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(w)  Method  of  encapsulating  spheroids  containing  nuclear  waste. 

Method  of  encapsulating  spheroids  containing  nuclear 
waste.  The  spheroids  (8)  are  coated  with  a  composition  of 
from  30  to  85  percent  by  weight,  calculated  as  SiO2,  of  a 
partially  hydrolyzed  silicon  alkoxide  (10)  and  up  to  30  percent 
by  weight  calculated  as  Al2O3  of  a  partially  hydrolyzed 
aluminum  alkoxide.  The  coating  on  each  spheroid  is  then 
individually  hardened,  and  is  cured  by  heating  to  about 
500°C  to  produce  a  hardened  amorphous  coating  on  the 
spheroids. 



T h i s   i n v e n t i o n   r e l a t e s   to   a  m e t h o d   of   e n c a p s u l a t -  

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

A p p r o x i m a t e l y   25  m i l l i o n   g a l l o n s   of   h i g h - l e v e l  

n u c l e a r   w a s t e   has   a c c u m u l a t e d   a t   t h e   S a v a n n a h   R i v e r   L a b o r -  

a t o r y   (SRL)  of  t h e   D e p a r t m e n t   of   E n e r g y   (DOE)  f rom  t h e  

p r o d u c t i o n   of  d e f e n s e   m a t e r i a l s   d u r i n g   t h e   p a s t   25  y e a r s .  
One  p r o c e d u r e   u n d e r   c o n s i d e r a t i o n   f o r   d i s p o s i n g   of  t h i s  

n u c l e a r   w a s t e   i s   to  e n c a p s u l a t e   i t   in   g l a s s   or  c e r a m i c  

s p h e r o i d s .   The  s p h e r o i d s   a r e   t h e n   c o a t e d   to   r e d u c e   t h e  

l e a c h a b i l i t y   of  t h e   n u c l e a r   w a s t e   f rom  t h e   g l a s s   m a t e r i a l .  

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

one  h a v i n g   p a r t i c u l a r   a p p e a l   b e c a u s e   t h e   s p h e r i c a l   w a s t e  

fo rm  i s   p r o d u c e d   d i r e c t l y   f r o m   a  l i q u i d   in   a  d u s t l e s s  

p r o c e s s   t h a t   i s   e s p e c i a l l y   a m e n a b l e   to   r e m o t e   o p e r a t i o n .  

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

p o s e   some  s e r i o u s   d i f f i c u l t i e s   b e c a u s e   t h r e e   s e p a r a t e  

c o a t i n g s   a r e   to   be  a p p l i e d   by  c h e m i c a l   v a p o r   d e p o s i t i o n   a t  

t e m p e r a t u r e s   g r e a t e r   t h a n   1 1 0 0 ° C .   F i r s t ,   p y r o l y t i c   c a r b o n  

w i l l   be  d e p o s i t e d   by  t h e r m a l   d e c o m p o s i t i o n   of  a c e t y l e n e   i n  

a  f l u i d i z e d   bed   r e a c t o r .   Then ,   two  a l u m i n a   l a y e r s   w i l l   b e  

a p p l i e d   by  u s i n g   g a s e o u s   a l u m i n u m   t e t r a c h l o r i d e   and  h y d r o -  

gen   in   a  r o t a t i n g   drum  f u r n a c e .   The  u s e   of  h i g h l y   c o m -  

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

n u c l e a r   w a s t e   c r e a t e s   a  d a n g e r   of  an  e x p l o s i o n   or  f i r e  

w i t h   t h e   p o t e n t i a l   r e l e a s e   of  r a d i o n u c l i d e s .   A l s o ,   c o m -  



p l e x   m a n i p u l a t i o n s   m u s t   be  p e r f o r m e d   by  r e m o t e   o p e r a t i o n s ,  

and  h y d r o c h l o r i c   a c i d   b y - p r o d u c t   s o l u t i o n s   a r e   p r o d u c e d  

w h i c h   a r e   d i f f i c u l t   to  t r e a t .  

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

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

by  (A)  c o a t i n g   s a i d   s p h e r o i d s   w i t h   a  c o m p o s i t i o n   w h i c h  

c o m p r i s e s   (1)   f r o m   30%  to  85%  by  w e i g h t ,   c a l c u l a t e d   a s  

S i 0 2 ,   of   a  p a r t i a l l y   h y d r o l y z e d   s i l i c o n   c o m p o u n d   h a v i n g  

t h e   g e n e r a l   f o r m u l a   S i R m ( O R ' ) n X p   or  S i ( O S i R 3 ) 4 ,   w h e r e   e a c h  

R  i s   i n d e p e n d e n t l y   s e l e c t e d   f rom  a l k y l   to   C10  and  a l k e n y l  

to  C10,  e a c h   R'  i s   i n d e p e n d e n t l y   s e l e c t e d   f rom  R  and  a r y l ,  

e a c h   X  i s   i n d e p e n d e n t l y   s e l e c t e d   f rom  c h l o r i n e   and  b r o -  

m i n e ,   m  i s   0  to   3,  n  i s  0  t o  4 ,   p  i s  0  t o   1,  a n d  m  +  n  +  p  

e q u a l s   4;  (2)  up  to   a b o u t   30%  by  w e i g h t ,   c a l c u l a t e d   a s  

A 1 2 0 3 ,   of   a  p a r t i a l l y   h y d r o l y z e d   a l u m i n u m   c o m p o u n d   h a v i n g  

t h e   g e n e r a l   f o r m u l a   A l R ' q ( O R ) r X s   or   M g ( A l ( O R ) 4 ) 2 ,   w h e r e  

e a c h   R  i s   i n d e p e n d e n t l y   s e l e c t e d  f r o m   a l k y l   to   C10  a n d  

a l k e n y l   to   C10,   e a c h   R'  i s   i n d e p e n d e n t l y   s e l e c t e d   f r o m   R 

and  a r y l ,   q  i s   0  to   3,  r  i s   0  to   3,  s  i s   0  to   1,  and  q  +  r  

+  s  e q u a l s  3 ,   and  (3)  f rom  30  to   50  p e r c e n t   by  w e i g h t   o f  

an  a l c o h o l ;   (B)  p r e v e n t i n g   s a i d   c o a t e d   s p h e r o i d s   f r o m  

t o u c h i n g   w h i l e   h a r d e n i n g   s a i d   c o a t i n g s ;   and  (C)  c u r i n g  

t h e   c o a t i n g s   on  s a i d   s p h e r o i d s .  

