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ABSTRACT 

The ERDA-sponsored S t r o n t i u m  Heat  Source Development Program i s  c u r -  

r e n t l y  underway a t  PNL t o  o b t a i n  t h e  d a t a  needed t o  l i c e n s e  r a d i o a c t i v e  

9 0 ~ r ~ 2  f o r  t e r r e s t r i a l  h e a t  source  a p p l i c a t i o n s .  One phase of  t h e  program 

i n v o l v e d  t h e  e x p e r i m e n t a l  d e t e r m i n a t i o n s  of  t h e  s o l u b i l i t y  and d i s s o l u t i o n  

r a t e  o f  9 0 ~ r ~ 2  and n o n r a d i o a c t i v e  SrF2 i n  aqueous media a t  v a r i o u s  

ten' lperatures.  

The s o l u b i  1  i ty  o f  s t r o n t i u m  f l u o r i d e  i n  deminera l  i z e d  w a t e r  and sea- 

w a t e r  a t  23OC was de te rm ined  t o  be a p p r o x i m a t e l y  0 .14  g/a. The presence 

o f  s o l u b l e  f l u o r i d e  i m p u r i t i e s  i n  t h e  SrF2 caused a  marked decrease i n  t h e  

s o l u b i l i t y  o f  SrF2 i n  d e m i n e r a l i z e d  w a t e r ,  b u t  had l i t t l e  e f f e c t  on t h e  

s o l u b i l i t y  i n  seawater .  

The d a t a  show t h e  d i s s o l u t i o n  r a t e  of n o n r a d i o a c t i v e  SrF2 i n  aqueous 

s o l u t i o n  i s  a f f e c t e d  by s e v e r a l  p r o p e r t i e s  o f  t h e  f l u o r i d e  i n c l u d i n g  i t s  

su r face  a rea ,  i m p u r i t y  c o n t e n t  and the rma l  h i s t o r y ,  as we1 1  as t h e  n a t u r e  

and tempera tu re  of t h e  aqueous s o l v e n t .  I n  d e m i n e r a l i z e d  w a t e r  a t  24OC 

t h e  d i s s o l u t i o n  r a t e  v a r i e d  from 32 t o  1900 pg s t r o n t i u m  d i s s o l v e d / h r - g  

s t r o n t i u m  i n i t i a l l y  p r e s e n t  depending upon t h e  p r o p e r t i e s  of t h e  SrF? 

The d i s s o l u t i o n  r a t e  i n c r e a s e d  w i t h  i n c r e a s i n g  s o l v e n t  t e m p e r a t u r e  as 

expected.  The d i s s o l v e d  up t o  18 t i m e s  f a s t e r  t h a n  n o n r a d i o a c t i v e  

SrF2 of  s i m i l a r  c o m p o s i t i o n  and the rma l  h i s t o r y ;  and o v e r a l l ,  t h e  d i s s o l u -  

t i o n  r a t e  of s t r o n t i u m  f l u o r i d e  was abou t  t h r e e  t i m e s  g r e a t e r  i n  deminera- 

l i z e d  w a t e r  t h a n  i n  n a t u r a l  seawater .  

P r e v i o u s  t e r r e s t r i a l  app l  i c a t i o n s  o f  i n  h e a t  sources used S r T i 0 3  

o r  S r 2 T i 0 4  as t h e  f u e l  fo rm.  Comparison o f  a v a i l a b l e  d a t a  on r a d i o a c t i v e  

and i n e r t  SrF2, S r T i 0 3  and Sr2T i04  i n d i c a t e  t h a t  t h e  r e l a t i v e  d i s s o l u t i o n  

r a t e s  i n  aqueous media a r e  S r 2 T i 0 4  > SrF2 > SrTiOj .  

I n  a s s e s s i n g  t h e  d i s s o l u t i o n  b e h a v i o r  o f  i t  appears t h a t  t h e  

s o l u b i l i t y  and d i s s o l u t i o n  r a t e  a r e  s u f f i c i e n t l y  h i g h  t h a t  adequate  con- 

t a i n m e n t  must be assured  t o  p r e v e n t  c o n t a c t  o f  t h e  f u e l  w i t h  w a t e r  

i f  a  h e a t  source  i s  a c c i d e n t a l l y  exposed t o  an aqueous env i ronment .  
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THE SOLUBILITY AND DISSOLUTICIN BEHAVIOR 

OF g o ~ r ~ 2  I N  AQUEOUS MEDIA 

1  . 0  INTRODUCTION 

A  s i g n i f i c a n t  f r a c t i o n  o f  t h e  hea t  generated by t h e  d ischarged  f u e l  

from n u c l e a r  r e a c t o r s  r e s u l t s  f r o m  t h e  r a d i o a c t i v e  decay o f  t h e  f i s s i o n  

p r o d u c t  " S r .  Because o f  i t s  r e l a t i v e  abundance, modera te ly  1  ong h a l f  - 
l i f e  = 28.6 y r ) ,  and h e a t  o u t p u t  (0 .93 w a t t s / g )  t h e  "Sr i s  a  c a n d i -  

d a t e  f u e l  f o r  r a d i o i s o t o p e  power g e n e r a t i o n  systems i n  t e r r e s t r i a l  a p p l i c a -  

t i o n s .  To da te ,  t e r r e s t r i a l  app l  i c a t i o n s  f o r  9 0 ~ r  have used s t r o n t i  um 

t i t a n a t e  ( S r T i 0 3 )  o r  s t r o n t i u m  o r t h o t i t a n a t e  ( S r 2 T i 0 4 )  as t h e  f u e l  form. 

A t  Hanford s t r o n t i  um i s  recovered  from t h e  h i g h - l e v e l  waste generated 

i n  t h e  f u e l  r e p r o c e s s i n g  o p e r a t i o n  and c o n s i s t s  of a  m i x t u r e  o f  t h e  d e s i r e d  

r a d i o a c t i v e  i s o t o p e  "Sr and s t a b l e  s t r o n t i u m  i s o t o p e s .  F r e s h l y  d i s -  

charged r e a c t o r  f u e l  a1 so c o n t a i n s  t h e  r a d i o a c t i v e  i s o t o p e s  8 9 ~ r  (TI ,2 = 

50.5 days) and " ~ r  (Tl12 = 9.48 h r ) ,  b u t  these  i s o t o p e s  have u s u a l l y  

decayed t o  v e r y  low l e v e l s  by  t h e  t i m e  t h e  s t r o n t i u m  i s  recovered  from 

t h e  fue l  r e p r o c e s s i n g  wastes. The 9 0 ~ r  i s o t o p i c  c o n t e n t  of t h e  s t r o n t i u m  

w i l l  depend on t h e  age o f  t h e  wastes f r o m  which t h e  s t r o n t i u m  i s  recovered .  

A  t y p i c a l  i s o t o p i c  a n a l y s i s  o f  s t r o n t i u m  recovered  f r o m  r e c e n t  Hanford 

wastes i s  shown i n  Tab le  1. 

TABLE 1.  T y p i c a l  I s o t o p i c  A n a l y s i s  of S t r o n t i u m  
Recovered f r o m  Hanford Wastes 

I s o t o p e  a t  .% ( a )  

r 55.1 + 0.4 

8 8 ~  r 4 3 i 8  +_ 0 .4  

8 7 ~ r  0.398 + 0.004 

8 6 ~ r  0.565 + 0.006 

8 4 ~  r 0.103 2 0.006 

( a )  a t  t h e  95% conf idence l e v e l  



I n  t h i s  r e p o r t  s t r o n t i u m  recovered  f rom t h e  f u e l  r e p r o c e s s i n g  wastes 

w i l l  be r e f e r r e d  t o  as even though t h e  i s o t o p i c  c o n t e n t  i s  55% 

1  ess. S imi  1  a r l y  , compounds p repared  f r o m  t h e  recovered  s t r o n t i  um w i  11 

r e f e r r e d  t o  as compounds ( i  .e. , g " ~ r ~ 2 ,  g " ~ r ~ i ~ 3 ) .  

If t h e  s t r o n t i u m  i s  t o  be used as a  h e a t  source f u e l ,  t h e  c o n t e n t  

shou ld  be as h i g h  as p o s s i b l e  t o  maximize t h e  power d e n s i t y .  Fue l -g rade  

s t r o n t i  um compounds a r e  genera l  l y  c o n s i d e r e d  t o  be m a t e r i  a1 s  h a v i n g  a  

i s o t o p i c  c o n t e n t  of 50% o r  h i g h e r  a t  t h e  t i m e  o f  e n c a p s u l a t i o n .  

As p a r t  o f  t h e  c u r r e n t  waste management programs a t  Hanford,  'OSr  wh ich  

i s  r e c o v e r e d  f rom s t o r e d  h i g h - l e v e l  fue l  r e p r o c e s s i n g  waste, i s  p u r i f i e d  

and c o n v e r t e d  t o  s t r o n t i u m  f l u o r i d e .  The f l u o r i d e  i s  d o u b l y  e n c a p s u l a t e d  

i n  a  H a s t e l l o y  C-276 i n n e r  capsu le  and 316L s t a i n l e s s  s t e e l  o u t e r  c a p s u l e  

f o r  subsequent s t o r a g e  underwater .  The s t r o n t i u m  r e c o v e r y  and p u r i f i c a t i o n  

t a k e  p l a c e  i n  B-P lan t ,  w h i l e  t h e  f l u o r i d e  convers ion ,  e n c a p s u l a t i o n  and 

s t o r a g e  t a k e  p l a c e  i n  t h e  Waste E n c a p s u l a t i o n  and Storage Fac i  1  i t y  (WESF). 

Both  f a c i l i t i e s  a r e  o p e r a t e d  f o r  t h e  Energy Research and Develop~nent  

A d m i n i s t r a t i o n  (ERDA) by t h e  At1  a n t i c  R i  chf  i e l  d  Hanford Company (ARHCO) . 
The encapsu la ted  g o ~ r ~ 2  produced a t  WESF r e p r e s e n t s  a  p o t e n t i a l l y  

economic h e a t  source  f u e l  f o r  r a d i o i s o t o p e  power g e n e r a t i o n  i f  i t  can be 

l i c e n s e d  by t h e  necessary  n a t i o n a l  and i n t e r n a t i o n a l  agenc ies.  The S t r o n -  

t i u m  Heat  Source Development Program i s  c u r r e n t l y  underway a t  t h e  P a c i f i c  

Nor thwes t  L a b o r a t o r i e s  (PNL) t o  deve lop t h e  d a t a  needed t o  l i c e n s e  9 0 ~ r ~ 2  

f o r  use i n  t e r r e s t r i a l  a p p l i c a t i o n s ,  p r i m a r i l y  as t h e  f u e l  i n  h e a t  sources 

f o r  dynamic and s t a t i c  power c o n v e r s i o n  systems. O t h e r  p o t e n t i a l  a p p l i c a -  

t i o n s  i n c l u d e  use o f  t h e  g o ~ r ~ 2  sources as thermal  c o n d i t i o n e r s  i n  c o l d  

r e g i o n s .  The work a t  PNL i s  sponsored by ERDA's D i v i s i o n  o f  Nuc lea r  Research 

and A p p l i c a t i o n s .  The program was s t a r t e d  i n  FY 1973 and w i l l  c o n t i n u e  

t h r o u g h  FY 1980. The p r i n c i p a l  areas where a d d i t i o n a l  d a t a  a r e  needed' 

i n c l  ude: 

g o ~ r ~ 2  chemica l  and p h y s i c a l  p r o p e r t i e s ,  

9 0 ~ r ~ 2 - c l  ad compat i  b i  1  i ty  , and 



hea t  source capsu le  des ign ,  f a b r i c a t i o n  and q u a l i f i c a t i o n .  

E f f o r t s  a r e  proceeding c o n c u r r e n t l y  a t  PNL i n  a l l  t h r e e  areas. 

An i m p o r t a n t  p r o p e r t y  of any proposed r a d i o i s o t o p e  hea t  source f u e l ,  

w i t h  r ega rd  t o  s a f e t y  and 1  i c e n s i n g  cons idera t ions ,  i s  i t s  d i s s o l u t i o n  

behav io r  and r e l e a s e  o f  r a d i o a c t i v i t y  i f  a c c i d e n t a l l y  exposed t o  an aqueous 

env i ronment .  The s o l u b i l i t y  o f  t h e  f u e l  f o rm  must a l s o  be cons idered ,  b u t  

t h i s  fundamental p r o p e r t y  i s  o n l y  o f  i n t e r e s t  if i t  serves t o  l i m i t  t h e  

d i s s o l u t i o n  and d i s p e r s a l  o f  t h e  r a d i o i s o t o p e  i n  t h e  aqueous env i ronment .  

S t ron t ium-90  i s  an ex t r eme l y  t o x i c  m a t e r i a l ;  t h e r e f o r e ,  t h e  r e l e a s e  behav io r  

of from t h e  f u e l  form, shou ld  i t  be a c c i d e n t a l l y  exposed t o  water, i s  

a  ve r y  i m p o r t a n t  f a c t o r  i n  e v a l u a t i n g  t h e  f u e l s  p o t e n t i a l  a p p l i c a b i l i t y  f o r  

t e r r e s t r i a l  power gene ra t i on  systems. 

Some work on t h e  d i s s o l u t i o n  behav io r  of s t r o n t i u m  f l u o r i d e  was c a r -  

r i e d  o u t  a  number of yea rs  ago by ~ r a ~ ( '  ) a t  t h e  M a r t i n  Company, Nuc lear  

D i v i s i o n  b u t  t h e  s t u d i e s  were l i m i t e d  t o  n o n r a d i o a c t i v e  SrF2 sp i ked  w i t h  

low l e v e l s  of 8 5 ~ r  t r a c e r .  A d d i t i o n a l  i n f o r m a t i o n  was needed on t h e  d i s -  

s o l u t i o n  c h a r a c t e r i s t i c s  of s t r o n t i u m  f l u o r i d e ,  espec ia l  l y  t h e  ' O S ~ F ~  p r o -  

duced a t  WESF. T h i s  r e p o r t  summarizes t h e  r e s u l t s  o f  exper imenta l  s t u d i e s  

a t  PNL t o  de te rmine  t h e  d i s s o l u t i o n  behav io r  of ' O S ~ F ~  i n  aqueous media. 

The d i s s o l u t i o n  behav io r  o f  S rT i03  and Sr2T i04  was a l s o  s t u d i e d  b r i e f l y  t o  

p e r m i t  a  comparison o f  t h e  d i s s o l u t i o n  behav io r  o f  t h e  f l u o r i d e  and 

t i  tana tes .  



2.0 SUMMARY 

The Strontium Heat Source Development Program i s  currently underway 

a t  PNL to  obtain the data needed to 1 icense g o ~ r ~ 2  fueled heat sources fo r  

t e r r e s t r i a l  applications. The work i s  sponsored by ERDA's Division of 

Nuclear Research and Applications. 

One phase of the PNL program involves determining the dissolution 

behavior and solubi 1 i t y  of g o ~ r ~ 2  in aqueous media with special emphasis 

on g o ~ r ~ 2  produced i n  the Hanford Waste Encapsulation and Storage Facili ty 

(WESF).  The data i s  needed to evaluate the consequences of an accidental 

exposure of ' O S ~ F ,  in a heat source to an aqueous environment. Because work 
L 

with s ignif icant  quantit ies of g o ~ r ~ 2  requires heavily shielded f a c i l i t i e s  

and i s  inordinately expensive, most of the so lubi l i ty  and dissolution ra te  

measurements were carried o u t  using nonradioactive SrF2. 

The so lubi l i ty  of nonradioactive strontium fluoride in demineralized 

water and natural seawater was determined using two d i f fe rent  procedures. 

The e f fec t  of impurities on  the so lubi l i ty  of the SrF2 was also determined. 

The resul ts  show tha t  the so lubi l i ty  product for  SrF2 in demineralized water 

increased from 4.7 x 1 o-' t o  7 . 7  x 1 o-' as the temperature was increased 

from 4 to 50°C. The.equilibrium strontium concentration varied from 

0.00106 !to 0.00126 Mover the same temperature range. The presence of 

soluble fluoride impurities in the SrF, (s imilar  t o  those found in WESF 
L .  

produced g o ~ r ~ 2 )  produced a marked decrease in the equilibrium strontium 

concentration in demineralized water, due t o  the common ion e f f e c t ,  and 

in the amount of SrF2 which dissolved. 

When high purity SrF2 was equilibrated with seawater, the equilibrium 

strontium and fluoride concentrations were s l ight ly  higher than in 

demineral ized water (0.001 1 9  M - versus 0.001 07 - M for  strontium a t  23OC), 

and the amount of SrF2 which dissolved was somewhat greater (0.138 g/e versus 

0.135 g/e a t  23OC). The presence of soluble fluoride impurities in the SrF2 

appeared to have 1 i t t l e  e f fec t  on i t s  so lubi l i ty  in seawater. 



The d i s s o l u t i o n  r a t e  o f  s t r o n t i u m  f l u o r i d e  i n  d e m i n e r a l i z e d  wa te r ,  

p l a n t  t a p  wa te r ,  and n a t u r a l  and s y n t h e t i c  seawater was measured u s i n g  b o t h  

s t a t i c  and dynamic ( f l o w i n g )  systems. The a c c i d e n t a l  exposure o f  a  ' O S ~ F ~  

t o  an aqueous env i ronment ,  such as an ocean o r  r i v e r ,  would be more c l o s e l y  

approx imated by t h e  dynamic system, and t h e  b u l k  o f  t h e  d i s s o l u t i o n  r a t e  

measurements were o b t a i n e d  u s i n g  t h a t  techn ique .  Both  n o n r a d i o a c t i v e  SrF, 
L 

and ' O S ~ F ~  were used f o r  t h e  t e s t s .  The n o n r a d i o a c t i v e  SrF2 was used i n  an 

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

When SrF2 g r a n u l e s  were exposed t o  a  f l o w i n g  s o l v e n t  t h e  d i s s o l u t i o n  

r a t e  changed i n i t i a l l y  b u t  reached a  c o n s t a n t  v a l u e  a f t e r  a  few hours  

exposure.  The d i s s o l u t i o n  r a t e  remained c o n s t a n t  even upon p ro longed  expo- 

s u r e  t o  t h e  f l o w i n g  s o l v e n t .  I n  no case were t h e  SrF2 g r a n u l e s  observed 

t o  d i s i n t e g r a t e  t o  a  f i n e  powder as has been observed w i t h  some o t h e r  i s o -  

t o p i c  f u e l s .  

