastes. Since much of th i s  sol idif icat ion i s  with 

mechanical adsorbents, such as pel l e t i  zed corn cobs or verniicul i t e ,  i t s  

principal function can be considered to be the prevention of leakage from a 

watertight container (usually a metal drum, sometimes polyethylene 1 ined) 

during packaging, temporary storage, shi pment, and burial and minimizing 

of leakage a f t e r  burial until  gross fa i lure  of the drum occurs because of 

corrosion. Since these drl~ms are usually presently buried direct ly  in 

burial trenches, the current sol idif icat ion and containment in the drums 

can be considered only a temporary safe fixation for  shipment and burial 

operations and for some unknown time thereaf ter ,  since i t  must be assumed 

that a f t e r  burial the drums will corrode away before essentially total  decay 

of the tritium. After such drum fa i lure ,  t r i t i a t e d  water on such adsorbents 

must be considered to  be completely f ree  in the soil of the burial trench. 
Some of the current water wastes a re  mixed with materials such as Portland 

cement in the drums, and th is  will leach a t  a slower b u t  s t i l l  appreciable 
rate  (25) a f t e r  drum fa i lure .  Under present thinking no credi t  for  Con- 

t rol  by the sol idif icat ion medium or the containment i s  assumed a f t e r  
burial. (26) 

The amount of tritium waste from projected nuclear fuels reprocessing 

plants i s  quite large and, with current fuels reprocessing methods, the 

volurne of water in which i t  i s  diluted very rnuch exceeds that  of current 

liquid tritium wastes which are being solidified and buried in steel drums 



o r  o t h e r  con ta iners .  Wi th  c u r r e n t  reprocess ing  methods t h e  volume o f  t h i s  

water  may be as l a r g e  as severa l  m i l l i o n  g a l l o n s  pe r  year ,  and i t  i s  thus 

apparent  t h a t  i f  a d e c i s i o n  i s  made n o t  t o  r e l ease  t h i s  t r i t i u m  t o  t h e  

environment t h a t  e i t h e r  t h e  e x t e n t  t o  which i t  i s  d i l u t e d  i n  t h e  reprocess ing  

p l a n t s  o r  t h e  manner o f  d isposa l  o r  bo th  must be s i g n i f i c a n t l y  changed. 

Cur ren t  s o l i d i f i c a t i o n  methods can be d i v i d e d  i n t o  severa l  ca tegor ies .  

These a re :  the  temporary f i x a t i o n  o f  t r i t i u m  gas as hydr ides,  t h e  f i x a t i o n  

o f  water  vapor by d r y i n g  agents, f i x a t i o n  o f  l i q u i d s  by adsorbents, f i x a t i o n  

o f  water  by m a t e r i a l s  such as cement w i t h  l i m i t e d  l each  ra tes ,  and s tud ies  

o f  f i x a t i o n  methods hav ing very  low l each  r a t e s .  These a r e  t r e a t e d  i n  t h i s  

o r d e r  below: 

a. Hydr ides 

Because they  a r e  expensive, hydr ides  have n o t  been used t o  f i x  l a r g e  

amounts o f  t r i t i a t e d  waste. They have, however, been used f o r  t h e  

temporary s to rage  o f  r a t h e r  concentrated t r i t i u m  and a r e  a l s o  q u i t e  

s u i t e d  t o  t h e  removal o f  hydrogen and t r i t i u m  f rom i n e r t  gas systems 

where absence o f  oxygen e l i m i n a t e s  convers ion t o  water  by c a t a l y t i c  

recombiners.  The use o f  uranium beds f o r  t h e  s to rage  o f  t r i t i u m  gas 

as UH3 and f o r  i t s  p u r i f i c a t i o n ,  i n c l u d i n g  decomposit ion o f  water,  

i s  we1 1 known. (27)  Uranium beds f o r  p u r i f i c a t i o n  have been 

g e n e r a l l y  1  i m i  t e d  t o  gases having >1% t r i t i u m  and have been used f o r  

s torage o f  l a r g e  amounts o f  t r i t i u m .  (28) T i t an ium sponge has been 

proposed as a g e t t e r  and p o s s i b l e  s to rage  medium f o r  hydrogen and 

t r i t i u m  removal f rom t h e  he l ium c o o l a n t  o f  a  h igh- temperature gas- 

coo led  r e a c t o r .  (29) 

b. Dry ing  Agents 

Mo lecu la r  s ieves have been ve ry  w ide l y  used t o  remove t r i t i a t e d  water  

vapor f rom gas streams and t o  p rov ide  temporary s to rage  o f  such water .  ( 1  3) 

S i l i c a  ge l  beds have been repo r ted  t o  be e q u a l l y  e f f e c t i v e  (30) b u t  have 

been l e s s  w i d e l y  used. Molecular  s i eve  and s i l i c a  ge l  beds have been 

used i n  c o n j u n c t i o n  w i t h  c a t a l y t i c  (Pd) recombiner beds o r  w i t h  CuO 

beds t o  remove elemental  hydrogen and t r i t i u m  f rom gas streams. I n  



some cases where r e l a t i v e l y  smal l  amounts o f  t r i t i a t e d  hydrogen o r  water  

vapor a r e  invo lved ,  t h e  mo lecu la r  s i eve  o r  s i l i c a  g e l  beds have been 

used f o r  extended pe r i ods  before apprec iab le  t r i t i u m  breakthrough has 

occurred, and i t  has been found most convenient  t o  d i sca rd  t h e  loaded 

beds as s o l i d  waste r a t h e r  than t o  regenera te  them. 

c.  Adsorbents 

A  v a r i e t y  o f  phys i ca l  o r  mechanical adsorbents have been used t o  conve r t  

t r i t i a t e d  l i q u i d s  ( p r i n c i p a l l y  water  and o i l s )  t o  s o l i d  o r  sem iso l i d  

ma t e r i  a1 s. These i n c l  ude vermi c u l  i te ,  pe l  1  e t i  zed co rn  cobs, c l  ay base 

m a t e r i a l s ,  c o l  l o i d o l  s i l  i c a  (a  t h i ckene r ) ,  and s i m i l a r  m a t e r i a l s .  ( 1  3)  

These m a t e r i a l s  a r e  g e n e r a l l y  ve ry  inexpensive b u t  can o n l y  be cons idered 

a  means o f  p reven t i ng  l i q u i d  leaks  from waste con ta ine rs  p r i o r  t o  b u r i a l .  

