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ABSTRACT 

An e m p i r i c a l  r e l a t i o n s h i p  has been developed t o  e s t i m a t e  t h e  cumu la t i ve  
f r a c t i o n a l  re leases  o f  1 3 7 ~ s  f rom s imu la ted  waste forms as a  f u n c t i o n  o f  
l each ing  t i m e  and t h e  geometr ic  sur face- to-vo lume r a t i o s .  Data f rom an on- 
go ing  l e a c h i n g  s tudy  were used. The s imu la ted  waste forms c o n s i s t e d  of o r -  
gan ic  c a t i o n  exchange r e s i n s  s o l i d i f i e d  i n  P o r t l a n d  I cement a t  a  waste- to-  
cement r a t i o  o f  0.6 and water-to-cement r a t i o  o f  0.4. The nominal specimen 
dimensions were: 1 - i nch  d iamete r  x  1 - i nch  h igh,  2 - inch  d iamete r  x  2 - i nch  h igh ,  
2 - inch  d iameter  x  4 - inch  h igh ,  3 - inch  d iameter  x 3 - inch  h i g h ,  6 - i nch  d iameter  
x  6 - inch  h igh,  6 - inch  d iamete r  x  12- inch h igh,  and 12- inch  d iamete r  x  12- inch 
h igh.  The waste forms were leached'  i n  de ion i zed  wate r  u s i n g  a  m o d i f i e d  IAEA 
1 each f ng procedure.  

A s tudy  designed t o  eva lua te  t h e  l e a c h a b i l i t y  o f  1 3 7 ~ s ,  8 5 ~ r ,  and 
6 0 ~ o  f rom s imu la ted  b o r i c  a c i d  waste s o l i d i f i e d  i n  P o r t l a n d  I 1 1  cement and 
t o  measure t h e  compressive s t r e n g t h  of t h e  ensuing waste forms b e f o r e  and 
a f t e r  l e a c h i n g  was concluded. Leaching da ta  ex tend ing  over  229 days a r e  p r e -  
sented. The s imu la ted  waste forms were leached i n  de ion i zed  wate r  u s i n g  a  
modi f i e d  I A E A  l e a c h i  ng procedure. The compressive s t r e n g t h  o f  t h e  specimens 
was measured i n i t i a l l y  and a f t e r  t h e i r  exposure t o  a  l e a c h i n g  environment f o r  
352 days. 
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SUMMARY 

I. Experiments were i n i t i a t e d  e a r l i e r  t o  determine i f  t h e  l e a c h a b i l i t y  
o f  137cs f rom smal l  - s ca le  l a b o r a t o r y  samples cou ld  be used i n  p r e d i c t i n g  t h e  
l each ing  behav io r  of l a r g e r  waste forms. T h i s  p rogress  r e p o r t  updates t h e  
exper imenta l  da ta  ob ta i ned  t o  date,  p resen ts  an e m p i r i c a l  method o f  c o r r e l a t -  
i n g  t h e  l each ing  da ta  f r o ~ n  t h e  sma l l - sca le  samples t o  those  f rom l a r g e  sam- 
p l e s ,  and o f f e r s  a  method of e s t i m a t i n g  t h e  cumu la t i ve  f r a c t i o n  r e l ease  f o r  a  
g i ven  waste form s i z e  f o r  a  g i ven  t o t a l  l each ing  t ime.  

S imulated waste forms cons i s t ed  o f  o rgan i c  c a t i o n  exchange r e s i n s  s o l i d -  
i f i e d  i n  P o r t l a n d  I cement a t  a  waste-to-cement (w/w) r a t i o  o f  0.6 and a  
water- to-cement (w/w) r a t i o  o f  0.4. Samples w i t h  nominal specimen dimensions 
eva lua ted  t o  d a t e  were: 1 - i n c h  d iameter  x  1 - inch  h i g h ,  2 - i nch  d iameter  x  
2- inch h igh ,  2 - inch  d iamete r  x  4 - inch  h igh,  3 - inch  d iamete r  x  3 - inch  h igh ,  
6 - i nch  d iameter  x  6 - i nch  h igh ,  6 - inch  d i  ameter x  12 - i nch  h igh ,  and 12- inch  
d iamete r  x  12- inch  high. The waste forms were leached i n  de ion i zed  wate r  
us i ng  a  modi f i  ed I A E A  l e a c h i  ng procedure. Incrementa l  and cumul a t i  ve 
f r a c t i o n a l  re1 eases o f  1 3 7 ~ s  were determi ned. 

Observat ions and conc lus ions  f rom t h e  da ta  c o l l e c t e d  t o  da te  a re :  

a The p h y s i c a l  i n t e g r i t y  of t h e  6 - i nch  d iamete r  x  12- inch  h igh,  and 
12- inch d iameter  x  12- inch h i g h  waste forms began t o  d e t e r i o r a t e  a f t e r  
approx imate ly  100 days o f  l each ing .  (We a r e  c u r r e n t l y  a t t e m p t i n g  t o  
unders tand t h e  reasons f o r  t h i s  d e t e r i o r a t i o n ,  and a re  p r e p a r i n g  new 
forms w i t h  p o s s i b l y  a  mod i f i ed  f o r m u l a t i o n  t h a t  w i l l  w i t h s t a n d  l o n g e r  
l e a c h i  ng per iods .  ) 

a An e m p i r i c a l  r e l a t i o n s h i p  was developed f rom t h e  l e a c h i n g  da ta  
ob ta ined  t o  da te  i n  t h i s  study. T h i s  e m p i r i c a l  approach r e l a t e s  t h e  
cumu la t i  ve f r a c t i o n a l  re lease  t o  t h e  geometr ic  su r f ace - t o - vo l  ume r a t i o  
o f  t h e  waste forms and t h e  square r o o t  o f  t h e  l each ing  t ime. 

11. T h i s  p rogress  r e p o r t  concludes a st~.rd i n i t i a t e  e a r l i e r ,  and de- 
s igned t o  eva lua te  t h e  l e a c h a b i l i t y  of 1 3 7 ~ s ,  { s S ~ ,  and 20Co f rom 
s imu la ted  b o r i c  a c i d  waste s o l i d i f i e d  i n  Po r t 1  and I I 1  cement. The compressive 
s t r e n g t h  o f  t h e  ensu ing  waste forms was measured be ' fore  and a f t e r  352 days of  
1  eaching. 

The waste forms were made w i t h  3%, 6%, and 12% b o r i c  a c i d  s o l u t i o n s  whose 
pH's were ad jus ted  t o  approx imate ly  12. The waste-to-cement r a t i o s  s t u d i e d  
were 0.5 and 0.7. 

The f o l  1 owi ng conc lus ions  and observa t ions  were made: 

I n c r e a s i n g  t h e  waste-to-cement r a t i o  f rom 0.5 t o  0.7 caused an 
i nc rease  i n  t h e  l e a c h a b i l i t y  o f  137cs f r om t h e  t h r e e  b o r i c  



ac id lcement  composite f o rmu la t i ons  ( i .e. ,  made w i t h  3%, 6%, and 12% 
b o r i c l a c i d  s o l u t i o n s  as waste). Th is  e f f e c t  i s  n o t  n o t i c e a b l e  f o r  t h e  
leachab i  1  i t y  o f  8 5 ~ r  f rom these  composites. 

Fo r  a  waste-to-cement (w/w) r a t i o  o f  0.7, i n c r e a s i n g  t h e  b o r i c  a c i d  
s o l u t i o n  c o n c e n t r a t i o n  ( f r o m  3% t o  6  and 12%) e f f e c t i v e l y  decreased 
t h e  l e a c h a b i l i t y  o f  b o t h  1 3 7 ~ s  and 8gSr. Th i s  t r e n d  i s  l e s s  
n o t i c e a b l e  f o r  a  waste-to-cement r a t i o  o f  0.5 when comparing 
composites made w i t h  3% and 6% b o r i c  a c i d  s o l u t i o n s ,  b u t  becomes 
prominent  between composites made w i t h  3% and 12%. The reasons f o r  
t h i s  decrease i n  1 3 7 ~ s  and 85sr  l e a c h a b i l i t y  w i t h  i n c r e a s i n g  b o r i c  
a c i d  c o n t e n t  o f  t h e  composites a r e  n o t  p r e s e n t l y  understood. 

The e x t e n t  o f  85s r  r e l ease  was approx imate ly  one- twent ie th  t h a t  o f  
1 3 7 ~ s  f rom t h e s e  composites. 

Cobal t -60 was be low t h e  d e t e c t i o n  l i m i t  i n  t h e  leacha tes  f rom a l l  t h e  
composites (3.0 x  10-2 pCi p e r  1.5 L.samples). 

Compressive s t r e n g t h  data:  

F o r  w/c r a t i o  o f  0.5 - Leaching f o r  352 days caused a  s u b s t a n t i a l  
decrease (approx. 50%) i n  t h e  specimens compressive s t reng th .  

Fo r  w/c r a t i o  o f  0.7 - Al though i n i t i a l l y  t h e  compressive s t r e n g t h  
o f  t hese  specimens was approx imate ly  40 t o  50% lower  than  those a t  
w/c r a t i o  o f  0.5, i t  d i d  no t  decrease f u r t h e r  a f t e r  352 days o f  
1  eachi nq. 

The compressive s t r e n g t h  o f  t h e  specimens a t  w/c r a t i o s  of bo th  
0.5 and 0.7 was approx imate ly  20 t o  38 t imes  h ighe r  t han  t h e  lower  
accep tab le  1  i m i t  ( 50  p s i )  s e t  f o r t h  i n  t h e  proposed Code o f  Federal  
Regu la t ions ,  lOCFR P a r t  61.56. 

Leachate pH da ta :  

The l eacha te  pH va lues from composites a t  b o t h  w/c r a t i o  o f  0.5 and 
0.7 d i d  n o t  d i f f e r ,  however, those  f rom t h e  samples c o n t a i n i n g  t h e  
3% b o r i c  a c i d  s o l u t i o n s  were s y s t e m a t i c a l l y  l o w e r  than  those  con- 
t a i n i n g  t h e  6% and 12% b o r i c  a c i d  s o l u t i o n s  by approx imate ly  one t o  
two pH u n i t s .  



PROPERTIES OF RADIOACTIVE WASTES AND WASTE CONTAINERS 
QUARTERLY PROGRESS REPORT, APRIL-JUNE 1981 

1. CORRELATION OF 1 3 7 ~ s  LEACHABI L  ITY FROM SMALL-SCALE (LABORATORY) SAMPLES 
TO LARGE-SCALE WASTE FORMS (W. Becker, A. C o l a v i t o ,  P. Hayde, L. M i l i a n ,  
and N. Morcos) 

1.1 I n t r o d u c t i o n  

L i cens ing  o f  near  su r f ace  1  ow-level  r a d i o a c t i v e  waste d i  sposal s i t e s  and 
waste fo rms/con ta iners  r e q u i r e s  t h e  a b i l i t y  t o  p r e d i c t  t h e  d i s p e r s i b i l i t y  o f  
r ad ionuc l i des  from waste forms and waste con ta ine rs  d isposed i n  b u r i a l  s i t e s .  
Bas ic  concerns i n  l i c e n s i n g  r a d i o a c t i v e  waste forms and con ta ine rs  a r e  t h e i r  
d imensional  s t a b i l i t y  and t h e  p o t e n t i a l  f o r  m i g r a t i o n  o f  t h e  rad ionuc l  i d e s  en- 
c losed  t h e r e i n  i n  a  near-  and long- te rm p r e d i c t a b l e  fash ion.  To assess these  
concerns, a  da ta  base i s  needed f o r  e v a l u a t i n g  t h e  a c c e p t a b i l i t y  o f  s o l i d i f i e d  
l ow- l eve l  r a d i o a c t i v e  waste packages f o r  d isposa l .  Furthermore, t h e  need t o  
develop t e s t  procedures and methodologies e x i s t s  t o  enable t h e  p r e d i c t i o n  and 
e x t r a p o l a t i o n  o f  long- te rm performance o f  waste forms based on sho r t - t e rm  
l a b o r a t o r y  t e s t s .  