The r e s u l t s  o b t a i n e d  show t h e  d i s s o l u t i o n  b e h a v i o r  o f  SrF2 i n  aqueous 

s o l u t i o n s  i s  a  complex phenomenon t h a t  i s  a f f e c t e d  by s e v e r a l  p r o p e r t i e s  of 

t h e  f l u o r i d e  i n c l u d i n g  i t s  i m p u r i t y  c o n t e n t ,  s u r f a c e  area and the rma l  

h i s t o r y  as w e l l  as t h e  n a t u r e  and tempera tu re  o f  t h e  d i s s o l v i n g  medium. 

F o r  a  s p e c i f i c  s o l v e n t  and r e a c t i o n  tempera tu re  t h e  d i s s o l u t i o n  r a t e  of 

n o n r a d i o a c t i v e  SrF2 v a r i e d  up t o  s i x t y - f o l d  depending on i t s  i m p u r i t y  con- 

t e n t ,  sur face a rea  and the rma l  h i s t o r y .  The maximum and minimum r a t e s  

observed were as f o l l o w s :  

D i s s o l u t i o n  Rate a t  24OC 
(ug S r  d i s s o l  ved/hr -g  S r  i n i t i a l  l y  p r e s e n t )  

Minimum Maxi mum 

Demi n e r a l  i z e d  Water 3 2  1900 

N a t u r a l  Seawater 24 460 

Even SrF2 samples hav ing  t h e  same i m p u r i t y  c o n t e n t  and su r face  a r e a  had 

marked ly  d i f f e r e n t  d i s s o l u t i o n  r a t e s  depending on t h e  the rma l  t r e a t m e n t  

t h e y  had r e c e i v e d .  The d i s s o l u t i o n  r a t e  o f  SrF2 inc reased  w i t h  tempera tu re  

as expected,  and a t  temperatures above 60°C t h e  r a t e  inc reased  v e r y  

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



D i s s o l u t i o n  r a t e  measurements w i t h  'OsrF2 were l i m i t e d  t o  a  few key 

exper iments  u s i n g  dem ine ra l i zed  wate r  and n a t u r a l  seawater.  The t e s t s  were 

c a r r i e d  o u t  a t  30°C u s i n g  t h e  dynamic system. The measured d i s s o l u t i o n  

r a t e s  were as f o l l o w s :  

D i s s o l u t i o n  Rate a t  30°C 
(pg S r  d i s s o l  v e d l h r - g  S r  i n i t i a l  l y  p r e s e n t )  

Deminera l i zed  Water N a t u r a l  Seawater 

WESF-produced 'OS~F,  440 300 

Comparison o f  t h e  'OsrF2 d i s s o l u t i o n  r a t e s  w i t h  those  f o r  n o n r a d i o a c t i v e  

SrF, a r e  d i f f i c u l t  because i t  was i r r ~poss ib l e  t o  reproduce t h e  e x a c t  compo- 
L 

s i t i o n  and therma l  h i s t o r y  o f  t h e  'OsrF2 u s i n g  n o n r a d i o a c t i v e  SrF2. How- 

ever ,  f o r  samples hav ing  app rox ima te l y  t h e  same i m p u r i t y  c o n t e n t  and 

thermal  h i s t o r y  t h e  d i s s o l u t i o n  r a t e  o f  t he  ''srF2 i s  up t o  18 t imes  

g r e a t e r  than  t h a t  o f  t h e  n o n r a d i o a c t i v e  SrF2, 

E v a l u a t i o n  o f  t h e  d i s s o l u t i o n  r a t e  da ta  f o r  s t r o n t i u m  f l u o r i d e  leads  

t o  t h e  f o l l o w i n g  genera l  conc lus i ons :  

The r e l a t i v e  d i s s o l u t i o n  r a t e s  of SrF2 i n  t h e  t e s t  s o l u t i o n s  a r e  p l a n t  

t a p  wa te r  > dem ine ra l i zed  wate r  > s y n t h e t i c  seawater > n a t u r a l  seawater.  

A l though  t h e r e  a r e  marked v a r i a t i o n s ,  t h e  o v e r a l l  d i s s o l u t i o n  r a t e  o f  

SrF2 i n  dem ine ra l i zed  wa te r  i s  about  t h r e e  t imes  as g r e a t  as i n  n a t u r a l  

seawater,  w h i l e  t h e  r a t e  i n  t a p  wa te r  i s  about  20% g r e a t e r  than  t h e  

r a t e  i n  dem ine ra l i zed  wate r .  

The average d i s s o l u t i o n  r a t e  o f  h i g h  p u r i t y  n o n r a d i o a c t i v e  SrF2 i s  

1  1 /2  t o  2  t imes  g r e a t e r  t han  t h a t  o f  n o n r a d i o a c t i v e  SrF2 c o n t a i n i n g  

i m p u r i t i e s  s i m i  1  a r  t o  those  found i n  WESF-produced ''srF2. 

The h i g h e r  t h e  tempera tu re  a t  which t h e  SrF2 i s  f i r e d  and t h e  l o n g e r  

i t  i s  h e l d  a t  tempera tu re  t h e  l owe r  w i l l  be i t s  d i s s o l u t i o n  r a t e  i n  

aqueous media. 



The e f f e c t  of thermal  t r ea tmen t  on t h e  d i s s o l u t i o n  r a t e  o f  SrF2 

i n v o l v e s  more than  s imp l y  sur face area e f f e c t s .  However, t h e  scope 

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

thermal  t r ea tmen t  on t h e  d i s s o l u t i o n  behav io r  o f  SrF2. 

Comparison of  a v a i l a b l e  d i s s o l u t i o n  r a t e  da ta  f o r  r a d i o a c t i v e  and 

i n e r t  SrF2, SrT i03  and SrTiO i n d i c a t e s  t h a t  under s i m i l a r  c o n d i t i o n s  t h e  4  
d i s s o l u t i o n  r a t e  of SrF2 i s  g r e a t e r  than  t h a t  o f  S rT i03  b u t  somewhat l e s s  

than  t h a t  o f  S r2T i04  (exac t  comparisons o f  t h e  d i s s o l u t i o n  behav io r  o f  t h e  

f l u o r i d e  and t i t a n a t e s  cannot  be made because t h e  d i s s o l u t i o n  r a t e s  of t h e  

t i tana tes  change c o n t i n u a l l y  w i t h  t i m e ) .  

The d i s s o l u t i o n  r a t e  and s o l u b i l i t y  of ' O S ~ F ~  i n  aqueous media a r e  

s u f f i c i e n t l y  h i gh  t h a t  r a p i d  d i s p e r s a l  o f  would occur  i f  t h e  'OS~F,  
L 

i s  a c c i d e n t a l l y  exposed t o  an aqueous env i ronment .  There fo re ,  i f  'OsrF2 

i s  t o  be used as a  hea t  source f u e l  f o r  t e r r e s t r i a l  a p p l i c a t i o n s ,  t h e  

f ue l  conta inment  must be adequate t o  ensure t h e  ' O S ~ F ~  w i l l  n o t  c o n t a c t  

t h e  wa te r  if t h e  hea t  source i s  a c c i d e n t a l l y  exposed t o  an aqueous 

environment.  



3 . 0  WESF PROCESS FOR THE PREPARATION AND ENCAPSULATION OF ' O S ~ F ~  

The d i s s o l u t i o n  b e h a v i o r  o f  s t r o n t i u m  f l u o r i d e  i s  s i g n i f i c a n t l y  a f f e c t e d  

by i t s  i m p u r i t y  c o n t e n t  and the rma l  h i s t o r y .  T h e r e f o r e ,  t h e  p rocess  used t o  

p r e p a r e  and e n c a p s u l a t e  ' O S ~ F ~  w i l l  have a  marked e f f e c t  on i t s  d i s s o l u t i o n  

b e h a v i o r  i n  aqueous media.  A t  Han fo rd  s p e n t  r e a c t o r  f u e l  i s  r e p r o c e s s e d  

u s i n g  t h e  Purex p rocess .  The f l o w s h e e t  used f o r  r e c o v e r y  o f  s t r o n t i u m  from 

t h e  f u e l  r e p r o c e s s i n g  waste ,  c o n v e r s i o n  t o  t h e  f l u o r i d e ,  and subsequent  

e n c a p s u l a t i o n  of  t h e  f l u o r i d e ,  i s  shown i n  F i g u r e  1 .  I n  t h e  p rocess  t h e  

s t r o n t i u m  i s  r e c o v e r e d  f r o m  c u r r e n t  Purex a c i d  waste  (CAW) o r  Purex a c i d  

s l u d g e  (PAS) by  s o l  v e n t  e x t r a c t i o n  u s i n g  d i  -2 -e thyhexy l  p h o s p h o r i c  a c i d  
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FIGURE 1 .  S i m p l i f i e d  F lowsheet  o f  t h e  WESF Process f o r  t h e  P r e p a r a t i o n  
and Encapsu 1 a  ti on o f  ~ O S ~ F ~  
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(HDEHP), t r i b u t y l  phosphate (TBP) and normal p a r a f f i n  hydrocarbon (NPH). 

The s t r o n t i u m  i s  s t r i p p e d  f rom t h e  o r g a n i c  phase w i t h  d i l u t e  n i t r i c  a c i d  

and p u r i f i e d  by a  s e r i e s  o f  s u l f a t e  and hydrox ide  p r e c i p i t a t i o n  s teps .  

The p u r i f i e d  s t r o n t i u m  i s  s t o r e d  as s t r o n t i u m  n i t r a t e  i n  d i l u t e  n i t r i c  

a c i d .  S t r on t i um  recove ry  and p u r i f i c a t i o n  t a k e  p l a c e  i n  B-Plant ,  and sub- 

sequent ope ra t i ons  t a k e  p l a c e  i n  t h e  Waste Encapsu la t ion  and Storage 

F a c i l i t y .  

The p u r i f i e d  s t r o n t i u m  n i t r a t e  s o l u t i o n  serves as t h e  f eed  t o  t h e  

WESF process. A l l  s teps  i n  t h e  process a r e  ba t ch  ope ra t i ons .  A volume 

of  feed s o l u t i o n  c o n t a i n i n g  3  t o  5 kg o f  s t r o n t i u m  i s  n e u t r a l i z e d  t o  pH 

8-9 w i t h  sodium hydrox ide  s o l u t i o n .  S o l i d  sodium f l u o r i d e  i s  added t o  

t h e  s o l u t i o n  t o  p r e c i p i t a t e  SrF2. The r e s u l t i n g  s l u r r y  i s  d i g e s t e d  a t  

abou t  80°C w i t h  a i r  spa rg i ng  and then  f i l t e r e d .  The SrF2 f i l t e r  cake i s  

washed w i t h  wa te r ,  t r a n s f e r r e d  t o  fu rnace  boats ,  and f i r e d  a t  approx imate ly  

l l O O ° C  i n  an argon atmosphere f o r  severa l  hours.  A f t e r  c o o l i n g ,  t h e  SrF2 

i s  removed f rom t h e  boa ts  and crushed t o  niinus 1 /2  i n .  g ranu les .  The 

p u l v e r i z e d  f l u o r i d e  i s  loaded i n t o  a  H a s t e l l o y  C-276 i n n e r  capsule  by 

impac t  c o n s o l i d a t i o n ,  which i s  e s s e n t i a l l y  a  c o l d  p r e s s i n g  ope ra t i on .  

The capsu le  i s  sea led  by tungs ten  i n e r t  gas (TIG) we ld i ng  t h e  1  i d  i n  p lace ,  

l e a k  checked, and decontaminated. The c leaned capsu le  i s  p laced  i n  an 

o u t e r  capsule  o f  316L s t a i n l e s s  s t e e l  ( a )  which i s  a l s o  sea led  w i t h  a  TIG 

weld. The i n t e g r i t y  o f  t h e  o u t e r  capsu le  weld  i s  checked u s i n g  u l t r a s o n i c  

techniques.  The capsu le  i s  weighed and t h e  hea t  o u t p u t  determined u s i n g  

a  c a l o r i m e t e r ,  a f t e r  which t h e  capsu le  i s  s t o r e d  under water .  P e r t i n e n t  

da ta  on t h e  WESF capsu le  c o n t a i n i n g  f u e l  grade 'OsrF2 (150% i s o t o p i c  

c o n t e n t )  a r e  g i v e n  i n  Tab le  2. 

Waste management p l ann ing  c a l l  s  f o r  t h e  l ong - t e rm  s to rage  of t h e  

encapsula ted g o ~ r ~ 2  a t  near-ambient temperatures u n t i l  t h e  decays 

t o  an innocuous l e v e l .  The WESF capsu le  was des igned t o  s a f e l y  c o n t a i n  

t h e  9 0 ~ r ~ 2  d u r i n g  t h e  r e q u i r e d  s to rage  p e r i o d ,  and i s  p e r f e c t l y  adequate 

( a )  H a s t e l l o y  C-276 was used as t h e  o u t e r  capsu le  m a t e r i a l  d u r i n g  t h e  
e a r l y  s tages o f  t h e  WESF ope ra t i on .  



TABLE 2. C h a r a c t e r i s t i c s  o f  a  WESF Capsu le  C o n t a i n i n g  Fue l  Grade 

S t r o n t i u m  F l u o r i d e :  1 .  k i i o u n t  % 3  kg /capsu le  

2. P u r i t y  % 95 w t% 

3.  'Osr I s o t o p i c  Con ten t  2 50% 

4. B u l k  d e n s i t y  % 70% o f  t h e o r e t i c a l  d e n s i t y  

5. Power d e n s i t y  % 1  .1 W/cm 3  

6. Load ing  % 150,000 C i  

7. Power O u t p u t  % 1000 W 

Capsu le  Data :  I n n e r  O u t e r  

1 .  M a t e r i a l  Haste1 1  o y  C-276 316L S t a i n l e s s  S t e e l  

2. I n n e r  D iameter  2.010 i n .  2.385 i n .  

3. O u t e r  D iamete r  2.250 i n .  2.625 i n .  

4. L e n g t h  19.050 i n .  20.100 i n .  

f o r  t h a t  r e q u i r e m e n t .  . However t h e  WESF ' O S ~ F ~  c a p s u l e  may n o t  be adequate 
" f o r  h e a t  s o u r c e  s e r v i c e  and some m o d i f i c a t i o n  of  t h e  c a p s u l e  may be r e q u i r e d  

if t h e  9 0 ~ r ~ 2  i s  t o  be used i n  h i g h  t e m p e r a t u r e  a p p l i c a t i o n s .  

There a r e  s e v e r a l  f a c e t s  o f  t h e  WESF p rocess  wh ich  can a f f e c t  t h e  

d i s s o l u t i o n  b e h a v i o r  of  t h e  ' O S ~ F ~  produced. 

The i m p u r i t y  c o n t e n t  o f  t h e  s t r o n t i u m  f l u o r i d e  may v a r y  between batches 

depending on t h e  source  of  t h e  f e e d  m a t e r i a l .  S t r o n t i u m  r e c o v e r e d  f r o m  

d i f f e r e n t  waste  tanks  can c o n t a i n  v a r y i n g  amounts o f  i m p u r i t i e s .  The 

p rocess  o p e r a t i o n s  used t o  p u r i f y  t h e  f e e d  s o l u t i o n  a r e  o n l y  p a r t i a l l y  

e f f e c t i v e ,  and some o f  t h e  i m p u r i t i e s  i n  t h e  f e e d  w i l l  p r e c i p i t a t e  

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

i n  t h e  WESF produced 'OS~F, and t h e i r  p r o b a b l e  forms and c o n c e n t r a t i o n  
L 

ranges a r e  shown i n  T a b l e  3. A f t e r  t h e  ' O S ~ F ~  has been f i r e d  a t  l l O O ° C  

i t  i s  p o s s i b l e  t h a t  some o f  t h e  i m p u r i t y  f l u o r i d e s  may be p r e s e n t  as 

complex f l u o r i d e s .  The r e l a t i v e l y  s o l u b l e  f l u o r i d e s ,  such as NaF, 

appear t o  have a  g r e a t e r  i n f l u e n c e  on t h e  d i s s o l u t i o n  b e h a v i o r  o f  SrF2 

t h a n  do t h e  l e s s  s o l u b l e  f l u o r i d e s  such as CaF2 and BaF2. 



TABLE 3. T y p i c a l  I m p u r i t i e s  Found i n  WESF Produced ' O S ~ F ~  

In ipu r i  t y  

A1 

C o n c e n t r a t i o n  Range, 
w t% 

V a r i  a b l  e-decay p r o d u c t  

Probable  
Com~ound Form 

A1 F3 

BaF2 

CaF2 

CdF2 

CrF3 

CuF2 

FeF3 

KF 

MgF2 
MnF2 

NO3- 

Na F  

N i  F2 

H20 and HO3- 

PbF2 

REF3 

S i 0 2  o r  S iF6= 

ZrF4 ? 