Indeed l i q u i d  can be f o r ced  from them by s imp le  pressure, and t he  amount 

o f  water  which can be absorbed on severa l  of these m a t e r i a l s  w i t h o u t  

"weeping" a t  t h e  bottom o f  55 g a l .  drums has been noted. (31 

d. F i x a t i o n  as S o l i d s  w i t h  L i m i t e d  Leach Rates 

T h i s  ca tegory  i nc l udes  p r i n c i p a l l y  t h e  f i x a t i o n  of t r i t i a t e d  water  as 

hydrates.  P o r t l a n d  cement has been t h e  p r i n c i p a l  m a t e r i a l  i n  t h i s  

category used t o  f i x  t r i t i a t e d  wate r (3Z) ,  and i n  a d d i t i o n  t o  i t s  d i r e c t  

use, i t  has a l s o  been used i n  m ix tu res  w i t h  P l a s t e r  of  P a r i s  and w i t h  

v e r m i c u l i t e . ( 3 3 )  Genera l ly ,  i t  has been used t o  f i x  t r i t i a t e d  water i n  

metal  drums, and these a r e  cons idered as t h e  p r imary  containment.  Some 

b u r i a l  o f  t r i t i a t e d  cement n o t  i n  s t e e l  con ta ine rs  has occurred i n  t h e  

past .  ( 34) Unl i ke t h e  adsorbents and d r y i  ng agents, however, hardened 

cement does have a  moderate ly  s low (25 )  t r i t i u m  leach  r a t e  when immersed 

i n  normal water.  T h i s  d i f f e r e n c e  between cement and mo lecu la r  s ieves 

and o t h e r  d r y i n g  agents i s  no doubt due much more t o  t h e  phys i ca l  n a t u r e  

o f  hardened cement than  i t  i s  t o  any chemical d i f f e r e n c e  i n  t h e  na tu re  

o f  t he  water  bonding. 

Urea-formaldehyde r e s i n  has a l s o  been used t o  s o l i d i f y  t r i t i a t e d  water,  

b u t  d e t a i l s  a r e  l a c k i n g .  (35)  



e. Cu r ren t  F i x a t i o n  Research Aimed a t  Low T r i t i u m  Loss Rates 

Some s tud ies (25 )  have been made t o  decrease t r i t i u m  l o s s  f r om  cement 

b locks  by use o f  va r i ous  c o a t i n g  m a t e r i a l s .  Coat ings o f  o rgan i c  

m a t e r i a l s  i n  which hydrogen i s  s t r o n g l y  bound and which a r e  r e l a t i v e l y  

imperv ious t o  water  were s tud ied .  Asphal t ,  beeswax, and p a r a f f i n  were 

a l l  found t o  be q u i t e  e f f e c t i v e .  Because o f  i t s  lower  cos t ,  a s p h a l t  

was s t u d i e d  most e x t e n s i v e l y  and, as a  r e s u l t  of t h i s  work, a s p h a l t  

c o a t i n g  o f  con ta i ne rs  o r  o f  t r i t i a t e d  s o l i d s  i s  c u r r e n t l y  be ing used 

i n  some b u r i a l  opera t ions .  (36)  T h i s  work i s  c o n t i n u i n g  a t  a  s low pace, 

and t h e  s tudy  o f  c o a t i n g  such as epox ies which can be a p p l i e d  c o l d  t o  

t h e  cement i s  planned. (37)  The c o l d  a p p l i e d  c o a t i n g  should  e l i m i n a t e  

t h e  v a p o r i z a t i o n  o f  water  f rom t h e  cement su r face  i n t o  t h e  c o a t i u g  

which no doub t  occurs  on a p p l i c a t i o n  o f  h o t  aspha l t .  

Another method o f  t r i t i u m  f i x a t i o n  which i s  be ing examined(38) i s  t h e  

i n c o r p o r a t i o n  o f  t r i t i u m  waste i n t o  ace t y l ene  th rough  t h e  r e a c t i o n  o f  

t r i t i a t e d  wate r  w i t h  a  ca l c i um  ca rb i de .  The ace t y l ene  i s  t hen  con- 

v e r t e d  t o  a  c ross l i nked ,  h igh-molecu lar -weight  polymer by gamma i r r a -  

d i a t i o n .  T h i s  i n s o l u b l e  m a t e r i a l  c o n t a i n i n g  s t r o n g l y  c o v a l e n t l y  bound 

hydrogen would be expected t o  have l o w  exchange and l e a c h  r a t e s  and 

can be i n c o r p o r a t e d  i n t o  concre te  i n  severa l  ways. Leach and d i f f u s i o n  

s t u d i e s  a r e  be ing  c a r r i e d  o u t .  

V .  TECHNOLOGY OF POSSIBLE FIXATION METHODS 

I t  i s  t h e  a im o f  t h i s  s e c t i o n  t o  t r e a t  t h e  bas ic  chemical and t e c h n i c a l  

aspects  o f  va r i ous  known and p o t e n t i a l  f i x a t i o n  methods. The appl  i c a b i l  i t y  

of t h e  methods t o  v a r i o u s  s p e c i f i c  sources o f  t r i t i a t e d  waste a r e  d iscussed 

w i t h  p a r t i c u l a r  emphasis on t r i t i u m  produced i n  t h e  nuc lea r  f u e l  c y c l e .  

Very rough es t ima tes  o f  r e l a t i v e  cos t s  a r e  made. The v a r i o u s  f i x a t i o n  

methods a r e  t r e a t e d  accord ing  t o  t h e  n a t u r e  o f  t h e  chemical b i n d i n g  o f  t h e  

t r i t i u m  and o n l y  compounds b i n d i n g  t r i t i u m  r a t h e r  s t r o n g l y  a r e  cons idered.  



Weak adsorbents a re  n o t  considered, b u t  adsorbents which b i n d  water  s t r o n g l y  

a r e  t r e a t e d  as hydrates.  

a. Hydr ides 

Metal hydr ides  i n c l u d e  a w i d e l y  d i v e r g e n t  group o f  m a t e r i a l s  t h a t  range 

from ext remely  uns tab le  co~iipounds t o  q u i t e  s t a b l e  a1 l oy -1  i k e  m a t e r i a l  s. 

Three types, cova len t ,  sa l i ne ,  and m e t a l l i c  hydr ides,  a r e  known. O f  

these o n l y  s a l i n e  and m e t a l l i c  hydr ides a r e  o f  i n t e r e s t  here s i nce  

cova len t  metal  hydr ides  a r e  ve ry  r e a c t i v e  m a t e r i a l s .  Even these 

hydr ides a r e  r a t h e r  r e a c t i v e  and most o f  them w i l l  r e a c t  r e a d i l y  w i t h  

e i t h e r  a i r  o r  mo i s tu re  o r  bo th  i f  moderate ly  f i n e l y  d i v i ded .  The most 

s t a b l e  of t h e  hydr ides,  those of T i ,  Zr, Hf,  Y, Nb, and Ta, a r e  q u i t e  

expensive because o f  t h e  c o s t  o f  t h e  meta ls  f rom which they a re  formed 

and thus a re  n o t  candidates f o r  f i x a t i o n  o f  l a r g e  amounts of d i l u t e  

t r i t i u m  wastes f o r  d i sposa l .  Cheaper (a1 though s t i l l  expensive) 

hydr ides such as ca lc ium hyd r i de  a r e  c e r t a i n l y  t oo  r e a c t i v e  w i t h  water  

t o  be cons idered f o r  l a r g e  volume waste d i sposa l .  