Several t h e o r e t i c a l  and, emp i r i ca l  methods based on mass t r a n s p o r t  and 
d i f f u s i o n  t heo ry  have been develope t o  p r e d i c t  t h e  l e a c h a b i l i t y  o f  r a d i o -  
i sotopes from waste composi tes.  ( - A method has been recommended e a r l i e r  
(1970) by t h e  I n t e r n a t i o n a l  Atomic Energy Agency (IAEA) f o r  l e a c h i n g  samples 
and f o r  t h e  a n a l y s i s  and i n t e r p r e t a t i o n  o f  l e a c h i n g  data. (9)  Recent ly ,  a  
s tandard method, which has much i n  common w i t h  t h e  e a r l i e r  I A E A  method, was 
proposed by t h e  American Nuclear  Soc ie ty  Standards Committee Working Group 
(ANS-16.1). Th i s  method suggests t h e  accumulat ion o f  da ta  over  a  sho r t - t e rm  
p e r i o d  ( f i v e  days) t o  determine t h e  " L e a c h a b i l i t y  Index," a  m a t e r i a l  para-  
meter. Th is  parameter cha rac te r i zes  t h e  l each ing  o f  a  r a d i o n u c l i d e  f rom t h e  
waste form under eva lua t i on ,  and may be used f o r  performance p r e d i c t i o n s  under 
ac tua l  env i  ronmental ' cond i t i ons ,  i f  t h e  t y p e  of  m a t e r i a l  be ing  t e s t e d  was 
cha rac te r i zed  th rough gene r i c  s tud ies .  A,working group (ISO/TC 85/SC 5/WG 5 )  
o f  t h e  I n t e r n a t i o n a l  Standards Organ iza t ion  (ISO) i s  a1 so c u r r e n t l y  d i r e c t i n g  
e f f o r t s  toward t h e  adopt ion  o f  a  un i f o rm  s tandard  leach  t e s t .  

The IAEA method assumes a  s e m i - i n f i n i t e  p l ane  source model o f  d i f f u s i o n  
f o r  r ad io i so topes  f rom waste composites, and r e l a t e s  t h e  amount o f  substance 
d i f f u s e d  ou t  o f  a  waste composite t o  t h e  l each ing  t ime,  t h e  amount o f  t h a t  
substance i n i t i a l l y  present ,  and a  d i f f u s i o n  ra te .  The s  l u t i  n  f o r  t h e  r a t e  
equa t ion  d e s c r i b i n g  t h i s  d i f f u s i o n  mode can be w r i t t e n  as?1,109: 



where f = f r a c t i o n  o f  substance d i f f u s e d  ou t  o f  t h e  composi te 
d u r i n g  t i m e  t, 

S/V = r a t i o  o f  t h e  geometr ic su r f ace  o f  t h e  sample t o  
i t s  volume, 

D  = e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  substance f o r  t h e  
p a r t i c u l a r  composi te ma t r i x .  

The u n d e r l y i n g  assumptions d i c t a t e d  by Equa t ion  (1.1.) a r e  t h a t  t h e  i s o -  
t o p e  under s t udy  i s  e i t h e r  s t a b l e  o r  has a  l o n g  h a l f - l i f e  as compared t o  t h e  
d u r a t i o n  o f  t h e  exper iment  and t h a t  t h e  i n i t i a l  i s o t o p e  su r f ace  concen t ra t i on  
o f  t h e  waste form i s  zero. Furthermore, t h e  r e l a t i o n s h i p  i n  Equa t ion  (1.1) 
i m p l i e s  t h a t  i n i t i a l l y  f o r  t = 0, t h e  f r a c t i o n  leached  ( f )  i s  a l s o  zero. 
However, expe r imen ta l  l each ing  da ta  dev ia tes  f rom t h i s  p r  d i c t  'on f o r  smal l  
va lues o f  t, and a  more general  r e l a t i o n s h i p  i s  suggested?l , l l j :  

where t h e  added t e r m  ( a) i a t t  i b u t e d  t o  n o n - d i f f u s i v e  c o n t r i b u t i o n s  f rom t h e  
su r f ace  of t h e  waste form.74,l~'i Furthermore, a  l i n e a r  r e l a t i o n s h i p  o f  t h i s  
added t e rm  ( a )  w i t h  t h e  S/V r a t i o  o f  t h e  waste fo rm was shown t o  e x i s t .  (12)  

Ex e r imen ts  were i n i t i a t e d  e a r l i e r ( l 3 )  t o  determine i f  t h e  l e a c h a b i l -  
i t y  o f  e37Cs f rom s m a l l - s c a l e  l a b o r a t o r y  samples c o u l d  be used i n  p r e d i c t i n g  
t h e  l e a c h i n g  behav io r  o f  l a r g e r  waste forms. Th is  r e p o r t  updates t h e  expe r i -  
mental  da ta  ob ta i ned  t o  date,  p resen ts  a  method o f  c o r r e l a t i n g  t h e  l each ing  
da ta  f rom t h e  s m a l l - s c a l e  samples t o  those  f rom l a r g e  samples, and o f f e r s  a  
method o f  e s t i m a t i n g  t h e  cumu la t i ve  f r a c t i o n a l  r e l ease  f o r  a  g i ven  waste form 
s i z e  and a  g i ven  l e a c h i n g  t ime. 

1.2 Exper imenta l  

The waste forms b e i n g  eva lua ted  i n  t h i s  s tudy  a r e  r e p r e s e n t a t i v e  o f  t hose  
t h a t  a re  expected t o  be generated a t  n u c l e a r  power p l a n t s ,  e.g., o rgan i c  i o n  
exchange r e s i n s ,  b o r i c  ac id ,  and sodium s u l f a t e  r e g e n e r a t i v e  waste s o l i d -  
i f i  ed i n  P o r t 1  and cements and v i n y l  e s t e r - s t y r e n e  (Dow). C y l i n d r i c a l  waste 
composi tes w i t h  t h e  f o l l o w i n g  dimensions ( i n c h e s )  a r e  cons idered  i n  t h i s  s tudy  
(d iamete r  x  h e i g h t ) :  1 x  1, 2  x  2, 2  x  4, 3  x  3, 6 x  6, 6  x  12, 12 x  12, and 
22 x  22. The l a r g e s t  s i z e  approaches t h e  dimensions o f  waste s o l i d i f i e d  i n  a  
55-gal 1  on drum. 

Th i s  r e p o r t  p resen t s  updated l each ing  da ta  ob ta i ned  f rom 1 x  1, 2  x  2, 
2  x  4, 3  x  3, and 6  x  6  forms t o g e t h e r  w i t h  new da ta  f rom 6 x  12  and 12 x  12 
forms i n c o r p o r a t i n g  o rgan i c  c a t i o n  exchange r e s i n s  1  oaded w i t h  1 3 7 ~ s  and 
s o l i d i f i e d  i n  P o r t l a n d  I cement. An empi r i c a l  method o f  p r e d i c t i n g  cumu la t i ve  



f r a c t i o n a l  re leases  f rom va r i ous  s i z e  forms as a  f u n c t i o n  o f  t o t a l  l each ing  
t i m e  i s  a l s o  presented. Larger  s i z e  forms (22 x  22)  a r e  p r e s e n t l y  i n  t h e  
1  each i ng phase. 

The amounts o f  1 3 7 ~ s  added t o  t h e  d i f f e r e n t  s i z e  waste forms were 
chosen by u s i n g  t h e  r e l a t i o n s h i p  f l ( V / S ) l  = f 2 (V /S )2  where fl and 
f 2  a r e  t h e  cumu la t i ve  re lease  f r a c t i o n s  leached f rom two d i f f e r e n t  waste 
forms d u r i n g  t h e  same l e a c h i n g  t ime,  and (V/S)l and (V/S)2 a re  t h e  geo- 
m e t r i c  sur face- to-vo lume r a t i o s  o f  these  two forms. The measured leached 
f r a c t i o n s  f rom 2  x  4  o rgan ic  c a t i o n  exchange r e s i n 1 P o r t l a n d  I 1  cement compos- 
i t e s ( 1 4 )  were s u b s t i t u t e d  f o r  f l ,  and f 2  was c a l c u l a t e d  f o r  t h e  v a r i o u s  
s i z e s  u s i n g  t h e  a p p r o p r i a t e  (V/S)2 value. 

A m o d i f i e d  IAEA l e a c h i n g  procedure(15)  was f o l  lowed. The f i  r s t  l each-  
i n g  p e r i o d  was 100 minutes,  and t h e r e a f t e r  t h e  leachan t  was changed d a i l y ,  
d u r i n g  t h e  f i r s t  42 days, except f o r  weekends, where t h e  l e a c h i n g  pe r i ods  ex- 
tended f rom F r i d a y  t o  Monday. (However, t h e  leachan t  was changed d u r i n g  t h e  
f i r s t  weekend). A f t e r  42 days, t h e  l e a c h i n g  p e r i o d s  were extended t o  a  week, 
and l a t e r  t o  a  month, based on t h e  amount o f  a c t i v i t y  observed i n  t h e  leach-  
ates. 

1.2.1 Organic  Ca t i on  Exchange Resin P repa ra t i on  

Organic c a t i o n  exchange r e s i n s  (Rohrn and Haas IRN-77, H+ fo rm)  were 
conver ted t o  t h e  Na+ form w i t h  2  mo la r  NaOH s o l u t i o n .  The volume o f  NaOH 
s o l u t i o n  was t w i c e  t h a t  o f  t h e  r e s i n  and was decanted a f t e r  t h e  s o r p t i o n  p e r i -  
od. The r e s i n s  were then  r i n s e d  w i t h  de ion i zed  wate r  u n t i l  t h e  pH o f  t h e  
r i n s e  water  was comparable t o  t h a t  o f  t h e  i n i t i a l  d e i o n i z e d  water. The r e s i n s  
were s t o r e d  under  de ion ized  water. 

1.2.2 Organic  Ca t i on  Exchange KesinICement Composites 

Organic c a t i o n  exchange res in lcement  composites were f a b r i c a t e d  w i t h  a  
waste-to-cement (wlw) ( P o r t l a n d  I) r a t i o  o f  0.6 and a  water- to-cement (w/w) 
r a t i o  o f  0.4. The i nco rpo ra ted  s imu la ted  waste compos i t i on  c o n s i s t e d  o f  33 
weight  percen t  IRN-77 c a t i o n  exchange r e s i n ,  Na+ form, loaded w i t h  1 3 7 ~ s ,  
and 67 we igh t  percen t  de ion i zed  water. T h i s  f o r m u l a t i o n  was chosen because 
t e s t  samples ma in ta ined  t h e i r  phys i ca l  i n t e g r i t y  d u r i n g  a  pro longed l e a c h i n g  
p e r i o d  (4-5 weeks), and because i t  p rov i ded  good w o r k a b i l i t y  o f  t h  m ' x t u r e  
d u r i n g  t h e  m i x i n g  stage. E a r l i e r  process parameter i n v e s t i g a t i o n s ? 1 6 j  f o r  
t h e  s o l i d i f i c a t i o n  o f  i o n  exchange r e s i n s  i n  cement had d e f i n e d  boundar ies f o r  
t h e  components o f  t h e  waste form ( r e s i n ,  water ,  and cement) where a  f ree  
s tand ing  s o l i d  p roduc t  was produced. However, t h e  d u r a b i l i t y  o f  t h e  s o l i d i -  
f i e d  p roduc t  upon immersion i n  water had n o t  been evaluated. Formu la t ions  
cor responding t o  those  shown i n  t h e  area bounded by heavy l i n e s  i n  t h e  t a b l e  
reproduced f r om Reference 16 were eva lua ted  (see nex t  page). Up t o  twe l ve  
two - i  nch-di  ameter by f o u r - i  nch-hi  gh forms were made and immersed i n  de ion i zed  
water t o  eva lua te  t h e i r  phys i ca l  i n t e g r i t y  (no evidence o f  c rumb l i ng )  under 
l e a c h i n g  cond i t i ons .  Only two f o rmu la t i ons ,  denoted by t h e  t r i a n g l e  and 
c i r c l e  i n  t h e  t a b l e ,  passed t h e  immersion and w o r k a b i l i t y  



Table (From Manaktala and Weiss - Ref. 16)  

Formulat ion o f  Ion Exchange Resin Tes t  Samples 
( a l l  weights  given i n  grams) 

aEach en r i s  composed o f  t h r e e  p a r t s ,  v iz . ,  r e s i n  (15.7) ,  wa te r  (47.1),  and ' 

cement t lZ7 .1) .  



t e s t s .  However, some o f  t h e  forms w i t h  t h e  t r i a n g l e  f o r m u l a t i o n  began t o  
crumble a f t e r ,  severa l  days i n  water,  whereas t h e r e  were no f a i l u r e s  o f  t h e  ,> 

f o r m u l a t i o n  shown i n  t h e  c i r c l e .  