( a )  RE = Rare E a r t h s  

Based on p r e v i o u s  work w i t h  t h e  s t r o n t i u m  t i t a n a t e s  one would  expec t  

t h e  d i s s o l u t i o n  b e h a v i o r  of s t r o n t i u m  f l u o r i d e  t o  be a f fec ted  by i t s  

''5, i s o t o p i c  c o n t e n t  w i t h  a  h i g h e r  ''5, c o n t e n t  r e s u l t i n g  i n  an 

i n c r e a s e d  d i s s o l u t i o n  r a t e .  The i s o t o p i c  c o n t e n t  o f  WESF p r o -  

duced SrF2 can v a r y  over  a  wide range depending on t h e  age of t h e  

waste f r o m  wh ich  i t  i s  produced. Much of t h e  h i g h  l e v e l  f u e l  rep rocess -  

i n g  waste a t  Hanford has been s t o r e d  f o r  many y e a r s .  The ''5, i s o t o p i c  



c o n t e n t  o f  s t r o n t i u m  r e c o v e r e d  from t h e  o l d e r  wastes can be as l o w  

as 25%, w h i l e  t h a t  o f  s t r o n t i u m  r e c o v e r e d  f r o m  r e c e n t  wastes  can exceed 

55%. O t h e r  f a c t o r s  b e i n g  equa l  , f u e l  -grade ' O S ~ F ~  s h o u l d  d i s s o l v e  a t  

a  f a s t e r  r a t e  t h a n  f l u o r i d e  h a v i n g  a  l o w e r  "5r  c o n t e n t .  

F o r  a  h e a t  s o u r c e  f u e l ,  ''SrF2 has a  r e l a t i v e l y  l o w  m e l t i n g  p o i n t  o f  

a p p r o x i m a t e l y  1425OC ( v e r s u s  >2000°C f o r  S r T i 0 3  and >1800°C f o r  

S r 2 T i 0 4 ) .  When SrF2 powder i s  hea ted  above abou t  500°C s i n t e r i n g  

b e g i n s  w h i c h  l e a d s  t o  t h e  a g g l o m e r a t i o n  o f  f l u o r i d e  p a r t i c l e s  and a  

r e d u c t i o n  i n  s u r f a c e  a rea .  The presence o f  i m p u r i t i e s  i n  t h e  SrF2 

can l e a d  t o  t h e  f o r m a t i o n  o f  l o w  me1 t i n g  phases w h i c h  a c c e l e r a t e s  

t h e  s i n t e r i n g  and r e d u c t i o n  i n  s u r f a c e  a r e a .  I n  t h e  WESF o p e r a t i o n  

t h e  ' O S ~ F ~ ,  a f t e r  f i r i n g  a t  1  100°C, i s  n o r m a l l y  a  p a r t i a l l y  s i n t e r e d  

mass w h i c h  must  be c rushed  t o  minus 112 i n .  g r a n u l e s  b e f o r e  i t  can 

be fed  t o  t h e  c a p s u l e  l o a d i n g  equ ipment .  The m a t e r i a l  i s  compacted 

i n t o  t h e  i n n e r  c a p s u l e  by i m p a c t  c o n s o l i d a t i o n .  A  s m a l l  q u a n t i t y  

of  g r a n u l e s  i s  p l a c e d  i n t o  t h e  c a p s u l e  and compacted u s i n g  a  pneumat ic  

hammer. A d d i t i o n a l  i nc rements  o f  f l u o r i d e  a r e  added and compacted 

u n t i l  t h e  c a p s u l e  i s  f i l l e d  t o  t h e  d e s i r e d  l e v e l .  A l t h o u g h  t h e  tem- 

p e r a t u r e  o f  t h e  f l u o r i d e  and c a p s u l e  a r e  above t h e  amb ien t  c e l l  tem- 

p e r a t u r e ,  due t o  h e a t  f r o m  t h e  'OSr ,  t h e  l o a d i n g  p rocess  i s  e s s e n t i a l  l y  

a  c o l d  p r e s s i u g  o p e r a t i o n .  U s i n g  t h i s  l o a d i n g  p rocedure  t h e  b u l k  den- 

s i t y  o f  t h e  compacted ' O S ~ F ,  i s  a b o u t  65 t o  70% o f  t h e  t h e o r e t i c a l  
L 

SrF2 d e n s i t y .  S i n c e  t h e  b u l k  d e n s i t y  o f  t h e  'OsrF2 i s  r e l a t i v e l y  l ow ,  

a d d i t i o n a l  s i n t e r i n g  and a g g l o m e r a t i o n  i s  p o s s i b l e ,  l e a d i n g  t o  a  

f u r t h e r  r e d u c t i o n  i n  s u r f a c e  a rea ,  i f  t h e  WESF c a p s u l e  i s  used i n  

h e a t  source  a p p l i c a t i o n s  a t  tempera tu res  above a b o u t  500°C. T h i s  

makes i t  d i f f i c u l t  t o  o b t a i n  m e a n i n g f u l  d i s s o l u t i o n  r a t e  d a t a  f o r  

' O S ~ F ~  because t h e  d i s s o l u t i o n  b e h a v i o r  w i l l  c o n t i n u e  t o  change d u r i n g  

h e a t  source  s e r v i c e  as t h e  f l u o r i d e  c o n t i n u e s  t o  s i n t e r  and agg lomera te .  

The t i m e  r e q u i r e d  f o r  t h e  f u e l  t o  r e a c h  a  s t a b l e  c o n d i t i o n  w i l l  depend 

on t h e  f u e l  c o m p o s i t i o n  and tempera tu re .  T h i s  i s  n o t  t h e  case w i t h  

t h e  s t r o n t i u m  t i t a n a t e s .  I n  p r e v i o u s  work w i t h  t h e s e  compounds t h e  



normal procedure was t o  h o t  press o r  c o l d  p ress  and s i n t e r  t h e  f u e l  

i n t o  h i g h  d e n s i t y  p e l l e t s  p r i o r  t o  e n c a p s u l a t i o n .  Because o f  t h e  

r e l a t i v e l y  h i g h  m e l t i n g  p o i n t s  o f  t h e  t i t a n a t e s  and t h e  i n i t i a l  h i g h  

d e n s i t i e s  of t h e  p e l l e t s ,  v e r y  l i t t l e  change i n  t i t a n a t e  d e n s i t y  

o r  s u r f a c e  a rea  occurs  d u r i n g  h e a t  source s e r v i c e .  

An a d d i t i o n a l  f a c t o r  wh ich  must be cons ide red ,  t h a t  i s  n o t  d i r e c t l y  

r e l a t e d  t o  t h e  WESF process,  i s  t h e  e f f e c t  of decay p r o d u c t  b u i l d u p  on t h e  

d i s s o l u t i o n  b e h a v i o r  o f  ' O S ~ F ~ .  S t r o n t i  um-90 decays t o  s tab1  e  t h r o u g h  

a  s h o r t - 1  i v e d  i n t e r m e d i a t e  

The e q u i l i b r i u m  c o n c e n t r a t i o n  of i s  v e r y  s m a l l ,  b u t  t h e  p r o b a b l y  

has a  s i g n i f i c a n t  e f f e c t  on t h e  d i s s o l u t i o n  b e h a v i o r  o f  t h e  f l u o r i d e  

because of i t s  i n t e n s e ,  v e r y  h i g h  energy b e t a  and r e l a t e d  b remss t rah lung  

a c t i v i t y .  Because o f  t h e  s h o r t  h a l f  l i f e  o f  t h e  i t  i s  v e r y  d i f f i c u l t  

t o  measure e x p e r i m e n t a l l y  i t s  e f f e c t  on t h e  d i s s o l u t i o n .  b e h a v i o r  of 

s t r o n t i u m  f l u o r i d e .  

S t ron t ium-90  has a  h a l f  1  i f e  o f  about  28.6 y r .  I n  f u e l  grade ' O S ~ F ~  

t h e  Z r  c o n c e n t r a t i o n  w i l l  b u i l d  up i n i t i a l l y  a t  a  r a t e  of s l i g h t l y  more 

than  l%/yr .  The e x a c t  chemica l  f o r m ( s )  o f  t h e  decay p r o d u c t ( s )  has n o t  

been e s t a b l  i shed .  Z i r c o n i u m  d i f l u o r i  de (Z rF2)  has been r e p o r t e d  i n  t h e  

1  i t e r a t u r e ( ' )  b u t  i s  s a i d  t o  d i s p r o p o r t i o n a t e  a t  e l e v a t e d  temperatures 

a c c o r d i n g  t o  t h e  r e a c t i o n  

2ZrF2 - ZrFq + Z r .  

Any ZrF2 formed as a  decay p r o d u c t  i n  a  g o ~ r ~ Z  h e a t  source s h o u l d  d i s p r o -  

p o r t i o n a t e  a t  source o p e r a t i n g  temperatures,  b u t  t h i s  has n o t  been demon- 

s t r a t e d  e x p e r i m e n t a l l y .  The p o s s i b i l i t y  a l s o  e x i s t s  t h a t  t h e  ZrF2 c o u l d  

r e a c t  w i t h  o t h e r  f l u o r i d e s  p r e s e n t  t o  f o r m  a  s t a b l e  complex f l u o r i d e .  

Regardiess o f  t h e  n a t u r e  o f  t h e  z i r c o n i u m  decay p roduc t ,  i t  would be 

expected t o  have an e f f e c t  on t h e  d i s s o l u t i o n  b e h a v i o r  of t h e  9 0 ~ r ~ 2 .  



4.0 EXPERIMENTAL PROCEDURES 

I d e a l l y  a l l  of t h e  d i s s o l u t i o n  r a t e  measurements shou ld  be c a r r i e d  

o u t  u s i n g  f ue l  grade 'OsrF2. However, work w i t h  any s i g n i f i c a n t  q u a n t i t i e s  

of compounds must be c a r r i e d  o u t  i n  a  h e a v i l y  s h i e l d e d  f a c i l i t y  such 

as a  h o t  c e l l  o r  l e a d  cave because of t h e  i n t e n s e  ve ry  h i g h  energy beta 

r a d i a t i o n  and bremsstrah lung assoc ia ted  w i t h  t h e  ''5, and i t s  daughte r  

p roduc t  'OY. Such work i s  i n o r d i n a t e l y  expensive where a  l a r g e  number o f  

exper iments  a r e  r e q u i r e d .  Work w i t h  ''5, compounds i s  f u r t h e r  handicapped 

by a  l a c k  of f a c i l i t i e s  f o r  t h e  chemical and phys i ca l  a n a l y s i s  of  t h e  com- 

pounds. For  example, t h e  su r f ace  a rea  o f  n o n r a d i o a c t i v e  SrF2 i s  e a s i l y  

deter~n-ined u s i n g  t h e  s tandard BET method, b u t  s h i e l d e d  equipment i s  n o t  

a v a i l a b l e  f o r  measuring t he  su r f ace  area of t h e  r a d i o a c t i v e  compound. T h i s  

made i t  imposs ib l e  t o  eva lua te  t h e  e f f e c t s  o f  i m p u r i t i e s  and thermal  h i s t o r y  

on t h e  sur face a rea  of WESF-produced 90~r~, .  Whi le  i t  i s  d i f f i c u l t  t o  
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reproduce t h e  compos i t ion  and thermal  h i s t o r y  o f  WESF 'OSrF2 us ing  non- 

r a d i o a c t i v e  SrF2, t h e  more ex tens i ve  problems o f  work ing w i t h  'OSrF2 made 

i t  necessary t o  c a r r y  o u t    no st of t h e  d i s s o l u t i o n  measurements u s i n g  non- 

r a d i o a c t i v e  s t r o n t i u m  f l u o r i d e .  The t e s t s  w i t h  'OSrF2 were l i m i t e d  t o  a  

few c r i t i c a l  exper iments .  

S ince  'OSrF2 i s  a  p o s s i b l e  replacement f o r  'OSr t i  t a n a t e s i n  hea t  

source a p p l i c a t i o n s ,  a  comparison o f  t h e  d i s s o l u t i o n  behav io r  of t h e  

f l u o r i d e  and t i  tana tes  i s  d e s i r a b l e .  Some da ta  were a v a i l a b l e  i n  t h e  

l i t e r a t u r e  on t h e  d i s s o l u t i o n  behav io r  o f  r a d i o a c t i v e  and i n e r t  SrT iOj  

and Sr2Ti04.  However, i t  was f e l t  t h a t  a  more v a l i d  corr~par ison of d i s s o l u -  

t i o n  behav io r  c o u l d  be made i f  da ta  f o r  t h e  t i t a n a t e s  was o b t a i n e d  us ing  

t h e  same procedures and equipment as was used w i t h  t h e  f l u o r i d e .  Therefore,  

a  l i m i t e d  number o f  d i s s o l u t i o n  r a t e  measurements were made on n o n r a d i o a c t i v e  

SrTiO and Sr2T i04 .  
3 



4.1 MATERIALS 

The s t r o n t i u m  compounds used i n  t h e  d i s s o l u t i o n  behav io r  s t u d i e s  were 

prepared under c o n t r o l l e d  c o n d i t i o n s ,  and t h e  i m p u r i t y  c o n t e n t  of each d e t e r -  

mined by v a r i o u s  procedures.  The n o n r a d i o a c t i v e  compounds were analyzed 

f o r  a n i o n i c  and c a t i o n i c  i r1.1pur i t ies by spark  source mass spect roscopy,  

emiss ion  spect roscopy,  neu t ron  a c t i v a t i o n ,  a tomic  abso rp t i on ,  flame photom- 

e t r y  and wet chemis t ry .  A n a l y s i s  o f  t h e  9 0 ~ r ~ 2  was l i m i t e d  t o  c a t i o n i c  

i m p u r i t i e s  us i ng  a tomic  abso rp t i on ,  flame photometry  and emiss ion spec t ro -  

scopy. The thermal  h i s t o r y  o f  t h e  v a r i o u s  compounds was c l o s e l y  mon i t o red  

and t h e  sur face area o f  t h e  n o n r a d i o a c t i v e  compounds determined as a  func- 

t i o n  of thermal  h i s t o r y  us i ng  t h e  BET method. 

4.1.1 S t r o n t i u m  F l u o r i d e  

Severa l  grades o f  s t r o n t i u m  f l u o r i d e  were used i n  t h e  s t u d i e s  t o  

determine t h e  e f f e c t s  o f  r a d i a t i o n  and i m p u r i t y  c o n t e n t  on t h e  d i s s o l u t i o n  

behav io r  of t h e  f l u o r i d e .  They i nc l uded :  

WESF-produced ' O S ~ F ~  which had an i n i t i a l  9 0 ~ r ~ 2  i s o t o p i c  c o n t e n t  of 

51% and con ta i ned  about  4.5 w t %  c a t i o n i c  i m ~ u r i t i e s .  The m a t e r i a l  

was p a r t  of t h e  ' O S ~ F ~  used i n  a  long- te rm c o m p a t i b i l i t y  t e s t i n g  p ro -  

gram. The con lpos i t i on  o f  t h e  f l u o r i d e  i s  g i v e n  i n  Tab le  4; i t  was 

approx imate ly  6  months o l d  a t  t h e  t i m e  o f  use and t h e  z i r c o n i u m  con- 

t e n t  was es t ima ted  t o  be about  0.6 wt%. As p a r t  o f  t h e  WESF process 

t h e  9 0 ~ r ~ 2  had been f i r e d  a t  approx imate ly  1  100°C f o r  8 h r  and then  

crushed t o  -112- in .  g ranu les .  A t  PlVL t h e  m a t e r i a l  was f u r t h e r  crushed 

and a  -114 + 1 / 8 - i n .  s i z e  f r a c t i o n  used f o r  t h e  d i s s o l u t i o n  r a t e  

measurements. 

WESF-grade 9 0 ~ r ~ 2  which  was prepared by PNL u s i n g  t h e  WESF f lowshee t  

and 'OSr f e e d  s o l u t i o n  ob ta i ned  f r om ARHCO. The compos i t i on  o f  t h e  

f l u o r i d e  i s  g i v e n  i n  Tab le  4. The m a t e r i a l  was about  2  y r  o l d  a t  

t h e  t i m e  of use and had a  i s o t o p i c  c o n t e n t  of 52.6%. The z i r -  

conium c o n t e n t  was approx imate ly  2 .4  wt% due t o  decay of  t h e  'OSr. 



TABLE 4. Compos i t i on  o f  t h e  g o ~ r ~ 2  Used i n  t h e  D i s s o l u t i o n  Rate  S t u d i e s  

C o n c e n t r a t i o n ,  w t %  

WESF-Produced W E S F - G ~ ~ ~ ~ ' ~ )  
E l  emen t 9 0 ~ r ~ 2  90Sr ~ 2  

S r 6 3 . C ~ ( ~ )  ~ 6 2 . 5 ' ~ )  

Z  n  - - ND 

Z r  (decay p r o d u c t )  S O .  6  ( b )  ~ 2 . 4  ( b )  

9 0 ~ r  I s o t o p i c  c o n t e n t  50.5% ( b  5 2 . 6 ~ ( ~ )  

( a )  Prepared a t  PNL u s i n g  t h e  WESF f l o w s h e e t  and s o l u t i o n  
o b t a i  ned from ARHCO. 

( b )  A t  t i m e  o f  use 
( c )  ND - n o t  d e t e c t e d  ( t h e  d e t e c t a b l e  1  i m i  t f o r  most e lements  

was QO.GI%) 
( d )  RE - r a r e  e a r t h s  



The f l u o r i d e  had been used i n  a  s h o r t - t e r m  compat i  b i  1  i ty  t e s t i n g  

program d u r i n g  wh ich  i t  had been h e l d  a t  800°C f o r  6 months. A f t e r  

removal f r o m  t h e  t e s t  coup le ,  t h e  m a t e r i a l  was crushed and s t o r e d  i n  

an a1 umina c r u c i b l e  a t  a p p r o x i m a t e l y  100°C u n t i  1  used i n  t h e  d i s s o l  u-  

t i o n  t e s t s .  A  -1 /4  +1/8 i n .  s i z e  f r a c t i o n  was used f o r  t h e  t e s t s .  