By f a r  t h e  most c e r t a i n  a p p l i c a t i o n  o f  hyd r i de  f o rma t i on  i s  i n  temporary 

s torage o f  elemental  hyd rogen - t r i t i um  mix tu res .  Th i s  i s  o f  cons iderab le  

importance i n  l a b o r a t o r y  and t r i t i u m  process ing appl  i c a t i o n s  and w i l l  

be ve ry  impo r tan t  i f  and when f u s i o n  r e a c t o r s  a r e  developed. As noted 

i n  Sec t ion  I V Y  uranium has been w i d e l y  used f o r  s torage o f  and p u r i f i -  

c a t i o n  o f  t r i t i u m  gas. A l though UH3 i s  py rophor ic ,  whereas some o t h e r  

hydr ides  such as those  o f  Zr, H t ,  T i ,  IVb, and Ta a r e  much l e s s  r e a c t i v e ,  

i t  has o t h e r  marked advantages f o r  t h i s  a p p l i c a t i o n .  I t s  s t a b i l i t y  i s  

such t h a t  i t  can be formed r e a d i l y  a t  l ow  temperatures (us ing  f i n e l y  

d i v i d e d  U metal  produced by decomposing hyd r i de )  and y e t  can be decom- 

posed again t o  g i v e  moderate ly  h i g h  tri t iun i  pressures a t  reasonable 

temperatures (one at~nosphere a t  408OC) . (39)  Even more impo r tan t l y ,  

t h e  decomposit ion pressure i s  v i r t u a l l y  cons tan t  a t  any g iven  temper- 

a t u r e  over  e s s e n t i a l l y  t he  e n t i r e  composi t ion range UH3 t o  U meta l .  

On t he  o t h e r  hand, t h e  hydr ides  o f  Zr, Hfy T i ,  IVby and Ta e x h i b i t  

ve r y  s teep isotherms (39)  and would r e q u i r e  much h ighe r  temperature 

t o  recover  a  major  f r a c t i o n  o f  t h e  t r i t i u m  on t h e  beds. Several  of 



t h e  l e s s  expensive s a l i n e  hydr ides  a l s o  have reasonably  f l a t  isotherms, 

b u t  t h e  decomposit ion pressures a r e  e i t h e r  r a t h e r  low (Ca and L i )  , 
r e q u i r i n g  h i g h  decomposit ion temperatures, o r  t h e  low me1 t i n g  p o i n t s  o f  

t h e  meta ls  cause k i n e t i c  problems i n  hyd r i de  fo rmat ion . (39)  I t i s  

conce ivab le  t h a t  some a l l o y s  m igh t  possess some advantage over  uranium 

f o r  t h i s  purpose, b u t  i t  does n o t  appear l i k e l y  t h a t  t h e  advantage over  

uranium would be 1 arge. 

Another p romis ing  p o t e n t i a l  use o f  hydr ides  f o r  t r i t i u m  f i x a t i o n  i s  

i n  t h e  removal o f  small amounts (on a mole bas i s )  o f  hydrogen and 

t r i t i u l i i  fro111 i n e r t  gas streams. A f u e l  c y c l e  a p p l i c a t i o n  o f  t h i s  usage 

would be t h e  removal o f  hydrogen and t r i t i u m  f rom the  i n e r t  gas o f  a 

gas-cooled r e a c t o r  mentioned i n  Sec t ion  I V .  Th i s  usage would p robab ly  

r e q u i r e  one o f  t h e  more s t a b l e  hydr ides.  T i t an ium (as sponge) i s  

p robab ly  t h e  l e a s t  expensive o f  t h e  meta ls  which produce t h e  more 

s t a b l e  hydr ides  and i s  a l i k e l y  cand ida te  f o r  such a p p l i c a t i o n ,  b u t  

o t h e r  meta ls  ( i n c l u d i n g  a1 l o y s )  m igh t  p o s s i b l y  have c h a r a c t e r i s t i c s  

t h a t  would o f f s e t  t he  c o s t  d i f f e r e n t i a l .  

The o n l y  way i n  which hydr ides  cou ld  conce ivab ly  be o f  i n t e r e s t  i n  

f i x a t i o n  o f  t r i t i u m  produced i n  water-cooled power r e a c t o r s  would be 

f o r  t h i s  t r i t i u m  t o  be recovered from t h e  i r r a d i a t e d  f u e l s  i n  a very  

smal l  volume. Th i s  cou ld  n o t  be t h e  case i f  t h e  f u e l s  a r e  s imp ly  

d i sso l ved  i n  n i t r i c  a c i d  as i s  c u r r e n t l y  t h e  p r a c t i c e .  It m igh t  be 

t h e  case, though, if t r i t i u m  were removed i n  a head-end process such 

as v o l o x i d a t i o n  and was kep t  i n  a q u i t e  smal l  volume. The c o s t  o f  a 

meta l  such as t i t a n i u m  o r  z i rcon ium r e q u i r e d  t o  f i x  and s t o r e  such 

tri t i a t e d  waste would c e r t a i n l y  markedly 1 i m i  t t h e  accep tab le  d i l u t i o n  

o f  t h e  t r i t i u m .  About 2.5 t o  5.0 kg. o f  T i  and about 5 t o  10 kg. o f  

Z r  would be r e q u i r e d  t o  f i x  t h e  hydrogen con ta ined  i n  one l i t e r  o f  water .  

One p o s s i b l e  approach i n  hand1 i n g  water  produced by a v o l o x i d a t i o n  

process m i g h t  be t o  conve r t  t h e  t r i t i a t e d  water  t o  hydrogen (us ing  

a magnesium bed o r  e l e c t r o l y s i s )  f o l l o w e d  by h y d r i d i n g  o f  z i r c a l  l o y  

c l add ing  h u l l s  which must be s to red  as r a d i o a c t i v e  waste anyway. 

The l o s s  o f  t r i t i u m  f rom massive z i rcon ium hydr ide  i s  ve ry  low, 



even a t  760°C i n  a i r ,  because o f  f o rma t i on  o f  an ox ide  sur face  f i l m .  (40)  

S tud ies  t o  determine t r i t i u m  re l ease  r a t e  as a  f unc t i on  of degree o f  

h y d r i d i n g  o f  t h e  Z r  o r  T i  and o f  su r f ace  t rea tment  ( i n t e n t i o n a l  ox i de  

f i l m  fo rmat ion)  would be needed. The f e a s i b i l i t y ,  bo th  t echn i ca l  and 

economic, o f  us i ng  c l add ing  h u l l  s  which a1 ready have cons iderab le  ox ide  

f i l m  on p a r t s  o f  t h e  su r f ace  would have t o  be determined. 

b. Organic Compounds 

The advantage o f  t r i t i u m  f i x a t i o n  through convers ion t o  o rgan i c  compounds 

i s  t h e  l ow  t r i t i u m  exchange r a t e  t h a t  can be expected t o  occur  f o r  

hydrogen a t tached t o  carbon by a  s t r ong  cova len t  bond. Of p a r t i c u l a r  

i n t e r e s t  a r e  low v o l a t i l i t y ,  hydrophobic compounds such as po lymer ic  

hydrocarbons. 