We  h a v e   d i s c o v e r e d   a  m e t h o d   of  a p p l y i n g   a n  

a m o r p h o u s   c o a t i n g   to   g l a s s   or   c e r a m i c   s p h e r o i d s   c o n t a i n i n g  

n u c l e a r   w a s t e .   The  c o a t i n g   i s   of  v e r y   low  l e a c h a b i l i t y  

and  can   be  made  to   h a v e   a b o u t   t h e   same  t h e r m a l   e x p a n s i o n  

as  t h e   s p h e r o i d s   do,   so  t h a t   c r a c k i n g   d o e s   n o t   o c c u r   w i t h  

c h a n g e s   i n   t e m p e r a t u r e .   The  c o a t i n g   can   be  a p p l i e d   a n d  

c u r e d   a t   t e m p e r a t u r e s   of   f rom  400  to   5 0 0 ° C ,   b u t   i f   d e -  

s i r e d ,   i t   c a n   be  h e a t e d   a t   a b o u t   850°C  to  g i v e   a  d e n s e ,  

a m o r p h o u s   c o a t i n g   of  t h e   same  q u a l i t y   as  c o a t i n g s   p r o d u c e d  

c o n v e n t i o n a l l y   a t   much  h i g h e r   t e m p e r a t u r e s .  

In   o r d e r   t h a t   t h e   i n v e n t i o n   can   be  more   c l e a r l y  

u n d e r s t o o d ,   c o n v e n i e n t   e m b o d i m e n t s   t h e r e o f   w i l l   now  b e  

d e s c r i b e d ,   by  way  of   e x a m p l e ,   w i t h   r e f e r e n c e   to  t h e   a c c o m -  

p a n y i n g   d r a w i n g s   i n   w h i c h :  



F i g u r e   1  i s   a  d i a g r a m m a t i c   s i d e   v i e w ,   in   s e c -  

t i o n ,   i l l u s t r a t i n g   a  s p r a y i n g   p r o c e s s   f o r   c o a t i n g   s p h e r -  

o i d s ,   and  F i g u r e   2  i s   a  d i a g r a m m a t i c   s i d e   v i e w ,   in   s e c -  

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

s p h e r o i d s .   A l t e r n a t i v e l y ,   t h i s   t w o - l i q u i d   i m m e r s i o n  

p r o c e s s   c o u l d   a l s o   be  u t i l i z e d   in   r e v e r s e   p r o v i d e d   t h e  

s p e c i f i c   g r a v i t i e s   of  t h e   c o n s t i t u e n t   f l u i d s   we re   p r o p e r l y  
m a t c h e d .  

R e f e r r i n g   to   F i g u r e   1,  a  s p h e r e   d i s p e n s e r   1 

d r o p s   s p h e r o i d s   2  one  a t   a  t i m e   i n t o   c h a m b e r   3.  At  t h e  

t o p   p o r t i o n   of   t h e   c h a m b e r ,   s p r a y   n o z z l e s   4  s p r a y   a  c o a t -  

i n g   c o m p o s i t i o n   a c c o r d i n g   to   t h i s   i n v e n t i o n   o n t o   s p h e r o i d s  
2.  In  t h e   l o w e r   p o r t i o n   of  c h a m b e r   3  a  h e a t i n g   c o i l   5 

h e a t s   t h e   c o a t i n g s   6  on  t h e   s p h e r o i d s   and  h a r d e n s   t h e m .  

In  F i g u r e   2,  a  s p h e r e   d i s p e n s e r   7  d r o p s   s p h e r -  

o i d s   8  one  a t   a  t i m e   i n t o   t r o u g h   9.  The  t r o u g h   9  c o n t a i n s  

a  h y d r o l y z e d   a l k o x i d e   c o a t i n g   c o m p o s i t i o n   10  in   i t s   u p p e r  

p o r t i o n ,   an  i m m i s c i b l e   l i q u i d   l a y e r   11  in  i t s   m i d d l e  

p o r t i o n ,   and  a  h a r d e n i n g   a g e n t   12  in   i t s   l o w e r   p o r t i o n .  
The  i m m i s c i b l e   l i q u i d   l a y e r ,   w h i c h   s e p a r a t e s   t h e  

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

c o a t i n g   c o m p o s i t i o n   w i l l   become   h a r d .   A  s i l i c o n e   o i l  

l a y e r   1 /8   to   1 /4   i n c h   t h i c k   h a s   b e e n   f o u n d   s u i t a b l e   f o r  

t h i s   p u r p o s e .   I t   i s   p r e f e r a b l e   to  h e a t   t h e   h a r d e n i n g  

f l u i d   up  to  a b o u t   75°C  to  a c c e l e r a t e   t h e   h a r d e n i n g   p r o -  
c e s s .   H i g h e r   t e m p e r a t u r e s ,   h o w e v e r ,   s h o u l d   be  a v o i d e d   a s  

t h e y   may  r e s u l t   in   b u b b l e s   in   t h e   c o a t i n g .   A  pump  13  

c i r c u l a t e s   t h e   h a r d e n i n g   f l u i d   t h r o u g h   l i n e   14  w h i c h  

f o r c e s   t h e   c o a t e d   s p h e r o i d s   up  t u b e   15  o n t o   m o v i n g   b e l t   1 6  

i n t o   h e a t e d   c h a m b e r   17.  E x c e s s   h a r d e n i n g   f l u i d   i s   c o l -  

l e c t e d   in   v e s s e l   18  w h e r e   i t   p a s s e s   t h r o u g h   l i n e   19  to   t h e  

pump  f o r   r e c i r c u l a t i o n .   In  h e a t e d   c h a m b e r   17  t h e   c o a t e d  

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

s p h e r o i d s   t h e n   p a s s   t h r o u g h   o p e n i n g   20  w h e r e   t h e y   a r e  

c o l l e c t e d   f o r   d i s p o s a l .  