H i g h - p u r i t y  n o n r a d i o a c t i v e  SrF2 c o n t a i n i n g  l e s s  t h a n  0.1 w t %  t o t a l  

i m p u r i t i e s  (see Tab1 e  5 ) .  I t  was p repared  f r o m  reagen t -g rade  Sr (N03)2  

and NaF u s i n g  t h e  WESF f l o w s h e e t .  The SrF2 was washed v e r y  t h o r o u g h l y  

t o  remove r e s i d u a l  sodium f l u o r i d e ,  f i r e d  a t  1100°C f o r  s e v e r a l  hours ,  

and ground t o  -200 mesh p r i o r  t o  use.  

Commerc ia l l y -ob ta ined  n o n r a d i o a c t i v e  SrF2 c o n t a i n i n g  abou t  0.5 w t% 

l ' r r ~ p u r i t i e s  ( see  T a b l e  5 ) .  The f l u o r i d e  was f i r e d  a t  1100°C and ground 

t o  -200 mesh. 

WESF grade n o n r a d i o a c t i v e  SrF2 c o n t a i n i n g  i m p u r i t i e s  s i m i l a r  t o  t h o s e  

found  i n  WESF produced ' O S ~ F ~ .  The m a t e r i a l  was p repared  by t h e  WESF 

f l o w s h e e t ,  f i r e d  a t  l l O O ° C ,  and c rushed  t o  -200 mesh. The c o m p o s i t i o n s  

o f  t h e  SrF2 i s  g i v e n  i n  T a b l e  5. 

H i g h - p u r i t y  n o n r a d i o a c t i v e  SrF2 w i t h  added NaF. M i x t u r e s  o f  h i g h -  

p u r i t y  n o n r a d i o a c t i v e  SrF2 (<0.1  w t %  i m p u r i t i e s )  and NaF were f i r e d  

a t  1100°C and c rushed  t o  -200 mesh. 

To e v a l u a t e  t h e  e f f e c t  o f  t he rma l  h i s t o r y  on t h e  d i s s o l u t i o n  b e h a v i o r  

o f  SrF2 t h e  d i f f e r e n t  grades o f  n o n r a d i o a c t i v e  SrF2 powder were f i r e d  a t  

v a r i o u s  tempera tu res  f o r  s p e c i f i e d  t i m e  p e r i o d s .  They were t h e n  crushed,  

and t h e  s u r f a c e  a r e a  and d i s s o l u t i o n  b e h a v i o r  o f  t h e  -1 /4  + 1 / 8 - i n .  s i z e  

f r a c t i o n s  were de te rm ined .  

4.1.2 S t r o n t i u m  T i t a n a t e s  

N o n r a d i o a c t i v e  s t r o n t i  um t i  t a n a t e  ( S r T i 0 3 )  and s t r o n t i u m  o r t h o t i  t a n a t e  

( S r 2 T i 0 4 )  were p repared  by t h e  r e a c t i o n  of  reagen t -g rade  s t r o n t i u m  c a r b o n a t e  

and t i t a n i u m  d i o x i d e .  The f o l l o w i n g  p rocedure  was used. 



TABLE 5. Composit ion o f  t h e  Non rad ioac t i ve  SrFp Used i n  t h e  
D i s s o l u t i o n  Behavior  S tud ies  

Component ( a )  

S r  

Concent ra t ion ,  w t %  
H i g h - P u r i t y  Commercial WESF-Grade 

( a )  Elements n o t  r e p o r t e d  a r e  l e s s  than  d e t e c t a b l e  1  i m i t  
which i s  no rma l l y  0.001%. 

( b )  Rare e a r t h  - t y p i c a l l y  Neodymium 
( c )  ND - n o t  de tec ted  (<0.001%) 

The s t o i c h i o m e t r i c  amounts of SrC03 and T i 0 2  were mixed w i t h  deminer- 

a l i z e d  wa te r  t o  form a  t h i n  s l u r r y .  The s l u r r y  was b a l l  m i l l e d  f o r  

severa l  hours u s i n g  a  p o r c e l a i n  j a r  and Alundum b a l l s .  The m i l l e d  

s l u r r y  was f i l t e r e d  and t h e  cake was washed w i t h  wate r .  The washed 

cake was vacuum d r i e d  a t  200°C and then f i r e d  a t  1450°C f o r  4 o r  8 h r  



i n  an a lumina c r u c i b l e .  The f i r e d  p roduc t  was then  crushed and a  

-1 /4  + 1 / 8 - i n .  s i z e  f r a c t i o n  used f o r  t h e  d i s s o l u t i o n  r a t e  measure- 

ments. Each p roduc t  was analyzed by X-ray d e f r a c t i o n .  The S rT i03  

con ta ined  l e s s  than  1% Sr2T i04  w h i l e  t h e  S r2T i04  con ta ined  l e s s  t han  

1% SrTi03.  The s u r f a c e  areas o f  t h e  two t i t a n a t e s  were determined 

us i ng  t h e  BET method. 

4.1.3 T e s t  S o l u t i o n s  

Four d i f f e r e n t  s o l v e n t s  were used i n  t h e  d i s s o l u t i o n  r a t e  s t u d i e s .  

Deminera l i zed  wate r  hav ing a  r e s i s t i v i t y  o f  2  megohms. The wate r  was 

prepared by i o n  exchange p u r i f i c a t i o n  o f  d i s t i l l e d  wa te r  u s i n g  a  

Corn ing Model LD-5 wate r  p u r i f i e r .  

P l a n t  t a p  wa te r  hav ing  a  r e s i s t i v i t y  of 0.003 megohms ( t h e  r e s i s t i v i t y  

was measured u s i n g  a  c o n d u c t i v i t y  b r i d g e ) .  

S y n t h e t i c  seawater prepared accord ing  t o  t h e  f o r m u l a t i o n  o f  May and 

A1 exander. ( 3 )  The s o l u t i o n  con ta i ned  13.9 mg/a s t r o n t i u m  and 

1 .4  mgla f l u o r i d e  and had a  pH o f  8.2. 

Na tu ra l  seawater,  t aken  from t h e  S t r a i t  o f  Juan de Fuca a t  Sequim, WA: 

i t  con ta ined  7.9 mg/a s t r o n t i u m  and 1.6 nig/a f l u o r i d e ;  t h e  pH was 

8.0. 

Only  t h e  dem ine ra l i zed  wa te r  and n a t u r a l  seawater were used i n  t h e  s o l u -  

b i l i t y  s t u d i e s .  

DISSOLUTION RATE MEASUREMENTS 

The b u l k  o f  t h e  d i s s o l u t i o n  r a t e  da ta  on s t r o n t i u m  f l u o r i d e  ( i n c l u d i n g  

' O S ~ F ~ )  and t h e  s t r o n t i u m  t i t a n a t e s  were ob ta i ned  u s i n g  t h e  dynamic ( f l o w -  

i n g )  system shown i n  F i g u r e  2. The t e s t s  were c a r r i e d  o u t  i n  t h e  f o l l o w i n g  

manner ( u s i n g  SrF2 as an example).  

A  weighed amount o f  -1/4 +1 /8 - i n .  SrF2 g ranu les ,usua l l y  abou t  t h r e e  

grams, was p l aced  i n  a  v e r t i c a l  g l a s s  r e a c t i o n  column and suppor ted  on a  

fi ne pyrex f r i  t. The SrF2 was he1 d  i n  p l  ace u s i  ng a  p l  ug o f  g l a s s  wool . 
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FIGURE 2 .  Dynamic (Flowing) System Used t o  Measure t h e  Disso lu t ion  Rate 
of Stront ium Compounds 



A calibrated thermometer was inserted in the column above the SrF2  to  

measure the solution temperature. Fresh solvent from the supply reser- 

voir was flowed past the SrF2 in an upward direction and overflowed the 

reaction column into a discharge vessel. Samples of the solution leav- 

ing the reaction column were taken on a periodic basis,  f i l t e r ed  

through 0.05 micron (p) Mi 11 ipore f i l  t e r s  to  remove particulates , 
and analyzed for  strontium and f luoride.  

The dissolution ra te  of the SrF2 was calculated from the measured 

strontium content of the solution leaving the column and the known solvent 

f 1 owrate. 

Using a thermostated bath the solution temperature in the reaction 

column could be maintained within +0.3"C over a range of 3 to  90°C. The 

t e s t  solution was metered to  the reaction column using a calibrated con- 

t i  nuous-fl ow syringe pump (Harvasd Apparatus Model 954-4 channel p u m p ) .  

With the pump solution flow could be controlled within +0.5% over a range 

of 1 t o  40 malmin fo r  extended periods of time. The pump was capable of 

metering four streams concurrently, and i t  was standard practice to  run 

four reaction columns a t  one time using one or more t e s t  solvents. 

Detenii-ining the dissolution ra te  of strontium fluoride using the 

dynamic procedure would be representative of an accidental exposure of 

' O S ~ F ~  to  an essent ial ly  in f in i t e  water reservoir such as the ocean or a 

flowing stream. Natural ocean or stream currents would disperse the dis-  

solved strontium, and dissolution would occur a t  a strontium concentration 

only s l ight ly  above that  of the water environment. 

Some dissolution ra te  measurements were atternpted using a s t a t i c  

system in which strontium fluoride was contacted with a known volume of 

solvent and the increase in strontium concentration followed as a function 

of time. The procedure used was as follows: 

A weighed amount of SrF2 was added to  a known volume of solvent in a 

2-P. f l a t  bottom polyethylene f lask.  The f lask was sealed and the 

dissolution a1 lowed to  proceed. Shortly before a sample was to  be 

taken, the solution was s t i r r ed  using a magnetic s t i r r e r  t o  ensure 



adequate mixing. The s t i r r e r  was stopped, the solids allowed to  

s e t t l e ,  and a small sample taken. The sample was f i l t e r e d  through 

a 0.05 p Millipore f i l t e r  to remove particulates and analyzed for  

strontium and fluoride.  

I t  was found tha t  the s t a t i c  system could not be used to  obtain a r e l i ab le  

measure of the dissolution r a t e  of strontium fluoride.  As the concentra- 

tions of strontium and fluoride in solution increased, the dissolution r a t e  

of the f luoride decreased. A t  high strontium and fluoride concentrations 

the 1-imit of precision of the analytical procedures used t o  determine the 

concentrations made i t  d i f f i c u l t  t o  obtain a re l iab le  measure of the ra te  

of change of concentration. Only a limited number of dissolution experi- 

ments were carried out using the s t a t i c  system; however, the s t a t i c  system 

was used for  so lubi l i ty  measurements. 

4.3 SOLUBILITY MEASUREMENTS 

The so lubi l i ty  of strontium fluoride in demineral ized water and natural 

seawater was measured using a s t a t i c  system similar to  tha t  used to  measure 

the dissolution r a t e  of SrF2. A quantity of fluoride was added to  the t e s t  

solvent in a f l a t  bottom polyethylene f lask and the f lask was then sealed. 

The resulting s lurry was s t i r r ed  using a magnetic s t i r r e r .  Periodically,  

the s t i r r i n g  was stopped and the solids were a1 lowed to  s e t t l e .  A sample 

of the c lear  solution was taken, f i l t e r e d  through a 0.05 p Millipore f i l t e r ,  

and analyzed fo r  strontium and fluoride.  The t e s t  was continued until  no 

changes in strontium and fluoride concentrations were observed. I t  usually 

required a period of several weeks to  reach equilibrium. 

The so lubi l i ty  of SrF2 was also measured using a s l igh t ly  d i f fe rent  

procedure. The SrFe  was added t o  the t e s t  solvent in a f lask equipped with 

a condenser and an iner t  gas purge. The s lurry was heated f o r  several. 

hours, cooled to  the desired temperature, and a sample was then taken. 

The sarr~ples were f i l t e red  and analyzed fo r  strontium and fluoride.  The 

ent i re  operation was repeated several times until  the strontium and f luoride 

concentrations reached constant values. 



4.4 ANALYSIS OF TEST SOLUTIONS 

The 'OSr con ten t  of t e s t  samples was determined w i t h  a  271 gas f l o w  

p r o p o r t i o n a l  coun te r  us i ng  methane as t h e  coun t i ng  gas. Determined p re -  

c i s i o n  of t h e  procedure was t3% and t h e  accuracy was 25%. To ensure t h a t  

secu la r  e q u i l i b r i u m  had been e s t a b l i s h e d  between t h e  and t h e  

samples were aged a t  l e a s t  20 days b e f o r e  a n a l y s i s .  The s t r o n t i u m  i s o t o p i c  

con ten t  of t he  s t r o n t i u m  f l u o r i d e  was determined by mass spect roscopy.  

The t o t a l  s t r o n t i u m  con ten t  o f  t h e  t e s t  samples was c a l c u l a t e d  from t h e  

measured 'OSr c o n t e n t  and t h e  i s o t o p i c  ana l ys i s .  

The s t r o n t i u m  c o n t e n t  of non rad ioac t i ve  t e s t  samples was determined 

by flame photometry.  P r e c i s i o n  o f  t h e  procedure was 25% w i t h  no s i g n i f i -  

c a n t  b i as .  The f l u o r i d e  con ten t  o f  t h e  samples was determined us ing  an 

Or i on  Model 94-09 f l u o r i d e  e l ec t rode .  P r e c i s i o n  of  t h e  procedure was 25% 

w i t h  no s i g n i f i c a n t  b i a s .  

I n  some SrF2 d i s s o l u t i o n  exper iments,  a  8 5 ~ r  t r a c e r  was used t o  

ana lyze  f o r  s t r o n t i u m  i n  t h e  t e s t  samples. The s t r o n t i u m  f l u o r i d e  was 

prepared f rom a  s t r o n t i u m  n i t r a t e  s o l u t i o n  o f  known s t r o n t i u m  con ten t  

and 8 5 ~ r  a c t i  v i  t y .  Cal i b r a t i  on s tandards were prepared f rom t h e  n i  t r a t e  

s o l u t i o n .  The 8 5 ~ r  a c t i v i t y  o f  t e s t  samples was determined by gamma 

count ing ,  and t h e  s t r o n t i u m  c o n c e n t r a t i o n  determined by comparison w i t h  

t h e  c a l  i b r a t i o n  standards. P r e c i s i o n  of t he .  procedure was poor (225) 

because o f  low coun t i ng  l e v e l s ,  and o n l y  a  few exper iments  were c a r r i e d  

o u t  us i ng  t h e  8 5 ~ r  t r a c e r .  



5.0 RESULTS AND DISCUSSION 

5.1 STRONTIUM FLUORIDE SOLUBILITY 

The s o l u b i l i t y  o f  s t r o n t i u m  f l u o r i d e  i n  wa te r  i s  o f  i n t e r e s t  i n s o f a r  

as i t  de te rm ines  t h e  maximum p o s s i b l e  s t r o n t i u m  c o n c e n t r a t i o n  when SrF2 i s  

exposed t o  a  s t a g n a n t  o r  l i m i t e d  wa te r  r e s e r v o i r .  I m p u r i t i e s  i n  t h e  SrF2, 

e s p e c i a l l y  s o l u b l e  f l u o r i d e s ,  w i l l  a f f e c t  t h e  e q u i l i b r i u m  s t r o n t i u m  con- 

c e n t r a t i o n  and must be c o n s i d e r e d  when measur ing SrF2 s o l u b i l i t y .  I n  sea- 

wa te r  t h e  e q u i l i b r i u m  s t r o n t i u m  c o n c e n t r a t i o n  may be c o n t r o l l e d  by  i o n i c  

spec ies  o t h e r  t h a n  F-. A l l  s o l u b i l i t y  measurements were made u s i n g  non- 

r a d i o a c t i v e  SrF2. 

5.1.1 S o l u b i l i t y  of SrF2 i n  D e m i n e r a l i z e d  Water 

The s o l u b i l i t y  o f  n o n r a d i o a c t i v e  s t r o n t i u m  f l u o r i d e  i n  d e m i n e r a l i z e d  

w a t e r  was de te rm ined  u s i n g  t h e  two procedures d e s c r i b e d  i n  S e c t i o n  4.3. 

When t h e  s o l u b i l i t y  was de te rm ined  by  equ i  1  i b r a t i n g  SrF2 and w a t e r  a t  a  

g i v e n  t e m p e r a t u r e  i t  r e q u i r e d  up t o  6 weeks f o r  e q u i l i b r i u m  t o  be e s t a b -  

l i s h e d ,  b u t  s e v e r a l  o f  t h e  t e s t s  l a s t e d  f o r  12 t o  15 months t o  ensure 

e q u i l i b r i u m  had been reached.  F i g u r e  3  shows t h e  d a t a  f o r  a  t y p i c a l  

s o l u b i  1  i t y  exper imen t .  The s o l u b i l i t y  o f  h i g h  p u r i t y  SrF2 ( h a v i n g  t h e  

c o m p o s i t i o n  g i v e n  i n  T a b l e  5 )  i n  deminera l  i z e d  wa te r  was measured o v e r  a  

tempera tu re  range  o f  4  t o  50°C, and t h e  r e s u l t s  o b t a i n e d  a r e  summarized i n  

T a b l e  6. The s o l u b i l i t y  d a t a  a r e  s l i g h t l y  h i g h e r  t h a n  those  r e p o r t e d  b y  

~ o h l r a u s c h ( ~ )  and much l o w e r  t h a n  t h e  s i n g l e  v a l u e  r e p o r t e d  b y  C a r t e r  ( 5  

(see F i g u r e  4 ) .  N e i t h e r  Koh l rausch  o r  C a r t e r  d i s c u s s e d  t h e  i m p u r i t y  con- 

t e n t  o f  t h e  SrF2 t h e y  used f o r  t h e  s o l u b i l i t y  measurements; and d i f f e r e n c e s  

i n  c o m p o s i t i o n  c o u l d  accoun t  f o r  t h e  d i f f e r e n c e  between t h e  t h r e e  s e t s  o f  

d a t a .  I n  a d d i t i o n ,  C a r t e r  d i d  n o t  a t t e m p t  t o  a n a l y z e  t h e  s a t u r a t e d  s o l u -  

t i o n  t o  d e t e r m i n e  t h e  e q u i l i b r i u m  s t r o n t i u m  and f l u o r i d e  c o n c e n t r a t i o n s .  