Undoubtedly t he  s imp les t  (and probably  cheapest)  approach t o  prepara- 

t i o n  of such po lymer ic  m a t e r i a l s  s t a r t i n g  w i t h  t r i t i a t e d  water  i s  t o  

produce ace ty lene  th rough t h e  r e a c t i o n  o f  water  w i t h  ca lc ium carb ide :  

The ace ty lene  produced can then be conver ted t o  a  h i g h  mo lecu la r  we igh t  

po lymer ic  m a t e r i a l .  T h i s  f i x a t i o n  method i s  c u r r e n t l y  be ing s tud ied  (38) 

as noted i n  Sec t i on  I V .  A ve ry  rough order-of-magnitude es t imate  can 

be made o f  t h e  c o s t  o f  such a  t r i t i u m  f i x a t i o n  method. Based on pub- 

l i s h e d  1962-1963 cos t s  o f  ca lc ium ca rb ide  and o f  ace ty lene  made f rom i t  

us ing  o r d i n a r y  water( " ) ,  t h e  c o s t  o f  ca lc ium ca rb ide  f o r  making 

t r i t i a t e d  ace ty lene  f rom t r i t i a t e d  water  would be $1.50 t o  $1.70 per  

g a l l o n  o f  water.  Consider ing t h e  probable inc rease  i n  ca lc ium ca rb ide  

c o s t  s i nce  1962, t h e  cos t s  i n v o l v e d  i n  hand l ing  t r i t i a t e d  water and 

ace ty lene  r e l a t i v e  t o  t h e  c o s t s  w i t h  o r d i n a r y  water  and acetylene, 

and t h e  f a c t  t h a t  h a l f  o f  t h e  water  ends up as Ca(OH)2 which must be 

c a l c i n e d  and t h e  water  recyc led ,  t h e  c o s t  o f  p repa r i ng  t r i t i a t e d  

ace ty lene  w i l l  s u r e l y  be we1 1  over  $2.00 per  g a l  I o n  o f  water.  To t h i s  

w i l l  be added t h e  c o s t  o f  conve r t i ng  t h e  ace ty lene  t o  a  po lymer ic  m a t e r i a l .  

I t  seems l i k e l y  t h a t  t h e  end r e s u l t  would be t h a t  f i x a t i o n  i n  t h i s  



manner c o u l d  n o t  be accompl ished f o r  l e s s  than about  $3.00 p e r  g a l l o n  

of t r i t i a t e d  wa te r  and m i g h t  l i k e l y  be c o n s i d e r a b l y  more. By conver-  

s i o n  of t h e  a c e t y l e n e  t o  e thy lene ,  t h e  amount o f  hydrogen f i x e d  p e r  

carbon atom would be doubled b u t  t h e  added c o m p l e x i t y  of p roduc ing  

hydrogen f r o m  t h e  t r i t i a t e d  water  and hydrogenat ing t h e  a c e t y l e n e  

would p r o b a b l y  a c t u a l l y  be more expens ive.  

From t h e  above i t  i s  q u i t e  apparen t  t h a t  t h i s  method o f  f i x a t i o n  would  

n o t  be economica l l y  accep tab le  f o r  1 0  t o n l d a y  f u e l s  r e p r o c e s s i n g  p l a n t  

waste amount ing t o  10-20,000 g a l l d a y  ( f i r s t  c y c l e  waste, HAW, i s o l a t e d ,  

once th rough  b a s i s )  o r  t h e  even l a r g e r  volumes produced by c u r r e n t  methods 

i n  which t h e  HAW i s  n o t  i s o l a t e d  and recovered  a c i d  i s  used th roughou t  

t h e  p l a n t .  Even w i t h  i s o l a t i o n  o f  t h e  f i r s t  s o l v e n t  e x t r a c t i o n  c y c l e  

wastes and r e c y c l e  o f  recovered  a c i d  t o  t h e  d i s s o l v e r ,  t h e  volume o f  

t r i t i a t e d  w a t e r  waste p r o b a b l y  c o u l d  n o t  be decreased more t h a n  about  a 

f a c t o r  o f  f i v e  because of t h e  n e c e s s i t y  o f  u s i n g  n o n t r i t i a t e d  sc rub  

streams t o  keep t h e  f i r s t  e x t r a c t i o n  c y c l e  i s o l a t e d .  A t  t h e  o t h e r  

extreme, a head-end process such as v o l o x i d a t i o n  may produce a v e r y  sma l l  

volume o f  t r i t i a t e d  water ,  and t h e  c o s t  of making t r i t i a t e d  polymers 

would be much l e s s  s i g n i f i c a n t .  I t  must be remembered, however, t h a t  

whereas t r i t i u m  l o s s e s  due t o  r a d i a t i o n  damage would n o t  be s i g n i f i c a n t  

f o r  polymer made from l o w  l e v e l  t r i t i a t e d  water ,  t h e y  m i g h t  be f o r  t h e  

ml~ch h i g h e r  t r i t i u m  l e v e l  polymer produced i f  t r i t i a t e d  wa te r  o u t p u t  o f  

a 1 0  t o n l d a y  p l a n t  were say a few l i t e r s l d a y .  Thus w i t h  sma l l  volumes 

o f  h i g h e r  l e v e l  wastes, i t  seems u n l i k e l y  t h a t  t h i s  modera te ly  complex 

r o u t e  would be c o m p e t i t i v e  w i t h  a s i m p l e r  s o l i d i f i c a t i o n  method (such  

as cement) coupled w i t h  conf inement  i n  h i g h  i n t e g r i t y  and l o n g - l i f e  

c o n t a i n e r s  ( p r o b a b l y  welded meta l  ) . 

c.  Hydra tes  

As no ted  i n  S e c t i o n  I11 many h y d r a t e s  e x i s t .  I t  appears, however, 

t h a t  some commercial d r y i n g  agents  and t h e  hydra ted  s i l i c a t e s  (some 

o f  which a r e  a1 so d r y i n g  agents)  have c h a r a c t e r i s t i c s  most d e s i r a b l e  

f o r  t r i t i u m  f i x a t i o n .  



1. Drying Agents 

O f  the  commonly used commercial d ry ing  agents(42),  f o u r  can be con- 

s idered a t  l e a s t  b r i e f l y .  These a re  a c t i v a t e d  alumina, s i l i c a  ge l ,  

calcium sul fate,  and molecular sieves. Since a l l  of these d ry ing  

agents absorb o r  exchange water r a p i d l y ,  they are  o f  g rea t  value 

f o r  the  removal o f  water vapor from a i r  o r  o the r  gases and f o r  i t s  

temporary storage. They are  usable f o r  long-term storage o f  t r i t i u m  

waste on l y  i f  they a re  f u l l y  contained and pro tec ted  from contac t  

w i t h  environmental water and water vapor. A l l  f o u r  o f  these d ry ing  

agents are s t a b l e  s o l i d s  even when water loaded. A l l  o f  them have 

been w ide ly  used and t h e i r  p rope r t i es  have been thoroughly studied. 

