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SUMMARY 

The e f f e c t s  o f  Na20, K20. B203. Ti02, CaO, and ZnO contents were deter-  

mined on the leach r a t e  and homogeneity o f  a p o t e n t i a l  h igh- leve l  waste 

glass. It was found t h a t  the two c h a r a c t e r i s t i c s  a re  i n  compet i t ion,  w i t h  

v a r i a t i o n s  o f  CaO having the  g rea tes t  e f f e c t  and T i02  having the  l e a s t  e f f e c t .  

Boron ox ide  c o n t e n t  i s  important  i n  c o n t r o l  o f  Na2Mo04 format ion and 

separat ion. Sodium molybdate fo rmat ion  can a l so  be c o n t r o l l e d  by the use 

o f  reducing agents. 

The waste g lass discussed i n , t h i s  r e p o r t  can t o l e r a t e  f rom 0-50% waste 

content  w i t h  minor e f f e c t s  on l e a c h a b i l i t y  and v i s c o s i t y .  
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The inco rpo ra t i on  o f  h igh- leve l  r a d i o a c t i v e  wastes i n t o  a  g lass s t ruc -  

t u r e  o r  m a t r i x  has been long recognized as an a t t r a c t i v e  method f o r  handl ing 

these wastes and prepar ing them f o r  d isposal .  Many o f  the a t t r a c t i v e  fea tures  

(1 ) which make glass the  c u r r e n t  choice as a  waste form were r e c e n t l y  reviewed. 

Work on g lass fo rmula t ions  has been c a r r i e d  o u t  both i n  t h i s  country  (2-4 

and abroad (5-7) f o r  many years. During the  e a r l y  development phosphate 

glasses were u t i  1  ized, however, most o f  t he  recent  fo rmula t ions  have been 

based on b o r o s i l i c a t e  type compositions. 

Since h igh  l e v e l  wastes vary w ide ly  i n  composit ion due t o  d i f f e r e n t  

process cond i t i ons  and f u e l  types, var ious  g lass composit ions a r e  optimum 

f o r  each waste and process. The r e s u l t s  o f  t h i s  study apply t o  a  h igh  

l e v e l  waste (PW-4b) and are  based on the  p rope r t i es  discussed below. 

IMPORTANT PROPERTIES 

The u l t i m a t e  o b j e c t i v e  o f  waste s o l i d i f i c a t i o n  i s  t o  prevent  s i g n i f i -  

cant  re lease o f  r a d i a t i o n  and r a d i o a c t i v e  ma te r ia l s  t o  t he  environment. The 

most l i k e l y  method i s  through contac t  o f  t he  waste w i t h  water, w i t h  subsequent 

leaching o f  radio isotopes,  and m i g r a t i o n  i n t o  the  environment. The leach- 

a b i l i t y  o f  waste forms i s  t he re fo re  a  major concern. Long-term s t a b i l i t y  o f  

t he  glasses w i t h  regard t o  thermal and r a d i a t i o n  e f f e c t s  i s  a l so  necessary t o  

main ta in  the  des i red  low l e a c h a b i l i t y  o f  the waste form. These e f f e c t s  a re  

discussed i n  more d e t a i l  i n  a  separate repor t .  (8) To ob ta in  a  cons is ten t  

product  w i t h  the  des i red  proper t ies ,  homogeneity o f  t he  waste glasses i s  



impor tant ,  though t he  degree o f  homogeneity r e q u i r e d  i s  much 1 ess than t h a t  

o f  commercial g lasses. 