I n s t e a d  he fi 1  t e r e d  t h e  s a t u r a t e d  s o l u t i o n ,  evapora ted  t h e  f i l t r a t e  t o  

d ryness  and f i r e d  t h e  r e s i d u e .  He t h e n  assumed t h e  r e s i d u e  cor responded 

t o  t h e  SrF2 c o n t e n t  of  t h e  s o l u t i o n  a t  s a t u r a t i o n ;  a  p rocedure  wh ich  c o u l d  

be b a d l y  i n  e r r o r  if t h e  SrF2 c o n t a i n e d  any s o l u b l e  i m p u r i t i e s .  
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FIGURE 3. D i s s o l u t i o n  Behavior  o f  High P u r i t y  Nonrad ioac t i ve  S t ron t i um 
F l u o r i d e  i n  Deminera l ized Water a t  23OC 

TABLE 6 .  Sol u b i l  i t y  o f  High P u r i t y  SrF2 i n  Demi ne ra l  i z e d  Water 

S t r o n t i  um F l  u o r i d e  SrF2 Sol u b i l  i t y  
Temperature, Concent ra t ion ,  Concent ra t ion ,  s o l  u b i  ii ty, Product ,  

c - M - g l  2 KS p M 
n 
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FIGURE 4.  The S o l u b i l i t y  o f  S t r o n t i u m  F l u o r i d e  i n  Water 

I m p u r i t i e s  i n  t h e  SrF2 can have a  s i g n i f i c a n t  e f f e c t  on t h e  s o l u b i l i t y  

o f  SrF2 i n  dem ine ra l i zed  water ,  bo th  by t h e  common i o n  e f f e c t  and by t h e i r  

e f f e c t  on t h e  i o n i c  s t r e n g t h  o f  t h e  s o l u t i o n .  T h i s  i s  shown by t h e  s o l u -  

b i l i t y  da ta  o b t a i n e d  u s i n g  t h e  commercial SrF2 and WESF-grade SrF2 whose 

compos i t i ons  a r e  g i v e n  i n  Tab le  5. I n  each case a  m i x t u r e  c o n t a i n i n g  15 g  

o f  f l u o r i d e  p e r  l i t e r  o f  dem ine ra l i zed  wa te r  was reac ted  u n t i l  t h e  s o l u t i o n  

was s a t u r a t e d .  The r e s u l t s  o b t a i n e d  a r e  shown i n  Tab le  7 t o g e t h e r  w i t h  

r e s u l t s  ob ta i ned  w i t h  t h e  h i g h  p u r i t y  SrF2. The i nc reased  f l u o r i d e  concen- 

t r a t i o n ,  r e s u l t i n g  f r om  d i s s o l u t i o n  o f  s o l u b l e  f l u o r i d e  i m p u r i t i e s  i n  t h e  

SrF2, produced a  co r respond ing  decrease i n  t h e  e q u i l i b r i u m  s t r o n t i u m  con- 

c e n t r a t i o n  and t h e  s o l u b i l i t y  o f  SrF2. 

The e f f e c t  o f  i m p u r i t i e s  on SrF2 s o l u b i l i t y  v a r i e s  as t h e  r a t i o  o f  

s o l i d  SrF2 t o  wa te r  i n  t h e  t e s t  m i x t u r e  v a r i e s .  As t h e  q u a n t i t y  o f  SrF2 



i s  increased t h e  d i s s o l u t i o n  of s o l u b l e  f l u o r i d e  i m p u r i t i e s  i n c r e a s e s ,  

producing a corresponding decrease  i n  SrF2 s o l u b i l i t y .  The da t a  given i n  

Table 8 show t h e  change i n  SrF2 s o l u b i l i t y  when varying amounts of  WESF- 

grade SrF2 were e q u i l i b r a t e d  with a cons t an t  volume of demineralized water .  

TABLE 7. The Ef fec t  of Impur i t i e s  on t h  o l u b i l i t y  of SrF2 
i n  Demineralized Water a t  23OC Pa? 

Equilibrium Equi 1 i  b r i  um 
S r  Concent ra t ion ,  F Concentrat ion,  SrF2 Dissolved,  (b) 

Material  - M - M g/ a 
High-Purity SrF2 0.001 07 0.0021 9 0.1 35 

Commercial SrF2 0.000596 0.00462 

WESF-Grade SrF2 0.000170 0.0130 

( a )  15  g of s o l i d  SrF2 added per  1 i t e r  of water .  
( b )  Calculated from t h e  S r  concen t r a t ion .  

TABLE 8 .  The Ef fec t  o f  t h e  WESF-Grade SrF2 - Water Ratio on t h e  
Sol ubi 1 i  t y  of SrF2 i n  Demi neral  ized Water a t  23OC 

Grams of Equi 1 i  br i  u m  Equil ibr ium 
WESF-Grade SrF2 S r  Concentrat ion,  F Concentrat ion,  SrF2 Dissolved,  ( a  1 
Added/ a of  Water - M - M ' !3/ a 

1 0.0010 0.0028 0.13 

( a )  Calcu la ted  from t h e  S r  Concentrat ion.  

5 .1 .2  S o l u b i l i t y  of SrF2 i n  Seawater 

The sol ubi l  i t y  of high-puri t y  nonradioac t ive  SrF2 i n  na tu ra l  seawater  

was determined over  a temperature range of 4 t o  50°C using t h e  procedures 
t h a t  were used with demineral ized water .  The r e s u l t s  ob ta ined  a r e  presented  



i n  T a b l e  9. The d a t a  show t h a t  t h e  s t r o n t i u m  and f l u o r i d e  c o n c e n t r a t i o n s  

a t  s a t u r a t i o n  a r e  abou t  10% h i g h e r  i n  seawater t h a n  i n  d e m i n e r a l i z e d  wa te r .  

A f t e r  c o r r e c t i n g  f o r  t h e  i n i t i a l  s t r o n t i u m  and f l u o r i d e  c o n c e n t r a t i o n s  of  

t h e  seawater,  t h e  d a t a  a l s o  show t h a t  t h e  s o l u b i l i t y  o f  SrF2 i s  s l i g h t l y  

h i g h e r  i n  seawater  t h a n  i n  d e m i n e r a l i z e d  w a t e r .  

TABLE 9. S o l u b i l i t y  o f  H igh -Pur i  t y  N o n r a d i o a c t i v e  SrF2 i n  N a t u r a l  Seawater 

Eaui 1  i b r i u m  E a u i l  i b r i u m  I -  \ 

Temperature, S r  c o n c e n t r a t i o n ,  F  c o n c e n t r a t i o n ,  SrF2 D i s s o l v e d ,  \ a )  
o c - M - M g/ a 

( a )  C a l c u l a t e d  f r o m  t h e  s t r o n t i u m  and f l u o r i d e  c o n c e n t r a t i o n s  a f t e r  c o r r e c t -  
i n g  f o r  t h e  i n i t i a l  s t r o n t i u m  and f l u o r i d e  c o n t e n t  o f  t h e  seawater .  

The s o l u b i l i t y  d a t a  show t h a t  t h e  i m p u r i t i e s  i n  t h e  commercial  and WESF- 

grades of SrF2 have m in ima l  e f f e c t  on t h e  s o l u b i l i t y  o f  SrFe i n  seawater  ( see  

Tab1 e  1 0 ) .  The equ i  1  i b r i u m  s t r o n t i u m  and f l u o r i d e  c o n c e n t r a t i o n s  i n  seawater 

f o r  t h e  t h r e e  grades o f  SrF2 used i n  t h e  t e s t s  were a p p r o x i m a t e l y  t h e  same. 

T h i s  d i f f e r s  d r a s t i c a l l y  f r o m  t h e  t e s t s  w i t h  d e m i n e r a l i z e d  w a t e r  where t h e  

s o l u b i l i t i e s  of  t h e  impure f l u o r i d e s  were much l o w e r  t h a n  t h a t  of t h e  h i g h -  

p u r i t y  SrF2. 

TABLE 10. S o l u b i l i t y  o f  Var ious  Grades o f  SrF2 i n  N a t u r a l  Seawater a t  23OC 

E q u i l i b r i u m  Equi  1  i b r i  um 
S r  C o n c e n t r a t i o n ,  F  C o n c e n t r a t i o n ,  SrF2 D i s s o l v e d ,  

M a t e r i a l  - M - M g/ a 
High-Pur i  t y  SrF2 0.00119 0.00255 

Commercial SrF2 0.001 24 0.0031 1  

WESF-Grade SrF2 0.001 21 0.00269 

( a )  Cal c u l  a t e d  from t h e  s t r o n t i  um c o n c e n t r a t i o n  a f t e r  c o r r e c t i n g  f o r  t h e  
i n i t i a l  s t r o n t i u m  c o n c e n t r a t i o n  of t h e  seawater .  



The a c t i v i t y  s o l u b i l i t y  p roduc t  (Ks)  f o r  SrF2 i s  g i v e n  by t h e  equa t i on  

The a c t i v i t i e s  can be w r i t t e n  as t h e  p roduc t  o f  t h e  r e s p e c t i v e  concen t ra -  

t i o n s  and a c t i v i t y  c o e f f i c i e n t s  so t h a t  

I n  dem ine ra l i zed  wa te r  w i t h  no o t h e r  e l e c t r o l y t e s  p resen t  t h e  a c t i v i t y  

c o e f f i c i e n t s  f o r  a  s l i g h t l y  s o l u b l e  s a l t  such as SrF2 can be t aken  as u n i t y  

so t h a t  

'L 2  'L 
Ks = (Csr)(CF) = 5.1 x  l o - '  ( a t  23OC). 

The a c t i v i t y  c o e f f i c i e n t s  f o r  s t r o n t i u m  and f l u o r i d e  i n  seawater have n o t  

been pub l i shed ,  b u t  based on a v a i l a b l e  da ta  f o r  o t h e r  d i v a l e n t  and mono- 

v a l e n t  i o n s  i n  seawater i t  i s  reasonab le  t o  assume t h a t  ySr 2 0.12 and 
2 YF - 0.7. Us ing these  va lues ,  and assuming t h a t  none o f  t h e  s t r o n t i u m  and 

f l u o r i d e  a r e  complexed, i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  e q u i l i b r i u m  s t r o n -  

t i u m  and f l u o r i d e  c o n c e n t r a t i o n s  f o r  SrF2 i n  c o n t a c t  w i t h  seawater.  A t  

23°C t h e  c a l c u l a t e d  s a t u r a t i o n  va lues  a r e  CSr 2 0.0028 - M and CF 2 0.0055 - M. 

S ince  t h e  c a l c u l a t e d  va lues  a r e  ove r  t w i c e  t h e  measured va lues  (see Tab le  9)  

i t  i n d i c a t e s  t h a t  some mechanism o t h e r  t h a n  t h e  a c t i v i t y  s o l u b i l i t y  p roduc t  

f o r  SrF2 p robab l y  l i m i t s  t h e  s o l u b i l i t y  o f  SrF2 i n  seawater.  T h i s  c o n t r o l -  

l i n g  mechanism was n o t  determined e x p e r i m e n t a l l y ,  b u t  c a l c u l a t i o n s  i n d i c a t e  
- 

t h a t  t h e  s o l u b i l i t y  p roduc t  f o r  SrS04 and t h e  h i g h  c o n c e n t r a t i o n  of SO4- 

i n  seawater p robab l y  l i m i t  t h e  s o l u b i l i t y  o f  SrF2 i n  seawater.  I f  t h i s  i s  

t r u e  i t  would e x p l a i n  why s o l u b l e  f l u o r i d e  i m p u r i t i e s  i n  t h e  SrF2 have no 

a p p r e c i a b l e  e f f e c t  on t h e  s o l u b i l i t y  o f  t h e  SrF2 i n  seawater.  

5.1.3 Comparison o f  SrF2, S rT i03  and SrpTiO, S o l u b i l i t y  Data 

Only  a  l i m i t e d  amount o f  da ta  has been pub l i shed  on t h e  s o l u b i l i t y  o f  

S rT i03  and Sr2T i04  i n  aqueous media. J. ~ e a c e ( ~ )  o f  t h e  M a r t i n  Company, 

Nuc lear  D i v i s i o n ,  measured t h e  s o l u b i l i t y  o f  n o n r a d i o a c t i v e  SrT i03  and 

Sr2T i04  i n  dem ine ra l i zed  wate r  a t  app rox ima te l y  25OC. No i n f o r m a t i o n  was 



p rov ided  on t h e  i m p u r i t y  c o n t e n t  o f  t h e  t i t a n a t e s  used, o r  on t h e  proce-  

dures used i n  de te rm in ing  t h e  s o l u b i l i t i e s  o f  t h e  t i t a n a t e s .  

Tab le  11 p rov ides  a  comparison o f  t h e  PNL s o l u b i l  i t y  da ta  f o r  SrF2 

w i t h  t h a t  r e p o r t e d  by Neace f o r  t h e  t i t a n a t e s .  It i s  d i f f i c u l t  t o  e x p l a i n  

t h e  ex t reme ly  h i g h  va lues r e p o r t e d  by Neace f o r  t h e  s o l u b i l i t y  o f  Sr2T i04  

i n  aqueous s o l u t i o n s ,  e s p e c i a l l y  i n  seawater.  O ther  e q u i l i b r i a  shou ld  

serve  t o  h o l d  t h e  s o l u b i l i t y  o f  Sr2T i04  i n  seawater much below t h e  r e p o r t e d  

va l  ue. 

TABLE 11. A  Comparison o f  t h e  S o l u b i l i t i e s  o f  SrF2, SrT i03  and Sr2TiOq i n  
Deminera l i zed  Water and Na tu ra l  Seawater 

S o l u b i l i t y ,  mg/a 
Demi n e r a l  i zed Na tu ra l  

M a t e r i a l  " C Water Seawater 

SrF9 2  3 135 149 

DISSOLUTION BEHAVIOR OF STRONTIUM COMPOUNDS 

When s t r o n t i u m  f l u o r i d e  i s  con tac ted  w i t h  wate r  i n  a  s t a t i c  system 

t h e  d i s s o l u t i o n  r a t e  c o n t i n u a l l y  decreases as t h e  s t r o n t i u ~ n  and f l u o r i d e  

c o n c e n t r a t i o n s  o f  t h e  s o l u t i o n  i nc rease .  F i g u r e  5 shows a  t y p i c a l  d i s s o l u -  

t i o n  cu rve  ob ta i ned  us ing  t h e  s t a t i c  system. The d i s s o l u t i o n  r a t e  i s  v e r y  

h i g h  i n i t i a l l y ,  b u t  g r a d u a l l y  decreases t o  zero as t h e  s o l u b i l i t y  l i m i t  i s  

reached. The s c a t t e r  i n  t h e  da ta  makes i t  d i f f i c u l t  t o  o b t a i n  a  r e l i a b l e  

measure o f  t h e  d i f f e r e n t i a l  d i s s o l u t i o n  r a t e ;  b u t  t h e  s t a t i c  system can be 

used t o  o b t a i n  an es t ima te  o f  t h e  d i s s o l u t i o n  r a t e  as a  f u n c t i o n  o f  s o l u -  

t i o n  s t r o n t i u m  and f l u o r i d e  concen t ra t i ons .  

When s t r o n t i u m  f l u o r i d e  i s  exposed t o  wate r  i n  a  dynamic ( f l o w i n g )  

system t h e  d i s s o l u t i o n  r a t e  i n i t i a l l y  changes w i t h  t i m e  u n t i l  a  cons tan t  

d i s s o l u t i o n  r a t e  i s  a t t a i n e d .  F i g u r e  6 shows a  t y p i c a l  d i s s o l u t i o n  r a t e  

curve  ob ta i ned  u s i n g  t h e  dynamic system. The t ime  r e q u i r e d  f o r  t h e  d i s -  

s o l u t i o n  r a t e  t o  reach a  s teady -s ta te  va lue  depends on severa l  f a c t o r s :  







i t  i s  usually less  than 6 hr b u t  may be as long as  24 hr. The i n i t i a l  d i s -  

solution r a t e  i s  usually higher than the steady-state r a t e ,  b u t  may be 

lower i f  the SrF2 contains a  high concentration of readily soluble f luoride 

impurities such as  NaF. The quantity of strontium fluoride which dissolves 

before steady s t a t e  i s  reached i s  usually much less  than 1 %  of the fluoride 

i n i t i a l l y  present. As can be seen from Figure 6 there i s  a  considerable 

sca t te r  in the data even a f t e r  steady s t a t e  i s  reached, a n d  i t  i s  necessary 

t o  analyze a  number of samples over a  considerable time span t o  ensure a  

r e l i ab le  measure of the steady-state dissolution ra te  i s  obtained. The 

reproducibili ty of the dissolution r a t e  d a t a  obtained with the dynamic 

system i s  estimated t o  be 515%. 

I t  was found the solvent flow could be varied over a wide range with- 

o u t  affecting the steady-state dissolution r a t e  t o  any s ignif icant  degree. 

For example, in t e s t s  with demineralized water a n d  high-purity'nonradio- 

act ive SrF2 a t  24OC the water flow was varied from 1 . 2  t o  13.0 me/min. 

The resu l t s  obtained are  presented in Table 1 2 :  they indicate tha t  there 

was no s ignif icant  change in the steady-state dissolution r a t e  over the 

range of flow ra tes  used, even t h o u g h  the strontium and fluoride concen- 

t ra t ions  varied by an order of magnitude. 