A l l  of them, w i t h  the  except ion o f  ca lc ium s u l f a t e ,  would be more 

expensive f o r  permanent disposal o f  t r i t i a t e d  water than Por t land 

cement . 
Calcium s u l f a t e  has the  advantage of being low i n  cos t  b u t  has the  

disadvantage o f  having a low capac i ty  f o r  water. I t  forms a hemi- 

hydrate conta in ing  6.2% water and up t o  t h i s  composit ion b inds 

water s t rong ly ,  g i v i n g  a dew p o i n t  o f  - 6 2 " ~ ( ~ ' )  o r  about 6 ppm 

water vapor i n  a i r .  Higher water l oad ing  can be obtained o n l y  a t  

the expense o f  much h igher  water vapor pressures. This  ma te r i a l  

i s  a l so  more d i f f i c u l t  t o  regenerate and has a shor te r  use fu l  l i f e  

than many o the r  regenera t ive  d ry ing  agents. 

S i l i c a  ge l  has the  advantage of a very h igh  capaci ty ,  t ak ing  up 40% 

by weight water on the d r y  basis  and remaining a p h y s i c a l l y  "d ry"  

ma te r i a l .  (42) Unfor tunate ly  such h igh  capac i t i es  can be achieved 

a t  25°C on ly  w i t h  h igh  water vapor pressures and s i l i c a  ge l  binds 

water s t r o n g l y  and e x h i b i t s  a low water vapor pressure o n l y  a t  

q u i t e  low loadings. Water vapor pressures over  s i l i c a  ge l  a t  

25°C are  approximately 0.4, 2.0, 5.0, 9, and 18 mm. a t  water load ing  

of 1, 5, 10, 20, and 40 gms H20 per 100 gms s i l i c a  gel ,  r espec t i ve l y .  (42) 

Adsorpt ion o f  water by a c t i v a t e d  alumina i s  very  s i m i l a r  t o  t h a t  by 

s i l i c a  gel except t h a t  t h e  capac i ty  i s  about 50% of t h a t  of s i l i c a  

g e l .  



Molecu la r  s ieves  have t h e  advantage of having ve ry  h i g h  a f f i n i t y  

f o r  water  and much f l a t t e r  isotherms than does s i l i c a  g e l .  (43,441 

As a  r e s u l t ,  a t  25OC, they  have a  h i ghe r  capac i t y  a t  a l l  except  

t he  h i g h e s t  water  vapor pressures than s i l i c a  ge l  does. (43,441 

They a re  q u i t e  s t a b l e  t o  regenera t ion  by heat,  a r e  s t a b l e  t o  m u l t i p l e  

c y c l i n g ,  and a r e  p h y s i c a l l y  s t a b l e  t o  l i q u i d  water .  T h e i r  c a p a c i t i e s  

a r e  t y p i c a l l y  about 20% based on d r y  weight .  They have been w ide l y  

used f o r  removal o f  t r i t i a t e d  water  vapor f rom a i r  and gas streams 

and f o r  i t s  temporary s torage.  ( I 3 )  I n  some cases tri t i a t e d  water  

loaded columns o f  mo lecu la r  s ieves have been sealed and b u r i e d  

r a t h e r  than  regenerated. Var ious schemes have been used t o  remove 

t r i t i a t e d  water  f rom gas streams. They have been used as two beds 

i n  s e r i e s  t o  ma in ta i n  water  vapor l e v e l s  a t  <1 ppm, and have been 

used as a  two-bed system w i t h  t h e  f i r s t  bed regenerated and t h e  

second sa tu ra ted  w i  t h  normal water.  (43)  I n  t h e  l a t t e r  case, i s o t o p i c  

exchange i s  v e r y  r a p i d  and ve ry  low t r i t i u m  l e v e l s  r e s u l t .  

2. Po r t l and  Cement 

P o r t l a n d  cement i s  p robab ly  t he  cheapest m a t e r i a l  a v a i l a b l e  which 

w i l l  b i n d  water  s t r o n g l y  and have a  moderate ly  low p r a c t i c a l  exchange 

r a t e .  The f a i r l y  low exchange r a t e  i s  no doubt  due much more t o  t h e  

massive na tu re  o f  hardened cement than t o  i t s  chemical exchange r a t e ,  

and p u l v e r i z e d  hardened cement m i g h t  be expected t o  exchange water  

r a t h e r  r a p i d l y  as do o t h e r  hydrates i n c l u d i n g  d r y i n g  agents.  

The chemis t ry  o f  Po r t l and  cement and i t s  h y d r a t i o n  i s  q u i t e  complex 

b u t  has been t h e  s u b j e c t  o f  a  cons iderab le  amount of s tudy and i s  

reasonably  w e l l  understood. ( 4 6 y 4 7 y 4 8 y 4 9 )  A  " t y p i c a l "  cement has t h e  

approximate composit ion: (46 



Hyd ra t i on  r e a c t i o n s  o f  these compounds a r e  though t  t o  be: 

A l though t h e  two l e t t e r  r e a c t i o n s  f i x  more water,  i t  i s  t h e  

3Ca0*2Si02-3H20 ( tobermor i  t e  g e l  ) t h a t  accounts f o r  e s s e n t i a l  1  y  

a l l  o f  t h e  s t r e n g t h  o f  t h e  hardened cement. These d i f f e r e n t  

h y d r a t i o n  r e a c t i o n s  proceed a t  d i f f e r e n t  r a t e s .  The h y d r a t i o n  o f  

ca l c i um  a lumina te  i s  t h e  f a s t e s t  and gypsum i s  added i n  c a r e f u l l y  

c o n t r o l l e d  amount ( t o o  much weakens t h e  p roduc t )  t o  form 

3CaO-A1203-3CaS04-31H20 and p reven t  f a s t  se t .  Some o f  t h e  hydra- 

t i o n  r e a c t i o n s  proceed q u i t e  s l o w l y  so cor r~p le te  h y d r a t i o n  r e q u i r e s  

severa l  months. Much f a s t e r  h y d r a t i o n  i s  ob ta ined  by steam c u r i n g .  

