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CsA1 S i  e x h i b i t s  more a c i d  res i s tance  than po l  1  u c i  t e  ( . C S A ~ S ~  *06).  A t  

pH values of 1.02 and 1.40, t he  e x t r a c t i o n  o f  Cs from CsA1Si5OI2 a t  25oCwas 

approx imate ly  p r o p o r t i o n a l  t o  t he  square r o o t  o f  leach  t ime. The Cs ex t rac -  

t i o n  a t  2 5 ' ~  v a r i e d  as [ H ' ] ~ ' ~ ~  over  t h e  pH range o f  1 t o  6. Also, t h e  Cs 

e x t r a c t i o n  i n  va r i ous  b r i n e s  a t  300°c/30 MPa was comparable w i t h  t h a t  f o r  

po l  1  u c i  t e .  . . 

CsA1Si501z can be c r y s t a l l  i z e d  a t  ~ O O O ~ C  from ca l c ines  i f  a  smal l  amount 

o f  CaO i s  present ,  b u t  i n  t h e  absence o f  such s i n t e r i n g  ac ids,  c r y s t a l l i z a t i o n  

temperatures of s1400°c a r e  necessary. C o m p a t i b i l i t y  da ta  were a l so  obta ined 

w i t h  respec t  t o  severa l  o t h e r  phases w i t h  which CsA1Si5012 migh t  be expected t o  

c o e x i s t  i n  t a i l o r e d  ceramics designed f o r  h igh - l eve l  defense waste. 
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I. INTRODUCTION 

The immob i l i za t i on  of 1 3 7 ~ s  i s  an impor tan t  problem i n  r a d i o a c t i v e  waste 

management. A1 though 1 3 7 ~ s  can be ' read i  l y  incorpora ted  i n  waste glasses, the  

c r y s t a l  1 i ne t a i  1 ored-cerami c approach may present  a more a t t r a c t i v e  a l t e r -  

na t i ve .  I n  t h i s  l a t t e r  approach, p o l l u c i t e  (CsA1Si206) i s  a poss ib le  hos t  f o r  

1 3 7 ~ s  removed from r a d i o a c t i v e  waste supernates a t  the  Rockwell Hanford Opera- 

t i o n s  s i t e , ( 6 )  USA. P o l l u c i t e  a l s o  forms as the Cs hos t  i n  the  ta i lo red-ceramic  

s imu la t ions  designed by McCarthy f o r  reprocessing wastes. Ba r i  um ho l  lan-  

d l  t e r  nomina l ly  BaA1 2Ti6016, i s  t he  C s  hos t  i n  the  ti tanate  t a i  lored-ceramic 

s imu la t ions .  (4,5) 

I 

The h igher  S i / A l  r a t i o  i n  CsA1Si5012 r e l a t i v e  t o  p o l l u c i t e  would suggest, by 

analogy w i t h  the  we1 1 -known p rope r t y  o f  z e o l i t e s ,  ( 7 )  t h a t  CsAlSi would have 
- -- 

more a c i d  leach res i s tance  than p o l l u c i t e .  CsAlSi5012 was f i r s t  repo r ted  t o  be 

synthesized f rom a me l t (8 )  'and was present  as an undesired phase i n  ceramic w e -  

para t ions  of CsA1Si04 and CsA1Si206 s to i ch iomet r i es .  (9'10) I t a l s o  has been 

repor ted  t o  form c e r t a i n  Cs-loaded mordenites when heated, (11) b u t  n o t  o thers .  (12) 
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11.  EXPERIMENTAL 

Ceramic m a t e r i a l s  f o r  l each  and compati b i  1  i t y  s t u d i e s  were made f rom A1 and 

Cs n i t r a t e  s o l u t i o n s  which were mixed w i t h  an ammonia-s tab i l ized S i02  emulsion. 

I n  o r d e r  t o  avo id  f o rma t i on  of  undes i red  Cs-bear ing phases such as p o l l u c i t e ,  

a  s t o i c h i o m e t r y  which was 20% d e f i c i e n t  i n  Cs was m o s t l y  used. The d r i e d  mix-  

t u r e s  were c a l c i n e d  a t  600°c, c o l  d-pressed i n t o  12.7-mm-di ameter p e l  1  e t s  under 

a  p ressure  o f  %ZOO MPa, and f i r e d  i n  a i r .  

For t h e  l each  s tud ies ,  t h e  p e l l e t s  were f i r e d  a t  1 4 0 0 ~ ~  f o r  2  days. We l l -  

c r y s t a l l i z e d  CsA1Si5012 was ob ta ined .  A  few ve ry  weak e x t r a  X-ray d i f f r a c t i o n  

peaks, presumably due t o  a1 uminosi 1 i c a t e s  , were a1 so- de tec ted .  No o t h e r  Cs- 

bea r i ng  phase was de tec ted .  Chemical a n a l y s i s  of t h e  p roduc t  gave va lues i n  

good agreement w i t h  those expected i n  t h e  absence o f  Cs l o s s  by v o l a t i l i z a t i o n .  

. . 