In  t h e   two  l i q u i d - i m m e r s i o n   p r o c e s s   t h e   h a r d e n -  

i n g   f l u i d   may  be  e i t h e r   a  s e t t i n g   ( " e l e c t r o l y t i c " )   a g e n t  

or  a  d e h y d r a t i n g   a g e n t .   Sod ium  h y d r o x i d e ,   ammonium  h y -  

d r o x i d e ,   h y d r o c h l o r i c   a c i d ,   a c e t i c   a c i d ,   and   h o t   w a t e r ,  

a r e   s u i t a b l e   s e t t i n g   a g e n t s .   Sodium  h y d r o x i d e   i s   p r e -  
f e r r e d   b e c a u s e   i t   p r o m o t e s   t h e   mos t   r a p i d   h a r d e n i n g ,  

a l t h o u g h   i t   d o e s   c o n t a m i n a t e   t he   c o a t i n g   s o m e w h a t   w i t h  

s o d i u m   i o n s .   The  p u r p o s e   of  t h e   h a r d e n i n g   a g e n t   i s   t o  

make  t h e   c o a t i n g   s u f f i c i e n t l y   h a r d   and  n o n - t a c k y   so  t h a t  

t h e   s p h e r o i d s   w i l l   n o t   s t i c k   t o g e t h e r   and  t h e   c o a t i n g   w i l l  

n o t   be  d a m a g e d   in   h a n d l i n g .   The  a m o u n t   of   s e t t i n g   a g e n t  

r e q u i r e d   to   p r o d u c e   h a r d e n i n g   of  t h e   c o a t i n g   may  v a r y   f r o m  

0 . 0 3   to   0 . 1   m o l e s   p e r   mole   of  a l k o x i d e   g l a s s   f o r m i n g  

c o n s t i t u e n t .   G e n e r a l l y ,   e q u a l   v o l u m e s   of   a l k o x i d e   c o a t i n g  

s o l u t i o n   and   s e t t i n g   a g e n t   a r e   p r e s e n t   i n   t h e   s y s t e m   w h e n  

s o d i u m   h y d r o x i d e   i s   u s e d   as  t h e   s e t t i n g   a g e n t .   W i t h   t h e  

o t h e r   s e t t i n g   a g e n t s   w h i c h   t a k e   a  l o n g e r   t i m e   f o r   h a r d e n -  

i n g ,   a b o u t   3  to  4  t i m e s   as  much  as  t h e   c o a t i n g   s o l u t i o n   i s  

u s e d   to   g i v e   an  i n c r e a s e d   t r a v e l   t i m e .  

The  d e h y d r a t i n g   a g e n t   w o r k s   by  r e m o v i n g   w a t e r  

f rom  t h e   a l k o x i d e   c o m p o s i t i o n ,   t h u s   f u r t h e r   c r o s s - l i n k i n g  

t h e   s i l i c o n   and  a l u m i n u m   o x i d e s .   The  p r e f e r r e d   d e h y d r a t -  

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

work   w e l l ,   a l t h o u g h   2 - e t h y l - I - h e x a n o l   or   o c t a n o l   may  a l s o  

be  u s e d .   When  a  d e h y d r a t i n g   a g e n t   i s   u s e d ,   a  m o l e c u l a r  

s i e v e   s h o u l d   be  i n s e r t e d   i n t o   t h e   r e c i r c u l a t i n g   l i n e  

l e a d i n g   f r o m   t h e   pump  to   r e m o v e   t h e   w a t e r   c a p t u r e d   by  t h e  

d e h y d r a t i n g   a g e n t .   I t   i s   p r e f e r a b l e   to  u s e   a  d e h y d r a t i n g  

a g e n t   i n s t e a d   of   a  s e t t i n g   a g e n t   as  d e h y d r a t i n g   a g e n t s   d o  

n o t   i n t r o d u c e   c o n t a m i n a n t   s p e c i e s   s u c h   as  s o d i u m   i n t o   t h e  

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

t h e   c o a t i n g .  

The  f i n a l   s t e p   in   t h e   p r o c e s s   of  t h i s   i n v e n t i o n  

i s   to   c u r e   t h e   c o a t i n g   w h i c h   can   be  a c c o m p l i s h e d   by  h e a t -  

i n g   t h e   c o a t e d   s p h e r o i d s   to   400  to  500°C  i n   a i r   f o r   a b o u t  

one  h o u r .   At  t h i s   t e m p e r a t u r e   t he   c u r e d   c o a t i n g   c o n t a i n s  

c l o s e d   p o r o s i t y .   H e a t i n g   to   a b o u t   800°C   w i l l   c o m p l e t e l y  



d e n s i f y   t h e   c o a t i n g .   To  a v o i d   t h e r m a l   s h o c k   i t   i s   d e s i r -  

a b l e   to   e x p o s e   t h e   c o a t e d   s p h e r o i d s   to  a  t e m p e r a t u r e   o f  

a b o u t   100°C  b e f o r e   e x p o s i n g   t h e m   to   t h e   h i g h e r   t e m p e r -  

a t u r e .  

The  p r o c e s s   of  t h i s   i n v e n t i o n   may  be  r e p e a t e d  

u s i n g   t h e   same  s p h e r o i d s   in   o r d e r   to   e n h a n c e   t h e   t h i c k n e s s  

of  t h e   c o a t i n g   to  t h e   d e s i r e d   l e v e l .   G e n e r a l l y ,   a  c o a t i n g  

of  a b o u t   0 .5   mm  t h i c k   i s   c o n s i d e r e d   d e s i r a b l e   f o r   t h e  

d i s p o s a l   of  n u c l e a r   w a s t e .   E a c h   c o a t i n g   c y c l e ,   h o w e v e r ,  

s h o u l d   n o t   add  more  t h a n   a b o u t   0 . 1   mm  to  t he   t h i c k n e s s   o f  

t h e   c o a t i n g   in   o r d e r   to  a v o i d   c r a c k s   in   t h e   c o a t i n g .  

P r e f e r a b l y ,   e a c h   c y c l e   s h o u l d   add  a b o u t   0 . 0 5   mm  to  t h e  

c o a t i n g   t h i c k n e s s .   T h i s   n o r m a l l y   means   f rom  5  to  10  

p a s s e s   a r e   r e q u i r e d   to  p r o d u c e   a  c o a t i n g   of  a  d e s i r e d  

t h i c k n e s s .  

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

m i x t u r e   of  c o m p l e x   h y d r o x i d e s   o r   h y d r o l y z e d   o x i d e s   o f  

a l u m i n u m ,   i r o n ,   m a g n e s i u m ,   m a n g a n e s e ,   s i l i c o n ,   c a l c i u m ,  

s o d i u m ,   p o t a s s i u m ,   r u t h e n i u m ,   m e r c u r y ,   n i c k e l ,   c e s i u m ,  

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

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

to  a b o u t   10  p e r c e n t   by  w e i g h t   s u l f a t e ,   p h o s p h a t e ,   n i t r a t e ,  

or  m i x t u r e s   t h e r e o f ,   and  up  to   a b o u t   95  p e r c e n t   by  w e i g h t  

w a t e r .   The  r a d i o a c t i v e   e l e m e n t s   in   n u c l e a r   w a s t e   m a y  

i n c l u d e   u r a n i u m ,   t h o r i u m ,   c e s i u m ,   r u t h e n i u m ,   i o d i n e ,   a n d  

s t r o n t i u m .   The  n u c l e a r   w a s t e   in   t h e   s p h e r o i d s   may  a l s o   b e  

t h e   r e s u l t   of  f u e l   r e p r o c e s s i n g   w h i c h   p r o d u c e s   an  a q u e o u s  
n i t r a t e   s o l u t i o n   of  many  of  t h e s e   e l e m e n t s .  