The n e t  r e s u l t  o f  t h e  h y d r a t i o n  o f  P o r t l a n d  cement i s  t h e  b i n d i n g  

of  a  t h e o r e t i c a l  va l ue  o f  28 +1% water  ( w i t h i n  t h e  normal range o f  

v a r i a t i o n  i n  compos i t i on )  and a  measured exper imenta l  va lue  o f  26%. (46)  

Hardened cement i s  q u i t e  porous and t h e  t obe rmor i t e  g e l  has a  ve r y  

l a r g e  sur face area. The r e s u l t  i s  t h a t  even though t h e  s o l u b i l i t y  

of t h e  celllent hydra tes  i s  low, (50)  a  gradual  l each ing  o f  t r i t i u m  

occurs  when cement b l ocks  made w i t h  t r i t i a t e d  water  a r e  immersed 

i n  water .  ( 2 5 )  Var ious methods o f  wa te rp roo f i ng  cement have been 

s tud ied ,  and s t u d i e s  o f  cement coa t i ngs  t o  p reven t  t r i t i u m  l o s s  

f rom cement b l ocks  were ment ioned i n  S e c t i o n  I V ,  p a r t  e. Fu r t he r  

s t u d i e s  o f  methods o f  wa te rp roo f i ng  o f  cement o r  combinat ions o f  

these methods would be o f  va lue.  S tud ies  o f  l o s s  f r om  l a r g e r  

b locks,  steam cured, and l o u g e r  aged b l ocks  t han  those used (25 

would a1 so be va l  uab l  e. 

F i x a t i o n  o f  t r i t i a t e d  water  w i t h  cement has t h e  ve ry  marked advantage 

o f  be ing  a  ve r y  s imp le  process and most o f  t h e  c o s t  can be expected 



t o  be t h e  cos t  of cement, p lus  whatever coa t ing  o r  containment i s  

necessary t o  prevent t r i t i u m  loss,  p lus  storage of t h e  hardened 

cement. The 1962 average U. S. cos t  of Por t land  cement was $3.24 

per  376 1 b. b a r r e l  . (48) Assuming a b ind ing  o f  25% H20 r e l a t i v e  t o  

d r y  cement, t he  cos t  o f  t h e  cement (1962 bas is )  would be $0.29/gal. 

o f  water ($0.075/a). Assuming a fue l s  reprocessing p l a n t  i n  which 

f i r s t  c y c l e  waste was i s o l a t e d  bu t  n o t  recycled, t h e  cement c o s t  

would be about $400-500 per  t o n  o f  f u e l .  I n  a d d i t i o n  a very l a r g e  

volume o f  t r i t i a t e d  cement would be generated. If t r i t i u m  were 

recovered as a very sniall volume of t r i t i a t e d  water by a head-end 

process (such as vo lox ida t i on )  , cement would s t i l l  be an a t t r a c t i v e  

compound f o r  f i x a t i o n  because o f  t h e  s i m p l i c i t y  o f  prepar ing it. 

Under these cond i t i ons  o f  small volume, containment o f  t h e  cement 

i n  h igh  i n t e g r i t y  metal con ta iners  becomes economical ly a t t r a c t i v e .  

3. Clays 

Water he ld  by c lays  i s  bas ica l  l y  o f  th ree  types. (51) The f i r s t  

t ype  i s  t he  water i n  pores, on t h e  surfaces, and around the  edge 

o f  d i s c r e t e  p a r t i c l e s  o f  t he  minera ls  composing the  c l a y  ma te r i a l  

(mechanica l ly  adsorbed by c a p i l l a r y  ac t ion ,  e tc . )  . The second type 

i s ,  i n  t h e  case o f  c l ays  such as rnontrnor~i l loni te,  v e r m i c u l i t e ,  and 

s i m i l a r  ma te r i a l s ,  t he  i n t e r l a y e r  water between t h e  u n i t - c e l l  

l a y e r s  and, i n  t he  case of a t t a p u l g i t e  and s i m i l a r  minera ls ,  t he  

water which occurs w i t h i n  t h e  t u b u l a r  openings between t h e  e longate 

s t r u c t u r a l  u n i t s .  The t h i r d  type i s  t he  OH l a t t i c e  water.  The 

f i r s t  type o f  water requ i res  very  l i t t l e  energy f o r  removal and 

d r y i n g  s l  i g h t l y  above ambient temperatures w i  11 remove i t  . The 

second type  requ i res  d e f i n i t e  energy f o r  removal, and i n  most 

c lays ,  terr~peratures a t  l e a s t  approaching 100°C are  requ i red  f o r  

e s s e n t i a l l y  complete removal. Removal i s  slow a t  100°C b u t  i s  

r a p i d  a t  somewhat h igher  temperatures. Th i s  water i s  rep laced very  

r e a d i l y  i n  most ( b u t  no t  a l l )  c l a y  minera ls  i f  dehydrat ion i s  n o t  

abso lu te l y  complete and o n l y  a t r a c e  o f  the  o r i g i n a l  water i s  

l e f t .  The t h i r d  type, hydroxyl  water, i s  s t r o n g l y  bound and i s  



n o t  removed u n t i l  temperatures i n  excess o f  300°C a r e  reached. 

Th i s  water  l o s s  i s  n o t  r e a d i l y ' c o m p l e t e l y  r e v e r s i b l e .  A  smal l  

p o r t i o n  o f  i t  i s  taken up aga in  by some of t h e  c l a y  m ine ra l s  a t  25O, 

b u t  r a p i d  complete r e h y d r a t i o n  r e q u i r e s  ( i n  t h e  cases of kaol  i n i  t e  

and ill i t e s  which have been s tud ied)  steam pressures of 1000 t o  

10,000 p . s . i .  

The s t r o n g l y  bound hydroxy l  water  i n  va r i ous  c l a y  m ine ra l s  t y p i c a l l y  

runs  about 15% ( d r y  bas is )  o r  l ess .  I t  does n o t  appear t h a t  t h e  

b i nd ing  o f  t r i t i a t e d  water  i n  t h i s  manner would be p r a c t i c a l  f o r  a  

waste f i x a t i o n  method because of t h e  d i f f i c u l t y  of r e h y d r a t i  ng f u l  l y  

dehydrated c l ays .  A1 though t h e  i n t e r l a y e r  water i s  he ld  weakly, 

some c lays ,  p a r t i c u l a r l y  mon tmor i l l on i t es ,  have q u i t e  h i gh  c a p a c i t i e s  

f o r  t h i s  t ype  o f  water.  Water c a p a c i t i e s  of up t o  46 percen t  ( d r y  

weight  bas i s )  a t  90% r e l a t i v e  hum id i t y  a t  30°C have been repo r ted  

f o r  m o n t m o r i l l o n i t e s  i n  t h e  ca2+ form. (51)  Even l a r g e r  amounts o f  

water  can be mixed w i t h  c l a y s  be fo re  they  become f l u i d .  The p l a s t i c  

range f o r  m o n t m o r i l l o n i t e  i s  r epo r ted  t o  be 83 t o  250% water ( d r y  

we igh t  bas i s )  . (52)  Through t h i s  range t h e  c lay-water  m i x t u r e  i s  a  

p l a s t i c  g e l .  Even though t h i s  water  i s  bound ve ry  l o o s e l y  and 

would be expected t o  exchange read-i l y ,  t he  permeabi 1  i ty  o f  masses 

o f  such c lay-water  m i x tu res  i s  ve ry  low. Clays, p a r t i c u l a r l y  t h e  