S ince CsA1 S i  was r e p o r t e d  t o  form i n  heated mordeni t e ,  (,11) some s t u d i e s  

of  Cs-loaded z e o l i t e s  were made i n  t h e  p resen t  work. One o f  t h e  z e o l i t e s . s t u d i e d  

was Nor ton "Zeolon" mordeni te ,  which has a l r eady  been i n v e s t i g a t e d .  (") The 

o t h e r  z e o l i t e  was " I on -S i v  IE-95," a  m i x t u r e  o f  chabaz i te  and e r i o n i t e .  Th i s  

l a t t e r  m a t e r i a l  i s  a  p o s s i b l e  m a t e r i a l  f o r  1 3 7 ~ s  removal f rom r a d i o a c t i v e  waste 

supernates a t  t h e  Savannah R i v e r  Labora to ry ,  USA. 

For d i s s o l u t i o n  st. l ldies a t  25'~.  1 -g  samples o f  -60+100 mesh powder were 

each p laced  i n  100 m l  o f  so l ven t .  The s i z e d  powders were washed b r i e f l y  i n  

de ion i zed  wate r  and acetone t o  remove f i n e  p a r t i c l e s  adher ing  t o  t h e  l a r g e r  

p a r t i c l e s .  The s o l v e n t  cons i s ted  o f  de ion ized  wate r  which was ad jus ted  t o  a 

g i ven  pH by t h e  a d d i t i o n  o f  a  few drops o f  HC1 o r  KOH. The r e a c t i o n  m ix tu res  

were con ta ined  i n  po lypropy lene  f l a s k s ,  which e x h i b i t e d  no measurable t r a n s p i  r a -  

t i o n  losses  i n  pro longed t e s t s ,  and which were p laced  i n  a  t empera tu re -con t ro l l ed  

shaker ba th .  To f o l l o w  the  t ime  dependence o f  t h e  l each  behav io r ,  1-ml a l i q u o t s  

were p e r i o d i c a l l y  wi thdrawn, added t o  10  ml o f  a c i d i f i e d  water ,  and spec t ro -  

p h o t o m e t r i c a l l y  analyzed f o r  t h e  c a t i o n  of  i n t e r e s t .  



. In h i  gh-temperature "hydrothermal " studies ,  20 mg of -230+325 mesh powder, 

together with 200 111 of . leachant,  -were sealed inside a gold .capsule, and the 
0 .  capsule was placed in an autoclave and maintained a t  300 C/30 MPa for  l4.days.  

The 1 eacha.nts. were deionized water and vari:ous chloride solutions. After t r ea t -  ' 

ment, the solutions were spectrophotometrlically analyzed, and the separated 

so l ids  were studied by-X-ray diffract ion.  Surface areas of powders were measured 

by the BET technique using N2 gas. 

Powder X-ray d i f f rac t ion  was carried out with a standard diffractometer 

using graphi te-monochromated C u b  radiation. 



I l l .  RESULTS 

A.  DISSOLUTION BEHAVIOR 

P r e l i m i n a r y  exper iments showed t h e  Cs e x t r a c t i o n  f r om CsA1Si501q was very  

smal l  f o r  pH va lues between .about 3 and 12. Accord ing ly ,  t h e  most d e t a i l e d  

k i n e t i c s  s t u d i e s  were conducted a t  pH va lues o f  1.02 and 1.40. F i g u r e  1 p re -  

sents  da ta  c o l l e c t e d  over  a  70-day pe r i od .  A lso  shown a r e  some comparat ive 

r e s u l t s  (.Ad1 e t  a1 . , i n  p repara t ion) ,  f o r  n a t u r a l  p o l l u c i t e  g ranu les  hav ing  t h e  

same mesh s i z e  as t h e  CsA1Si5012. I n  n e i t h e r  case was any pH d r i f t  no ted  ove r  

t h e  d u r a t i o n  o f  t h e  exper iments.  

F i gu re  2 i l l u s t r a t e s  t h e  dependence o f  t h e  Cs e x t r a c t i o n  a f t e r  50 days on 

pH i n  the '  a c i d  range. The 's lope '  o f  t h e  l i n e a r  l o g  [ C S ]  v s '  pH r e l a t i o n  was 

found as -0.36. 

The r e s u l t s  o f  t h e  h igh- temperature l e a c h  s t u d i e s  f o r  C S A ~ S ~ ~ O ~ ~ ~  a r e  g i ven  

i n  Tab le  1. A lso  shown a r e  comparat ive da ta  ob ta i ned  on s i m i l a r l y  s i z e d  s y n t h e t i c  

(,phase-pure). p o l  1  u c i  t e  granules,  which were prepared f rom a  c a l c i n e  s i n t e r e d  a t  

1 4 0 0 ~ ~  f o r  2 days. 
- 

B. CRYSTALLIZATION BEHI\VIOR 

A p r e p a r a t i o n  was made which was chem ica l l y  s i m i l a r  t o  t h a t  used i n  t h e  

s tudy  o f  t h e  d i s s o l u t i o n  behav io r  o f  CsA1Si5012. However, i n s t e a d  o f  f i r i n g  

i t  d i r e c t l y  a t  1 4 0 0 ~ ~ ~  .it was f i r e d  a t  p r o g r e s s i v e l y  h i g h e r  temperatures i n  t h e  