The o b j e c t i v e  o f  t h i s  work i s  no t  t o  develop a  f o r m u l a t i o n  f o r  p ro -  
cess i ng  i o n  exchange r e s i n s  f o r  waste d i s p o s a l ,  bu t  s p e c i f i c a l l y  t o  o b t a i n  
composites f o r  these exper iments,  which w i  11 m a i n t a i n  phys i ca l  i n t e g r i t y  
d u r i n g  an extended l e a c h i n g  pe r i od ,  perhaps as l o n g  as one yea r  f o r  t h e  l a r g e  
waste forms. 

The f o l l o w i n g  procedure was used i n  p repa r i ng  t h e  1 x  1, 2  x  2, 2 x  4, 
and 3  x  3 forms: The a p p r o p r i a t e  amounts o f  r e s i n s  were added t o  each mold 
and covered w i t h  de ion i zed  wate r  t o  which a  measured amount o f  1 3 7 ~ s  r a d i o -  
t r a c e r  was added w h i l e  s t i r r i n g .  A f t e r  a  twen t  - fou r -hour  e q u i l i b r a t i o n  
p e r i o d ,  t h e  wa te r  was sampled and assayed f o r  137Cs con ten t  t o  assure uptake 
by t h e  res i n .  The water  was t hen  removed by s u c t i o n  th rough  a  f r i t t e d  f i l t e r  
and an amount o f  f r e s h  wate r  was added commensurate w i t h  t h e  f o r m u l a t i o n  f o r  
t h e  composite. The l a r g e r  samples ( 6  x  6, 6  x  12, and 12 x  12)  were prepared 
i n  a  s l i g h t l y  d i f f e r e n t  manner. The amount o f  wa te r  added t o  t h e  r e s i n s  p r i o r  
t o  t h e  a d d i t i o n  o f  1 3 7 ~ s  was t h e  amount needed f o r  s o l i d i f i c a t i o n ,  and 
t h e r e f o r e  was no t  decanted a f t e r  e q u i l i b r a t i o n  and 1 3 7 ~ s  assay. The amount 
o f  1 3 7 ~ s  rema in ing  i n  t h e  aqueous phase ( a f t e r  s o r p t i o n )  f o r  a l l  samples was 
l e s s  than  0.1% o f  t h e  i n i t i a l l y  added a c t i v i t y ,  i n d i c a t i n g  t h a t  g r e a t e r  t han  
99.9% o f  t h e  1 3 7 ~ s  was sorbed. on to  t h e  r e s i n s .  

The m ix tu res  o f  cement, water,  and r e s i n s  i n  i n d i v i d u a l  molds were hand 
s t i r r e d  w i t h  po l ye thy l ene  rods f o r  f i v e  m inu tes  and capped t o  p reven t  wa te r  
evapora t ion  d u r i n g  t h e  28-29-day c u r i n g  per iod .  E a r l i e r  work has shown t h a t  
i o n  exchange res in lcement  composites cu red  i n  a i r .  o r  l e f t  open t o  a i r  a f t e r  
cu r i ng ,  d i s i n t e g r a t e d  a f t e r  immersion i n  water.  

Table  1.1 summarizes t h e  waste composi te s i z e s  made t o  da te ,  t o g e t h e r  
w i t h  t h e i r  con ten ts ,  vo lume- to-sur face r a t i o s ,  and leachan t  volumes. Each 
sample s i z e  was prepared i n  t r i p 1  i ca te .  



Table  1.1 

Composite Dimensions, Components, and Leachant Volumes 

Volume 
Composi t e  Components ( 9 )  1 3 7 ~ s  Added o f 

Diameter H e i g h t  V/S Weight Cement Waste t o  C m p o s i t e  Leachant 
Saaple ( i n . )  ( i n . )  (cm) ( 9 )  Por t land  I IRN-77a Hz0 (uCi ) (mL 

aF?ohm and Haas A m b e r l i t e  organic  c a t i o n  exchange r e s i n .  
b!i~t weighed. 

1.2.3 Leaching 

The composi tes were leached i n  de ion i zed  wate r  u s i n g  a  m o d i f i e d  I A E A  
l e a c h i n g  procedure(10)  descr ibed  e a r l i e r .  The l each ing  volume was d e t e r -  
mined by t h e  r e l a t i o n s h i p :  V = 10 cm x  S, where V i s  t h e  leachan t  volume and 
S i s  t h e  geomet r i c  s u r f a c e  o f  t h e  composi te be ing  leached. 

Leaching was c a r r i e d  o u t  us i ng  two  s e t s  o f  l each  con ta iners .  The sam- 
p l e s  were p l aced  i n  f r e s h  leachan t  and t h e  leacha te  f rom t h e  p rev ious  p e r i o d  
was a c i d i f i e d  w i t h  HNO3 (volume o f  conc. a c i d  ~ 1 %  volume o f  l eacha te ) .  
Ten-mi l  1 i l i t e r  a1 i q u o t s  o f  t h i s  a c i d i f i e d  l eacha te  were withdrawn i n  a  p l a s t i c  
t e s t  tube  and assayed f o r  1 3 7 ~ s  con ten t  i n  a  3  i n .  x  3 i n .  NaI  w e l l  c r y s t a l .  
The rema in ing  l i q u i d  was removed, t h e  c o n t a i n e r  was washed, and f r e s h  leachan t  
was added t o  i t  f o r  t h e  next  l each ing  per iod .  The f r e s h  l eachan t  was a1 lowed 
t o  equi  1  i b r a t e  t o  room temperature o v e r n i g h t  be fo re  t r a n s f e c r i  ng t h e  waste 
form f rom t h e  o t h e r  con ta i ne r .  



A l l  samples were counted so as t o  ach ieve  a  minimum o f  1,000 c o u n t s  i n  
t h e  "window" s e t  a round t h e  137cs photopeak (661.6 keV). Data r e d u c t i o n  was 
per formed u s i n g  a  computer  program deve loped a t  BNL by  B a r l e t t a ,  e t .  a1.(17) 
F r a c t i o n a l  and c u m u l a t i v e  f r a c t i o n a l  r e l e a s e s  from t h e  forms were c a l c u l a t e d  
and c u m u l a t i v e  f r a c t i o n a l  r e l e a s e  d a t a  as a  f u n c t i o n  o f  t i m e  were p l o t t e d  by  
t h e  program. 

1.3 R e s u l t s  and D i s c u s s i o n  

Leach ing  

The c a l c u l a t e d  i n c r e m e n t a l  and cumul a t i v e  f r a c t i o n s  re1  eased f r o m  each 
waste  f o r m  a r e  g i v e n  i n  Tab les  1.2-1.8. The e r r o r s  quoted r e p r e s e n t  o n l y  t h e  
s t a t i s t i c a l  e r r o r s  a s s o c i a t e d  w i t h  t h e  c o u n t i n g  o f  each f r a c t i o n .  These d a t a  
a r e  a l s o  g r a p h i c a l l y  shown i n  F i g u r e s  1.1-1.14. Each p a i r  o f  f i g u r e s  shown on 
a  page p r e s e n t s  t h e  l e a c h i n g  d a t a  o f  t h r e e  r e p l i c a t e  samples and t h e  average 
c u m u l a t i v e  f r a c t i o n  r e l e a s e  o f  t h e  t h r e e  r e p l i c a t e s  excep t  f o r  t h e  1 2  x  1 2  
samples. The average c u m u l a t i v e  f r a c t i o n  r e l e a s e  cu rves  have been n o r m a l i z e d  
f o r  V/S v a r i a t i o n  i n  t h e  was te  forms. 

Two o f  t h e  1 x 1, and one o f  t h e  6  x  6  compos i tes  p a r t i a l l y  d i s i n t e -  
g r a t e d  d u r i n g  t h e  f i r s t  t h r e e  weeks o f  l e a c h i n g .  The cause o f  t h e  d e t e r i o r a -  
t i o n  o f  t h e  1 x  1 samples i s  n o t  known. However, i n  t h e  case o f  t h e  6 x 6  
sample, t h e  d e t e r i o r a t i o n  o c c u r r e d  m a i n l y  a l o n g  a  l i n e  on t h e  sample t h a t  was 
i n a d v e r t e n t l y  exposed t o  ambient  a i r  d u r i n g  t h e  c u r i n g  process.  T h i s  l i n e  
cor responds t o  a  c r a c k  i n  t h e  mold  used i n  t h e  f a b r i c a t i o n  o f  t h i s  sample. 

The c u m u l a t i v e  f r a c t i o n  r e l e a s e s  f r o m  t h e  compos i tes  t h a t  d e t e r i o r a t e d  
were h i g h e r  t h a n  t h o s e  f rom t h e  compos i tes  t h a t  remained i n t a c t .  However, t h e  
a c t u a l  geomet r i c  s u r f a c e s  o f  t h e  d e t e r i o r a t e d  compos i tes  were n o t  measured, 
and t h e i r  geomet r i c  s u r f a c e s  p r i o r  t o  l e a c h i n g  were used t o  c a l c u l a t e  t h e  
n o r m a l i z i n g  V/S r a t i o .  

(Con t inued  on Page 22) 



Table 1.2 

1 3 7 ~ s  Incremental  and Cumulat ive F rac t i ons  Released From 
1 x 1 Organic Ca t i on  Exchange Res in /Por t land I Cement Composites 

Composite d l  Composite #2  Composite #3 

Time Incremental  F r a c t i o n  Cumulat ive F r a c t i o n  Incremental  F r a c t i o n  Cumulat ive F r a c t i o n  Incrementa l  F r a c t i o n  Cumulat ive F r a c t i o n  
Days Released x 100 Released x 100 Released x 100 Rele3sed x 100 Released x 100 Released x 100 

--- -- 

aNumber i n  ( ) = l o  pe rcen t  coun t i ng  u n c e r t a i c t y .  



F i g u r e  1.1 137cs cumula t i ve  f r a c t i o n a l  r e l ease  vs ( t i m e ) l l 2  f r om  
1 - i nch -d i  ameter x 1-i nch-h i  gh waste cornposi t e s  (w/c = 0.6; 
V/S = 0.396 cm). (The two forms denoted by q and o p a r t i a l s l y  
d i s i n t e g r a t e d  d u r i n g  t h e  f i  r s t  t h r e e  weeks o f  l each ing . )  

F i g u r e  1.2 Average cumula t i ve  f r a c t i o n a l  r e l ease  o f  1 3 7 ~ s  vs ( t i m e ) l / 2  
f rom 1- inch-d iameter  x 1 - i nch -h i gh  waste composites (w/c = 0.6; 
V/S = 0.396 cm). 



Table 1.3 

1 3 7 ~ s  Incremental  and Cumulat ive F rac t i ons  Released From 
2 x 2 Organic Ca t i on  Exchange Res in /Por t land : Cement Composites 

Composite #1  Composite #2 Composite #3 

Time Incremental  F r a c t i o n  Cumulzt ive F r a c t i o n  Incremental  F r a c t i o n  Cumulat ive F r a c t i o n  Incrementa l  F r a c t i o n  Cumulat ive F r a c t i o n  
Days Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 

aNumber i n  ( ) = l o  pe rcen t  coun t i ng  unce r ta i n t y .  