The  n u c l e a r   w a s t e   i s   c o n t a i n e d   in  v a r i o u s   t y p e s  

of  g l a s s   or   c e r a m i c ,   u s u a l l y   of  a  b o r o s i l i c a t e   t y p e   b y  

p r o c e s s e s   w e l l   known  in  t h e   a r t .   See ,   f o r   e x a m p l e ,   t h e  

r e f e r e n c e   " C e r a m i c s   in  N u c l e a r   W a s t e   M a n a g e m e n t , "   P r o c e e d -  

i n g s   of  an  I n t e r n a t i o n a l   S y m p o s i u m   h e l d   in  C i n c i n n a t i ,  

O h i o ,   A p r i l   30-May  2,  1979 ,   s p o n s o r e d   by  t h e   A m e r i c a n  

C e r a m i c   S o c i e t y   and  t he   U .S .   D e p t   of  E n e r g y ,   pp.   7 3 - 1 2 2 .  

T h e r e   a r e   s e v e r a l   b a s i c   p r o c e s s e s   f o r   c o n t a i n i n g   t h e  



n u c l e a r   w a s t e   in   s p h e r o i d s .   One  p r o c e s s   i s   a  g e l   p r e c i p i -  

t a t i o n   p r o c e s s .   In  t h i s   p r o c e s s   t h e   n u c l e a r   w a s t e   i s  

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

i d e ,   m e t h y l   c e l l u l o s e ,   a n d / o r   f o r m a m i d e .   D r o p s   of  t h e  

m i x t u r e   a r e   t h e n   p e r m i t t e d   to   f a l l   i n t o   a  g e l a t i o n   a g e n t ,  

s u c h   as  ammonium  h y d r o x i d e ,   w h i c h   h a r d e n s   t h e   d r o p s   i n t o  

s m a l l   s p h e r o i d s .   The  s p h e r o i d s   a r e   t h e n   c o l l e c t e d   and  a r e  

h e a t e d   to   r e m o v e   t h e   o r g a n i c s   and  to   d e n s i f y   t h e m ,   r e s u l t -  

i n g   in   c e r a m i c   s p h e r o i d s   a b o u t   0 . 5   to   a b o u t   3  mm  d i a m e t e r .  

A n o t h e r   p r o c e s s   f o r   c o n t a i n i n g   t h e   n u c l e a r   w a s t e  

in   s p h e r o i d s   i s   a  m a r b l e   p r o c e s s .   In  t h i s   p r o c e s s   n u c l e a r  

w a s t e s   a r e   m i x e d   w i t h   g l a s s   f r i t   c o n t a i n i n g   s u c h   c o n s t i t u -  

e n t s   as  s o d i u m   o x i d e ,   s i l i c o n   d i o x i d e ,   and  b o r o n   o x i d e .  

The  m i x t u r e   i s   t h e n   m e l t e d   and  c a s t   i n t o   m o l d s .   T h i s  

p r o c e s s   p r o d u c e s   g l a s s   s p h e r o i d s   f rom  10  to   25  mm  i n  

d i a m e t e r .  

The  s p h e r o i d s   s h o u l d   be  c l e a n e d   b e f o r e   t h e y   a r e  

u s e d   i n   t h e   p r o c e s s   of  t h i s   i n v e n t i o n .   C l e a n i n g   may  b e  

a c c o m p l i s h e d   by  i m m e r s i o n   i n   t r i c h l o r o e t h y l e n e ,   e t h y l  

a l c o h o l ,   one   m o l a r   (1  M)  n i t r i c   a c i d ,   or   o t h e r   c l e a n i n g  

f l u i d s .  

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

m i x t u r e   of   a l c o h o l   and  p a r t i a l l y   h y d r o l y z e d   a l k o x i d e s .  

The  f i r s t   g l a s s - f o r m i n g   c o m p o n e n t   of  t h e   c o m p o s i t i o n   i s  

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

u l a   S i R m ( O R ' ) n X p   or  S i ( O S i R 3 - ) 4   w h e r e   e a c h   R  i s   i n d e p e n d -  

e n t l y   s e l e c t e d   f rom  a l k y l   to   C10  and  a l k e n y l   to   C1C,  e a c h  

R'  i s   i n d e p e n d e n t l y   s e l e c t e d   f r o m   R  and  a r y l ,   e a c h   X  i s  

i n d e p e n d e n t l y   s e l e c t e d   f rom  c h l o r i n e   and  b r o m i n e ,   m  i s   0 

to  3,  n  i s   0  to   4,  p  i s   0  to   1,  and  m  +  n  +  p  e q u a l s   4 .  

The  S i R m ( O R ' ) n X p   c o m p o u n d s   a r e   p r e f e r r e d   due  to   t h e i r  

a v a i l a b i l i t y ,   s t a b i l i t y   and  c o m p a t i b i l i t y   w i t h   t h e   o t h e r  

g l a s s - f o r m i n g   c o n s t i t u e n t s .   The  R'  g r o u p   i s   p r e f e r a b l y  

a l k y l   to   C4  w i t h   n  =   4  b e c a u s e   t h e s e   a l k o x i d e s   a r e   t h e  

m o s t   s u i t a b l e   s t a r t i n g   c o m p o u n d s .  