TABLE 1 2 .  The Effect of Flow Rate on  the ady-State Dissolution Rate of 
High Purity Nonradioactive SrF2 in Demi neral ized Water a t  24°C 

Water Steady State  Solution Concentrations Steady s t a t e  ~ i ~ ~ ~ l ~ t i ~ ~  Rate 
~ l~~ Sr Concentration FConcentration ( p g  Sr Dissolvedlhr-g Sr 

(malmin) ( m g l a )  (!I) ( m g l a )  (MI I n i t i a l l y  Present) 
1 . 2  8.7 9 .9x10-~ 3.8 2.0~10-4 290 + 40 

3.7 3.1 3 .5x10-~ 1.3 6 . 8 x l 0 - ~  320 5 60 

( a )  The SrF2 was f i red  a t  llOO°C for  96 hr, a f t e r  cooling the SrF2 was 
crushed and a -114 +I/€!-in. s ize  fract ion used for  the dissolution 
t e s t s .  The surface area of the material was 440 cm21g. 



T h e o r e t i c a l l y  t h e  d i s s o l u t i o n  r a t e  o f  SrF2 should be p r o p o r t i o n a l  t o  

t h e  d i f f e r e n c e  between t h e  s a t u r a t i o n  and a c t u a l  s o l u t i o n  s t r o n t i u m  con- 

c e n t r a t i o n s  

For  dem ine ra l i zed  water  a t  24°C s a t u r a t e d  w i t h  SrF2 t h e  s t r o n t i u m  s a t u r a -  

t i o n  c o n c e n t r a t i o n  (CSr)S i s  approx imate ly  95 mg/r. R e f e r r i n g  t o  Tab le  12 

i t  i s  seen t h a t  over  t h e  range o f  f l o w  r a t e s  used t h e  maximum s o l u t i o n  

s t r o n t i u m  c o n c e n t r a t i o n s  a r e  o n l y  a  smal l  f r a c t i o n  o f  t h e  s a t u r a t i o n  con- 

c e n t r a t i o n  ( < l o % ) .  There fo re ,  t h e  change i n  t h e  d r i v i n g  f o r c e  f o r  d i s s o l u -  

t i o n  [(CSr)s - (CSr)a] i s  < l o% as t h e  f l o w  i s  v a r i e d  f rom 1.2 t o  13.0 ma/min. 

S ince t h e  p r e c i s i o n  of t h e  exper imenta l  procedure used was about  +15%, t h e  

procedure was n o t  capable o f  d e t e c t i n g  s i g n i f i c a n t  changes i n  t h e  d i s s o l u -  

t i o n  r a t e  o v e r  t h e  range o f  f l o w s  used. 

The a c c i d e n t a l  exposure o f  a  'Osr compound t o  a  n a t u r a l  wa te r  env i r on -  

ment i s  most c l o s e l y  approximated us ing  t h e  dynamic system. Na tu ra l  c u r r e n t s  

i n  t h e  water  would serve  t o  d i s p e r s e  t h e  d i s s o l v e d  s t r o n t i u m  and d i s s o l u -  

t i o n  would occur  a t  a  s t r o n t i u m  c o n c e n t r a t i o n  o n l y  s l i g h t l y  above t h a t  o f  

t h e  wate r  env i ronment .  There fo re ,  most d i s s o l u t i o n  r a t e  measurements were 

ob ta i ned  us ing  t h e  dynamic system; and, un less  o the rw i se  noted,  a l l  d i s -  

s o l u t i o n  r a t e  da ta  presented i n  t h e  f o l l o w i n g  s e c t i o n s  were so ob ta ined .  

A lso,  a l l  dynamic system r a t e  da ta  presented a r e  t h e  s teady s t a t e  va lues .  

The d i s s o l u t i o n  r a t e  da ta  ob ta i ned  u s i n g  n o n r a d i o a c t i v e  s t r o n t i u m  

f l u o r i d e  a r e  expressed i n  two d i f f e r e n t  s e t s  o f  u n i t s :  

grams o f  s t r o n t i u m  d i s s o l v e d  pe r  u n i t  t i m e  per  u n i t  of i n i t i a l  

exposed su r f ace ,  and 

grams o f  s t r o n t i u m  d i s s o l v e d  per  u n i t  t ime  pe r  gram of s t r o n t i u m  

i n i  t i a1 1  y  p resen t .  

The two se t s  o f  u n i t s  a r e  used t o  p e r m i t  a  more v a l i d  comparison of  t h e  

d i s s o l u t i o n  behav io r  o f  SrF2 and t h e  t i t a n a t e s .  Un fo r t una te l y ,  i t  was n o t  

p o s s i b l e  t o  measure t h e  su r f ace  areas o f  ''S~F, samples, and t h e  d i s s o l u t i o n  
L 

r a t e s  o f  t h e  samples a r e  expressed on a  con ta ined  s t r o n t i u m  b a s i s  o n l y .  



5 . 2 . 1  Nonradioactive Strontium Fluoride 

The dissolution behavior of nonradioactive strontium fluoride in 

aqueous solutions was studied in an attempt to identify the factors  which 

influence the dissolution r a t e .  The three grades of nonradioactive SrF2 
and four t e s t  solvents described in Sections 4.1.1 and 4.1.3 were used 

for  the dissolution r a t e  measurements. Samples of the three grades of 

SrF2 were given various thermal treatments and the dissolution ra tes  of 

the treated samples determined using the dynamic system. A large number 

of samples were evaluated a t  24°C and the dissolution resul ts  obtained are  

presented in Tables 13 through 1 5 .  The data show tha t  the dissolution 

behavior of nonradioactive strontium f luoride i s  a complex phenomenon tha t  

i s  influenced by several properties of the SrF2, such as impurity content, 
surface area and thermal his tory,  as we1 1 as the nature and temperature of 

the dissolving medium. The thermal treatment and surface area of the 
strontium fluoride are  interrelated and the relationship i s  highly depen- 

dent on the impurity content of the f luoride.  

Referring to  Tables 13 through 15  i t  can be seen that  for  a specif ic  

solvent ( i  .e .  , demineral ized water) and constant t e s t  temperature (24°C) 

the measured dissolution ra tes  varied u p  t o  sixty-fold depending on the 
character is t ics  of the SrF2. Even f luoride samples having the same 

irr~puri ty  content and surface area had ~narkedl y d i f fe rent  di ssol ution rates  

depending on the thermal treatment they had received, differences tha t  

could not be accounted fo r  by the lack of precision of the experimental 
procedures. 

The e f fec t  of temperature on the dissolution of nonradioactive stron- 

tium fluoride was studied over a range of 3 to  90°C using the dynamic 

system. The t e s t s  were limited to  demineralized water and natural seawater 
using several d i f fe rent  SrF2 samples. The resu l t s  obtained are presented 
in Table 16 and show tha t  the dissolution r a t e  increases with increasing 

solvent temperature as expected. A t  temperatures above 60°C the dissolu- 

tion r a t e  increased very rapidly,  making i t  d i f f i c u l t  t o  obtain a re l iab le  

measure of the ra tes  a t  the higher temperatures. The ef fec t  of temperature 

on the dissolution r a t e  was approximately the same for  a l l  of the SrF2 

sampl es tes ted.  



TABLE 13. The Steady-State D i s s o l u t i o n  Rate o f  H igh -Pu r i t y  Nonrad ioac t ive  SrF2 
i n  Aqueous So lu t i ons  a t  24°C 

Sampl e Surface Area 
NO. Thermal ~ r e a t m t ? n t ( ~ )  cm2/g 

1-A F i r e d  a t  l l O O e C  f o r  20 h r  51 0 

1-8 F i r e d  a t  1100°C f o r  96 h r  440 

1-C F i r e d  a t  900°C f o r  96 h r  500 

1-D F i r e d  a t  800°C f o r  240 h r  51 0 

1 -E F i r e d  a t  100O0C f o r  1 h r  500 

1-F Fused a t  1500°C 620 

W 
0-l 1-G P e l l e t s  pressed t o  70% o f  TD. 

f i r e d  a t  l l O O ° C  f o r  4 h r  91 0 

1-H P e l l e t s  pressed t o  70% o f  TO, 
f i r e d  a t  110O0C f o r  20 h r  390 

1 -1  SrF2 + 10 wt% NaF f i r e d  a t  
l l O O ° C  f o r  4 h r  660 

1-J SrF + 10 wt% NaF f i r e d  a t  
1 1 0 6 0 ~  f o r  20 h r  520 

I - K  SrF2 + 10 wt% NaF fused a t  
1450°C 480 

-- -- O i s s o l u t i o n   ate(^) 
pg Sr Dissolved!hr-g Sr I n i t i a l l y  Present pg Sr ~ i s s o l v e d / h r - c m 2  o f  I n i t i a l  Surface 

Demineral ized Tap Synthet ic  Natura l  Demineral ized Tap Synthet ic  Natura l  
Water Water Seawater Seawater Water Water Seawater . Seawater 

( a )  A f te r  f i r i n g  the  SrF2 was crushed and a -1/4 +] /&in.  s i z e  f r a c t i o n  used f o r  the d i s s o l u t i o n  t e s t s .  
(b)  At the 95% confidence l e v e l .  



TABLE 14. The Steady-State D i s s o l u t i o n  Rate o f  Commercial SrF2 
i n  Aqueous S o l u t i o n s  a t  24°C 

Dissolut ion  ate(^) 
pg Sr Dissolved/hr-g Sr I n i t l a l l y  Present ug Sr ~issolved/hr-cm2 o f  I n i t i a l  Surface 

Sample Surface Area Demineralized Tap Synthetic Natural Demineralized Tap Synthetic Natural 
NO. Thermal ~ r e a t m e n t ( ~ )  -- - cm2/g Water Water Seawater Seawater Water Water Seawater Seawater 

2-A F i r e d a t 1 1 0 O 0 C f o r 4 h r  560 1200 + 220 3 6 0 + 7 3  1 . 4 0 k 0 . 2 7  0.45 + 0.09 

2-0 F i red  a t  1100°C f o r  20 h r  370 620 + 40 680 + 80 140 + 47 110 + 16 1.2 + 0.07 1.3 + 0.15 0.26 + 0.09 0.21 + 0.03 

2-C F i red  a t  1100°C f o r  48 h r  250 235 + 17 330 + 200 210 + 35 150 + 47 0.64 + 0.05 0.92 + 0.56 0.59 + 0.10 0.48 + 0.13 

2-D F i red  a t  900°C f o r  20 h r  580 980 + 120 1200 + 240 210 + 43 350 + 24 1.2 + 0.15 1.4 + 0.28 0.25 + 0.05 0.42 + 0.02 

W 
Q 2-E F i red  a t  900°C f o r  96 h r  4 30 610 t 46 1 5 0 + 1 6  0 .99+0 .07  0.24 + 0.03 

2-F Fused a t  1 500°C 51 0 290 + 47 92 + 17 0.40 + 0.06 0.13 + 0.02 

(a)  A f t e r  f i r i n g  the SrFp was crushed and a -1/4 + 1/8-in. s ize  f r ac t i on  used f o r  the d isso lu t ion  experiments. 
(b)  A t  the 952 confidence leve l .  
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Solu t ion  

TABLE 16. The E f f e c t  o f  Temperature on t h e  D i s s o l u t i o n  Rate o f  
Nonrad ioac t ive  S t r o n t i  um F l u o r i d e  

Disso lu t ion  Rate, g Sr Dissolved/hr-g Sr I n i t i a l l y  Present 
Sample No. 1-8 Sample No. 2-G Samole No. 3-8 Samole No. 3-F 

Samole No. 1-F 
H igh-pur i ty  SrF2 
Fused a t  150O0C 

Demineral. Natural 
Water Seawater 

83 4 1 

99 47 

170 83 

300 

110 

380 140 

700 

760 

2500 

3200 

High-puri ty SrF2 c o k e r c i a l  SrF 
F i red a t  110O0C F i red a t  1100'8 

f o r  96 hr  f o r  48 h r  
Demineral. Natural Demineral. Natural  

Water Seawater Water Seawater 

140 48 120 63 

150 54 130 76 

320 120 240 150 

WESF-Grade SrF WESF-Grade SrF2 
F i red  a t  1100~8  F i red  a t  110O0C 

f o r  1 h r  f o r  16 h r  
Demineral. Natural  Demineral. Natural  

Water Seawater Water Seawater 

73 32 93 39 

7 6 44 96 51 

130 75 200 5 3 

250 330 

100 120 

300 130 4 90 150 

Sample No. 3-P 
WESF-Grade SrF 
Fused a t  155008 

Demineral. Natural 
Water Seawater 

74 3 1 

77 36 

150 7 2 

240 

89 

31 0 120 



Al though t h e r e  a r e  some obv ious excep t ions ,  e v a l u a t i o n  o f  t h e  d i s s o l u -  

t i o n  r a t e  d a t a  i d e n t i f i e s  severa l  i m p o r t a n t  f a c t o r s  r e g a r d i  ng t h e  d i  sso l  u- 

t i o n  behav io r  o f  non rad ioac t i ve  SrF2. 

The d i s s o l u t i o n  behav io r  o f  n o n r a d i o a c t i v e  h i g h - p u r i t y  SrF2 i s  s i m i l a r  

t o  t h a t  o f  commercial SrF2, and t h e y  bo th  d i s s o l v e  a t  a  much f a s t e r  

r a t e  than  t h e  WESF-grade SrF2. The o v e r a l l  re1  a t i v e  d i s s o l u t i o n  r a t e s  

f o r  t h e  h i g h  p u r i t y ,  commercial and WESF-grade SrF2 i n  dem ine ra l i zed  

wate r  a r e  es t ima ted  t o  be 1:1:0.5; a l t hough  t h e r e  a r e  many i ns tances  

where much g r e a t e r  d i f f e r e n c e s  were observed. I n  n a t u r a l  seawater t h e  

o v e r a l l  r e l a t i v e  d i s s o l u t i o n  r a t e s  a r e  es t imated  t o  be 1  :1 :0.7. The 

s lower  d i s s o l u t i o n  r a t e  o f  t h e  WESF-grade SrF2 can be a t t r i b u t e d  t o  

t h e  i m p u r i t i e s  p resen t  i n  t h e  f l u o r i d e .  How the  i m p u r i t i e s  serve  t o  

reduce t h e  d i s s o l u t i o n  r a t e  was n o t  determined, b u t  may r e s u l t  from 

t h e  e f f e c t s  t h e y  have on t h e  s i n t e r i n g  c h a r a c t e r i s t i c s  o f  t h e  SrF2 o r  

from t h e  f o rma t i on  o f  complex phases. It shou ld  be noted,  however, 

t h a t  when a  l a r g e  amount o f  a  r e a d i l y  s o l u b l e  f l u o r i d e  (10  wt% NaF) 

was added t o  h i g h - p u r i t y  SrF2 and samples o f  t h e  m i x t u r e  f i r e d  a t  

h i g h  temperature,  t h e  d i s s o l u t i o n  r a t e s  o f  t h e  t r e a t e d  samples i n  

dem ine ra l i zed  water  were much h i g h e r  t han  those  o f  h i g h - p u r i t y  SrF2 

which had r e c e i v e d  t h e  same thermal  t rea tment .  Thus i t  appears t h a t  

d i f f e r e n t  i m p u r i t i e s  can have g r e a t l y  d i f f e r e n t  e f f e c t s  on t h e  d i s -  

s o l u t i o n  behav io r  o f  SrF2. 

The thermal  t r ea tmen t  t h e  s t r o n t i u m  f l u o r i d e  rece i ves  has a pronounced 

e f f e c t  on i t s  d i s s o l u t i o n  behav io r .  I n  genera l  t h e  h i g h e r  t h e  tempera- 

t u r e  a t  which t h e  SrF2 i s  f i r e d  t he  l owe r  i t s  d i s s o l u t i o n  r a t e .  How- 

ever ,  t i m e  a t  temperature a l s o  a f f e c t s  t h e  d i s s o l u t i o n  r a t e ;  and i t  

i s  p o s s i b l e  f o r  SrF2 h e l d  a t  a  r e l a t i v e l y  l ow  temperature f o r  a  l o n g  

p e r i o d  o f  t i m e  t o  have a  lower  d i s s o l u t i o n  r a t e  t han  SrF2 h e l d  a t  a  

h i g h e r  temperature f o r  a  s h o r t e r  p e r i o d  of t ime.  Much of t h e  i n f l u e n c e  

o f  t h e  thermal t r ea tmen t  on t h e  d i s s o l u t i o n  r a t e  can be a t t r i b u t e d  t o  

i t s  e f f e c t  on t h e  sur face a rea  o f  t h e  SrF2. The r e l a t i o n s h i p  i s  more 

complex than  s imp ly  one of s u r f a c e  area,  however, as w i t ness  t h e  

severa l  exper iments  i n  which f l u o r i d e  samples hav ing  t h e  same 



composition and surface area b u t  d i fferent  thermal treatment had 

markedly different  dissolution ra tes  ( i  . e . ,  Table 15, Samples 3-A and 
3-D; Table 13, Samples 1 - C  and 1 - E ) .  Unfortunately a detailed study 

to  determine how the thermal treatment influences the dissolution 

r a t e ,  other than by i t s  e f f ec t  on surface area,  was beyond the scope 

of t h i s  program. One apparent anomaly regarding the thermal treatment 

and surface area of SrF2 should be noted. When SrF2 powder i s  heated 

above the temperature where sintering begins, one would expect the 

surface area of the f luoride t o  decrease with time a t  temperature, 

and t h i s  i s  generally the case. I t  was found, however, t ha t  when 

WESF-grade SrF2 powder was heated a t  800°C and above the surface area 
did not decrease continuously with time a t  temperature (see Table 17 ) .  