Wyoming t ype  ben ton i  t e s  ( p r i n c i p a l l y  montmori 11 on i  t e  i n  ca lc ium 

form) have been used t o  impede o r  v i r t u a l l y  s top  t h e  movement of 

water  through ear then  s t r u c t u r e s ,  t o  waterproof basement wa l l s ,  t o  

seal  ponds and lakes,  e t c .  ( 5 2 )  These same b e n t o n i t e  c l ays  a r e  

w i d e l y  used i n  d r i l l i n g  f l u i d s  because o f  t h e i r  ou ts tand ing  

a b i l i t y  even a t  o n l y  5% c l a y  concent ra t ion ,  t o  produce an imper- 

v ious  seal  on t he  w a l l  of  t h e  d r i l l  ho le  and thus  t o  p reven t  

leakage o f  f l u i d  f rom t h e  d r i l l i n g  mud i n t o  porous s t r u c t u r e s .  (52)  

The low p e r m e a b i l i t y  o f  n a t u r a l  c l a y  l a y e r s  i s  w e l l  known i n  s o i l s  

sc ience and use has been made of t h i s  p rope r t y  of  n a t u r a l  c l a y  beds 

i n  l ow  l e v e l  r a d i o a c t i v e  waste d isposa l  by b u r i a l .  I t  seems 1  i k e l y  

t h a t  t h i s  p r o p e r t y  cou ld  a l s o  be used i n  d isposa l  of  r e l a t i v e l y  
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l a r g e  volumes of tri t i a t e d  water .  If tri t i a t e d  water were mixed 

w i t h  a  d r i e d  c l a y  o f  h i g h  water  c a p a c i t y  and then b u r i e d  comple te ly  

i n  a  n a t u r a l  c l a y  o f  low p e r m e a b i l i t y  o r  i f  i t  were b u r i e d  enclosed 

comple te ly  by an o u t e r  l a y e r  o f  an impermeable c l a y ,  such as mont- 

m o r i l l o n i  t e  wet w i t h  o r d i n a r y  water,  ve ry  low t r i t i u m  l o s s  r a t e s  

should occur .  I n  t h i s  way t h e  n o n t r i t i a t e d  c l a y  i n  t h e  o u t e r  l a y e r  

o f  t h e  n a t u r a l  c l a y  bed would a c t  as an impermeable con ta ine r  f o r  

t h e  t r i t i a t e d  c l a y .  Even i f  t h e  o u t e r  l a y e r  were broken, exchange 

and t r i t i u m  l each ing  would o n l y  occur  near t h e  sur face  o f  t h e  

exposed t r i t i a t e d  c l a y .  I t  seems reasonable t h a t  i n  such an a p p l i -  

ca t i on ,  a  d r y  montmori l  l o n i t e  cou ld  be loaded w i t h  tri t i a t e d  water 

up t o  a t  l e a s t  t h e  lower  p l a s t i c  l i m i t .  

I t  i s  d i f f i c u l t  t o  es t ima te  t h e  c o s t  o f  such a  d isposa l  method 

because o f  u n c e r t a i n t i e s  w i t h  regard  t o  t h e  amount o f  water  which 

can be f i x e d  pe r  u n i t  o f  c l ay .  Clays o f  a  grade usab le  w i t h  foundry 

mold ing sands s o l d  f o r  $1 5-20/ton i n  1962-1 963. A t  a  c a p a c i t y  o f  

80% water  and $20/ton o f  c l a y ,  t h e  c o s t  o f  c l a y  f o r  t h i s  purpose 

would be about $O.lO/gal . o f  t r i t i a t e d  water.  H igher  wate r -c lay  

r a t i o s  would lower  t h e  c o s t  acco rd ing l y .  Some cos t s  would, o f  

course, be i n c u r r e d  i n  d r y i n g  t h e  c l a y  p r i o r  t o  l o a d i n g  w i t h  

t r i t i a t e d  water, e t c .  

Another f i x a t i o n  r o u t e  i n  which t h e  low p e r m e a b i l i t y  o f  c l a y  m igh t  

be used would be t o  use c l a y s  t o  seal  t r i t i a t e d  cement. I n  t h i s  

a p p l i c a t i o n  t r i t i a t e d  cement b l ocks  m igh t  be b u r i e d  i n  a  v e r y  imper- 

meable c l a y  mass t o  p reven t  exchange and l each ing  o f  t r i t i u m  f rom 

t h e  cement b locks.  

V I .  COMPARISOIV OF FIXATION TO OTHER DISPOSAL METHODS 

I t  i s  impor tan t ,  a t  l e a s t  f o r  a p p l i c a t i o n s  i n v o l v i n g  l a r g e  volumes o f  

t r i t i a t e d  water  such as t h a t  expected f rom a  f u e l s  reprocess ing  p l a n t  n o t  

us i ng  a  head-end t r i t i u m  removal step, t o  compare t h e  economics o f  t r i t i u m  

f i x a t i o n  methods t o  o t h e r  a1 t e r n a t i v e s .   in(" ) has made es t imates  of 

i so tope  sepa ra t i on  f o r  a  100 - fo l d  concen t ra t i on  o f  t h e  t r i t i u m  



and a decontaminat ion f a c t o r  of 5,000 on t h e  99% o f  t h e  water  re leased.  

H is  lowes t  es t imate  i s  f o r  dual  temperature H2S-H20 exchange and i s  $0.10 

t o  $0.20/gal. water.  H is  es t imate  f o r  o t h e r  processes i s  h i ghe r  by a t  

l e a s t  a f a c t o r  o f  two. Arnold,  e t  a l ,  (53 )  have est imated cos t s  o f  l ong  

term tank  s to rage  o f  tri t i a t e d  water  a t  $0.1 O/gal . T h e i r  es t imate  f o r  

cos ts  f o r  deep w e l l  i n j e c t i o n s  range from l e s s  than  $O.Ol/gal. t o  $O.lO/gal. 

depending on t h e  geo log i ca l  na tu re  of t h e  i n j e c t i o n  s i t e .  Any r e q u i r e d  

t r a n s p o r t a t i o n  ( t a n k  car ,  tank  t r u c k ,  p i p e l i n e ,  e t c . )  t o  a d i s t a n t  s i t e  

f o r  deepwell i n j e c t i o n  would be i n  a d d i t i o n  t o  t h i s .  