F i g u r e  1.3 1 3 7 ~ s  cumu la t i ve  f r a c t i o n a l  r e l ease  vs ( t i m e ) l 1 2  f rom 
2- inch-d iameter  x 2 - inch-h igh  waste composi tes (w/c = 0.6; 
V/S = 0.784 cm). 

0 1  
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x 2 
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- I 

1.8 3.6 5.4 7.2 9.0 10.8 0.0 
[ Time (days) 1'" 

F i g u r e  1.4 Average cumula t i ve  f r a c t i o n a l  r e l ease  o f  1 3 7 ~ s  vs ( t i m e ) l l 2  
f rom 2- inch-d iameter  x 2 - inch-h igh  waste composi tes (w/c = 0.6; 
V / S  = 0.784 cm). 



Table 1.4 

137cs Incremental  and Cumulat ive F rac t i ons  Released From 
2 x 4 Organic Ca t i on  Exchange Res in IPo r t l and  I Cement Composites 

Composite #1  Composite #2 Composite #3 

Time Incremental  F r a c t i o n  Cumulat ive F r a c t i o n  Incremental  F r a c t i o n  Cumulat ive F r a c t i o n  Incrementa l  ~ r a c t i d n  Cumulat ive F r a c t i o n  
Days Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 

aNumber i n  ( ) = l o  percent  c ~ u n t i n g ~ u n c e r t a i n t y .  



F i g u r e  1.5 1 3 7 ~ s  cumula t i ve  f r a c t i o n a l  re1 ease vs ( t i m e ) l / 2  f rom 
2- inch-d iameter  x 4 - inch-h igh  waste composi tes (w/c = 0.6; 
V/S = 0.936 cm). 

F i g u r e  1 .6  Average cumula t i ve  f r a c t i o n a l  r e l ease  o f  1 3 7 ~ s  vs ( t i ~ n e ) l / ~  
from 2- inch-d iameter  x 4 - inch-h igh  waste composi tes (w/c = 0.6; 
V/S = 0.936 cm). 



T a b l e  1.5 

1 3 7 ~ s  Incrementbl  and Cumulat ive F rac t i ons  Released Fran 
3 x 3 Organic Ca t i on  Exchange Res in IPo r t l and  I Cement Composites 

Composite #1  Composite #2 Composite #3 

Time Incrementa l  F r a c t i o n  Cumulat ive F r a c t i o n  Incremental  F r a c t i o n  Cumulat ive F r a c t i o n  Incremental  F r a c t i o n  Cumulat ive F r a c t i o n  
Days Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 

1.14 (1.4 26.4 T 0.1 1.12 (1.sj 
27.4 T 0 . l  0.928 (1.6) 

0.977 (1.6) 28.3 T 0.1 0.948 (1.6) 
2.69 (2.2) 31.0 0.1 2.40 (2.3) 

i n  ( ) = l o  percent  coun t i ng  unce r ta i n t y .  



F i g u r e  1.7 1 3 7 ~ s  cumula t i ve  f r a c t i o n a l  r e l e a s e  vs ( t ime)1/2 f r om  
3- inch-d iameter  x 3 - inch-h igh  waste composi tes (w/c = 0.6; 
V/S = 1.32 cm). 

F i g u r e  1.8 Average cumula t i ve  f r a c t i o n a l  r e l ease  o f  1 3 7 ~ s  vs ( t i m e ) l l 2  
from 3- inch-d iameter  x 3 - i  nch-high waste composi tes (w.c. = 0.6; 
V/S = 1.32 cm). 



Table 1.6 

1 3 7 ~ ~  Incremental  and Cumulat ive F rac t i ons  Released Fran 
6 x 6 Orgenic Ca t i on  Exchange Res in /Por t land I Cement Composites 

Composite #1  Composite #2 Composite #3 

Time Incremental  F r a c t i o n  Cumulat ive F r a c t i o n  Incremental  F r a c t i o n  Cumulat ive F r a c t i o n  Incremental  F r a c t i o n  Cumulat ive F r a c t i o n  
Days Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 

aNumber i n  ( ) = l o  percent  coun t i ng  unce r ta i n t y .  



0.0 1.6 3.2 4.8 6.4 8.0 9.6 

[ Time (days) ]'I2 

F igu re  1.9 1 3 7 ~ s  cumula t i ve  f r a c t i o n a l  r e l ease  vs ( t  i ~ n e ) l / ~  f rom 
6 - i  nch-di  ameter x 6 - i  nch-high waste composi t e s  (w/c = 0.6; 
V / S  = 2.52 cm). (The form denoted by o p a r t i a l l y  d i s i n -  
t e g r a t e d  d u r i n g  t h e  f i r s t  f o u r  weeks o f  leach ing . )  

[ Time (days) 1'" 

F i g u r e  1.10 Average cumula t i ve  f r a c t i o n a l  r e l ease  o f  1 3 7 ~ s  vs 
( t  ime) ll2 from 6 - i  nch-di ameter x 6 - i  nch-high waste 
composites (w/c = 0.6; V /S  = 2.52 cm). 



1 3 7 ~ s  Incremental  and Cumulat ive F rac t i ons  Releas.ed From 
6 x 12 Organic Ca t i on  Exchange Res in IPo r t l and  I Cement Composites 

Composite #1  Composite #2 Composite #3 

Time Incrementa l  F r a c t i o n  Cumulat ive F r a c t i o n  Incremental  F r a c t i o n  Cumulat ive F r a c t i o n  Incremental  F r a c t i o n  Cumulat ive F r a c t i o n  
Days Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 

aNumber i n  ( ) = l o  percent  count ing unce r ta i n t y .  



F i g u r e  1.11 1 3 7 ~ s  cumul a t i v e  f r a c t i o n a l  r e l ease  vs ( t i m e ) l / 2  f rorn 
6- inch-d iameter  x 12- inch h i g h  waste composites (w/c = 0.6; 

F i g u r e  1.12 Average cumula t i ve  f r a c t i o n a l  r e l ease  o f  137Cs vs 
( t i ~ n e ) l / ~  from 6- inch-d iameter  x 12- inch-h igh  waste 
composites (w lc  = 0.6; V/S = 3.30). 



Table 1.8 

1 3 7 ~ s  Incrementa l  and Cumulat ive F r a c t i o n s  Released 
From 12 x  12 Organic Ca t i on  Exchange 

Resi n / P o r t l  and I Cement Composite # l a  

T i  me Incrementa l  F r a c t i o n  Cumulat ive F r a c t i o n  
Days Released x  100 Released x  100 

acornposites #2 and 3  were made a t  a  l a t e r  da te  
and w i l l  be r epo r t ed  i n  a  f u t u r e  r epo r t .  

b ~ u m b e r  i n  ( ) = l o  percen t  c o u n t i n g  unce r t a i n t y .  



F igu re  1.13 137cs cumula t i ve  f r a c t i o n a l  r e l e a s e  vs ( t i m e ) l / z  from 
12- inch-d iameter  x 12- inch-h igh  waste composi tes (w/c = 0.6; 
V/S = 5.11). 

F i g u r e  1.14 Cumulat ive f r a c t i o n a l  r e l e a s e  o f  1 3 7 ~ s  x V / S  vs ( t i m e ) l l 2  
f rom 12- inch-d iameter  x 12- inch-h igh  waste composi te (w/c = 
0.6; V/S = 5.11). 



Table 1.9 summarizes t h e  cumula t i ve  f r a c t i o n  re leased  f rom a1 1  t h e  sam- 
p l e s  s t u d i e d  t o  da te  a t  11 d i f f e r e n t  l e a c h i n g  p e r i o d s  (0.07, 1, 2, 3, 4, 5, 9, 
15, 21, 30, and 42 days). Leaching pe r i ods  beyond 42 days w i l l  be considered 
i n  a  l a t e r  r e p o r t  when da ta  from t h e  l a r g e r  waste forms become, ava i l ab le .  

Table 1 .9  

Cumulative F r a c t i o n a l  Release a t  F ixed  I n t e r v a l s a  

- Cumulative F r a c t i o n a l  Release Wi th in  Oa s  
S i z e  S/V 0 . 0 n - I d - - - F a - -  3d 4d 5d 9d 15d ' 2 l d 5 0 d  4 2 d  

aFor sample s i z e s  s t u d i e d  t o  date.  

A n a l y s i s  o f  Leaching Data 

An e m p i r i c a l  approach i s  presented i n  a n a l y z i n g  t h e  l each ing  data. 
Equa t i on  (1.2) ( f  = S/V ~ ( D ~ / I T ) ~ / *  + a) i n d i c a t e s  t h a t  a  p l o t  o f  t h e  
cumula t i ve  f r a c t i o n a l  r e l e a s e  vs (S/V) woul d  y i e l d  a  l i n e  w i t h  s lope equal t o  
( D t / r ) 1 / 2  and i n t e r s e c t  t h e  "cumul a t i v e  f r a c t i o n  re1 ease" a x i  s  a t  a. 

The cumu la t i ve  f r a c t i o n a l  re leases  (CFR) were p l o t t e d  as a  f u n c t i o n  o f  
S/V r a t i o  a t  each of t h e  l each ing  t imes  mentioned above, and a r e  shown i n  
F i g u r e  1.15. A  l i n e a r  dependence o f  CFR on t h e  S/V r a t i o  i s  observed. It 
should a l s o  be no ted  t h a t  these  l i n e s  do n o t  meet a t  t h e  o r i g i n ,  i n d i c a t i n g  
t h a t  (a) to  f 0. 

A l e a s t  squares 1  i n e a r  r eg ress ion  was performed on these  l i n e s  t o  de- 
t e r m i n e  t h e  b e s t  f i t  s lopes and i n t e r c e p t s .  The r e s u l t s  o f  these c a l c u l a t i o n s  
a r e  summarized i n  Tab le  1.10 t o g e t h e r  w i t h  t h e  c o e f f i c i e n t s  o f  determi  n a t i o n  
as de f i ned  by: 

where t h e  c o e f f i c i e n ' t s  a  and b ' a r e  t h e  de r i ved  c o e f f i c i e n t s  f rom t h e  f i t t i n g :  
(CFR)t=[a + b  (S /V ) l t  f o r  each l each ing  p e r i o d  considered. 
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F i g u r e  1.15 Experimental  cumula t i ve  f r a c t i o n a l  r e l ease  da ta  vs 
S/V and t h e i r  l e a s t  squares l i n e a r  r eg ress ion  f i t s .  

Furthermore, s i n c e  t h e  slopes o f  these l i n e s  a r e  equal t o  ( ~ t / a ) l / ~ ,  
t o g e t h e r  w i t h  t h e  assumption t h a t  t h e  e  f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  should 
remain cons tan t  f o r  t h e  same m a t r i x  (131  t h e n  t h e  r a t e  o f  change o f  t h e  
slopes ( r e w r i t t e n  as s lope  = ~ ( D / T ) ~ I ~  x  t1l2 should be l i n e a r  w i t h  r e -  
spect t o  t h e  s  uare r o o t  o f  t h e  l each ing  t i m e ,  i.e., f o r  Z = t 1 /2 ,  t h e n  9 dS/dZ = ( D / T ) ~  2 = (a cons tan t  value).  

A p l o t  o f  these  s lopes (Table 1.10) a t  t h e  d i f f e r e n t  l each ing  pe r i ods  
(0.07, 1, 2, 3, 4, 5, 9, 15, 21, 30, and 42 days),  vs t h e  square r o o t  o f  t ime  
(Jdays) i s  shown i n  F i g u r e  1.16, and i n d i c a t e s  a l i n e a r  r e l a t i o n s h i p  a t t e r  t h e  
f i ve -day  per iod .  These da ta  i n d i c a t e  t h a t  ( ~ / a ) 1 / 2  i s  no t  a  cons tan t  va lue  
f o r  l each ing  pe r i ods  s h o r t e r  than  5  days, b u t  g r a d u a l l y  approaches a  cons tan t  
value. Th i s  i s  no t  s u r p r i s i n g  cons ide r i ng  t h a t  d u r i n g  t h e  i n i t i a l  l each ing  
p e r i o d  t h e  mass t r a n s p o r t  i s  n o t  predomi n a n t l y  d i  f f u s i o n - c o n t r o l  1  ed. ( 4 )  

A l e a s t  squares l i n e a r  reqress ion  on t h e  slopes f o r  l e a c h i n g  per iods  
from 9  days t o  42 days, y i e l d s  an express ion  o f  t h e  form: Slope = a + bx 
w i t h :  

~2  = 0.99 ( c o e f f i c i e n t  o f  de te rm ina t i on )  
a = 5.41 
b  = 2.94 
x  = JT. 