The process ing equipment and a l l owab le  process c o n d i t i o n s  must a l s o  be 

c a r e f u l  l y  cons idered i n  deve lop ing  g lass  fo rmu la t ions .  Two me1 t i n g  systems, 

t he  ceramic m e l t e r  and t h e  in -can  m e l t e r  have been developed, each w i t h  i t s  

own s e t  o f  s p e c i f i c  requi rements.  ( 9y10 )  The ceramic me1 t e r  o r i g i n a l l y  

selected. f o r  t h i s  development r e q u i r e s  t h a t  t h e  me1 t s  be o x i d i z e d  ( i  .e., no 

reduc ing  agents can be used) and t h a t  maximum me1 t i n g  temperature be 1 im i  t e d  

t o  1150°C. A t  t h i s  temperature t h e  v i s c o s i t y  o f  the  g l ass  must be below 

200 poise t o  a l l ~ w  r e f i n i n g  of t he  g l ass  me l t .  A t  temperatures g r e a t e r  than 

1150°C t h e  v o l a t i l i t y  of Cs20 and c o r r o s i o n  o f  t he  e l ec t rodes  become a 

concern. 

Since long  per iods  o f  t ime  a r e  r e q u i r e d  t o  determine g lass  behavior  

under thermal and r a d i a t i o n  cond i t i ons ,  t h e  g l ass  development has proceeded 

under the  two-step p l a n  shown i n  F i g u r e  1. Development undergoes two i t e r -  

a t i  ve 1 oops, beginn ing w i t h  numerous i t e r a t i o n s  around t h e  i n n e r  1  oop, w i t h  

o p t i m i z a t i o n  based on l e a c h a b i l i t y ,  v i s c o s i t y ,  and homogeneity. The op t ima l  

g l ass  f rom t h i s  l oop  i s  then sub jec ted  t o  a  much more d e t a i l e d  t e s t  p lan .  (11) 

Th is  r e p o r t  w i l l  be con f i ned  t o  a  s p e c i f i c  s e t  o f  exper iments i n  t he  i n n e r  

me1 t formul a t i o n  loop. 



FIGURE 1  . Task Re la t ionsh ips  
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WASTE COMPOSITION 

As shown i n  F igure  2 h igh- leve l  waste i s  composed o f  elements from 

three sources : f i s s i o n  products, a c t i n i d e s  and process chemicals. F i ss ion  

products a re  produced from burnup o f  the  f u e l  i n  r e a c t o r  and represent  over 

99% of the  r a d i o a c t i v i t y  i n  a1 1 nuclear wastes; ac t i n ides  r e s u l t  from neutron 

capture and uranium and plutonium t h a t  have no t  been completely removed dur- 

i n g  so lvent  e x t r a c t i o n  i n  the reprocessing p lan t ,  ( t y p i c a l l y  0.1 t o  1.0 wt%); 

and process chemicals a re  added d u r i n g  reprocessing. Examples a re  gadolinium 

f o r  c r i t i c a l i t y  con t ro l  and a d d i t i o n  o f  the in te rmed ia te  l e v e l  waste stream 

from cleanup o f  the so lvent  e x t r a c t i o n  so lu t ions ,  which add sodium and phos- 

phate. The concentrat ions and types o f  i n e r t s  vary w i t h  each reprocessor. 

The simulated composit ion used f o r  our se r i es  o f  t e s t s  i s  c a l l e d  PW-4b-1 

(shown i n  Table I ) ,  a  very c lean waste w i t h  low i n e r t s  and low uranium and 

plutonium content .  The PW-4b-1 compcsit ion conta in  chemical s u b s t i t u t i o n s  

f o r  rad io iso topes i n  PW-4b. The referenced PW-4b composit ion and o ther  

s imu la t ions  a r e  d e t a i l e d  i n  Table 2 o f  Reference 8. 
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TABLE 1. Composition o f  PW-4b-1 Simulated 
High-Level Waste 