From the  above, i t  would appear t h a t  o f  t h e  f i x a t i o n  methods discussed 

here, o n l y  t he  c l a y  r o u t e  o f f e r s  much chance of be ing s i g n i f i c a n t l y  cheaper 

than  e i t h e r  enr ichment o r  deep w e l l  i n j e c t i o n  as a p r imary  d isposa l  means 

o f  hand l ing  l a r g e  volumes o f  low l e v e l  t r i t i a t e d  water.  I t i s  a l s o  apparent  

t h a t  un less  h i g h  t r a n s p o r t a t i o n  cos ts  a r e  invo lved ,  deep w e l l  d i sposa l  

o f fe rs  by f a r  t h e  most econonlical a l t e r n a t i v e  f o r  d isposa l  o u t s i d e  o f  t he  

biosphere. The cos t s  f o r  cement f i x a t i o n  a r e  such t h a t  i t  becomes a t t r a c t i v e  

i f  t h e  volume o f  t r i t i a t e d  water  waste i s  s i g n i f i c a n t l y  sma l l e r  (perhaps by 

a f a c t o r  of  t e n  o r  more) than t h a t  expected f rom f u e l s  reprocess ing p l a n t s  

w i t h  i s o l a t i o n  o n l y  o f  t h e  f i r s t  c y c l e  s o l v e n t  e x t r a c t i o n  wastes (HAW) on a 

once-through bas is .  A t  ve r y  l a r g e  volume reduc t ions ,  as m igh t  be p o s s i b l e  

wi t h  head-end removal f rom f u e l  s, metal  hydr ides may become competi t i v e ,  

b u t  cement i n  h i g h  i n t e g r i t y  con ta ine rs  would be a s t r ong  contender.  

1 1  RECOMMENDATIONS 

It has been po in ted  o u t  t h a t  f o r  l a r g e  water  volumes o r  f o r  low t r i t i u m  

concent ra t ions  of tri t i a t e d  water,  a1 t e r n a t i v e s  t o  f i x a t i o n  a r e  a t t r a c t i v e .  

Disposal  by d i l u t i o n  i n t o  t h e  environment remains f e a s i b l e  i n  some l o c a t i o n s .  

Eventual  l y  of  course t h i s  pa th  may be a r b i t r a r i l y  blocked. Other methods of 

d i r e c t  d isposa l  o f  water,  such as deep w e l l  s torage,  remain economica l ly  

a t t r a c t i v e .  However, i t  has a l s o  been noted t h a t  p o r t i o n s  o f  t h e  nuc lear  

f u e l  c y c l e  may produce smal l  volume streams o f  moderate ly  h i gh  concentra- 

t i o n s  o f  t r i t i u m .  C e r t a i n  waste streams may l end  themselves t o  i s o t o p i c  

enrichment. I n  s t i l l  o t h e r  cases, d e l i b e r a t e  s to rage  o f  t r i t i u m  i n  



r ecove rab le  fo rm may be d e s i r a b l e .  Thus t r i t i u m  f i x a t i o n  w i l l  s t i l l  be 

employed i n  numerous l o c a t i o n s  i n  t h e  nuc lea r  fue l  c y c l e  and f u r t h e r  

s t u d i e s  shou ld  be made. 

Tn v iew of t h e  e f f i c a c y ,  l ow c o s t  and a v a i l a b i l i t y  of P o r t l a n d  cement, 

s t u d i e s  o f  t h i s  m a t e r i a l  should  con t inue .  Coat ings need t o  be improved. 

P o s s i b i l  i t i e s  he re  i n c l u d e  o t h e r  s i  1  i c a t e s  and low- temperature c u r i n g  

o rgan i cs  such as epoxy r e s i n s .  P o r t l a n d  cement i s  a  w e l l  s t u d i e d  m a t e r i a l  

b u t  t h e  emphasis i s  u s u a l l y  on s t r e n g t h  and c u r i n g  t ime,  n e i t h e r  o f  which 

i s  t remendously impo r tan t  f o r  t h e  p resen t  problem. Chemical b i n d i n g  ( l o w  

vapor p ressure )  and low p o r o s i t y  ( l o w  d i f f u s i o n  r a t e s )  a r e  much more 

s i g n i f i c a n t  and p o s s i b l y  exper iments i n v o l v i n g  pure c o n s t i t u e n t s  o r  s imple 

combinat ions o f  t h e  pure c o n s t i t u e n t s  of P o r t l a n d  cement m igh t  be i n s t r u c -  

t i v e .  

The c l a y s  a r e  w e l l  charac te r i zed ,  and a1 though d i f f u s i o n  (pemeab i  1  i t y )  

da ta  were n o t  seen, undoubtedly adequate data e x i s t .  L i t t l e  appears t o  

have been done on i s o t o p i c  e q u i l i b r a t i o n  r a t e s  w i t h  t he  d i f f e r e n t  forms o f  

wa te r  h e l d  i n  c l ays .  S tewar t  (54)  has examined kaol  i n i  t e  , montmori 1  1  o n i  t e ,  

and i l l i t e  and no ted  t h a t  t h e  i s o t o p i c  e f f e c t s  a r e  q u i t e  complex. I s o t o p i c  

f r a c t i o n a t i o n  s t u d i e s  o f  pu re  c l a y  m a t e r i a l s  would be i n t e r e s t i n g .  

The meta l  hyd r i des  a r e  i n t e r e s t i n g  compounds, espec ia l  l y  f o r  r ecove rab le  

s to rage  of t r i t i u m .  F u r t h e r  s tudy  i s  a l s o  warranted f o r  p u r i f i c a t i o n  p ro -  

cesses and f o r  p o s s i b l e  i s o t o p e  sepa ra t i on  m e t h ~ d s .  Except f o r  t h e  recover -  

a b l e  s to rage  a p p l i c a t i o n ,  i t  i s  n o t  l i k e l y  t h a t  t hey  w i l l  be c o r r ~ p e t i t i v e  

f o r  t r i t i a t e d  waste f i x a t i o n .  Thus even though many gaps e x i s t  i n  vapor 

p ressure  data,  r e a c t i v i t y  da ta ,  e tc . ,  a  d e t a i l e d  s tudy  f o r  low l e v e l  waste 

f i x a t i o n  i s  p robab ly  n o t  warranted.  Some e f f o r t  m igh t  be addressed t o  t h e  

complex hydr ides ,  e. g. , meta l  -carbon ( o r  n i t r o g e n )  -hydrogen colr~pounds and 

t h e  t e r n a r y  meta l  hydr ides .  Data appear much l e s s  complete  f o r  these  sys- 

tems. S p e c i f i c  a p p l i c a t i o n s  w i l l  always e x i s t .  An example i s  t h e  use of 

t i t a n i u m  sponge as a  t r i t i u m  g e t t e r .  The use o f  z i r c a l l o y  c l add ing  h u l l s  

as a  t r i t i u m  scavenger i s  a  p o s s i b i l i t y .  T h i s  leads  t o  an area of s tudy  

t h a t  i s  ve r y  i m p o r t a n t  i n  p r a c t i c a l  h y d r i d e  c h e m i s t r y - - t h e  e f f e c t  of o x i d e  

f i l m s  on t h e  up take  and r e l e a s e  of t r i t i u m .  T h i s  would r e q u i r e  some s tudy.  



F i n a l l y ,  o ther  methods o f  b ind ing  hydrogen should be f u r t h e r  examined. 

The most obvious candidates a re  probably carbon compounds. Reference was 

made t o  work w i t h  acetylene. Another method t h a t  should be examined i s  

d i r e c t  hydrogenat ion o f  unsaturated and aromatic compounds. Although 

producing a lower t r i t i u m  loading,  t h i s  approach avoids the  r e c y c l i n g  

problem o f  t he  acety lene synthesis .  
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