Table. 1.10 

Summary o f  Slopes and I n t e r c e p t s  o f  CFR vs S/V 
I 

T i  me Intercepts ~ o e f f  i c i  en tb  
(Days 1 (a) o f  Dete rmina t ion  

as lopes i n t e r c e p t s  a re  ob ta i ned  f o r  t h e  general  r e l a t i o n s h i p :  
CFR = a + b (S/V). 

b ~ h e  c o e f f i c i e n t  o f  de te rm ina t i on  i s  de f i ned  as: 



F i g u r e  1.16 P l o t  o f  t h e  s lopes  [ ( D / T ) ~ / ~  x  t 1 / 2 ]  o f  t h e  l i n e s  
shown i n  F i g u r e  1.15 vs ( t ) 1 l 2 .  Note: The s t r a i g h t  
l i n e  i s  a  l e a s t  squares l i n e a r  r e g r e s s i o n  on t h e  p o i n t s  
f o r  9 days t o  42 days. 

Thus, t h e  s l o  e  2 ( D t / ~ ) l / ~  [ o r  t h e  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  P 2 ( ~ / ~ ) 1 / ~  x  t 1 2 1  c o u l d  be c a l c u l a t e d  f o r  any l e a c h i n g  p e r i o d  f r o m  n i n e  
days and g r e a t e r  w i t h i n  t h e  range o f  t h i s  exper iment  u s i n g  t h e  r e l a t i o n s h i p :  

A s i m i l a r  f i t  was per formed on t h e  i n t e r c e p t s  (a )  o f  t h e  l i n e s  shown i n  
F l g u r e  (1.15 and t h e  square r o o t  o f  t i m e  (m) r e s u l t i n g  i n  E q u a t i o n  (1.4), 
w i t h  a  c o e f f i c i e n t  o f  d e t e r m i n a t i o n  ~ 2  = 0.98 

A p l o t  o f  t h e s e  ut v s  t h e l r  co r respond ing  s q u a r e  r o o t  o f  t i m e  i s  shown i n  
F i g u r e  1.17. 



F i g u r e  1.17 P l o t  o f  t h e  i n t e r c e p t s  [ ( a ) t ]  o f  t h e  l i n e s ,  shown i n  
F i g u r e  1.15 vs ( t ) 1 i 2 .  Note: The s t r a i g h t  l i n e  i s  a  
l e a s t  squares l i n e a r  r eg ress ion  on t h e  p o i n t s  f o r  9 days 
t o  42 days. 

The observed l i n e a r  r e l a t i o n s h i p  (Fig.  1.17) does' n o t  imp l y  t h e  de- 
pendence o f  a t  on d i f f u s i o n .  The mechanism(s) c o n t r i b u t i n g  t o  t h i s  te rm a r e  
n o t  p r e s e n t l y  understood. 

Combining Equat ions (1.3) and (1.4) i n t o  Equat ion (1.2), we ge t :  

Thus, t h e  cumu la t i ve  f r a c t i o n a l  re lease  a t  a  g i ven  t i m e  t f rom a  sample w i t h  a  
geometr ic  sur face- to-vo lume r a t i o  o f  S/V, can be c a l c u l a t e d  u s i n g  Equat ion 
(1.5). The cumula t i ve  f r a c t i o n a l  r e l ease  c a l c u l a t e d  f o r  severa l  S/V values a t  
d i f f e r e n t  t i m e  i n t e r v a l s  a r e  summarized i n  Table 1.11 t o g e t h e r  w i t h  t h e  exper- 
imen ta l  da ta  ob ta i ned  a t  these  values. These c a l c u l a t e d  cumula t i ve  f r a c t i o n a l  
r e l eases  a r e  p l o t t e d  i n  F i g u r e  1.18 t o g e t h e r  w i t h  t h e  l i n e s  d e r i v e d  f rom f i t -  
t i n g  t h e  exper imenta l  data.  A good agreement i s  observed between t h e  ca l cu -  
l a t e d  values and t h e  l e a s t  square l i n e a r  r eg ress ion  f i t s  th rough  t h e  expe r i -  
mental  data. 



Table 1.11 

Cumulative F r a c t i o n a l  Release Exper imental  and C a l c u l a t e d  Data 

Cumulat ive F r a c t l o n a l  Release W i t h i n  Time (Days) 
Dimension S / V  Mode r6-7-1 2 . 3  4 5 9 15 21 30 42 47 56 112 

1 x 1 2.53 Expmt.' 2.8 14.7 2.08 25.3 28.7 31.4 38.7 45.6 50.7 56.8 68.6 73.5 86.4 
Calc. 14.2 20.5 24.0 26.7 29.0 31.0 37.6 45.0 51.1 58.8 67.4 75.9 102.4 

2 x 2  1.28 Expmt. 1.70 7.80 11.0 13.1 14.9 16.3 21.2 24.5 27.6 31.7 36.3 38.6 48.5 
Calc. 6.44 10.0 12.1 13.6 14.9 16.1 19.8 24.1 27.5 31.9 36.8 41.7 56.8 

2 x 4  1.07 Exmpt. 1.10 5.10 7.47 9.23 10.8 12.2 16.3 20.5 23.9 28.6 34.2 37.6 48.6 
Calc. 5.14 8.27 10.0 11.4 12.5 13.5 16.8 2 0 . 5 '  23.6 27.4 31.7 35.9 49.2 

3 x 3  0.76 Exmpt. 0.94 3.60 4.84 5.82 6.67 7.40 10.0 12'.8 15.0 18.4 22.2 23.6 30.3 
Calc. 3.22 5.69 7.08 8.14 9.04 9.83 12.4 15.3 17.7 20.7 24.1 27.4 37.8 

6 x 6 0.40 Exmpt. 0.51 2.20 2.23 3.27 4.09 '5.80 7.20 9.20 10.7 12.2 14.4 16.3 19.6 
Calc. 0.99 2.68 3.63 4.36 4.98 5.52 7.27 9.28 10.9 12.9 15.3 17.7 22.4 

6 x 1 2  0.33 Exmpt. . 0 . 2 9  2.10 3.29 4.24 5.02 5.0 7.70 9.60 11.2 13.0 15.0 17.0 
Calc. 0.56 2.10 2.96 3.63 4.19 4.68 6.28 8.10 9.58 11.5 13.6 15.6 

12 x 12 0.19 Exmpt. 0.10 0.94 1.53 3.42 4.37 3.40 5.30 6.50 7.38 8.40 9.37 9;73 
Calc. -0.3 0.93 1.62 2.16 2.61 3.00 4.28 5.75 6.94 8.24 10.1 10.7 
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F i g u r e  1.18 ~ a l  c u l  a t e d  cumula t i ve  f r a c t i o n  re1 eases (+) vs S / V .  
Note: The l i n e s  a re  t h e  l e a s t  squares l i n e a r  r eg ress ion  
f i t s  through t h e  exper imenta l  data. 

1.4 Conclus ions 

An e m p i r i c a l  r e l a t i o n s h i p  has been developed f rom t h e  l e a c h i n g  data ob- 
t a i n e d  t o  d a t e  i n  t h i s  s tudy,  and can be used t o  es t ima te  t h e  cumula t i ve  f r a c -  
t - i o n  re l eases  f r om forms va ry i ng  i n  s i z e  f rom 1 x  1 t o  12 x  12 f o r  a  g iven  
l e a c h i n g  t ime.  T h i s  method w i l l  be a p p l i e d  t o  t h e  l each ing  da ta  p r e s e n t l y  
b e i n g  developed f o r  t h e  l a r g e s t  waste form (22 x  22) under study. 



2. LEACHABILITY AND COMPRESSIVE STRENGTH OF BORIC ACID WASTE I N  
PORTLAND I 1 1  CEMENT (P. Hayde and N. Morcos) 

2.1 I n t r o d u c t i o n  

A s tudy  o f  t h e  l e a c h a b i l i t y  and compressive s t r e n g t h  p r o p e r t i e s  o f  b o r i c  
a c i d  waste s o l i d i f i e d  i n  Po r t l and  I 1 1  cement has been concluded. T h i s  r e p o r t  
presents  a d d i t i o n a l  data and t h e  conc lus ions  o f  t h e  study. 

B o r i c  a c i d  waste and i t s  sodium s a l t s  a r e  a  major  c o n s t i t u e n t  (up t o  12% 
by we igh t )  o f  r a d i o a c t i v e  waste de r i ved  f rom p ressu r i zed  wate r  reac to rs .  T h i s  
waste i n t e r a c t s  w i t h  t h e  cement m a t r i x  d u r i n g  t h e  so l  i d i  f i c a t i o n  process, 
sometimes p reven t i ng  s o l i d i f i c a t i o n  and r e s u l t i n g  i n  waste forms w i t h  poor  
phys i ca l  i n t e g r i t y .  Work was performed e a r l i e r  i n  our  1  abo ra to r y  on op t im i zed  
process' parameters and t h e  t rea tment  o f  b o r i c  a c i d  waste p r i o r  t o  s o l i d i f i c a -  
t i o n  i n  P o r t l a n d  I 1 1  cement. (16318) Th is  e a r l i e r  work i n d i c a t e s  t h a t  a d j u s t -  
ment o f  t h e  b o r i c  a c i d  waste pH t o  a  va lue  o f  10 t o  12 assures p roper  s o l i d i -  
f i c a t i o n  f o r  waste t o  b i nde r  r a t i o s  o f  0.5 and 0.7. 

2.2 Experimental  

Samples i n c o r p o r a t i n g  s imu la ted  b o r i c  a c i d  waste i n  Po r t l and  I 1 1  Cement 
m a t r i x  were made a t  two d i f f e r e n t  waste-to-cement r a t i o s  (w/c) o f  0.5 and 0.7. 
B o r i c  a c i d  s o l u t i o n s  o f  3%, 6% and 12% (by we igh t )  were s o l i d i f i e d  i n  P o r t l a n d  
I 1 1  cement a t  each o f  these w/c fo rmu la t ions .  Con t ro l  samples f o r  compressive 
s t r e n g t h  t e s t i n g  cons i s ted  o f  Po r t l and  I 1 1  cement on ly .  The leached samples 
were a l s o  evaluated f o r  t h e i r  compressive s t r e n g t h  a f t e r  a  352-day p e r i o d  o f  
leaching.  A l l  samples were prepared i n  f i v e  r e p l i c a t e s .  

2.2.1 Specimen P repa ra t i on  

Stock s o l u t i o n s  c o n t a i n i n g  approx imate ly  3, 6, and 12 weight  percen t  
b o r i c  a c i d  were prepared. The pH o f  these s o l u t i o n s  was ad jus ted  t o  approx i -  
mate ly  12, by t h e  a d d i t i o n  o f  sodium hydrox ide,  and t h e i r  composi t ions a re  
shown i n  Table 2.1. ' 

Table 2.1 

B o r i c  Ac id  Stock S o l u t i o n s  Composi t i o n a  
- - - - - -- -- - - - - - - 

Waste Components 3% S o l u t i o n  6% S o l u t i o n  12% S o l u t i o n  

Dei o n i  zed Hz0 95.2% 
"3B03 2.9% 
NaOH 1.9% 

acornposit ion expressed as weight  %. 