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

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



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

b e c a u s e   i t   i s   r e l a t i v e l y   i n e x p e n s i v e ,   r e a d i l y   a v a i l a b l e ,  

s t a b l e ,   and  e a s y   to  h a n d l e .   B e f o r e   t h e   s i l i c o n   c o m p o u n d  

i s   a d d e d   to  t h e   c o m p o s i t i o n ,   i t   i s   p a r t i a l l y   h y d r o l y z e d  

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

c o m p o u n d s ,   and  p r e f e r e n t i a l   p r e c i p i t a t i o n   may  r e s u l t   i f  

t h e   c o m p o n e n t s   a re   h y d r o l y z e d   a f t e r   t h e y   h a v e   b e e n   c o m b i n -  

ed.  P a r t i a l   h y d r o l y z a t i o n   may  be  a c c o m p l i s h e d   by  t h e  

a d d i t i o n   of   w a t e r   to   t h e   s i l i c o n   c o m p o u n d ,   w h e r e   e i t h e r  

t h e   w a t e r ,   t h e   s i l i c o n   c o m p o u n d ,   or  b o t h ,   have   b e e n   d i l u t -  

ed  w i t h   a l c o h o l .   The  m o l a r   r a t i o   of  a  s i l i c o n   c o m p o u n d   t o  

the   a l c o h o l   can   r a n g e   f rom  0 .2   to  2.  The  a l c o h o l   i s  

p r e f e r a b l y   t h e   same  a l c o h o l   t h a t   i s   p r o d u c e d   d u r i n g   h y d r o -  

l y z a t i o n   so  t h a t   i t   i s   n o t   n e c e s s a r y   to  s e p a r a t e   t w o  

d i f f e r e n t   a l c o h o l s .   The  mole   r a t i o   of  t h e   s i l i c o n   c o m -  

p o u n d   to   t h e   w a t e r   can   r a n g e   f rom  0 .1   to  5.  I t   i s   o c c a -  

s i o n a l l y   n e c e s s a r y   t o  u s e   up  to  a b o u t   s i x   d r o p s   of  c o n c e n -  

t r a t e d   n i t r i c   a c i d   p e r   mole   of  w a t e r   to   a i d   in   t h e   h y d r o -  

l y z a t i o n   r e a c t i o n .  

The  s e c o n d   c o m p o n e n t   of   t h e   c o m p o s i t i o n   i s   a n  

a l u m i n u m   c o m p o u n d   w h i c h   h a s   a  g e n e r a l   f o r m u l a   A l R ' q ( O R ) r X s  
or  M g ( A l ( O R ) 4 ) 2   w h e r e   e a c h   R  i s   i n d e p e n d e n t l y   s e l e c t e d  

f rom  a l k y l   to   C10  and  a l k e n y l   to  C 10,  e a c h   R'  i s   i n d e p e n -  

d e n t l y   s e l e c t e d   f rom  R  and  a r y l ,   q  i s   0  to  3,  r  i s   0  to   3 ,  

s  i s   0  to   1,  and  q  +  r  +  s  i s   3.  The  A l R ' q ( O R ) r X s   c o m -  

p o u n d s ,   w h e r e   r  i s   3  and  R  i s   a l k y l   to  C4  a re   p r e f e r r e d   a s  

t h e y   a r e   t h e   mos t   s t a b l e   and  a v a i l a b l e   and  a re   e a s i e s t   t o  

h a n d l e .   E x a m p l e s   of  s u i t a b l e   a l u m i n u m   c o m p o u n d s   i n c l u d e :  



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

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

d o e s   n o t   r e q u i r e   s p e c i a l   h a n d l i n g .   T h e s e   c o m p o u n d s   a r e  

h y d r o l y z e d   p r i o r   to   a d d i t i o n   to   t h e   c o m p o s i t i o n   to   a v o i d  

i n h o m o g e n e i t i e s .   H y d r o l y s i s   can   be  a c c o m p l i s h e d   u s i n g   a  

m o l a r   r a t i o   of   a l u m i n u m   c o m p o u n d   to   w a t e r   of   f rom  0 . 0 0 0 7  

to  0 . 0 3   and  u s i n g   f rom  0 . 0 3   to   0 . 1   mole   of  1M  HN03  p e r  
mole   of   AIO(OH)  p r o d u c e d .   The  w a t e r   i s   p r e f e r a b l y   h e a t e d  

to  f r o m   70  to   1 0 0 ° C .  

In  a d d i t i o n ,   t h e   c o m p o s i t i o n   may  c o n t a i n   a l k o x -  

i d e s   of   b o r o n   or  s o d i u m   w h i c h   may  be  n e e d e d   to  m a t c h   t h e  

t h e r m a l   e x p a n s i o n   of  t h e   c o a t i n g   w i t h   t h e   t h e r m a l   e x p a n -  
s i o n   of  t h e   s p h e r o i d s .   H o w e v e r ,   p r e f e r a b l y   no  b o r o n   o r  

s o d i u m   c o m p o u n d s   a r e   p r e s e n t   as  t h e y   i n c r e a s e   t h e   l e a c h -  

a b i l i t y   of  t h e   c o a t i n g .   S o d i u m   c o m p o u n d s   w h i c h   c o u l d   b e  

u s e d   h a v e   a  g e n e r a l   f o r m u l a   NaOR  or   NaZR'3   w h e r e   e a c h   R  i s  

i n d e p e n d e n t l y   s e l e c t e d   f r o m   a l k y l   to   C10  and  a l k e n y l   t o  

C10,  e a c h   R'  i s   i n d e p e n d e n t l y   s e l e c t e d   f rom  R  and  a r y l ,  

and  Z  i s   c a r b o n   or  b o r o n .   The  NaOR  c o m p o u n d s   w h e r e   R  i s  

a l k y l   to   C4  a r e   p r e f e r r e d   as  t h e y   a r e   more  s t a b l e   a n d  

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

p r i o r   to   b e i n g   m i x e d   i n t o   t h e   c o m p o s i t i o n   to  a v o i d   d i f f e r -  

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

to  w a t e r   of   f rom  0 . 0 0 3   to   0 . 1   may  be  u s e d   f o r   h y d r o l y z a -  

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

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



S o d i u m   m e t h y l a t e   i s   p r e f e r r e d   as  i t   i s   e a s i e r   t o  

h a n d l e   and  i s   r e a d i l y   a v a i l a b l e .  

B o r o n   c o m p o u n d s   w h i c h   can   be  u s e d   h a v e   a  g e n e r a l  

f o r m u l a   B R ' q ( O R ) r X s   w h e r e   e a c h   R  i s   i n d e p e n d e n t l y   s e l e c t e d  

f r o m   a l k y l   to   C10  and  a l k e n y l   to   C10,  e a c h   R'  i s   i n d e p e n d -  

e n t l y   s e l e c t e d   f rom  R  and  a r y l ,   q  i s   0  to  3,  r  i s   0  to   3 ,  

s  i s   0  to   1,  and  q  +  r  +  s  i s   3.  The  c o m p o u n d s   w h e r e   R  i s  

a l k y l   C4  and  r  i s   3  a r e   p r e f e r r e d   as  t h e y   a r e   r e l a t i v e l y  

a v a i l a b l e   and  w e l l - m a t c h e d   w i t h   t h e   o t h e r   c o n s t i t u e n t s .   A 

m o l a r   r a t i o   of  a  b o r o n   c o m p o u n d   to  w a t e r   of  f rom  0 . 1   t o  

1 .0   may  be  u s e d .   D i l u t i o n   in   t h e   same  a l c o h o l   as  t h a t   o f  

t h e   b o r o n   c o m p o u n d   a t   a  l e v e l   of  f rom  15  to   2 5   m o l e s  

a l c o h o l   to   b o r o n   c o m p o u n d   i s  p r e f e r r e d   f o r   a  more   h o m o g e n -  

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

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

T r i m e t h y l b o r a t e   and  t r i e t h y l b o r a t e   a r e   p r e f e r r e d  

as  t h e y   a r e   r e l a t i v e l y   a v a i l a b l e   and  a r e   c o m p a t i b l e   a n d  

r e q u i r e   v e r y   l i t t l e   s p e c i a l   h a n d l i n g .  