900 t o  1 4 0 0 ~ ~  range a f t e r  c a l c i n a t i o n  and c o l d  p ress ing .  Two p e l l e t s  were used 

and heated t oge the r ;  one was s t u d i e d  g r a v i m e t r i c a l l y  and t h e  o t h e r  by X-ray 

d i f f r a c t i o n .  The r e s u l t s  a r e  shown i n  Table' 2; one obv ious conc lus ion  i s  t h a t  

a  f i r i n g  t empera t~ l r e  o f  i 1 4 0 0 ~ C  i s  r e q u i r e d  t o  o b t a i n  good c r y s t a l  1  i z a t i o n .  
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Figure  1. Time dependence of percentage Cs e x t r a c t i o n  f o r  s y n t h e t i c  
CsAlSi5012 and n a t u r a l  p o l l u c i t e  a t  pH = 1.02 and 1.40, a t  250C. 
Curves A and B a r e  t h e  r e s u l t s  f o r  t he  p o l l u c i t e  a t  pH = 1.02 and 
1.40, r e s p e c t i v e l y ,  w h i l e  Curves C and D a re  the  corresponding 
r e s u l t s  f o r  CsA1Si5012. 

F igure  2. 50-Day Cs E x t r a c t i o n  fo r  C S A I S ~ ~ O ~ ~  a t  2 5 ' ~  
as a  Funct ion of pH i n  the  Ac id  Range 



TABLE 1 

14-DAY C S  EXTRACTION RATES* FOR SYNTHETIC [OLLUCITE 
AND CsA1Si5012 I N  VARIOUS LEACHANTS A T 3 0 0  C/30 MPa 

Pol 1 u c i  t e  

Leachant Rate* I E x t r a  X-Ray L ines  

De ion i  zed H20 

3M KC1 

3M MgC1 

NBT-6 ~ r i n e ~  

*Rates a r e  g i ven  i n  gmmm-2.day-1, based on BET s u r f a c e  areas, and 
a r e  norma l i zed  w i t h  r espec t  t o  t h e  Cs con ten ts  o f  t h e  s t a r t i n g  
m a t e r i a l s .  All t h e  e x t r a  X-ray l i n e s  were r e l a t i v e l y  weak. 

t ~ ~ ~ - 6  b r i n e  i s  composed o f  10 w t  % MgC12, 10 w t  % CaC12, 5 w t  % 
K C l ,  5 w t  % NaC1, and 70 w t  % H20. 

De ion ized  H20 

3M KC1 

3M MgC12 

NBT-6 Br ine t  
- 

DOE/ET/41900-14 
(ESG-DOE- 13369) 

0.15 

- 

9.2 

6.7 

- 

-. 

11.3, 4.63 A 
0 

11.0, 4.7, 4.5 A 

0.31 

6.9 

4.4 

4.9 

- 

K-fe ldspar  + 8.4 

8.4, 4.76, 4.58, 3.91, 3.84 

8.4, 4.58 A 
. -.> -.- 



TABLE 2 

GRAVIMETRIC AND X-RAY RESULTS ON SEQUENTIAL SINTERING 
I N  A I R  OF CALCINES OF C S ~ . ~ A ~ S ~ ~ ~ ~ ~  STOICHIOMETRY 

I n  o r d e r  t o  lower the  c rys ta l - , l i - za t ton  temperature, v a r i o u s  m a t e r i a l s  were 

Heat Treatment 

24 h/900°c 

2 h/ 1 1 0 0 ~ ~  . . 

2 h/ 1250 '~  . . 

2 h/ 1 4 0 0 ~ ~  . . 

48 h 1 1 4 0 0 ~ ~  

added. A c a l c i n e  of C S ~ + ~ A ~ S ~ ~ ~ ~ ~  s to ich iomet ry  was made up, pu lver ized,  and 

d i v i d e d  i n t o  a l i q u o t s .  Various metal ox ides were added t o  d i f f e r e n t  a l i q u o t s  

by m i x i n g  i n  app rop r ia te  q u a n t i t i e s  o f  n i t r a t e  s o l u t i o n s  o f  Mg,, Ca, Na o r  Pb, 

To ta l  % 
Weight Loss 

4.24 . 

. 4.35 

. . .  4.44 

4.49 

5.94 

H BO s o l u t i a n ,  o r  a s l u r r y  of T i 0 2 .  (anatase) i n  water.,: A f t e r  s l u r r y i n g  w i t h -  3 3 

X-Ray Resul ts  

' Amorphous. 

Amorphous + smal.1 ampunt o f  CsA1Si5012 

~ m o r ~ h o u s  + s h a l l  amount o f  CsA1Si5OI2 

Main ly  CsA1Si5012 t small  amounts o f  

amorphous m a t e r i a l  and. CsA1Si 0 
? 6 

Main ly  CsA1Si5012 + some CsAlSi206 

addi  ti onal  water  as necessary, d r y i n g  and r e c a l  c i  n i  ng , pe l  1 e t s  were made as 

be fo re  us ing  a pressure o f  200 MPa. I n  comparative t e s t s , ' a l l  p e l l e t s  were 

f i r e d  toge the r  f o r  3 h. 
. . . . .  . ,  . 