These s o l u t i o n s ,  h e r e a f t e r  r e f e r r e d  t o  as "s imu la ted  waste," were 
hea ted  t o  170°F p r i o r  t o  s o l i d i f i c a t i o n  i n  Po r t l and  I 1 1  cement so as t o  simu- 
l a t e  ac tua l  s o l i d i f i c a t i o n  c o n d i t i o n s  a t  power r e a c t o r  s i t e s .  The r a t i o s  o f  
waste-to-cement were 0.5 and 0.7, and t h e  dimensions o f  t h e  s o l i d i f i e d  samples . 

were 4.6 cm ( d i a m e t e r )  by 9.1 t o  9.5 cm ( h e i g h t  The l each ing  samples con- 
t a i n e d  one m i c r o c u r i e  each of 137cs, 8 5 ~ r ,  and b6Co. Cont ro l  samples 
f o r  compressive s t r e n g t h  t e s t i n g  were made w i t h  P o r t l a n d  I 1 1  cement and water. 
The compos i t ions  o f  s imu la ted  b o r i c  a c i d  waste forms a r e  summarized i n  Table 
2.2. A l l  samples were made i n  q u i n t u p l e t s  and cured f o r  a  p e r i o d  o f  35 days 
i n  sea led  p o l y e t h y l e n e  con ta ine rs .  

Table 2.2 

Sample ~ompos  i t i o n s  
(Weight i n  Grams) 

Set B  Set C 
Mastelcement 6% H3B03 12% H3B03 

R a t i o  S o l u t i o n  S o l u t i o n  . 
0.5 Hzo 93.6 89.0 83.1 

H3B03 2.9 5.7 11.3 
NaOH 1.9 3.6 7.3 
P o r t l a n d  I 1 1  196.7 196.7 203.3 

0.7 Hzo 111.2 107.0 98.7 
H3B03 3.4 6.9 13.4 
NaOH 2.2 4.4 8.7 
P o r t l a n d  I 1 1  166.7 168.8 172.7 

The r a t i o s  by we igh t  o f  t h e  components and NaOH) t o  cement 
( P o r t l a n d  1 1 1 )  used t o  make t h e  waste forms a r e  summarized i n  Table 2.3 t o -  
ge the r  w i t h  t h e i r  r e s p e c t i v e  r a t i o s  o f  NaOH t o  H3BO3. 

Table 2.3 

Ra t i os  o f  NaOH, H ~ B O ~ ,  and Cement i n  t h e  Waste Composites 
- 

% ti3903 H BO /Cement PlaOH/Cement 
S o l u t i o n  Used Waste/Cement x 3 1 ~ ~  x 100 NaOHIH3B03 



2.2.2 Specimen Leaching 

The specimens were leached u s i n g  a  m o d i f i e d  I A E A  l each ing  proced- 
u r e ( l 5 )  c o n s i s t i n g  o f  24-hour l each ing  per iods  f o r  t h e  f i r s t  t e n  days o f  
leaching.  The rea f t e r ,  t h e  leach ing  p e r i o d  was extended t o  a  week, and l a t e r  
on t o  a  month, based on t h e  amount o f  a c t i v i t y  observed i n  t h e  leachates. 

2.2.3 Ana l ys i s  o f  Leach Specimens 

The waste forms and t h e i r  leachates were counted under i d e n t i c a l  geom- 
e t r i e s  us ing  a  Ge(L i )  d e t e c t o r  system. The a c t i v i t i e s  i n  t h e  waste forms and 
t h e i r  r e s p e c t i v e  leachants  were q u a n t i t a t . i v e l y  determined, and t h e  l eacha te  
a c t i v i t i e s  expressed as i ncremental f r a c t i o n a l  re1 ease. 

2.2.4 Compressive S t reng th  T e s t i n g  

Compressive s t r e n g t h  measur-ements were performed on specimens a f t e r  t h e  
cure  p e r i o d  and on t h e  leached specimens a t  t h e  end o f  t h e  l e a c h i n g  expe r i -  
ment. These l a t t e r  samples were exposed t o  a  l each ing  environment f o r  a  
p e r i o d  o f  352 days. 

The compressive s t r e n g t h  o f  t h e  specimens was measured u s i n g  a  S o i l -  
Test concre te  t e s t e r  i n  accordance w i t h  ASTM C 39-72. P r i o r  t o  t e s t i n g ,  t h e  
samples were capped on each end w i t h  a  su l f u r -based  capping compound approved 
f o r  use w i t h  concre te  specimens. 

2.3 Resu l ts  and D iscuss ion  

Leaching Data 

The waste forms evaluated were d i v i d e d  i n t o  t h r e e  se t s  (A, B and C). 
Each s e t  corresponded t o  one o f  t h e  t h r e e  b o r i c  a c i d  s o l u t i o n  concen t ra t i ons  
(3%, 6% and 12% by we igh t )  t h a t  were s o l i d i f i e d .  I n  a d d i t i o n ,  i n  each se t ,  
two d i f f e r e n t  waste-to-cement r a t i o s  (w/c) were used. These w/c r a t i o s  were 
0.5 and 0.7. F i v e  r e p l i c a t e s  o f  each f o r m u l a t i o n  were prepared. 

The cumula t i ve  f r a c t i n n a l  re1 ease da ta  from these  specimens a r e  summar- 
i z e d  i n  Tables 2.4 th rough 2.9 f o r  1 3 7 ~ s  and Tables 2.10 th rough 2.15 f o r  
8 5 ~ r .  The e r r o r s  quoted represen t  o n l y  t h e  s t a t i s t i c a l  e r r o r s  asoc ia ted  w i t h  
t h e  coun t i ng  o f  each f r a c t i o n .  Th is  da ta  i s  a l s o  shown g r a p h i c a l l y  i n  F igu res  
2.1 th rough 2.12 f o r  1 3 7 ~ s  and F igures  2.13 th rough 2.24 f o r  8 5 ~ r .  Each 
p a i r  o f  f i g u r e s  shown on a  page presents  t h e  l e a c h i n g  da ta  o f  f i v e  r e p l i -  
c a t e  samples f o r  a  g i v e n  f o r m u l a t i o n  and t h e  average cumula t i ve  f r a c t i o n a l  re -  
lease  o f  t h e  f i v e  rep1 i ca tes .  These average cu~~ iu l a t ;  i ve f r a c t i o n a l  re leases  
were normal ized f o r  t h e  volume t o  geometr ic s u r f a c e  area (V/S) o f  t h e  waste 
forms. Cobal t -60 i n  t h e  l ~ a c h a t e s  f rom a1 1  samples wds below t h e  d e t e c t i o n  
l i m i t  (3.0 x  10-2 p C i  e r  1.5 L  sample o r  an incrementa l  f r a c t i o n a l  re lease  9 o f  l e s s  t han  3.0 x  10- ) o f  t h e  experiment. 



The curves shown i n  F igu res  2.1-2.24 were computer-generated, us i ng  a  
c u b i c  s p l  i n e  i n t e r p o l a t i o n  between da ta  po in t s .  I n  t h e  absence o f  a d d i t i o n a l  
d a t a  between known p o i n t s ,  any reasonable method may be  employed t o  connect 
ad jacen t  p o i n t s .  These curves  do n o t  imp l y  any expected o r  known l each ing  be- 
h a v i o r .  

(Cont inued on Page 58) 





Table 2.4 

1 3 7 ~ s  Incremental and Cumulative F rac t ions  Released From 
B o r i c  Ac id iPor t l and  Ill Cement Composites (3% Bor i c  Acid S o l u t i o n  and w/c R a t i o  o f  0.5) 

Composite # 1  Composite $2 Composite #3 

Time Incremental F r a c t i o n  Cumulative F r a c t i o n  Incremental F r a c t i o n  Cumulative F r a c t i o n  lncremental  F r a c t i o n  Cumulative F r a c t i o n  
Days Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 

Time Incremental F r a c t i o n  Cumulative F r a c t i o n  Incremental F r a c t i o n  Cumulative F r a c t i o n  
Days Released x 100 Released x 100 Released x 100 Released x 100 

aNumber i n  ( ) = l o  percent  coun t ing  uncer ta in ty .  



I I r I I I 

0.0 2.6 5 2  7.8 10.4 13.0 

[ Time (days) ]'" 

Figure 2.1 1 3 7 ~ s  cumulative f ract ional  release vs ( t i ~ ) l / ~  from 
3% H3003 waste composites (w/c = 0.5; V/S = 0.94 cm). 

Figure 2.2 Average cumulative f ract ional  release of  1 3 7 ~ s  vs ( t i m e ) l I 2  
from 3% HgBOg waste composites (w/c = 0.5; V/S = 0.94 cm). 



Table 2.5 

137~s Increnental and Cumulative Fractions Released From 
Boric AcidfPortland 111 Cement Composites (3% Boric Acid Solution and w/c Ratio o f  0.7) 

Canposite 11 Cocnposite 12 Cmposi t e  13 

Time Incremental Fract ion Cumulative Fraction Incremental Fract ion Cumulative Fraction Incremental Fract ion Cumulative Fraction 
Ows k leased x 100 Reieased x 100 Released x 100 Released x 100 Released x 100 Released x 100 

1 15.0 (6.9)a 15.0 2 1.0 16.4 (7.0)a 16.4 + 1.1 14.7 (7.2)a 14.7 + 1.1 
2 6.04 (10.8) 21.0 + 1.2 6.14 (11.3) 22.7 T 1.3 5.41 (11.8) 20.1 5 1.2 
3 3.94 (13.4) 25.0 7 1.3 27.2 7 1.5 25.3 1.4 :::: I:?:/ 30.7 T 1.6 

5.26 (12.0) 
4 5.06 11 8 30.0 7 1.5 

3.94 [I3141 
3.46 14.8) 

5 
28.8 T 1.5 

34.0 'i 1.6 2.05 19.6 32.8 7 1.6 3.68 114.3) 32.5 f 1.6 
6 2.60 16.5) 36.6 7 1.6 2.45 (18.0) 35.2 z 1.7 
7 

35.6 + 1.6 
2.25 117.7) 3e.8 T 1.7 3.16 (15.8) 38.4 + 1.7 37.7 'i 1.7 

8 2.11 (18.3) 40.97 1.7 2.45 18.0) 40.8 7 1.8 2.93 (16.0) 
9 

40.6 z 1.8 
1.60 (20.9) 42.5 T 1.7 1.44 123.4 42.3 T 1.8 1.88 (20.0 

10 44.5 'T 1.7 1.93 (5.31 44.2 i 1.8 1.80 (2.91 42.5 + 1.8 
15 

44.3 T 1.8 
52.1 T 1.8 6.92 (2.9 51.1 i 1.8 7.39 (2.9) 

20 
51.7 T 1-8 

57.4 T 1.8 5.49 3.21 56.6 T 1.9 4.84 (3.6) 
29 

56.6 7 1.8 
65.9 5 1.8 8.68 12.6) 65.3 7 1.9 7.98 (2.8 

43 
64.5 T 1.8 

9.64 (2.5) 75.6 7 1.8 10.4 (2.4) 75.6 T 1.9 8.67 (2.71 
71 

I 
73.2 7 1.8 

11.2 2.7 86.7 7 1.8 88.0 1.9 11.6 (2.4) 81.8 7 1.9 
100 7.64 2.81 94.4 'i 1.8 97.3 7 1.9 9.66 (2.6) 
158 

94.4 T 1.9 
6.13 3,.1) 101.0 T 1.8 106.0 T 1.9 8.57 (2.7) 

229 
103.0 T 1.9 

2.99 3.1) 104.0 5 1.8 111.0 i 1.9 5.17 (2.5) 108.0 1 1.9 

Composite C4 Canposi t e  15 

T i m  Incremental Fraction Cumulative Fractlon Increnental Fraction Cumulative Fract ion 
Days R e l e a s e d x l W  Released x 100 Released x 100 Released x 100 

1 13.7 (7.5)a 13.7 + 1.0 11.8 (8.2)a 11.8 2 1.0 
2 4.89 12.4 18.6 7 1.2 4.35 (13.5) 16.1 + 1.1 
3 4.51 12;9 23.1 7 1.3 4.19 (13.8 20.3 T 1.2 
4 3.91 113.4 27.0 I 1 . 4  4.43 (13.41 24.8 T 1.4 
5 3.61 (14.4) 30.6 + 1.5 2.85 16.7) I 27.6 7 1.5 
6 2.33 (18.0) 33.0 T 1.6 2.37 18.3) 
7 

30.0 T 1.5 
1.96 (19.6) 34.9 T 1.6 1.42 23.6) 31.4 T 1.6 

8 2.63 16 9 37.5 7 1.7 1.98 20.0) 
1.75 120:8/ 33.4 T 1.6 9 39.3 T 1.7 1.36 124.1) 34.8 f 1.7 

10 1.41 (6.0 40.7 T 1.7 1.66 (6.2) 36.4 + 1.7 
15 6.61 (2.91 47.3 T 1.7 7.22 (3.0) 43.6 7 1.7 
20 5.18 (3.2 52.5 5 1.7 5.30 (3.5) 
29 

48.9 7 1.7 
7.99 (2.61 60.5 1.8 8.89 2.8) 57.8 T 1.7 

43 9.13 (2.4) 69.6 T 1.8 9.21 12.7) 67.0 1.7 
71 10.0 2.4 79.6 5 1.8 11.2 2.5) 78.2 T 1.7 
100 87.9 1 1.8 /::!I 9 5 . 5 i  1.8 

9.99 12.6) 88.2 7 1.8 
158 8-10 (2.9) 96.3 T 1.8 
229 6.09 (2.4) 102.0 2 1.8 7.03 (2.3) 103.0 1.0 

aNuaber i n  ( ) = l a  percent counting uncertainty. 