F i n a l l y ,   t h e   c o m p o s i t i o n   p r e f e r a b l y   i n c l u d e s   u p  
to  a b o u t   2  p e r c e n t   of  a  s u r f a c t a n t   to  i n c r e a s e   t h e   a d h e -  

s i o n   of  t h e   c o a t i n g   to   t h e   s p h e r o i d .   A  s u i t a b l e   s u r -  



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

t r a d e   d e s i g n a t i o n   T r i t o n   X-102   by  Rohm  and  Haas   of  P h i l a -  

d e l p h i a ,   P e n n s y l v a n i a .  

The  i n v e n t i o n   w i l l   now  be  i l l u s t r a t e d   w i t h  

r e f e r e n c e   to   t h e   f o l l o w i n g   E x a m p l e s :  

EXAMPLE  1 

A l u m i n u m   A l k o x i d e   P r e p a r a t i o n  -   b a t c h   I  

To  108  g  of  d e i o n i z e d   w a t e r   a t   85°C  was  a d d e d  

1 3 . 0 1 4   g  A l ( O C 4 H 9 ) 3 )   w h i l e   s t i r r i n g .   S u b s e q u e n t l y ,   7 . 8   m l  

of  1M  HN03  was  i n t r o d u c e d ,   and  t h e   r e s u l t i n g   s o l u t i o n  

( a c t u a l l y   a  c o l l o i d a l   d i s p e r s i o n )   was  a g e d   f o r   12  h o u r s   a t  

8 5 ° C .  

A l u m i n u m   A l k o x i d e   P r e p a r a t i o n  -   b a t c h   I I  

The  same  p r o c e d u r e   as  a b o v e   was  f o l l o w e d   w i t h  

t he   e x c e p t i o n   t h a t   t h e   w e i g h t   of   A l ( O C 4 H 9 ) 3   was  d o u b l e d .  

S i l i c o n   A l k o x i d e   P r e p a r a t i o n  

To  104g   S i ( O C 2 H 5 ) 4   was  a d d e d   90  g  of   a b s o l u t e  

e t h y l   a l c o h o l ,   f o l l o w e d   by  9  g  of   d e i o n i z e d   w a t e r   and  1 

d r o p   of  c o n c e n t r a t e d   HNO3. 
C o m b i n i n g   t h i s   h y d r o l y z e d   s i l i c o n   a l k o x i d e   b a t c h  

w i t h   b a t c h   I  of   t h e   h y d r o l y z e d   a l u m i n u m   a l k o x i d e   c o r r e -  

s p o n d e d   to   a  90  S i 0 2 : 1 0   A1203  r a t i o   on  an  o x i d e   b a s i s .  

The  u s e   of  b a t c h   II  of  t h e   h y d r o l y z e d   a l u m i n u m   gave   a  8 0  

S i 0 2 : 2 0   Al2O3  o x i d e   r a t i o .  

G e n e r a l l y ,   in   mos t   of  t h e   c o a t i n g   e x p e r i m e n t s  

b e t t e r   r e s u l t s   w e r e   o b t a i n e d   w i t h   t h e   a d d i t i o n   of  a  w e t -  

t i n g   a g e n t   to   t h e   h y d r o l y z e d   a l k o x i d e   m i x t u r e   to   e n h a n c e  

t he   a p p l i c a t i o n   of  t h e   c o a t i n g   on  t h e   s i m u l a t e d   w a s t e -  

g l a s s   s p h e r o i d s   ( o r   o t h e r   g l a s s   s h a p e s ) .   A f t e r   c o n s i d e r -  

a b l e   s c r e e n i n g ,   T r i t o n   X - 1 0 2 ,   a  Rohm  and  Haas   p r o d u c t ,   w a s  

f o u n d   to   be  m o s t   e f f e c t i v e   at   a  c o n c e n t r a t i o n   of  a b o u t   0 . 5  

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

w i t h   up  to  -2  v / o   (%  by  v o l u m e ) .  

A  s y s t e m ,   r e p r e s e n t e d   by  F i g u r e   1,  was  a s s e m b l e d  

w h i c h   a l l o w e d   e i t h e r   of  t h e   s i l i c o n - a l u m i n u m   a l k o x i d e  

m i x t u r e s   to   be  a t o m i z e d   o n t o   t h e   w a s t e - g l a s s   s p h e r o i d s ,  

f o l l o w e d   by  h e a t i n g .   T h i s   h e a t i n g   to   c u r e   t h e   c o a t i n g   w a s  



p e r f o r m e d   as  d e p i c t e d   in  F i g u r e   1,  or  a l t e r n a t i v e l y ,   b y  

p r e - h e a t i n g   t h e   s p h e r o i d s   to  a b o u t   250°C   b e f o r e   s p r a y  

a p p l i c a t i o n   of  t h e   c o a t i n g .   In  t h i s   c a s e   a  w e t t i n g   a g e n t  

( s u r f a c t a n t )   was  n o t   r e q u i r e d .   S u b s e q u e n t   h e a t i n g   t o  

500°C   r e m o v e d   a l l   w a t e r   of  h y d r a t i o n   and  r e s i d u a l   a l k y l s  

to   y i e l d   an  a d h e r e n t ,   a m o r p h o u s   c o a t i n g .   A l t h o u g h   t h e  

c o a t i n g   p r o d u c e d   a t   500°C  was  p o r o u s ,   t h e   p o r o s i t y   was  n o t  

j o i n e d   and  t h e   c o a t i n g   s e r v e d   as  a  d u r a b l e   b a r r i e r   a g a i n s t  

l e a c h i n g .   H e a t i n g   to   8 0 0 - 8 5 0 ° C   p r o d u c e d   a  t o t a l l y   d e n s e ,  

a m o r p h o u s   c o a t i n g   i d e n t i c a l   to   t h a t   w h i c h   w o u l d   be  o b -  

t a i n e d   by  m e l t i n g   a t   much  h i g h e r   t e m p e r a t u r e s   u s i n g   c o n -  