Instead, when the SrFE was held a t  a constant temperature of 800°C or  

higher the surface area decreased very rapidly a t  f i r s t ,  then increased 
somewhat and f i n a l l y  decreased to  a minimum value. The cause of t h i s  

unexpected temperature-time-surface area relationship was not deter-  

mined, b u t  i t  was observed i n  several experiments. The phenomenon was 
not observed with a similar number of SrF2 samples heated a t  tempera- 

tures below 800°C. In these cases the surface area decreased con- 

tinuously with time a t  temperature as expected. 

The dissolution r a t e  of nonradioactive strontium fluoride depends on 

the composition of the aqueous solvent. For the three grades of SrF2 

used in the t e s t s  the dissolution ra tes  were lowest in the natural 

seawater, s l igh t ly  higher in the synthetic seawater, much higher in 
demineralized water and highest in plant tap water. Although the 

resu l t s  from individual experiments varied over a considerable range, 
the overall average dissolution r a t e  of nonradioactive SrF2 in demin- 

eralized water was approximately three times as  great as in the 
natural seawater. The reasons for  the low dissolution r a t e  of SrF2 

in seawater were not determined. However, i t  was shown tha t  the 
i n i t i a l  strontium and fluoride concentrations of the synthetic and 

natural seawater were not high enough to  cause the observed decreases 

in the dissolution ra tes .  This was demonstrated experimentally by 



TABLE 17. The Sur face  Area o f  WESF-Grade SrF2 
as a  Func t i on  o f  Thermal Treatment  

Time a t  
Temperature, h r  

0  

add ing  s t r o n t i u m  n i t r a t e  and sodium f l u o r i d e  t o  dem ine ra l i zed  wa te r  
++ 

t o  g i v e  Sr  and F- c o n c e n t r a t i o n s  e q u i v a l e n t  t o  those  found  i n  

n a t u r a l  seawater,  and measur ing t h e  d i s s o l u t i o n  r a t e  o f  SrF2 i n  t h e  

r e s u l t i n g  s o l u t i o n .  The d i s s o l u t i o n  r a t e s  so o b t a i n e d  were l e s s  than  

those  ob ta i ned  w i t h  t h e  same SrF2 i n  dem ine ra l i zed  wate r ,  b u t  were 

much h i g h e r  than  those  observed i n  n a t u r a l  seawater (see Tab le  1 8 ) .  

TABLE 18. The D i s s o l u t i o n  Rate o f  WESF-Grade SrF2 
i n  Var ious  S o l u t i o n s  a t  24°C 

D i s s o l u t i o n  Rate, 
pg S r  D i sso l ved /h r  g  Sr I n i t i a l l y  P resen t  

Deminera l i zed  Deminera l i zed  Water . , N a t u r a l  
SrF2 Used Water Spiked w i t h  sr f+  and ~ - [ ~ l  Seawater 

Sample 3-G, f i r e d  a t  
1100°C f o r  20 h r  140 + 24 110 f 19 58 20 

Sample 3-N, f i r e d  a t  
800°C f o r  240 h r  360 t 28 290 r 34 130 c 12 

( a )  Sr and F  were added t o  t h e  wate r  t o  g i v e  c o n c e n t r a t i o n s  equal t o  those  
found i n  n a t u r a l  seawater.  



One i m p o r t a n t  a d d i t i o n a l  f a c t  shou ld  be ment ioned r e g a r d i n g  t h e  d i s -  

s o l u t i o n  behav io r  o f  n o n r a d i o a c t i v e  s t r o n t i u m  f l u o r i d e .  The b u l k  o f  t h e  

t e s t s  were c a r r i e d  o u t  u s i n g  -1 /4  t l / 8 - i n .  g ranu les  o f  SrF2 which had been 

f i r e d  a t  800°C o r  h i g h e r .  I n  none o f  t h e  t e s t s  were any o f  t h e  SrF2 

g ranu les  observed t o  d i s i n t e g r a t e  t o  a  powder, even a f t e r  p ro longed  expo- 

su re  t o  t h e  f l o w i n g  s o l v e n t .  T h i s  i s  an i m p o r t a n t  c o n s i d e r a t i o n  i n  

e v a l u a t i n g  t h e  use o f  s t r o n t i u m  f l u o r i d e  hea t  sources f o r  t e r r e s t r i a l  

a p p l i c a t i o n s .  

5.2.2 Rad ioac t i ve  S t r o n t i u m  F l u o r i d e  

The d i s s o l u t i o n  r a t e  o f  9 0 ~ r ~ ,  i n  dem ine ra l i zed  wa te r  and n a t u r a l  sea- 
L 

water  was measured u s i n g  t h e  dynamic system. The two grades o f  'OSrF2 

desc r i bed  i n  S e c t i o n  4.1.1 were used f o r  t h e  t e s t s .  The measurements were 

c a r r i e d  o u t  a t  t h e  ambient tempera tu re  o f  t h e  h o t  c e l l  and s o l v e n t  tempera- 

t u r e s  were app rox ima te l y  30°C. The r e s u l t s  ob ta i ned  a r e  p resen ted  i n  

Tab le  19. The h i g h  d i s s o l u t i o n  r a t e  observed w i t h  t h e  WESF-grade 'OSrF2 

(Sample No. 4-B) i n  dem ine ra l i zed  wate r  i s  d i f f i c u l t  t o  e x p l a i n ,  s i n c e  a  

s i m i l a r  h i g h  r a t e  was n o t  observed i n  seawater.  U n f o r t u n a t e l y ,  t h e r e  was 

n o t  s u f f i c i e n t  WESF-grade 'OsrF2 hav ing  t h e  same thermal  h i s t o r y  a v a i  1  a b l e  

t o  r epea t  t h e  exper iments .  The d i s s o l u t i o n  r a t e s  f o r  t h e  'OSrF2 a r e  h i g h e r  

than  t hose  ob ta i ned  w i t h  s i m i l a r  n o n r a d i o a c t i v e  SrF, samples. Exact  com- 
L 

pa r i sons  .canno t  be made because t h e  sur face  areas o f  t h e  'OSrF2 samples 

a r e  unknown and i t  i s  i m p o s s i b l e  t o  p repa re  n o n r a d i o a c t i v e  SrF2 hav ing  t h e  

same i m p u r i t y  con ten t  and thermal  h i s t o r y  as t h e  9 0 ~ r ~ 2 .  However, Tab le  20 

shows a  comparison o f  r a d i o a c t i v e  and n o n r a d i o a c t i v e  samples hav ing a p p r o x i -  

m a t e l y  t h e  same i n i t i a l  compos i t i on  and thermal  h i s t o r y  ( i n  p repa r i ng  t h e  

n o n r a d i o a c t i v e  SrF2 no a t t e m p t  was made t o  s i m u l a t e  decay p roduc t  b u i l d u p ) .  

The d a t a  show t h a t  t h e  d i s s o l u t i o n  r a t e s  f o r  t h e  r a d i o a c t i v e  'OSrF2 samples 

a r e  f rom 2  t o  18 t imes  as q r e a t  as t hose  f o r  s i m i l a r  n o n r a d i o a c t i v e  samples. - 
However, t h e  'OSrF2 samples were s i m i l a r  t o  t h e  n o n r a d i o a c t i v e  samples i n  

t h a t  t h e  r a d i o a c t i v e  g ranu les  d i d  n o t  d i s i n t e g r a t e  t o  a  powder even a f t e r  

pro1 onged exposure t o  t h e  f i  owi ng so l  ven t .  



TABLE 19. The D i s s o l u t i o n  Rate o f  ' O S ~ F ~  i n  Aqueous S o l u t i o n s  a t  30°C 

D i s s o l u t i o n  Rate, ( c )  

ug S r  D isso lved /h r -g  S r  
I n i t i a l l y  Presen t  

~ ~ 

Deminera l ized Na tu ra l  
No. M a t e r i a l  Water Seawater 

4-A WESF-Pr duced Fuel ( a )  
Grade 98SrF2 442 + 48 298 -' 25 

( a )  F i r e d  a t  l l O O ° C  f o r  ~8  h r ,  -114 + l / 8 - i n .  s i z e  f r a c t i o n  used, 
app rox ima te l y  6  months o l d  a t  t i m e  of t e s t .  

( b )  F i r e d  a t  1  100°C f o r  ~8  h r ,  then  h e l d  a t  800°C f o r  4400 h r ,  
-114 + 118 - i n .  s i z e  f r a c t i o n  used, approx imate ly  2  yea rs  o l d  
a t  t i m e  o f  use. 

( c )  Obtained from d u p l i c a t e  exper iments .  

TABLE 20. Comparison o f  t h e  D i s s o l u t i o n  Rates o f  SrF2 and a t  30°C 

D i s s o l u t i o n  Rate, 
ug S r  D i s s o l v e d l h r - g  S r  

I n i t i a l l y  Presen t  
Sampl e  Demi nera 1  i zed Na tu ra l  

M a t e r i a l  No. Water Seawater 

WESF-Produced 4  -A 442 2 98 

WESF-Grade SrF2 3-E 2 3 0 ' ~ )  1  5 0 ' ~  ) 

WESF-Grade 9 0 ~ r ~ 2  4 - B 1630 270 

WESF-Grade SrF2 3-0 9 0 ' ~  ) 4 0 ' ~ )  

( a )  Est imated va lues  f o r  30°C. 

5.2.3 Non rad ioac t i ve  S t r o n t i  um T i  t ana tes  

The d i s s o l u t i o n  behav io r  o f  n o n r a d i o a c t i v e  s t r o n t i u m  t i t a n a t e s  i n  

dem ine ra l i zed  wate r  and n a t u r a l  seawater was a l s o  s t u d i e d  u s i n g  t h e  dynamic 

system. The SrT i03  and SrT i04  used i n  t h e  t e s t s  a r e  descr ibed  i n  

Sec t i on  4.1.2. The thermal  t r ea tmen t  g i v e n  t h e  t i t a n a t e  sample i s  desc r i bed  



i n  Tab1 e  21 . Unl i ke SrF2, t h e  d i s s o l u t i o n  r a t e s  o f  t h e  t i  tana tes  con t inued  

t o  decrease w i t h  t i m e  and f a i l e d  t o  reach  cons tan t  va lues  even a f t e r  severa l  

hundred hours exposure t o  t h e  f l o w i n g  s o l v e n t .  The d i s s o l u t i o n  r a t e  data 

f o r  t h e  t i t a n a t e s  a r e  shown i n  F igu res  7 th rough  10. The da ta  show t h a t  

Sr2T i04  d i s s o l v e s  a t  a  much more r a p i d  r a t e  t han  SrTi03;  and as was t h e  

case w i t h  SrF2, t h e  t i t a n a t e s  d i s s o l v e  severa l  t imes  f a s t e r  i n  dem ine ra l i zed  

wate r  t han  i n  n a t u r a l  seawater.  

Because t h e  d i s s o l u t i o n  r a t e s  o f  t h e  t i t a n a t e s  c o n t i n u a l l y  decrease 

w i t h  t ime,  i t  i s  d i f f i c u l t  t o  compare t h e i r  d i s s o l u t i o n  r a t e s  w i t h  those  

o f  ' O S ~ F ~  and S r F 2  The wide v a r i a t i o n s  i n  d i s s o l u t i o n  r a t e  o f  SrF2, 

depending on i m p u r i t y  con ten t ,  su r f ace  area and thermal t rea tment ,  make t h e  

comparison even more d i f f i c u l t .  I n  Tab le  22 t h e  maximum and minimum d i s -  

s o l u t i o n  r a t e s  observed f o r  SrF2 and ' O S ~ F ~  a r e  compared w i t h  t h e  d i s s o l  u- 

t i o n  r a t e s  o f  t h e  t i t a n a t e s  a f t e r  50-hr exposure. I f  t h e  d i s s o l u t i o n  r a t e s  

a r e  compared on a  su r f ace  area bas i s  i t  i s  apparent  t h a t  SrF2 d i s s o l v e s  

many t imes  f a s t e r  than  SrT i03  and s u b s t a n t i a l l y  f a s t e r  t han  t h e  Sr2Ti04.  

On t h e  bas i s  o f  con ta ined  s t r on t i um,  however, t h e  SrF2 and ' O S ~ F ~  d i s s o l v e  

a t  a  s lower  r a t e  than  t h e  Sr2Ti04 b u t  severa l  t imes  f a s t e r  than  SrTi03.  

For  an o p e r a t i n g  heat  source o f  a  g i ven  hea t  ou tpu t ,  t h e  number of c u r i e s  

(and grams) o f  r e q u i r e d  w i l l  be abou t  t h e  same rega rd less  o f  t h e  com- 

pound used. There fo re ,  i n  e v a l u a t i n g  source s a f e t y  i t  appears t h e  most 

reasonable procedure i s  t o  compare t h e  f l u o r i d e  and t h e  t i t a n a t e s  on a  

bas i s  o f  con ta ined  s t r o n t i u m .  . 

TABLE 21. Thermal Treatment o f  S t ron t i um T i t a n a t e  Samples Used i n  t h e  
D i s s o l u t i o n  Tes ts  

Sampl e  Sur face Area 
No. M a t e r i a l  Thermal Treatment cm2/ 

4-A SrT i03  F i r e d  a t  1450°C f o r  4  h r ,  crushed and 
-114 +1 /8 - in .  s i z e  f r a c t i o n  used f o r  t e s t s .  15,000 

4-8 SrT i03  F i r e d  a t  1450°C f o r  8  h r ,  crushed and 
-114 +1 /8 - i n .  s i z e  f r a c t i o n  used f o r  t e s t s .  1,000 

4-C Sr2T i04  F i r e d  a t  1450°C f o r  4  h r ,  crushed and 
-114 + 118- in .  s i z e  f r a c t i o n  used f o r  t e s t s .  12,000 

4-0 Sr2T i04  F i r e d  a t  1450°C f o r  8  h r ,  crushed and 
-114 + 118- in .  s i z e  f r a c t i o n  used f o r  t e s t s .  2,300 
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TABLE 22. Comparison o f  t h e  D i s  o l u t i o n  Rates o f  SrF2, ' O S ~ F ~ ,  S r T i 0 3  
and Sr2TiOq a t  2q0c (a  4 

D i s s o l u t i o n  Rate 

uq S r  Dissolved/hr-4 S r  uq S r  ~ i s s o l v e d / h r - c m 2  
- I n i t i a l l y  p resen t  of I n i t i a l  Sur face 

Demi nera l  i zed Natura l  Demi ne ra l  i zed Natura l  
M a t e r i a l  

SrF, (minimum r a t e )  (b )  
L 

SrF2 (maximum r a t e )  ( b )  

g0srF2 (minimum r a t e )  ( c )  

9 0 ~ r ~ 2  (maximum r a t e )  ( c )  

SrTi03 (minimum r a t e )  ( d l  

SrTi03 (maximum r a t e )  ( d l  

Sr2Ti04 (minimum r a t e )  ( e l  

Sr2Ti04 (maximum r a t e )  ( e l  

Water 

3 2 

1900 

440 

Seawater Water Seawater 

24 0.14 0.062 

460 1.8 0.54 

270 

298 

11 0.0053 0.0024 

76 0.021 0.0050 

440 0.13 0.07 

1400 0.16 0.095 

( a )  9 0 ~ r ~ 2  data a r e  f o r  30°C. 
( b )  Minimum and maximum equi 1 i br ium d i s s o l u t i o n  r a t e s  observed w i t h  any nonrad ioac t i ve  

SrF2 sample. 
( c )  Minimum and maximum e q u i l i b r i u m  d i s s o l u t i o n  r a t e s  observed w i t h  any ''srF2 sample. 
( d l  Minimum and maximum d i s s o l u t i o n  r a t e s  observed w i t h  any SrTi03 sample a f t e r  50-hr exposure. 
( e )  Minimum and maximum d i s s o l u t i o n  r a t e s  observed w i t h  any Sr2Ti04 sample a f t e r  50-hr exposure. 

The above compar ison does n o t  t a k e  i n t o  accoun t  t h e  a p p a r e n t  c o n t i n u a l  

decrease i n  d i s s o l u t i o n  r a t e  o f  t h e  t i t a n a t e s  w i t h  t i m e .  If t h e  d i s s o l u -  

t i o n  r a t e  o f  t h e  S r 2 T i 0 4  c o n t i n u e s  t o  dec rease  w i t h  t i m e  t h e n  i t  i s  pos-  

s i b l e  t h a t  t h e  r a t e  may decrease t o  t h e  p o i n t  where i t  i s  l e s s  t h a n  t h a t  

No p r e v i o u s  work has been r e p o r t e d  on t h e  d i s s o l u t i o n  b e h a v i o r  o f  

r a d i o a c t i v e  s t r o n t i u m  f l u o r i d e .  However, a  number o f  y e a r s  ago Gray ( 1  

s t u d i e d  t h e  d i s s o l u t i o n  b e h a v i o r  o f  n o n r a d i o a c t i v e  SrF2 i n  d e i o n i z e d  w a t e r ,  

n a t u r a l  and s y n t h e t i c  seawater ,  and h y d r o c h l o r i c  a c i d  s o l u t i o n s .  The 

s t r o n t i u m  f l u o r i d e  used f o r  t h e  t e s t s  was s p i k e d  w i t h  a  l o w  l e v e l  o f  8 5 ~ r  

t r a c e r  f o r  a n a l y t i c a l  purposes.  U n f o r t u n a t e l y  no i n f o r m a t i o n  was p r o v i d e d  

on t h e  i m p u r i t y  c o n t e n t  o f  t h e  s t r o n t i u m  f l u o r i d e  used i n  t h e  s t u d i e s .  