I n  a t e s t  a t  1 2 0 0 ~ ~  us ing  1 w t  % o f  admixed metal oxide, good c r y s t a l  1 i z a -  

t i o n  of CsA1Si50i2 was o n l y  achieved w i t h  the  MgO a d d i t i v e .  The o the r  prepara- 

t i o n s  were mos t l y  amorphous w i t h  some poor l y  c r y s t a l l i z e d  p o l l u c i t e .  However, 

some CsA1Si5012 was observed i n  t h e  p repa ra t i on  t o  which the  CaO was added. 

I n  o t h e r  t e s t s ,  0 t o  4 w t  % of MgO o r  CaO was added, and f i r i n g s  were 

conducted a t  800 t o  1 1 0 0 ~ ~ .  No samples d isp layed observable c r y s t a l l i z a t i o n  

a f t e r  f i r i n g  a t  800 o r  9 0 0 ~ ~ .  A f t e r  f i r i n g  a t  1 0 0 0 ~ ~ ~  a l l  samples t o  which MgO 

was added and t h e  one con ta in ing  1 w t  % o f  CaO were amorphous. However, the  



- 
sample con ta in ing  2 w t  % of CaO conta ined some c r y s t a l  1  i n e  CsA1Si and t h e  

samples con ta in ing  3 and 4 w t .  % o f  CaO had f u l l y  c r y s t a l l i z e d  i n t o  CsA1Si5012. 

samples f i r e d  a t  . l l O o ° C  were p a r t l y  c r y s t a l l i n e  when they  conta ined MgO and were 

f u l l y  c r y s t a l  l i n e  if t.hey conta ined 2 t o  4 wt  ,% CaO. 

Near -sa tura t ion  loadings of Cs by ion-exchange i n  " Ion-S iv  IE-95" z e o l i t e  

r e s u l t e d  i n  a m i x t u r e  of p o l l u c i t e  and CsA1Si5012 on f i r i n g  a t  1000 t o  1 2 0 0 ~ ~ .  

V i r t u a l l y  phase-pure C S A ~ S ~ ~ O ~ ~  was formed on f i r i n g  s i m i l a r l y  loaded mordeni t e  

a t  . I000 t o  1200'~. , Th i s  r e s u l t  was. i n  agreement w i t h  the  f i n d i n g s  o f  Forberg 

and Westermark, (11) bu t  n o t  w i t h  those o f  Mimura and Kanno. (12) Perhaps chemical 

d i f f e r e n c e s  among t h e  samples were respons ib le  f o r  t h e  l a c k  o f  agreement. The 

p rec i se  temperature a t  which c r y s t a l l i z a t i o n  occur red  i n  t h e  present  work v a r i e d  

from batch t o  batch and i n  t he  d e t a i l s  o f  t h e  Cs load ing ;  t h e  c r i t i c a l  f a c t o r  

appeared t o  be t h e  degree of exchange of d i v a l e n t  ca t i ons  present  i n  t he  z e o l i t e s .  , 

However, f u r t h e r  work i s  needed t o  c l a r i f y  t h i s  p o i n t  i n  d e t a i l .  Th i s  l a t t e r  

f e a t u r e  fo l l owed  f rom the  observat ions on t h e  e f f e c t  o f  a d d i t i v e s  on t h e  c r y s t a l -  

l i z a t i o n  o f  ca l c i nes  o f  C S ~ . ~ A ~ S ~ ~ ~ ~ ~  s to i ch iome t ry .  Some chemical analyses 

were made and Cs losses on f i r i n g  were smal l ,  p robab ly  ~ 2 % .  
, ., 

A t  low (.<20% of  saturat ion) .  Cs load ing ,  no recogn izab le  c r y s t a l l i n e  Cs , >. 
a l u m i n o s i l i c a t e s  were formed on high-temperature f i r i n g .  These prepara t ions  , . 

me1 t e d  on heat ing  t o  1 2 0 0 ~ ~ .  These r e s u l t s  were n o t  unexpected i n  v iew o f  t h e  

resu l  t s  on t h e  compati b i  1  i t y  o f  nephel i n e  and CsAlSi 5012/C~A1Si206 (see 

s e c t i o n  III .C).. 

C.  COMPATIBILITY 

The c o m p a t i b i l i t y  o f  CsA1Si5012 w i t h  va r i ous  phases p o s s i b l y  o c c u r r i n g  i n  

t a i l o r e d  ceramics designed f o r  immob i l i za t i on  o f  r a d i o a c t i v e  wastes a t  t h e  

Savannah R ive r  Laboratory (\13-151 was s tud ied .  These phases were a-A1203, 

nephel i n e  (,NaA1Si04), (,Fe,Ni s p i n e l  , and U%+, (u ran in i  t e )  . 