Oxide wt/o 

NiO 2.68 

Rb20 0.90 

SrO 2.70 

Zr02 12.61 

Moo3 16.26 

COO 0.78 

Ag20 0.22 
CdO 0.25 

Te02 1.85 

Cs20 7.35 

BaO 4.00 



GLASS COMPOSITION 

After a s e r i e s  of scouting t e s t s ,  a t en ta t ive  g lass  composition was 

chosen fo r  the PW-4b-1 waste, the principal c r i t e r i a  were high chemical 

durab i l i ty  over the pH 4 t o  9 range, oxidizing me1 t ing  condit ions,  and 

maximum me1 t i n g  temperature of 11 50°C. This composition (76-375) i s  shown 

in Tab1.e 2 .  Note t h a t  the glass  i s  a borosi l ica te  with qui te  high mixed 

a lka l i  and minor addit ions of ZnO and Ti02; the 113 waste addition adds con- 

s iderable  Zr02, r a re  ear th  ( R E )  oxides and Fe203, which generally increase 

glass durab i l i ty .  The e f f ec t s  of the high concentration of Moo3 shown in 

the t ab le  wil l  be discussed l a t e r .  The waste added t o  a glass i s  chosen 

t o  minimize the t o t a l  volume. 

To ver i fy  t ha t  the composition fo r  the g lass  f r i t  was appropriate,  a 

s e r i e s  of melt t e s t s  was performed t o  observe homogeneity and leach ra tes .  

For each t e s t  a component oxide concentration of the f r i t  was varied by 

replacing o r  being replaced by an equal weight percent of s i l i c a .  These 

samples were prepared as 40 gram melts by blending a simulated waste and the 

raw glass components w i t h  mortar and pes t le  and then heating a t  1150°C f o r  

2 hours i n  platinum crucibles.  The glass  was a i r  quenched, then photo- 

graphed and ground t o  -40 +60 mesh fo r  a consecutive s e r i e s  of leach t e s t s .  

The f i r s t  leach t e s t  was performed in room-temperature NH40H-NH4C1 solution 

buffered t o  pH 9, the second in room-temperature sodium aceta te-acet ic  acid 

solution buffered t o  pH 3.9, and the th i rd  (Soxhlet t e s t )  used d i s t i l l e d  

water a t  99°C. Each leach t e s t  was fo r  a 24-hr period. Each sample was 

contained i n  a 200-mesh s t a i n l e s s  s t ee l  envelope, w i t h  leach r a t e s  deter-  

mined from weight loss .  More d e t a i l s  on leach t e s t i ng  a re  included in 

another pub1 ica t ion.  (8)  



TABLE 2. Reference Glass Composition (76-375) 

Glass F r i  t 

Si02 

B2°3 
CaO 

ZnO 

Ti02 

NaeO 

K2° 

Subtota l  67 

Waste Add i t ions  (PW-4b-1) 3 3 

Tota l  100 



The r e s u l t s  o f  t e s t s  on t h e  e f f e c t s  o f  Na20 conten t  a re  shown i n  

F igure 3, which a l s o  i d e n t i f i e s  t he  nominal composit ion o f  t h e  standard 

76-375 mel t .  Add i t ions  o f  Na20 above t h a t  o f  t h e  standard composit ion 

f u r t h e r  increases the  homogeneity o f  t h e  g lass  and a l s o  increases leacha- 

b i l i t y  as measured by a l l  t h ree  methods. It i s  a l s o  i n t e r e s t i n g  t o  no te  

t h a t  leach r a t e s  were a c t u a l l y  decreased by the  a d d i t i o n  o f  NaZO a t  low 

l e v e l s .  As might  be an t i c i pa ted ,  a l k a l i  con ten t  must be mainta ined a t  

moderately h igh  l e v e l s  t o  a l l o w  m e l t i n g  a t  t he  r e l a t i v e l y  low processing 

temperatures. Potassium ox ide  e f f e c t s ,  shown i n  F igure  4, a re  s i m i l a r  t o  

Na20; however, t h e  changes seem t o  be more s i g n i f i c a n t  on a  pe r  mole basis .  

The changes shown a re  a t  2  w t %  i n t e r v a l s  versus the  prev ious 1 w t % ,  bu t  on 

a  mole basis ,  they are  very  s i m i l a r .  Potassium ox ide  i s  used both t o  take 

advantage o f  t he  "mixed a l k a l i "  e f f e c t s  on v i s c o s i t y  and a l s o  t o  r e t a r d  

l i q u i d  phase separat ion,  common w i t h  b o r o s i l i c a t e s .  