The t e s t s  were c a r r i e d  o u t  a t  25OC and 66°C u s i n g  b o t h  s t a t i c  and dynamic 

systems. The d a t a  were r e p o r t e d  on a  s u r f a c e  a rea  b a s i s ,  b u t  s u f f i c i e n t  

i n f o r m a t i o n  was p r o v i d e d  t o  a l l o w  c o n v e r s i o n  o f  t h e  d a t a  t o  a  c o n t a i n e d  

s t r o n t i u m  b a s i s .  Gray a l s o  i n v e s t i g a t e d  t h e  d i s s o l u t i o n  b e h a v i o r  o f  



n o n r a d i o a c t i v e  S r T i 0 3  and S r 2 T i 0 4  under  s i m i l a r  c o n d i t i o n s .  Again,  how- 

eve r ,  no d a t a  were p r o v i d e d  on t h e  p u r i t y  o f  t h e  two  compounds. 

D i r e c t  compar ison o f  t h e  PNL and Gray d a t a  i s  d i f f i c u l t  because o f  

d i f f e r e n c e s  i n  t h e  the rma l  t r e a t m e n t  and p r o b a b l e  d i f f e r e n c e s  i n  i m p u r i t y  

c o n t e n t  o f  t h e  compounds used f o r  t h e  two s t u d i e s .  T a b l e  23 shows b o t h  

s e t s  o f  d a t a  f o r  SrF2, S r T i 0 3 ,  and S r 2 T i 0 4  samples t h a t  had t h e  g r e a t e s t  

s i m i l a r i t y  i n  t h e r m a l  t r e a t m e n t .  It s h o u l d  be no ted ,  however, t h a t  t h e  

s u r f a c e  a reas  o f  t h e  compounds used by Gray were much l e s s  t h a n  t h o s e  o f  

t h e  c o r r e s p o n d i n g  PNL compounds. O v e r a l l ,  t h e r e  a r e  s u b s t a n t i a l  d i f f e r e n c e s  

i n  t h e  measured d i s s o l u t i o n  r a t e s  f o r  each compound, e s p e c i a l l y  when com- 

pared on a  s u r f a c e  a rea  b a s i s .  T h i s  i s  n o t  unexpected,  however, c o n s i d e r -  

i n g  t h e  d i f f e r e n c e s  i n  the rma l  t r e a t m e n t  and s u r f a c e  areas o f  t h e  v a r i o u s  

samples. E v a l u a t i o n  o f  t h e  r e s u l t s  does show s e v e r a l  a reas  o f  agreement 

between t h e  two s e t s  o f  d a t a  i n c l u d i n g :  

The d i s s o l u t i o n  r a t e  o f  SrF2 i n  a  dynamic sys tem changes i n i t i a l l y ,  

b u t  reaches a  c o n s t a n t  v a l u e  a f t e r  s e v e r a l  hours  exposure.  

The d i s s o l u t i o n  r a t e s  o f  t h e  t i t a n a t e s  i n  a  dynamic sys tem a p p a r e n t l y  

decrease c o n t i  nua l  l y  w i t h  t i m e .  

The d i s s o l u t i o n  r a t e s  o f  t h e  t i t a n a t e s  a r e  l o w e r  i n  n a t u r a l  and syn-  

t h e t i c  seawater t h a n  i n  d e m i n e r a l i z e d  o r  d e i o n i z e d  w a t e r .  

G r a y ' s  d a t a  show t h e  r e l a t i v e  d i s s o l u t i o n  r a t e s  i n  a l l  t e s t  s o l u t i o n s  

were S r 2 T i 0 4  > SrF2 > S rT i03 .  The PNL d a t a  a r e  i n  agreement on a  

c o n t a i n e d  s t r o n t i u m  b a s i s ;  b u t  on a  s u r f a c e  a r e a  b a s i s  t h e  d i s s o l u t i o n  

r a t e  i s  h i g h e r  f o r  SrF2 t h a n  f o r  S r2T i04 .  

One s i g n i f i c a n t  a r e a  o f  d i sag reement  was t h a t  t h e  PNL d a t a  show t h e  d i s -  

s o l u t i o n  r a t e  o f  SrF2 i s  h i g h e r  i n  d e m i n e r a l i z e d  w a t e r  t h a n  i n  seawater 

(same as t h e  t i t a n a t e s ) ,  w h i l e  G r a y ' s  d a t a  showed t h e  o p p o s i t e  e f f e c t .  

O t h e r  d a t a  have been r e p o r t e d  i n  t h e  l i t e r a t u r e  on t h e  d i s s o l u t i o n  

b e h a v i o r  o f  n o n r a d i o a c t i v e  SrT iOg and Sr2T i04 .  A l l  o f  t h e  d a t a  were 

o b t a i n e d  u s i n g  s t a t i c  systems, however, and a r e  d i  f f i c u l  t t o  compare w i t h  

t h e  PNL d a t a  wh ich  were o b t a i n e d  w i t h  t h e  dynamic system. 



TABLE 23. Comparison of a  PNL and  ray") D i s s o l u t i o n  Rate Data 
Obtained w i t h  a  Dynamic System 

Sur face  Area 
M a t e r i a l  cm2/ 

PNL s ~ F ~ ( ~ )  660 

Gray S ~ F ~  ( c )  93 

PNL s r T i o 3 ( d )  1000 

Gray ~ r T i 0 ~ ( ~ )  6  2  

PNL s ~ ~ T ~ o ~ ( ~ )  2300 

Gray s r 2 T i o 4 ( g )  65 

Temperature 
"C 

D i s s o l u t i o n   ate'^) 
pg S r  D i s s o l v e d l h r - g  Sr pg Sr  D i s s o l v e d l h r - c m  2  

I n i t i a l l y  P resen t  o f  I n i t i a l  Sur face  
Deminera l i zed  N a t u r a l  Deminera l i zed  N a t u r a l  

Water Seawater Water Seawater 

140 58 0.14 0.06 

340 48 0  2.4 3.7 

The SrF2 r a t e s  a r e  t h e  s teady  s t a t e  d i s s o l u t i o n  r a t e s ,  t h e  t i t a n a t e  r a t e s  a r e  t h e  
d i f f e r e n t i a l  d i s s o l u t i o n  r a t e s  a f t e r  20 h r  exposure. 
Sample 3-6 WESF-grade SrF2 f i r e d  a t  llOO°C f o r  20 h r .  
SrF2 p repared  by  f l o w s h e e t  s i m i l a r  t o  t h e  WESF f lowshee t .  The SrF was f i r e d  a t  1200°C 
f o r  7  h r  and t h e n  crushed.  A -60 +80 mesh f r a c t i o n  was used f o r  t i e  t e s t s .  

d )  Sample 4-8 f i r e d  a t  1450°C f o r  8  h r .  
e )  M a t e r i a l  f i r e d  a t  1400°C f o r  12 h r .  A -60 +80 mesh f r a c t i o n  was used f o r  t h e  t e s t s .  
f )  Sample 4-D f i r e d  a t  1  450°C f o r  8  h r .  
g )  M a t e r i a l  f i r e d  a t  1450°C f o r  1 2  h r .  A -60 +80 mesh f r a c t i o n  was used f o r  t h e  t e s t s .  

Some da ta  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e  on t h e  d i s s o l u t i o n  behav io r  

o f  9 0 ~ r ~ i 0 , .  ( 7 -9 )  A1 1  o f  t h e  da ta  r e p o r t e d  were ob ta i ned  us inq  s t a t i c  
3 ., 

systems. The 9 0 ~ r ~ i 0 3  used f o r  t h e  t e s t s  was i n  t h e  f o rm  of h o t  pressed 

o r  c o l d  pressed and s i n t e r e d  pe l  l e t s ;  and t h e  d i s s o l u t i o n  r a t e  da ta  were 

r e p o r t e d  on t h e  b a s i s  o f  p e l l e t  geometr ic  sur face area.  Most of  t h e  t e s t s  

used s t o i c h i o m e t r i c  SrT i03  p e l l e t s ,  b u t  p e l l e t s  which con ta ined  an excess 

o r  d e f i c i e n c y  o f  T i 0 2  were a l s o  t e s t e d .  Data on t h e  i m p u r i t y  c o n t e n t  o f  

t h e  t i  t a n a t e  pe l  l e t s  was 1  i m i t e d  t o  t h e  o t h e r  a1 k a l  i n e  e a r t h  elements Ca, 

Ba, and Mg. Comparison o f  t h e  9 0 ~ r ~ i 0 ,  d i s s o l u t i o n  r a t e  da ta  w i t h  t h a t  
3 

f o r  9 0 ~ r ~ 2  i s  d i f f i c u l t  because t hey  were ob ta ined  u s i n g  d i f f e r e n t  systems 

( s t a t i c  versus dynamic) and because of  d i f f e r e n c e s  i n  i m p u r i t y  c o n t e n t  and 

thermal h i s t o r y .  To g e t  a  r e l a t i v e  measure o f  t h e  d i s s o l u t i o n  r a t e s  t h e  

average d i s s o l u t i o n  r a t e  o f  9 0 ~ r ~ i 0 3  f o r  t h e  f i r s t  t e n  days exposure t o  a  

s o l v e n t  was c a l c u l a t e d  fro111 t h e  r e p o r t e d  da ta  and compared w i t h  t h e  PNL 

determined d i s s o l u t i o n  r a t e s  f o r  "SrF,. The r e s u l t s '  so ob ta i ned  a r e  p re -  
L 

sented i n  Table 24; they  show t h a t  t h e  d i s s o l u t i o n  r a t e  f o r  9 0 ~ r ~ i 0 3 ,  on a  



contained strontium basis,  i s  much less  than tha t  of 9 0 ~ r ~ , .  I t  must be 
L 

remembered, however, tha t  the dissolution ra t e  of g o ~ r ~ i ~ 3  in a  flow system 
niay be s ignif icant ly different  from i t s  dissolution ra te  in a  s t a t i c  system. 

TABLE 24.  Comparison of ''SrF2 and 9 0 ~ r ~ i 0 3  Dissolution Rates 

Dissolution Rate, 
pg Sr Di ssol ved/hr-g Sr I n i t i a l l y  Present 

Material 
- A  

Natural Seawater Demineral ized Water 

( a )  Average ra t e  for  f i r s t  ten days in a  s t a t i c  system. 

5.3 ASSESSMENT OF g o ~ r ~ 2  DISSOLUTION B E H A V I O R  DATA 

The so lubi l i ty  and dissolution ra t e  of ''S~F, in fresh water and sea- 
L 

water are relat ively high and i f  g o ~ r ~ 2  i s  accidentally exposed to  a  water 

envi ror~ment the consequences may be quite serious. Assessing the hazards 
associated with such an exposure i s  very d i f f i c u l t ,  however, because of 

the many variables involved. A number of theoretical analyses have been 
carried out by different  investigators on the consequences of a  release of 

radioactivity ( i  e . ,  g o ~ r ~ i ~ 3 ,  238~u02)  to  an ocean environment, and a  

similar study i s  planned for  'OsrF2 using the experimental data developed 

in th i s  study. Such a study will allow a more r e a l i s t i c  comparison of 
''SrF2 and g o ~ r ~ i ~ 3  as heat source fuel s  for  t e r re s t r i a l  appl ications.  

Some idea of the potential problems involved in using g o ~ r ~ 2  as a  heat 
source fuel can be gained by considering the basic solubi l i ty  and dissolu- 
tion ra t e  data. The maximum permissible concentration (mpc) for  'OSr in 

7 

water in an uncontrolled environment i s  3  x lo - '  pCi/ma. The so lubi l i ty  

of strontium fluoride in seawater a t  ocean temperatures i s  in the range of 

0.13 to 0.14 g/e. For ''SrF2 having a  "Sr isotopic content of 50% t h i s  

corresponds to  a  concentration of about 6 x  Ci/ma which i s  about 



2 x  10" t imes  t h e  mpc 1 eve1 . Since a WESF capsule f i l  l e d  w i t h  f u e l  grade 

9 0 ~ r ~ 2  c o n t a i n s  about  150,000 C i  o f  "Sr when f r e s h l y  loaded, t h e  p o t e n t i a l  

e x i s t s  f o r  con tamina t ing  a l a r g e  volume o f  water  i f  t h e  source i s  a c c i -  

d e n t a l l y  exposed t o  an aqueous env i ronment .  

Based on t h e  measured d i s s o l u t i o n  r a t e  f o r  9 0 ~ r ~ ,  i n  seawater. i t  
L 

should r e q u i r e  about  135 days f o r  t h e  9 0 ~ r ~ 2  con ta ined  i n  a  WESF capsu le  

t o  d i s s o l v e  i f  exposed i n  t h e  ocean. I n  a c t u a l i t y  t h e  t ime  r e q u i r e d  would 

be much l o n g e r  s i n c e  severa l  f a c t o r s  would serve t o  reduce t h e  d i s s o l u t i o n  

r a t e .  Even so, t h e  r a t e  o f  d i s s o l u t i o n  would be niuch g r e a t e r  than  t h e  r a t e  

o f  decay o f  t h e  "Sr and a l a r g e  volume o f  wa te r  would be contaminated t o  

a  ve ry  h i g h  l e v e l  w i t h  "5,. The t h e o r e t i c a l  analyses ment ioned above w i l l  

be needed t o  de f i ne  t h e  e x t e n t  t o  which t h e  water su r round ing  t h e  capsu le  

would be contaminated and t h e  consequences of t h e  exposure. 



6.0 CONCLUSIONS 

Eva lua t i on  of t h e  exper imenta l  da ta  ob ta i ned  i n  t h i s  s t udy  and t h a t  

r e p o r t e d  by p rev i ous  i n v e s t i g a t o r s  leads  t o  seve ra l  conc lus i ons  r e g a r d i n g  

t h e  d i s s o l u t i o n  behav io r  o f  s t r o n t i u m  f l u o r i d e  and t h e  s t r o n t i u m  t i t a n a t e s  

when exposed t o  aqueous media. 

The d i s s o l u t i o n  r a t e s  o f  t h e  r a d i o a c t i v e  s t r o n t i u m  compounds i n  

aqueous media a r e  much g r e a t e r  t han  those  o f  t h e  n o n r a d i o a c t i v e  com- 

pounds. T h i s  i s  most l i k e l y  due t o  t h e  i n t e n s e  be ta  and bremsst rah-  

l u n g  a c t i v i t y  assoc ia ted  w i t h  9 0 ~ r - 9 0 ~  decay, b u t  t h i s  has n o t  been 

proven exper imenta l  l y .  For  9 0 ~ r ~ 2  t h e  measured d i s s o l u t i o n  r a t e s  

i n  seawater and dem ine ra l i zed  wate r  a r e  up t o  18 t imes  g r e a t e r  than  

t h e  d i s s o l u t i o n  r a t e s  o f  n o n r a d i o a c t i v e  SrF2 o f  s i m i l a r  compos i t i on  

and thermal  h i  s t o r y .  

The presence o f  s o l u b l e  f l u o r i d e  i m p u r i t i e s  i n  t h e  s t r o n t i u m  f l u o r i d e ,  

such as those  n o r m a l l y  found i n  WESF produced ' O S ~ F ~ ,  appears t o  

decrease t h e  d i s s o l u t i o n  r a t e  i n  aqueous media. The i m p u r i t i e s  a l s o  

decrease t h e  s o l u b i l i t y  o f  SrF2 i n  dem ine ra l i zed  wate r ,  b u t  have 

l i t t l e  e f f e c t  on i t s  s o l u b i l i t y  i n  seawater.  The e f f e c t  o f  decay 

p roduc t  b u i l d u p  on t h e  d i s s o l u t i o n  r a t e  and s o l u b i l i t y  o f  s t r o n t i u m  

f l u o r i d e  was n o t  determined.  

I n  gene ra l ,  t h e  l o n g e r  s t r o n t i u m  f l u o r i d e  i s  h e l d  a t  a  h i g h  tempera tu re  

(2500°C) t h e  l owe r  w i l l  be i t s  d i s s o l u t i o n  r a t e  i n  aqueous media. 

The d i s s o l u t i o n  r a t e s  of t h e  f l u o r i d e  and t i t a n a t e s  a r e  much l owe r  i n  

seawater t han  i n  f r e s h  o r  dem ine ra l i zed  wate r .  The o v e r a l l  average 

d i s s o l u t i o n  r a t e  f o r  a l l  of t h e  s t r o n t i u m  f l u o r i d e  samples s t u d i e d  

was app rox ima te l y  t h r e e  t imes  g r e a t e r  i n  dem ine ra l i zed  wa te r  than  i n  

seawater.  

D i r e c t  comparison o f  t h e  d i s s o l u t i o n  o f  s t r o n t i u m  f l u o r i d e  and t h e  

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

t i t a n a t e s  appear t o  decrease c o n t i n u a l l y  w i t h  t ime .  However, 



e v a l u a t i o n  of a l l  t h e  da ta  a v a i l a b l e  f o r  bo th  n o n r a d i o a c t i v e  and 

r a d i o a c t i v e  compounds i n d i c a t e  t h a t  SrF2 d i s s o l v e s  i n  aqueous media 

a t  a  f a s t e r  r a t e  than SrTiOj  b u t  a t  a  s lower  r a t e  than  Sr2T i04 .  

Both t h e  d i s s o l u t i o n  r a t e  and s o l u b i l i t y  of 9 0 ~ r ~ 2  i n  aqueous media 

a r e  r e l a t i v e l y  h igh .  If g o ~ r ~ 2  i s  a c c i d e n t a l l y  exposed t o  an aqueous 

env i ronment .  such as t h e  ocean, r a p i d  d i s p e r s a l  o f  t h e  'Osr would r e s u l t  

and t h e  consequences c o u l d  be q u i t e  se r i ous .  Therefore,  if 9 0 ~ r ~ 2  i s  t o  

be used as a  hea t  source f u e l ,  t h e  f u e l  conta inment  must be adequate t o  

ensure t h e  9 0 ~ r ~ 2  w i l l  n o t  be i n  c o n t a c t  w i t h  t he  water  i f  t h e  source i s  

a c c i d e n t a l l y  exposed t o  an aqueous env i ronment .  
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