The r e s u l t s  were n o t  e n t i r e l y  conclusive, because o f  the aforementioned . . 

d i f f i c u l t y  o f  : c rys ta l  1 i z i n g  C S A ~ S ~ ~ O ~ ~ . .  from ca l c i nes .  Calcines o f  CsA1Si5Ol2 

composit ion were mixed ,irCvariou.s proport iqns. w i t h  each o f  - t he  cal  c.ines cor-  

responding t o  :the o ther  phases o f  i n t e r e s t .  . The. mixtures.  were pel  1 e t i  zed and 
f i r e d  a t  1 2 0 0 ~ ~  f o r  2 h. ~ o r . . m i x t u r e s  conta in ing nephel i n e  and a-A1 203, 

fi p ing  was .performed: i n '  a i  k; for t h e  m i x t u r ' e i  coritain:ing sp ine l  and u ran in i te ,  
. . 

t he  f i r i n g s  were c a r r i e d  ou t  i n  sealed P t  capsules. For 3 : l  and i:l n e p h e l i n e l  

CsA1Si5012 (,by weight).  mixtures,  the c r y s t a l l  i ne products were p o l l  uc i ' te and 

nephel ine ;  bu t  f o r  a 10:1 n e p h e l i n e / ~ s ~ l ~ i ~ ~ ~ ~  mix tu re ,  on ly  c r ys ta l 1  i ne  nephel i ne  

was observed. For the o ther  .,mixtures, on ly  the sp ine l  , uran i  n i  te ,  .or  a1 umi na 

c r y s t a l  1 i zed. 

Pa r t  o f  the CsA1Si5012 ca l c i ne  was then f i r e d  a t  1 4 0 0 ~ ~  t o  produce a mix ture  

o f  c r y s t a l l i n e  p o l l u c i t e  and C S A ~ S ~ ~ O ~ ~ .  This was mixed w i t h  the o ther  calc ines 

and f i r e d  as prev ious ly .  There was no evidence o f  reac t ion  o f  the sp ine l ,  

u r a n i n i  te ,  o r  alumina.. w i t h  the  Cs .a luminosi l  i ca tes ,  and' the sp ine l  , u r a n i n i  te ,  

and a1 umiria merely c r y s t a l  1 ized.  The nephel i n e  ca lc ine,  however, '.did reac t  'wi.th 

the  Cs a1 umi nosi 1 i cates.. ;T.h.e. products were the same as the above-mentioned 
. . 

experiments w i t h  the  mixed C S A ~ S ~ ~ O ~ ~  a n d  nephel i n e  calc ines.  . . 



,IV; DISCUSSION 

A p l o t  of t h e  Cs e x t r a c t i o n  a g a i n s t  t h e  square r o o t  of  l each  t i m e  i s  shown 

i n  F igu re  3. T h i s  p l o t  shows a  c l e a r  l i n e a r  dependence up t o  a  l each  t ime  o f  

%50 days. However, t h e  da ta  a r e  approx imate ly  c o n s i s t e n t  w i t h  a  l i n e a r  depend- 

ence f o r  t h e  e n t i r e  100 days, and an a p p r o p r i a t e  s t r a i g h t - l i n e  f it o f  t h e  da ta  

i s  shown. 

F igu re  3. Cs E x t r a c t i o n  f o r  CsAlSi 0 as a  
Func t ion  of  t h e  Square Root o f  ~eagh 'y ime 

The dependence on pH o f  t h e  Cs e x t r a c t i o n  i n  F i g u r e  2 i s  c l e a r l y  based on 

sparse data.  It m igh t  be argued t h a t  t h e  exper imenta l  p o i n t  a t  pH = 5.8 c o u l d  

be s t r o n g l y  pe r t u rbed  by t h e  d i s s o l u t i o n  o f  a  v e r y  smal l  f r a c t i o n  o f  f i n e  

p a r t i c l e s  adher ing  t o  t h e  l a r g e r  p a r t i c l e s .  However, i n  none o f  t h e  t ime  depend- 

ence data,  i n c l u d i n g  t h a t  f o r  pH = 5.8, was t h e r e  any s i g n  o f  "excess" d i s s o l u t i o n  

f rom such a.cause a t  smal l  l e a c h i n g  t imes.  No pH d r i f t  was no ted  e i t h e r .  'Tak ing 



the r e su l t s  a t  face value, the Cs extraction varies as [H']~, where n i0 .36 and 

the value of the exponent i s  in severe disagreement with the value of .unity 

predicted by an ion-exchange model of Cs extraction. 

No conclusions about the congruence of the dissolution process~could~be  

reached, par t ly  because of the low solubi l i ty  of s i l i c a  in acid. However,. the 
principal problem was tha't,  as previously mentioned, additional aluminosil i ca te  

phases were very l ike ly  present. Experimentally, fo r  the pH = 1.02 .measurements, 

the molar concentration of the A1 present in the leaching solution was about 50% 

greater  .than the, molar concentration of 'CS.  