Boron ox ide i s  u t i l i z e d  i n  waste glasses, bo th  t o  lower v i s c o s i t y  and 

enhance homogeneity (F igure  5 ) .  The 7 w t %  me1 t has several  sur face phases; 

one i s  a  ye l l ow  phase (F igure  5) around t h e  edge o f  t h e  m e l t  (sodium molyb- 

date) ,  which i s  p a r t i c u l a r l y  troublesome. It i s  undes i rab le  both because 

i t  i s  water so lub le  and a l s o  because i t  conta ins  s i g n i f i c a n t  amounts o f  

cesium and s t ron t ium-- the  two most hazardous elements du r i ng  the  e a r l y  l i f e  

o f  t h e  waste. The a d d i t i o n  o f  increased amounts o f  B203 i s  one method of 

inc reas ing  the  s o l u b i l i t y  o f  t he  molybdate i n  t he  glass. An a d d i t i o n a l  

method w i l l  be discussed l a t e r .  The l e a c h a b i l i t y  decreases i n  t he  pH 9 

so lu t i ons ,  w i t h  BZO3 increas ing  from 7 t o  11%. Th i s  i s  due p r i m a r i l y  t o  t h e  
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FIGURE 4. Leachability of 76-375 Type Glass 
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w i t h  Change i n  B203 Content 



e l  i m i n a t i  on o f  t he  molybdate phase. Since B203 increases bu l k  1 eaching, 

s l i g h t l y  lower concentrat ions would be d e s i r a b l e  i f  adequate homogeneity 

cou ld  be obtained. 

Homogeneity and 1 eachabi 1 i ty comparisons o f  glasses con ta in ing  Ti02 are  

shown i n  F igure 6. Small a d d i t i o n s  of T i02  appear b e n e f i c i a l  i n  lower ing 

v i s c o s i t y  and a1 so leachab i l  i t y .  . Large concentrat ions of ti t a n i a  can be 

expected t o  increase dev i  tri f i c a t i o n  p o t e n t i a l  s  and the re fo re  need t o  be 

1 imi ted.  The e f f e c t s  o f  T i02  on g lass  homogeneity appear t o  be minor.  The 

standard was me1 ted  i n  a d i f f e r e n t  batch, which may account f o r  i t s  s l i g h t  

decrease i n  homogeneity i n  comparison t o  the  o ther  samples. 

Calcium oxide has major e f f e c t s  i n  waste glasses, as can be seen i n  

F igure  7. This  i s  a c l a s s i c  case o f  t rade o f f s  between homogeneity (which 

i s  g r e a t l y  improved by c a l c i a  add i t i ons )  and l e a c h a b i l i t y ,  which a l so  

g r e a t l y  increases w i t h  c a l c i a .  The a c i d  d u r a b i l i t y  i s  p a r t i c u l a r l y  

af fected,  w i t h  a very r a p i d  increase beyond 4 w t %  CaO. The 2% CaO used 

represents a balance between the  two c o n f l i c t i n g  requirements. 

Zinc ox ide has been used q u i t e  ex tens i ve l y  i n  waste glasses, w i t h  some 

previous composit ions conta in ing  as much as 21 w t %  ZnO. Much smal ler  amounts 

are now used because o f  the r a p i d  increase i n  a c i d  a t t a c k  w i t h  increas ing  