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

t i m e s   to   i n c r e a s e   t h e   t h i c k n e s s   of   t h e   c o a t i n g   and  t o  

e n s u r e   a g a i n s t   i m p e r f e c t i o n s   s u c h   as  c o n n e c t e d   p o r o s i t y   o r  

c r a c k s .   Even   when  t h e   c o a t i n g   c o m p o s i t i o n   d i d   n o t   e x a c t l y  

m a t c h   t h a t   of  t h e   s p h e r o i d ,   c r a c k s   or   s p a l l i n g   of   t h e  

c o a t i n g   due  to   d i f f e r e n c e s   in   t h e r m a l   e x p a n s i o n   c o e f f i -  

c i e n t s   were   n o t   o b s e r v e d .   C o m p o s i t i o n a l   a n a l y s i s   by  EDAX 

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

s h o r t - r a n g e   " d i f f u s i o n "   of  s o d i u m   in   p a r t i c u l a r   f rom  t h e  

s p h e r o i d   i n t o   t h e   c o a t i n g .   P e r h a p s   t h i s   i s   p r o m o t e d   b y  

t h e   r e a c t i v i t y ,   r e s e m b l i n g   c h e m i c a l   e t c h i n g ,   of  t h e   a l k -  

o x i d e s   w i t h   r e s p e c t   to  t h e   g l a s s   s p h e r o i d   ( s u b s t r a t e ) .  

EXAMPLE  2 

The  s y s t e m   i l l u s t r a t e d   in   F i g u r e   2  was  b u i l t   t o  

e n a b l e   t h e   s p h e r o i d s   to  be  i n d i v i d u a l l y   d i s p e n s e d   i n t o   t h e  

a l k o x i d e   c o a t i n g   f l u i d   and,   t h e n ,   t h r o u g h   a  s o l u t i o n   w h i c h  

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

s p h e r o i d s   came  i n t o   c o n t a c t   w i t h   one  a n o t h e r .   The  t w o  

l i q u i d s   we re   s e p a r a t e d   by  an  i m m i s c i b l e   s i l i c o n e   o i l  

m a n u f a c t u r e d   by  Dow  C o r n i n g   Co.  U s i n g   t h e   s i l i c o n -  

a l u m i n u m   b a t c h   II  a l k o x i d e   m i x t u r e   c o n t a i n i n g   T r i t o n  

s u r f a c t a n t   p r e p a r e d   in  E x a m p l e   1  in   t h e   t o p   of  t h e   c o l u m n  

( F i g u r e   2 ) ,   and  s o d i u m   h y d r o x i d e   of  a b o u t   0 . 5  M   in   t h e  

b o t t o m   s e g m e n t ,   w a s t e   g l a s s   s p h e r o i d s   p r o p e r l y   c l e a n e d   i n  

t r i c h l o r o e t h y l e n e   w i t h   u l t r a s o n i c   a g i t a t i o n   were   s u c c e s s -  



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

u n i f o r m   c u r i n g   of  t h e   c o a t i n g .   O t h e r   a g e n t s   s u c h   a s  

ammonium  h y d r o x i d e ,   h y d r o c h l o r i c   a c i d ,   and  a c e t i c   a c i d  

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

l o n g e r   t r a v e l   t i m e   in   t h e m   was  n e e d e d   b e f o r e   t h e   s p h e r o i d s  

c o u l d   be  c o l l e c t e d .   F i n a l   h e a t i n g   to  500  or   800°C  p r o -  
d u c e d   t h e   q u a l i t y   v i t r e o u s   c o a t i n g s   d e s c r i b e d   in   E x a m p l e  

1 .  

EXAMPLE  3 

An  a l t e r n a t i v e   to   u s i n g   a  " s e t t i n g "   a g e n t   in   t h e  

b o t t o m   s t a g e   of   t h e   c o l u m n   in   F i g u r e   2,  was  to   u s e   a  f l u i d  

w h i c h   w o u l d   c a u s e   c u r i n g   of   t h e   c o a t i n g   by  m e a n s   of   d e -  

h y d r a t i o n .   Such  a  l i q u i d   was  t r i c h l o r o e t h y l e n e   or   o c t a n o l  

o r   2  e t h y l - 1   h e x a n o l .   The  s o l u b i l i t y   of  w a t e r   in   t h e s e  

f l u i d s   was  s u f f i c i e n t ,   p a r t i c u l a r l y   when  t h e y   w e r e   w a r m e d  

to   - 7 5 ° C ,   to   c a u s e   t h e   c o a t i n g   to   h a r d e n .   A l t h o u g h   t h e  

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

h y d r o x i d e   s e t t i n g   a g e n t ,   a  h i g h   q u a l i t y   c o a t i n g   as  d e -  

s c r i b e d   in   E x a m p l e   1  c o u l d   n e v e r t h e l e s s   be  o b t a i n e d .   In  a  

c o n t i n u o u s   s y s t e m ,   t h e   w a t e r   w o u l d   be  e x t r a c t e d   by  m o l e c u -  

l a r   s i e v e ,   f o r   e x a m p l e ,   and   c i r c u l a t e d   b a c k   to  t h e   c o l u m n .  



1.  A  m e t h o d   of  e n c a p s u l a t i n g   g l a s s   or  c e r a m i c  

s p h e r o i d s   c o n t a i n i n g   n u c l e a r   w a s t e   c h a r a c t e r i z e d   by  ( A )  

c o a t i n g   s a i d   s p h e r o i d s   w i t h   a  c o m p o s i t i o n   w h i c h   c o m p r i s e s  

(1)  f rom  30%  to  85%  by  w e i g h t ,   c a l c u l a t e d   as  S i 0 2 ,   of  a  

p a r t i a l l y   h y d r o l y z e d   s i l i c o n   c o m p o u n d   h a v i n g   t h e   g e n e r a l  

f o r m u l a   S i R m ( O R ' ) n X p   or  S i ( O S i R 3 ) 4 ,   w h e r e   e a c h   R  i s   i n d e -  

p e n d e n t l y   s e l e c t e d   f rom  a l k y l   to   C10  and  a l k e n y l   to   C 1 0 ,  
e a c h   R'  i s   i n d e p e n d e n t l y   s e l e c t e d   f rom  R  and  a r y l ,   e a c h   X 

i s   i n d e p e n d e n t l y   s e l e c t e d   f rom  c h l o r i n e   and  b r o m i n e ,   m  i s  