The acid l e a c h  ra tes  of CsAlSi5012 and pol luc i t e  a t  25 '~  and pH = 1.02 a r e  

now compared. The CsA1Si5012 was a ceramic preparation with each granule con- 

s i s t i n g  of a somewhat porous aggregate of micron-sized grains. The natural 

pol 1 uci t e  granules were derived from natural pol 1 uci t e  powder which was' s i  ntered 

a t  1 3 0 0 ~ ~  and then crushed. This material was also somewhat porous (Ad1 e t  a l . ,  

in  preparation).  The BET areas of the pol luc i te  and the CsA1Si5012 were 0.08 and 
2 0.18 m g g m - l ,  respectively.  A1 though the absolu te  values of such determinations 

may be somewhat controversial , re la t ive  values .shou?d be . fa i r ly  re l iab le .  Some 

Cs leach r a t e s  a t  d i f fe rent  pH values a re  given in Table' 3 .  We conclude tha t  at 
pH = 1.02 and 25O~, CsA1Si5012 i s  approxiniately 30 times more res i s tan t  to  Cs 

extraction than polluci t e .  A t  pH = 1.40, the factor  i s  ~ 2 5 .  However, with 

increasing pH, in the acid range, the factor  decreases and a t  pH = 5.8, the Cs 
extraction from polluci t e  .is comparable wi th  that  from CsA1Si5012 (using a value 

:. f o r  pol luci te  which was derived from extrapolation of data obtained a t  lower pH 

val ues) . 

In neutral envi ronrnents of approximately 25O~,  no firm .deductions can be 

made since the, leach rates  of both materials are  minute. In principle,  measure- 

.. ment.~. might be. made using f ine r  powders. However, a t  l eas t  for  pol luci.te (Ad1 e t  

a1 ., in  preparation),  when experiments were t r ied  with sig,nificant.ly f iner .  

powders, many problems arose w i t h  the par t ic les  fa i l ing  to  s e t t l e  in reasonable 

times. 



TABLE 3  

Cs LEACH RATES* OF POLLHCITE 
AND CsA1Si5012 AT 25 C 

. *Values are  i n  gm*m'2-day-1 and a r e  averages 
over  t h e  f i r s t  50 days of leach ing .  Sur- 
face  areas were de r i ved  f rom BET measure- 
ments. I f  geometr ic surface areas were 
used, values f o r  p o l l u c i t e  and CsAlSi 012 
would be increased by fac to rs  o f  8  an8 18, 
r e s p e c t i v e l y  . 

'see t e x t .  

PH 

1.02 

1.40 

5.8 

12.4 

A t  ~ 9 5 ' ~ ,  t h i s  ques t ion  cou ld  i n  p a r t  be answered us ing  t h e  we1 1  -known 

Soxhlet  t e s t .  For p o l l u c i t e ,  prepared by ceramic techniques, Strachan and 

~ c h u l z ( ~ )  found 2.8 k 0.2% mass l o s s  i n  3  days. The p a r t i c l e  s i z e  was -40+60 mesh. 

By t h e  same methods, us ing  s i m i l a r l y  s i zed  p a r t i c l e s ,  we found a  3-day mass l o s s  

of 0.2% f o r  CsA1Si5012. Experimental p o i n t s  were ob ta ined (and f r e s h  water used) 

a f t e r  1, 3, 7, and 1.4 days, and t h e  mass l o s s  r e s u l t s  were e s s e n t i a l l y  l i n e a r  i n  

t ime.  Of  course, t h i s  t e s t  o n l y  g ives  p a r t  of t h e  answer because i n  n e i t h e r  case 

were m o n o l i t h i c  granules employed, f o r  which the sur face  area cou ld  be r e l i a b l y  

Pol 1  u c i  t e  

2.47 x  lo- '  
1.23 x  lo- '  
3.3 x  10- 5 + 

8.3 x  

measured. For  t he  CsA1Si5012 prepara t ion ,  t he  deduced leach r a t e  based on mass 

l oss ,  and us ing  the  geometr ica l  surface area, was 10.1, gm-m-2*day-1. 

CsA1 S i  

6.5 x  

5.0 x  

4.9 

4.7 

A t  300°c, t h e  data ob ta ined i n  de ion ized  water  gave comparable Cs ex t rac -  

t i o n  f i g u r e s  f o r  p o l  1  u c i  t e  and C ~ A I S ~ ~ O ~ ~ .  The var ious  c h l o r i d e  s o l u t i o n s  gave 

cons iderab ly  more Cs leach ing  than d i d  de ion ized  water,  and t h e r e  was somewhat 

more f r a c t i o n a l  Cs e x t r a c t i o n  f rom t h e  CsA1Si5012 than the  p o l l u c i t e .  . However, 

t he  d i f f e rence  was o n l y  a  f a c t o r  of about two. Komarneni and  hi t e ( 1 6 )  have a l s o  

repo r ted  on t h e  a c t i o n  o f  de ion ized  water and var ious  c h l o r i d e  s o l u t i o n s  on 



p o l l u c i t e  prepared by techniques s imi . la r  t o  those employed i n  the  present  work. 

They used 50% l a r g e r  p a r t i c l e s . b u t  t h e i r  leach times were tw ice  those used here. 