ZnO content  ( i n d i c a t e d  i n  F igure  8). L e a c h a b i l i t y  (as measured by the 
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Soxh le t  t e s t ) ,  however, con t inues  t o  decrease even a t  21 wt% ZnO. The i n f l u -  

ence o f  t h e  t ype  o f  l each  t e s t  on leach  r a t e  i s  one of t h e  p r i n c i p a l  reasons 

t h a t  t h r e e  leach  t e s t s  were u t i l i z e d  f o r  these t e s t s .  The 5  wt% ZnO con ten t  

has been chosen as a  balance between t he  va r i ous  l each  requirements.  ZnO does 

n o t  appear t o  a i d  homogeneity i n  t h i s  waste glass, b u t  i t  can g e n e r a l l y  be 

b e n e f i c i a l  i n  a i d i n g  v i s c o s i t y .  Furthermore, h i g h  ZnO con ten t  r e a d i l y  forms 

a  Zn2Si04 c r y s t a l  as a  d e v i t r i f i c a t i o n  product ,  which i s  discussed i n  more 

d e t a i l  i n  a  separate r e p o r t .  (1 1) 

For a l l  o f  these reasons, i t  i s  apparent tha.t - t h e - i n i t i a l l y  se lec ted  

fr it f o r m u l a t i o n  i s  near optimum. Fu r the r  t e s t s  have been made t o  determine 

t h e  e f f e c t i v e n e s s  o f  t h i s  t ype  o f  f o r m u l a t i o n  f o r  process ing requirements.  

VARIABILITY OF WASTE CONTENT 

Process des ign and i ns t rumen ta t i on  can p rov ide  c l o s e  c o n t r o l  o f  m i x i ng  

r a t i o s  o f  waste and frit a d d i t i v e s ,  b u t  a t  t imes r a t i o s  may n o t  be a t  t h e  

des i r ed  2 fr i t  t o  1  waste ox ide  r a t i o .  Tests  have been r u n  on d i f f e r e n t  mix- 

t u r e s  t o  determine how f a r  t h e  r a t i o  can va ry  w i t h o u t  caus ing major  problems 

w i t h  t h e  product.  The e f f e c t  o f  v a r i a t i o n s  i n  waste c o n t e n t  on l e a c h a b i l i t y  

and v i s c o s i t y ,  two o f  t he  most impo r tan t  parameters, i s  shown i n  F igu re  9. 

Note t h a t  i n i t i a l  waste a d d i t i o n s  a c t u a l l y  reduce bo th  v i s c o s i t y  and leach-  

a b i l i t y .  L i m i t s  f o r  in-can m e l t i n g  w i t h  t h i s  composi t ion would be about  15 

t o  45 wt% waste. The ceramic n i e l t e r  f o r  which t h i s  f o r m u l a t i o n  was in tended 

should n o t  have a  v i s c o s i t y  problem a t  t he  h i ghe r  1150°C temperature over  
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FIGURE 9. E f f e c t  o f  Waste Content on V i s c o s i t y  a t  1050°C and Ac id  
L e a c h a b i l i t y  as a  Func t ion  o f  Waste Oxide Content 
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t h e  t o t a l  range t e s t e d  (0-50% waste).  However, t h e  a c i d  and s o x h l e t  leach-  

a b i l i t y  a r e  h i ghe r  a t  t h e  upper and lower  l i m i t s  o f  waste con ten t ,  b u t  would 

n o t  be ser ious  enough t o  r e q u i r e  rework. These i n i t i a l  r e s u l t s  i n d i c a t e  t h a t  

t h e r e  i s  a  very  wide range f o r  acceptable f r i t - t o - w a s t e  r a t i o s ;  more d e t a i l e d  

s tud ies  a r e  planned t o  examine thermal and r a d i a t i o n  e f f e c t s .  

SODIUM MOLYBDATE CONTROL 

As discussed e a r l i e r ,  Na2Mo04 separa t ion  can be a problem w i t h  some 

waste types, and B203 can a i d  i n  c o n t r o l l i n g  i t s  behavior .  However, add i -  

t i o n a l  methods o f  c o n t r o l  a r e  needed s i nce  sepa ra t i on  may occur a t  h i gh  

waste load ings  even w i t h  h i ghe r  B203 con ten t .  Na2Mo04 may a l s o  separate i n  

c o o l e r  reg ions  o f  process equipment s ince  i t  has lower  s o l u b i l i t y  i n  t h e  

me l t s  a t  lower  temperatures. 