0  to  3,  n  i s   0  to  4,  p  i s   0  to   1,  and  m  +  n  +  p  e q u a l s   4 ;  

(2)  up  to   a b o u t   30%  by  w e i g h t ,   c a l c u l a t e d   as  A l 2 O 3 ,   of   a  

p a r t i a l l y   h y d r o l y z e d   a l u m i n u m   c o m p o u n d   h a v i n g   t h e   g e n e r a l  

f o r m u l a   A l R ' q ( O R ) r X s   or  M g ( A l ( O R ) 4 ) 2 ,   w h e r e   e a c h   R  i s  

i n d e p e n d e n t l y   s e l e c t e d   f rom  a l k y l   to  C10  and  a l k e n y l   t o  

C10,  e a c h   R'  i s   i n d e p e n d e n t l y   s e l e c t e d   f rom  R  and  a r y l ,   q  
i s   0  to  3,  r  i s   0  to  3,  s  i s   0  to  1,  and  q  +  r  +  s  e q u a l s  

3,  and  (3)  f r o m   30  to  50  p e r c e n t   by  w e i g h t   of  an  a l c o h o l ;  

(B)  p r e v e n t i n g   s a i d   c o a t e d   s p h e r o i d s   f rom  t o u c h i n g   w h i l e  

h a r d e n i n g   s a i d   c o a t i n g s ;   and  (C)  c u r i n g   t h e   c o a t i n g s   o n  

s a i d   s p h e r o i d s .  

2.  A  m e t h o d   a c c o r d i n g   to  c l a i m   1,  c h a r a c t e r i z e d  

in  t h a t   t h e   s p h e r o i d s   a r e   c o a t e d   by  s p r a y i n g   s a i d   c o m p o s i -  

t i o n   o n t o   t hem  as  t h e y   f a l l .  

3.  A  m e t h o d   a c c o r d i n g   to  c l a i m   2,  c h a r a c t e r i z e d  

in  t h a t   t h e   c o a t i n g s   on  s a i d   s p h e r o i d s   a r e   h a r d e n e d   b y  

h e a t i n g   t hem  as  t h e y   f a l l .  



4.  A  m e t h o d   a c c o r d i n g   to   c l a i m   1,  c h a r a c t e r i z e d  

in   t h a t   t h e   s p h e r o i d s   a r e   f i r s t   h e a t e d   to  - 2 S 0 o C   and  a r e  

c o a t e d   by  s p r a y i n g   s a i d   c o m p o s i t i o n s   o n t o   t h e m .  

5.  A  m e t h o d   a c c o r d i n g   to   c l a i m   1,  c h a r a c t e r i z e d  

in   t h a t   t h e   s p h e r o i d s   a r e   c o a t e d   by  d r o p p i n g   t hem  i n t o   t h e  

c o m p o s i t i o n .  

6.  A  m e t h o d   a c c o r d i n g   to  c l a i m   1,  c h a r a c t e r i z e d  

in   t h a t   t h e   c o a t i n g s   on  s a i d   s p h e r o i d s   a r e   h a r d e n e d   b y  
i m m e r s i o n   i n   a  s e t t i n g   a g e n t .  

7.  A  m e t h o d   a c c o r d i n g   to   c l a i m   6,  c h a r a c t e r i z e d  

i n   t h a t   t h e   s e t t i n g   a g e n t   i s   an  a q u e o u s   s o l u t i o n   of   MOH 

w h e r e   M  i s   s e l e c t e d   f rom  a l k a l i   m e t a l s ,   ammonium,   a n d  

m i x t u r e s   t h e r e o f .  

8.  A  m e t h o d   a c c o r d i n g   to  c l a i m   6  or   7,  c h a r a c -  

t e r i z e d   in   t h a t   t h e   a g e n t   i s   h e a t e d   to   a b o u t   7 5 ° C .  

9.  A  m e t h o d   a c c o r d i n g   to   c l a i m   1,  c h a r a c t e r i z e d  

i n   t h a t   t h e   c o a t i n g s   on  t h e   s p h e r o i d s   a r e   h a r d e n e d   b y  
i m m e r s i o n   i n   a  d e h y d r a t i n g   a g e n t .  

10.  A  m e t h o d   a c c o r d i n g   to   c l a i m   9,  c h a r a c t e r -  

i z e d   in   t h a t   t h e   d e h y d r a t i n g   a g e n t   i s   t r i c h l o r o e t h y l e n e .  

11.  A  m e t h o d   a c c o r d i n g   to  c l a i m   9  or   10,  c h a r a c -  

t e r i z e d   i n   t h a t   t h e   d e h y d r a t i n g   a g e n t   i s   h e a t e d   to   a b o u t  

7 5 ° C .  

12.  A  m e t h o d   a c c o r d i n g   to  c l a i m   1,  c h a r a c t e r -  

i z e d   in   t h a t   t h e   c o m p o s i t i o n   i s   h a r d e n e d   by  c o a t i n g   t h e  

s p h e r o i d s   w i t h   a  s e t t i n g   a g e n t   p r i o r   to  c o a t i n g   them  w i t h  

s a i d   c o m p o s i t i o n .  

13.  A  m e t h o d   a c c o r d i n g   to   any  of   p r e c e d i n g  

c l a i m s ,   c h a r a c t e r i z e d   in   t h a t   t h e   s p h e r o i d s   a r e   f rom  1 / 2  

to   25  mm  in   d i a m e t e r .  

14.  A  m e t h o d   a c c o r d i n g   to   any  of  t h e   p r e c e d i n g  

c l a i m s ,   c h a r a c t e r i z e d   i n  t h a t   s t e p s   (A) ,   (B)  and  (C)  a r e  

r e p e a t e d   f r o m   5  to   10  t i m e s .  

15.  A  m e t h o d   a c c o r d i n g   to  c l a i m   1,  c h a r a c t e r -  

i z e d   in   t h a t   t h e   s p h e r o i d s   a r e   c o a t e d   and  h a r d e n e d   b y  

d r o p p i n g   t hem  i n t o   a  v e s s e l   c o n t a i n i n g   s a i d   c o m p o s i t i o n   o n  

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



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

l i q u i d .  

16.  A  m e t h o d   a c c o r d i n g   to  c l a i m   15,  c h a r a c t e r -  

i z e d   in  t h a t   t h e   i m m i s c i b l e   l i q u i d   i s   a  s i l i c o n   o i l .  
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