Approximate ly  s im i  1  a r  r e s u l  t s  woul d  have been expected. I n  t h e .  present  work, 

however, t h e  ( u n i d e n t i f i e d )  a1 t e r a t i o n  prodwct.(s) formed' on t reatment  o f  .pol  l u -  

c i t e w i t h  MgC12 s o l u t i o n  y i e l d e d  powder X-ray l i n e s  a t  d-spacings o f  11.3 and 

4.63 i, whereas Komarneni and White '(i6) repo r ted  c h l o r i t e  t o  form. A f t e r  t r e a t -  

ment w i t h  3M KC1 , t h e  CsA1Si'5012 p repa ra t i on  showed a d d i t i o n a l  X-ray 1  ines  a t  

4.23, 3.80, 3.22, and. 3.04 which we a t t r i b u t e  to  K-fe ldspar , (17)  together  w i t h  

an a d d i t i o n a l  1  i ne a t  8.4 i. This l a t t e r  1  i n e  was observed a f t e r  CsA1Si 5012 was 

t r e a t e d  w i t h  each of  t h e  c h l o r i d e .  media. I t  i s ,  o f  course, poss ib le  t h a t  the  

a l t e r a t i o n  products observed f o r  the  t r e a t e d  c ~ A ~ s ~ ~ o ~ ~  were a c t u a l l y  der ived 

from. t h e .  a luminosi  1  i c a t e  i m p u r i t i e s  r a t h e r  than CsA1Si5OI2 i t s e l f .  

The r e l a t i v e  Cs e x t r a c t i o n  ra tes  a t  pH = 12.4 f o r  p o l l u c i t e  and  CsA1Si5OI2 
. . i .  

a r e  now cons idered.  I n  experiments a t  2 5 ' ~  w i t h  -pol  l u c i  t e ,  - i n  which 3M KCI' 

a c i d i f i e d  w i t h  HC1 was used as the  leachant,  i t  was found ' t h a t  a t  constant  pH, 

t h e  presence of K+ i n h i b i t e d  t h e  Cs e x t r a c t i o n  cons iderab ly  (Ad1 e t  a l . ,  i n  

p r e p a r a t i o n ) .  Th i s  e f f e c t  was n o t  observed i n  s i m i l a r  experiments on C ~ A ~ S ~ ~ O ~ ~ ,  

so t h e  s l o w e r ' d i s s o l u t i o n  r a t e  of p o l l u c i t e  i n  d i l u t e  KOH r e l a t i v e  t o  CsAlS i5~12 

may i n  p a r t  be due t o  t h e  presence'of  t he  KT ions .  
. ? 

The c r y s t a l l i z a t i o n  and c o m p a t i b i l i t y  s tud ies  a re  now b r i e f l y  discussed. As 

expected f rom the r e s u l t s  o f  Odoj e t  a l . ,  ( I 8 )  CsA1Si 50i20i~ s ~ i  t a b l y  ref . ractory.  

The we igh t  l o s s  of t he  p e l l e t  ( T a b l e ' 2 )  on f i r i n g  a t  900 C i s  a t t r i b u t e d  p r i n c i -  

p a l  ly t o  decomposi t i o n  o f  r e s i d u a l  n i t r a t e s  as experience has shown t h a t  6 0 0 ' ~  i s  

n o t  adequate t o  complete ly  decompoie CsN03 (see a i s o  ~ e f e r e n c e  19) .  . Another . 

p o s s i b i l i t y  i s  t h a t  t he  pressed p e l l e t  may have absorbed H20 from the  a i r .  

Weight losses on hea t i ng  beyond 9 0 0 ~ ~  were minimal . The formation of compounds 

l e s s  r i c h  i n -  Si02 than CsA1Si5012 o n  f i r i n g  a t  in te rmed ia te  temperatures i s  n o t  

s u r p r i s i n g  .' 
\ 

; ~b i n d i c a t i o n s  o f  i ncompati b i  1  i t y  o f  e i t h e r  C ~ A I S ' ~  o r  po l  1  u c i  t e  were 

observed w i t h  &spe;t t o  UOZ, sp ine l  (Fe,Ni ) , o r  A l i 0 3  a t  1 2 0 0 ~ ~ ,  b u t  the  resu l  t s  



3 " 
were n o t  d e f i n i t i v e .  U n l i k e  the  case f o r  p o l l u c i  te(20y21) i n  which a l l  the  ~ 1 '  

can be replaced by ~ e ~ + ,  no compound was formed i n  o u r  experiments on ca lc ines  o f  

CsFeSi gol2 s to ich iomet ry  f i r e d  a t  e leva ted temperatures. The compati b i  1  i t y  

s tud ies  o f  nephel ine and CsA1Si5012 very  probably showed t h a t  a  t r a n s i e n t  l i q u i d -  

phase was present  on heat ing  a t  1 2 0 0 ~ ~ .  