The chemical behav io r  o f  molybdenum can be c o n t r o l l e d  by reduc ing t h e  

h i gh  valence s t a t e  ( ~ 0 ' ~ )  which causes i t s  unique behavior .  To reduce t he  

valence o f  molybdate, reduc ing  agents were added t o  t h e  g lass ,  e.g., s i l i c o n  

metal  powder may r e a c t  w i t h  t he  Na2Mo04 as i n d i c a t e d  i n  t he  f o l l ow ing  

equat ion:  

Na20 + 2Na2Mo04 + 3Si -+ 3Na2Si03 + 2Mo 

A G O  % -250 kca l  



From standard f r e e  energies we ca l cu la ted  t h a t  the  r e a c t i o n  has a  l a r g e  

p o t e n t i a l  and so proceeds e a s i l y .  Although the equat ion shows M O + ~  reduced 

completely t o  the  metal,  we have found t h a t  i t  i s  n o t  necessary t o  reduce t o  

t h a t  ex ten t .  Both l abo ra to ry  and engineer ing scale t e s t s  have v e r i f i e d  the  

e f fec ts  o f  reducing agents on the  g lass behavior (a  comparison of engineer- 

i n g  sca le  can is te rs  i s  shown i n  F igure  10). The absence o f  the  ye l l ow  surface 

Na2Mo04 phase (arrow) can be noted. A1 so, unmel t ed  ma te r ia l  ( p r i n c i p a l  l y  

Ce02) e x i s t s  i n  the  lower p a r t  of t he  c a n i s t e r  (arrow). The reducing agents 

a l so  appear t o  a c t  on i t  t o  reduce i t  t o  Ce20g which i s  more so lub le  i n  the  

g lass.  Other oxides, such as ruthenium, rhodium, pal ladium, n i cke l  and 

t e l l u r i u m ,  are reduced t o  the metal s t a t e  by a d d i t i o n  o f  ,reducing agents. 

This  i s  due t o  t h e i r  lower f r e e  energy o f  format ion compared t o  molybdenum, 

and they the re fo re  e x i s t  as f i n e  dispersed m e t a l l i c  c r y s t a l s  i n  the g lass.  

Pal ladium and rhodium metal c r y s t a l s  have a l s o  been observed i n  nonreduced 

mel ts .  Therefore, reducing agents have n o t  created a  new problem, b u t  have 

increased the concentrat ions o f  i n s o l u b l e  metals  i n  the g lass.  The o v e r a l l  

e f f e c t s  appear very benef i c i  a1 . 



EARLY MELT SHOW I NG PHASE RECENT MELT SHOW I NG 
SEPARATIONS REDUCTION OF PHASE SEPARATION 

FIGURE 10. Comparison o f  Engineering Scale Canisters Showing the 
Improvement i n  Homogeneity w i t h  Use o f  Reducing Agents 



CONCLUSIONS 

I n  summary, t he  homogeneity and leach r a t e s  o f  waste glasses can be con- 

t r o l l e d  by t h e i r  composition. Since the  two p roper t i es  a r e  genera l ly  com- 

pet ing,  judgement i s  requ i red  i n  es tab l i sh ing  t h e  composit ion 1  i m i t s  f o r  t he  

glass add i t i ves .  

NapO, K20 and CaO have t h e  greates t  e f f e c t  on homogeneity and 

l e a c h a b i l i t y .  

Bor ic  oxide add i t i ons  and reducing agents a r e  e f f e c t i v e  methods f o r  

sodium molybdate con t ro l .  

There are wide 1  i m i t s  on the  r a t i o  o f  frit t o  HLW ox ide which can 

be incorporated i n  glasses w i thou t  ser ious e f f e c t  on important  

p roper t ies  o f  v i s c o s i t y  and leach r a t e .  

The reference composit ion used i n  t h i s  t e s t  i s  near optimum f o r  the 

composition ranges tested. 
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