0.0 2.6 5.2 7.8 10.4 13.0 15.6 

[ Time (days) ]'I2 

Figure 2.3 1 3 7 ~ s  cumulative f rac t ion  release o f  vs ( t ime) l IL  f ran 
3% H3BO3 waste composites (w/c = 0.7 ; V/S = 0.94 cm). 

0.0 2.6 5.2 7.8 10.4 13.0 

[ Time (days) ]'I2 

Figure 2.4 Average cumulative f rac t ion  release of  1 3 7 ~ s  vs ( t ime)l /Z 
from 3% H3B03 waste composites (w/c = 0.7 ; V/S = 0.94 cm). 



137~s l nc re~en ta l  and Cumulative Fractions Released Fran 
Boric Acid/Portland 111 Cement Composites (6% Boric Acid Solut ion and w/c Rat io o f  0.5) 

Composite #1 Cmnposite 1 2  Composite 13 

Tine Incremental Fract ion Cumulative Fract ion Incremental Fractfon Cumulative Fract ion Incremental Fract ion Cumulative Fract ion 
Days Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 

Composite 1 4  Cmposite 15 

T i m  Incretnental Fract ion Cumulative Fract ion Incremental Fract ion Cumulative Fract ion 
Days Released x 100 Released x 100 Released x 100 Released x 100 

aNulnber i n  ( ) = l o  percent counting uncertainty. 



[ Time (days) ] I f2 

Figure 2.5 137cs cumulative f ract ional  release vs ( t ime) l / z  from 6% 
H3B03 waste composites (w/c = 0.5; V/S = 0.94 cm). 

Figure 2.6 Average cunul a t1  ve f ract ional  re1 ease of  l 3 7 ~ s  vs (t ime) ll2 
from 6% H3BO3 waste composites (w/c = 0.5; V/S = 0.94 cm). 



Table 2.7 

1 3 ~ s  I n c r a n t a l  and Cumulative Fractions Released From 
Boric Acid/Portl and 111 Cement Conposites (62 Boric Acid Solution and w/c Rat io o f  0.7) 

Composite I 1  Caaposi t e  t 2  Compost t e  13 

T i m  incremental Fract ion Cumulative Fract ion Incremental Fract ion Culnulative Fract ion Incremental Fract ion Cumulative Fract ion 
Days R e l e a s e d x l W  Released x 1M) Released x 100 Released x 100 Released x 100 Released x 100 

Composite Y.4 Cmposi t e  t 5  

Time Incremental Fract ion Cumulatfve Fract ion Incremental Fract ion Cunwlative Fractf  on 
Oays Released x 100 Released x 100 Released x 100 Released x 100 

aNurnber i n  ( ) = l o  percert  counting uncertainty. 



0.0 2.6 5.2 7.8 10.4 13.0 15.6 

[ Time (days) ]"' 

Figure 2.7 1 3 7 ~ ~  cumulative fract ionalelease vs ( t  ime)l/*  from 6% 
H3BOg waste comp~sites (w/c = 0.7; V/S = 0.94 cm). 

Figure 2.8 Average cumulative f ract ional  release of  1 3 7 ~ s  vs ( t ~ m e ) l / ~  
from 6% H3B03 waste composites (w/c = 0.7; V/S = 0.94 cm). 



Table 2.8 

1 3 7 ~ s  Incremental and Cumulative Fract ions Released Fran 
Bor ic Acid/Portland I 1 1  Cement Composites (12% Boric Acid So lu t ion  and n/c Rat io  o f  0.5) 

Composite # I  Composite 12 Composite t 3  

Time Incremental F rac t ion  Cumulative Frac t ion  Incremental F rac t ion  Cumulative Frac t ion  Incremental F rac t ion  Cumulative Frac t ion  
Days Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 

1 7.75 (10.0)a 7 . 7 5 ~  .78 8.05 (10.0)a 8.05 2 0.8l 8.37 (9.9)a 8.37 5 0.83 
2 2.25 (1E.6 10.0 + 0.88 2.90 (16.7) 11.0 + 0.94 2.62 17.7) 11.0 + 0.95 
3 0.931 (28.8 10.9 T 0.92 3.06 (16.2) 14.0 T 1.1 1.97 120.4) 13.0 T 1.0 
4 2.02 (19.6 13.0 7 1.0 16.4 T 1.2 2.05 20.0) 15.0 T 1.1 
5 1.40 (23.6) 14.4 1 1.1 17.2 T 1.2 1.64 122.4 L6.7 T 1.2 
6 1.29 (24.5) 15.6 + 1.1 19.4 T 1.3 1.39 (24.31 18.0 T 1.2 
7 0.698 (33.3) 16.3 5 1.1 1.51 (22.43 21.0 T 1.3 1.39 (24.3) 19.4 5 1.3 
8 1.24 (25.0) 17.6 1 1.2 1.37 2 4 2  22.4 T 1.3 1.56 (23.0 21.0 + 1.3 
9 0.807 (30.8) 18.4 + 1.2 1.16 126:4/ 23.5 1 1 . 4  0.869 (30.81 21.9 T 1.3 
10 0.869 (7.7 19.3 T 1.2 24.7 + 1.4 0.968 (7.5) 22.8 1.3 
15 22.3 T 1.2 [:::I 21.7 I 1 . 2  

28.2 T 1.4 26.2 7 1.4 
20 28.7 T 1.4 
29 4.53 (3.5) 29.3 t 1.2 4.67 (3.8) 35.7 T 1.4 33.4 1.4 
43 4.76 (3.4) 34.0 7 1.2 5.96 (3.4 41.6 7 1.4 39.2 T 1.4 
71 40.0 T 1.2 6.72 (3.21 4 8 . 3 7 1 . 4  6.50 (3.01 45.7 T 1.4 
100 44.9 T 1.3 53.8 T 1.5 5.25 (3.3) 50.9 T 1.4 
158 6.71 2.9) 51.7 1 1 . 3  60.5 T 1.5 6.56 (3.0) 57.5 T 1.4 
229 6.67 12.3) 58.3 1.3 66.2 2 1.5 6.06 (2.5) 68.5 i 1.4 

Cmposi te #4 Composite t 5  

Time Incremental F rac t ion  Cumulative Frac t ion  Incremental F rac t ion  Cunulative Frac t ion  
Days Released x 100 Released x 100 Released x 100 Released x 100 

anumber i n  ( ) = l o  percent count ing uncertainty.  
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Figure 2.9 137cs cumulative f ract ional  release vs (time)1/2 from 12% 
tt3B03 waste composites (w/c = 0.5; V/S = 0.94 cm). 

Figure 2.10 Average cumulative f ract ional  release of  1 3 7 ~ s  vs ( t ~ m e ) l / ~  
from 12% H3BO3 waste composites (w/c = 0.5; V/S = 0.94 cm). 
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Table 2.9 

137~s I n c m n t a l  and Cumulative Fractions Released Fran 
Boric k i d /Po r t l and  111 Cement Composites (12% Boric k i d  Solut ion and w/c Rat io o f  0.7) 

Time Incremental Fract ion Cumulative Fract ion I n c r m n t a l  Fract ion Cunulative Fract ion Incremental Fract ion Cumulative Fract ion 
Days Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 Released x 100 

Canposite #4 Composite 15 

Time Incremental Fract ion Cumulative Fract ion Incremnta l  Fract ion Cumulative Fract ion 
Days Released x 100 Released x 100 Rtieased x 100 Released x 100 

a-r i n  ( ) = la percent counting uncertainty. 



Figure 2.11 1 3 7 ~ s  cumulative fract ional  release vs ( t i m e ) l I 2  from 
H3BO3 waste composites (w/c = 0.7; V/S = 0.94 cm). 

Figure 2.12 Average cumulative f r a c t  tonal release of 137cs vs (time)1/2 
from HQBOQ waste composites (w/c = 0.7; V/S = 0.94 cm). 



Table 2.10 

8 5 ~ r  Incremental and Cumulative Fractions Released From 
Boric AcidIPortland I 11  Cement Composites (3% Boric Acid Solution and w/c Ratio o f  0.5) 

Composite XI  Cmposi t e  XZ Composite 113 

Time Incremental Fract ion Cumulative Fract ion Incremental Fract ion Cumulative Fract ion Incremental Fract ion Cumulative Fract ion 
Days Released x 100asb Released x 100 Released x 1 0 0 ~ 3 ~  Released x 100 Released x 100a.b Released x 100 

Composite #4 Cmposite t 5  

Tine Incremental Fract ion Cumulative Fract ion Incremental Fract ion Cumulative Fract ion 
Days Released x 100avb Released x 100 Released x 100asb Released x 100 

0. OM) T 0.01 
0.000 T 0.01 
0.000 T 0.01 
0.782 726.2) 
0.000 + 0.01 
0.000 T 0.01 
0.064 791.7) 
0.150 (15.7) 
0.204 (13.2) 
0.214 (13.0 
0.482 (8.71 
0.578 (8.0) 
o.7a (6.9) 
0.612 13.7) 
0.944 115.0) 
0.000 + 0.01 

aNumber i n  ( ) = l o  percent counting uncertainty. 
b ~ o r  incremental f r ac t i on  releases equal t o  zero, t he  e r ro r  i s  based on the minimum 
detectable 1 imit .  



Figure 2.13 8 5 ~ r  cumulative f ract ional  release vs ( t ime) l / 2  from 3% 
H3B03 waste composites (wlc = 0.5; V/S = 0.94 cm). 

Figure 2.14 Average cumulative f ract ional  release o f  8 % -  vs ( t ime) l /2  
from 3% H3BO3 waste composites (w/c = 0.5; V/S = 0.94 cm). 
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Table 2.11 

85~ r  Incremental and Cuaulative Fractions Released From 
Boric AcidIPortland I 1 1  Ccnmt Colnposites (3% Boric Acid Solution and wfc Rat io o f  0.7) 

Composite I1 Composite I Z  Composi t e  13 

Time I n c r m t a l  Frac t io  C m i l a t i v e  Fract ion L ~ c r a n m t a l  Frac t io  Cuaulative Fract ion Incremental Fract ion Cumulative Fract ion 
Days Released x 1 0 0 ~ 3 ~  Re1kased x 100 Released x 1 @ s k  Released x 100 Released x 100a.b Released x 100 

Cmposi t e  14 Composite 45 

Time Incremental Fract ion C w l a t i v e  Fract ion Incremental Fract ion Cumulative Fract ion 
Days Released x 100asb &leased x 100 Released x 100a.b Released x 100 

aNunber i n  ( ) ?a percent count+ng uncertafnty. 
b ~ o r  i n c r m n t a l  f r ac t i on  releases eqwl t o  zero, t he  e r ro r  i s  based on the minimum 
detectable l i m i  t. 
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Figure 2.15 85 cumulative f ract ional  release vs ( t ime)l /2  from 3% 
~ 3 ' ~ ~  waste composites (wlc = 0.7; V/S = 0.94 cm). 
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Figure 2.16 Average cumulative f ract ional  release o f  8 5 ~ r  vs ( t ime) l l 2  
from H3B03 waste composites (w/c = 0.7; V/S = 0.94 cm). 