To produce CsA1Si501p o r  p o l l u c i t e  from r a d i o a c t i v e  waste supernates, 
- -- 

several  courses of a c t i o n  seem poss ib le ,  though i t  would probably be s imp les t  t o  

sorb 1 3 7 ~ s  from a  waste water, e x t r a c t  the  13'cs, add t h i s  t o  appropr ia te  quan- 

t i t i e s  of A1(N03)3 and Ca(N03)2 s o l u t i o n s  and S i02  so l  and then dry ,  ca l c ine ,  and 

crystallize/consolidate. However, . f o r  waste water w i t h  re1a t i ve l . y  low Na and 

h i g h  Cs content ,  i t  might  be poss ib le  t o  v i r t u a l l y  f u l l y  load a  mordenite o r  

chabazi te w i t h  waste Cs, e s p e c i a l l y  i f  a  se r ies  o f  columns was employed. Sorp- 

t i o n  o f  1 3 7 ~ s  on c e r t a i n  res ins ,  f o l l owed  by e l u t i o n  w i t h  fo rmic  ac id,  a l so  . 

promotes separat ion o f  Na and Cs. (") I n  t h i s  case, the  Cs-loaded mordeni t e  o r  

chabazi t e  cou ld  be f i r e d  d i r e c t l y  a t  ~ 1 0 0 0 ~ ~  (depending on the  Ca content )  t o  

produce c r y s t a l l i n e  p o l l u c i t e  and/or CsA1Si5012. 

131 Since Cs i s  a  f3,y emi t te r ,  r a d i a t i o n  damage problems i n  CsA1Si5012 appear . . 

t o  be minimal , though i f  sol. id-phase r a d i o l y s i s  (23)  was important ,  long-term . .. - 

i n s t a b i l l  t y  m iyh t  r e s u l t .  There would be no var iable-valence ions  t o  m i  t i g a t e  (24 

the  Cs -- Ba transmutat ion-induced i n s t a b i l i t y  i n  C S A ~ S ~ ~ O ~ ~ .  However, s ince  f o r  
3  u l t i m a t e  d isposa l ,  o n l y  z10 years i s  s u f f i c i e n t  f o r  1 3 7 ~ s  t o  d e w y  t o  n e g l i g i b l e  

l e v e l s ,  complete r e l i a n c e  on the conta iner  f o r  i s o l a t i o n  from the  biosphere would 

be feas ib le .  The main advantage of a  r e f r a c t o r y ,  l e a c h - r e s i s t a n t  waste form f o r  

13'cs would be f o r  poss ib le  t r a n s p o r t a t i o n  accidents i n  t he  p u b l i c  domain. I n  

t h i s  case, t he  waste form would presumab1.y by f r e s h l y  made so t h a t  impairment by 

vad ia t i on  and tra.nsmutat ion wn111d be small and recovery a f t e r  a  few days should 

present  few d i f f i c u l t i e s .  
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V. CONCLUSIONS 

CsA1Si5012 i s  more l each - res i s tan t  than p o l l u c i t e  i n  a c i d  media p t  2 5 ' ~  and 

has comparable leach res i s tance  t o  p o l l u c i t e  i n  near-neutra l  water  o r  c h l o r i d e  

s o l u t i o n s  a t  300°c/30 MPa. The res i s tance  t o  leach ing  a t  2 5 ' ~  i n  s t r o n g l y  a1 ka- 

l i n e  media of CsA1Si5012 i s  s l i g h t l y  i n f e r i o r  t o  t h a t  o f  p o l l u c i t e ;  t h i s  may be 

r e l e v a n t  t o  encapsulat ion of Cs-bearing phases i n  cements which con ta in  Ca(OH)2,. 

A c o r o l l a r y  o f  these r e s u l t s  i s  t h a t  the  occurrence o f  CsA1Si5012 i n  p o l l u -  

c i t e  p repara t ions  would have no s i g n i f i c a n t  de le te r i ous  e f f e c t  on Cs e x t r a c t i o n ,  

except perhaps f o r  s t r o n g l y  a l k a l i n e  leach ing  media. 

K i n e t i c  data were obta ined i n  s t r o n g l y  a c i d  media a t  25'~. The Cs ex t rac-  

t i o n  over  the  du ra t i on  of t he  experiments was approximately p r o p o r t i o n a l  t o  the  

square r o o t  o f  the  leach ing  time, suggest ing the  d i s s o l u t i o n  mechanism i s .  con- 

t r o l l e d  by the  Cs d i f f us ion  c o e f f i c i e n t  i n  CsA1Si5012. The Cs e x t r a c t i o n  r a t e  a t  
+ 0.36 2 5 ' ~  i n  a c i d  v a r i e d  as [H 1 . 

- 2  A Soxhlet  t e s t  on a  ceramic p repa ra t i on  gave a  leach r a t e  o f  ~ 0 . 1  gm-m 

day-', based o.n mass 1  oss . 

The a d d i t i o n  of CaO, and t o  a  l e s s e r  ex ten t  MgO, s i g n i f i c a n t l y  lowered the  

c r y s t a l l i z a t i o n  temperature of CsAlSigO12 from ca l c ines  and some l i m i t e d  compati- 

b i l i  t y  data were obta ined w i t h  regard  t o  u r a n i n i  te ,  alumina, sp ine l ,  and nephel ine. 
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