Table 2.12 

85~r  Incremental and Cumulative Fractions Released Fran 
Boric AcidIPortland I 1 1  Cement Composites (6% Boric Acid Solution and w/c Rat io o f  0.5) 

Composite # I  Composite t 2  Composi t e  13 

Time Incremental Fract ion Cumulative Fraction Incre~lental  Fract ion Cumulative Fract ion Incremental Fract4on Cumulative Fract ion 
Days Released x 100aab Released x 100 Released x 10oapb Released x 100 Released x 100asb Released x 100 

Composite 14 Composi t e  C5 

Time Incremental Fract ion Cumulative Fract ion Incremental Fract ion Cumulative Fract ion 
Days Released x 100a.b Released x 100 Released x 100a.b Released x 100 

aNulnber i n  ( ) = l o  percelt  counting uncertainty. 
b ~ o r  incremental f r ac t i on  releases equal t o  zero, t he  e r ro r  i s  based on the minimum 
detectable 1 imit .  



Figure 2.17 8 5 ~ r  cumulative f ract ional  release vs ( t ime) l /2  from 6% 
H3B03 waste composites (w/c = 0.5; V/S = 0.94 cm). 

[ Time (days) 1''' 

Figure 2.18 Average cumulative f ract ional  release o f  a5sr vs (time)1/2 
from 6% H3B03 waste composites (w/c = 0.5; V/S = 0.94 cm). 



Table 2.13 

* ~ r  Incremental and Cumulatlve Fractions Released F r m  
Boric Acld/Portland I 11  Cement Ca~pas i tes  (6% Boric Acid Solution and w/c Rat io o f  0.7) 

Composite 11 Composite 12 Colnposi t e  13 

Time Incmmental Fract ion Cunulative Fract ion Incremental Fract ion Cumulatlve Fract ion Incremental Fract ion Cumulative Fract ion 
Days Released x 100a~b Released x 100 Released x 1 0 ~ 9 ~  Released x 100 Released x 100a.b Released x 100 

Cmposi t e  14 Canpori t e  #5 

Time Incremental Frac t icn  Cumulative Fract ion Incremental Fract ion Cumulative Fract ion 
Days Released x 100ast Released x I 00  Released x 10Oanb Released x 100 

aNukmber i n  ( ) = 10 percent counting uncertainty. 
b ~ o r  incremental f r ac t i on  releases equal t o  zero, the e r ro r  i s  based on the minimum 
detectable 1 fml t. 
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Figure 2.19 85sr cumulative f ract ional  release vs (t ime)l /2  from 
H3BO3 waste composites (w/c = 0.7; V/S = 0.94 cm). 
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Figure 2.20 Average cumulative f ract ional  release o f  8 5 ~ r  vs (t ime)l12 
from 6% H3B03 waste composites (w/c = 0.7; V/S = 0.94 cm), 



Table 2.'14 

8 5 ~ r  Incremental and Cumulative Fractions Released Fran 
Boric AcidIPortland 111 Cement Composites (12% Boric Acid Solution and w/c Rat io o f  0.5) 

Canposite d l  Composi t e  d2 Composite Y3 

Time Incremental Fract ion Cumulative Fract ion Incremental Fract ion Cumulative Fract ion Incremental Fract ion Cumulative Fract ion 
Days Released x 100anb Released x 100 Released x 100avb Released x 100 Released x 10oa*b Released x 100 

0.000 ; o i o i  0.157 7 0.07 
0.186 13.2) T 0.34 Z 0.07 
0.235 11-71 0.577 t 0.08 

Canposite 15 

Incremental Fract ion Cumulative Fract ion 
Released x 100a.b Released x 100 

Time 
Oays 
- 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
15 
20 

Incremental Fract ion 
Released x 100a.b 

Cumulative Fract ion 
Released x 100 

anumber i n  ( ) - l a  percent counting uncertainty. 
b ~ o r  incremental f r ac t i on  releases equal t o  zero, t he  e r ro r  i s  based on the minimum 
detectable 1 imit .  
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Figure 2.21 85sr cumulative f ract ional  release vs ( t f t ~ t e ) l / ~  from 12% 
HgBOg waste composites (w/c = 0.5; V/S = 0.94 em). 

Figure 2.22 Average cumulative fract ional  re1 ease of 8 5 ~ r  vs ( t  ime) l l 2  
from 12% H3BO3 waste composites (w/c = 0.5; V/S = 0.94 cm). 



Table 2.15 

8 5 ~ r  Increaental and Cumulative Fractions Released From 
Boric Acid/Portland I11  C m n t  Caqmsites (12% h r i c  Acid Solution and w/c Ratio o f  0.7) 

Composite I 1  Canpostte 12 Canposite 13 

Ttme Incremental Fraction Cumulative Fraction hcremental Fract i  on Cunulative Fraction Incremental Fraction Cumulative Fraction 
Osys Released x 1W.b Released x 100 Released x 100a.b Released x 100 Released x 100arb Released x 100 

Cmposite 14 Composite C5 

Time I n c r m n t a l  Fraction Cunulatiw Fraction Incremental Fraction Cumulative Fraction 
Days ReleasedxlW Beleased x 100 Released x 100 Released x 100 

a W e r  +n ( ) = l a  percent counting uncertainty. 
b ~ o r  incremental f ract ion releases qua1 t o  zero, the error  i s  based on the minimum 
dctcctable l im i t .  
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Figure 2.23 8 5 ~ r  cumulative f ract ional  release vs ( t i m e ) l l 2  from 12% 
H3BOg waste composites (w/c = 0.7; V/S = 0.94 cm). 
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Figure 2.24 Average cumulative f ract ional  release af 8 5 ~ r  vs ( t ime)l /2  
from 12% H3BO3 waste composites (w/c = 0.7; V/S = 0.94 cm). 



The average cumulat ive f r a c t i o n a l  re1 eases o f  each f i v e  rep l  i c a t e s  f o r  
a g iven fo rmu la t i on  a r e  summarized i n  Table 2.16. 

Table 2.16 

Average 1 3 7 ~ s  and 85Sr Cumulative F rac t i ona l  Re1 eases (CFR) 
A f t e r  227 Leaching Days. 

Waste/ Average CFR From Composites Incorpora t ing :  
Cement Rad io t racer  3% H3B03 S o l u t i o n  6% H3B03 So lu t i on  12% H3B03 So lu t i on  

aThe e r r o r  presented i s  t h e  standard d e v i a t i o n  from t h e  mean o f  t h e  f i v e  
r e p l  i c a t e s  f o r  each formulat ion.  

The f o l  lowi  ng observat ions and conclusions a re  noted : 

a Increas ing t h e  waste-to-cement r a t i o  from 0.5 t o  0.7 resu l ted  i n  an 
increase i n  t h e  l e a c h a b i l i t y  of 1 3 7 ~ s  from t h e  t h r e e  b o r i c  ac id/  
cement composite formulat ions (3%, 6% and 12% b o r i c  a c i d  so lu t i ons  
as waste). Th is  e f f e c t  i s  no t  no t i ceab le  f o r  85Sr release. 

a For a waste-to-cement r a t i o  o f  0.7, i nc reas ing  t h e  b o r i c  a c i d  solu- 
t i o n  concent ra t ion  ( f rom 3% t o  6 and 12%) e f f e c t i v e l y  decreased t h e  Fr l e a c h a b i l i t y  o f  both 1 3 7 ~ s  and 8 Sr.  Th is  t r e n d  i s  l e s s  pro- 
nounced f o r  a waste-to-cement r a t i o  o f  0.5 when comparing composites 
made w i t h  3% and 6% b o r i c  a c i d  so lu t i ons  but  becomes prominent when 
comparing t h e  l e a c h a b i l i t y  o f  1 3 7 ~ s  and 85Sr from composites 
made w i t h  3% t o  those made w i t h  12% b o r i c  a c i d  solut ions.  The rea- 
sons f o r  t h i s  decrease i n  1 3 7 ~ s  and 85Sr l e a c h a b i l i t y  w i t h  i n -  
c reas ing t h e  b o r i c  a c i d  content o f  t h e  composites a re  no t  p resent ly  
understood. 

a The l e a c h a b i l i t y  o f  B5Sr was approximately one-twent ieth t h a t  o f  
1 3 7 ~ s  from these composites. Th is  may be a t t r i b u t e d  t o  t h e  as- 
s i m i l a t i o n  o f  t h e  d i v a l e n t  s t ron t ium i n t o  t h e  cement m a t r i x  and t o  
i t s  chemical d i l u t i o n  w i t h  t h e  o the r  prominent ly  abundant d i v a l e n t  
ions  (e.g., calcium) w i t h i n  t h e  mat r ix .  

a 6 0 ~ 0  i n  t h e  leachates from a l l  samples was below t h e  de tec t i on  
l i m i t  (3.0 x 10-2 V C i  p e r  1.5 L sample) o f  t h e  experimental 
method. 



2.3.2 Compressive Strength Data 

The compressive strength o f  some composites was measured immediately 
a f t e r  curing. These samples included cont ro l  samples (composed o f  Port land 
I11 cement and water), and samples o f  iden t i ca l  composition t o  those which 
were leached. A l l  t he  composites, which were leached ( f o r  a durat ion o f  
352 days), were also evaluated f o r  t h e i r  compressive strength. 

The compressive strength data from these measurements are summarized i n  
Table 2.17. A l l  reported values are an average o f  f i v e  repl icates. 

Table 2.17 

Average Compressive Strength o f  H3803/Portl and I I I Cement 
Composites Before and A f t e r  352 days Leaching. 

Compressive Strength (Psi ) 

A f t e r  Leaching A f t e r  Leachi ng 
I n i t i a l l y  352 (days) I n i t i a l l y  . 352 (days) 

Formulation w/c = 0.5 w/c = 0.7 

Control a 3400 + 2% --- 1400 + 26% --- 
3% Boric Acid 2600T16% 1900 + 16% 1100 7 23% 1000 + 12% 
6% Boric Acid 2401 T 35% 1200 T 9% 1700 18% 1400 T 12% 

12% Boric Acid 3300 T - 9% 1600 T - 14% 1907 T - 12% 1300 - 17% 

aSamples consisted o f  water and Port land I11 cement only. 

The data ind ica te  tha t ,  f o r  a waste-to-cement r a t i o  o f  0.5, leaching 
f o r  352 days caused a substantial decrease (approx. 50%) i n  t he  compressive 
strength o f  t he  composites. The data derived from the composites w i t h  a 
waste-to-cement r a t i o  o f  0.7 ind ica te  that ,  although t h e i r  i n i t i a l  compressive 
strength i s  lower than those w i th  a w/c r a t i o  o f  0.5 (by dyprux. 40 t o  50%), 
t h e i r  compressive strength d i d  not f u r t he r  decrease a f t e r  352 days o f  leach- 
ing. It should be noted t h a t  the  compressive strength o f  these composites i s  
s t i l l  approximately 20 t o  38 times higher than the  lower l i m i t  (50 p s i )  set  
f o r t h  i n  the  proposed Code o f  Federal Regulations, 1NFR Part  61.56. 

2.3.3 Leachate pH Data 

The leachate average pH from each formulat ion (3%, 6% and 12% bo r i c  
ac id  solut ions),  a t  each waste-to-cement r a t i o  (0.5 and 0.7), are  shown i n  
Figure 2.25. The leachate pH values var ied between 7 and 12, and were con- 
s i s t e n t l y  lower f o r  those from composites incorporat ing 3% bor ic  acid solu- 
t i ons  than those from the composites incorporat ing 6% and 12% bor ic  ac id  solu- 
t ions. 
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Figure 2.25 Average leachate pH values fo r  3%. 6%. and 12% H B03 waste 
composites a t  waste-to-cement r a t i o s  o f  0.5 and 8.7.  Upper 
f igure  i s  f o r  w/c r a t i o  o f  0.5, and lower f igure i s  f o r  w/c 
r a t i o  o f  0.7. 
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