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ABSTRACT

The  m a j o r  d e f i c i e n c i e s  i n  c e m e n t - b a s e d  • s t a b i l i s a t i o n  
/ s o l i d i f i c a t i o n  <S /S)  p r o c e s s e s  a r e  t h e i r  I n a b i l i t y  t o  t r e a t  
i n o r g a n i c  w a s t e s  c o n t a m i n a t e d  w i t h  o r g a n i c  m a t e r i a l  o r  o r g a n i c  
w a s t e s .  I n  g e n e r a l ,  o r g a n i c  co m p o u n d s  a r e  p o o r l y  r e t a i n e d  i n  c e m e n t  
m a t r i c e s  a n d  f r e q u e n t l y  h a v e  d e t r i m e n t a l ,  p o o r l y  u n d e r s t o o d  e f f e c t s  
up o n  c e m e n t  h y d r a t i o n .  T h i s  s t u d y  h a s  shown how t h e  c e m e n t - b a s e d  S / S  
p r o c e s s e s  c a n  b e  m o d i f i e d  t o  a l l o w  t h e  t r e a t m e n t  o f  o r g a n i c  w a s t e s  by 
t h e  u s e  o f  o r g a n o p h l l l c  c l a y s  a s  p r e - s o l l d l f l c a t l o n  a d s o r b e n t s .

O r g a n o p h i l i c  c l a y s ,  p r e p a r e d  by  t h e  t r e a t m e n t  o f  Wyoming 
b e n t o n i t e  w i t h  a  r a n g e  o f  q u a t e r n a r y  ammonium s a l t s  (QAS), w e r e  
s c r e e n e d  a n d  t h e  l o n g e r  c h a i n  Q A S - e x c h a n g e d  c l a y s  f o u n d  t o  a c t  a s  t h e  
b e s t  a d s o r b e n t s  f o r  commonly  o c c u r r i n g  o r g a n i c  c o m p o u n d s .  The  
e x c h a n g e d  c l a y s  s o l i d i f i e d  w i t h  c e m e n t  p e r f o r m e d  w e l l  i n  p h y s i c a l  
t e s t s  g i v i n g  h i g h  s t r e n g t h  a n d  lo w  p e r m e a b i l i t i e s .  L e a c h i n g  t e s t s  on  
t h e  S / S  m i x e s  sh o w ed  g o o d  r e t e n t i o n  o f  t h e  p h e n o l i c  com p oun ds  
c o m p a r e d  w i t h  t h e  u n s t a b i l i s e d  c e m e n t / p h e n o l  m i x e s .  M i c r o s t r u c t u r a l  
a n a l y s i s  sh o w ed  t h a t  p h e n o l s  i n h i b i t  t h e  c e m e n t  h y d r a t i o n  r e a c t i o n s  
a n d  f o r m  p h e n o l a t e s  w i t h i n  t h e  c e m e n t  m a t r i x .  T he  p r e s e n c e  o f  t h e  
c l a y  i n  t h e  c e m e n t  mix  r e d u c e d  t h e  d e t r i m e n t a l  e f f e c t s  o f  t h e  o r g a n i c  
co m p oun ds  on  c e m e n t  h y d r a t i o n ,  a l t h o u g h  t h e  c l a y  i t s e l f  a l t e r e d  t h e  
c e m e n t  h y d r a t i o n  r e a c t i o n s .

T h r e e  I n d u s t r i a l  w a s t e s  c o n t a i n i n g  m e t a l s  a n d  o r g a n i c  
c o n t a m i n a n t s  w e r e  t r e a t e d  w i t h  t h e  e x c h a n g e d  c l a y  S / S  m ix .  The  
s a m p l e s  p r o d u c e d  w e r e  m o n o l i t h i c  s o l i d s  w i t h  go o d  p h y s i c a l  p r o p e r t i e s  
a n d  go o d  r e t e n t i o n  o f  t h e  o r g a n i c  a n d  m e t a l  co m p o u n d s  d u r i n g  l e a c h  
t e s t i n g .  The  s t a b i l i s a t i o n  o f  c o n t a m i n a t e d  s o i l s  by  t h e  e x c h a n g e d  
c l a y  showed  l a r g e  r e d u c t i o n s  i n  t h e  r e l e a s e  o f  p h e n o l s  a n d  
p o l y a r o m a t i c  h y d r o c a r b o n s  f r o m  l a b o r a t o r y  d o s e d  s o i l s  a n d  s o i l  
c o n t a m i n a t e d  w i t h  c o a l  t a r .



I w o u l d  l i k e  t o  d e d i c a t e  t h i s  t h e s i s  t o  my p a r e n t s  
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1. INTRODUCTION

W a s t e ,  an  i l l - d e f i n e d  a n d  f r e q u e n t l y  a b u s e d  w ord ,  h a s  
h i s t o r i c a l l y  b e e n  c l a s s i f i e d  a t  t h e  p o i n t  o f  p r o d u c t i o n ,  i r r e s p e c t i v e  
o f  i t s  v a l u e  f o r  r e c y c l i n g  a n d  r e - u s e .  The  O x f o r d  D i c t i o n a r y ' s  
( 1 9 8 9 )  d e f i n i t i o n  o f  w a s t e  i s : -

"R e fu s e  m a t t e r ,  u n s e r v i c e a b l e  m a t e r i a l  r e m a in in g  o v e r  fro m  a n y  
p r o c e s s  o f  m a n u fa c tu r e ; The u s e l e s s  b y - p r o d u c t s  o f  a n y  
I n d u s t r i a l  p r o c e s s . "

The  d i s p o s a l  o f  t h e  50 0  m i l l i o n  t o n n e s  o f  w a s t e  p r o d u c e d  
a n n u a l l y  i n  t h e  UK <DoE, 1989 )  i s  o f  m a j o r  p u b l i c  a n d  g o v e r n m e n t a l  
c o n c e r n .  W a s t e  m u s t  be  d i s p o s e d  o f  s a f e l y  s o  I t  d o e s  n o t  p o l l u t e  t h e  
e n v i r o n m e n t  ( H a w k in s ,  1 9 8 9 ) .  P o l l u t i o n  c a n  t a k e  many f o r m s  b u t  i s  
b e s t  t h o u g h t  o f  a s  t h e  i n t r o d u c t i o n ,  by  man, i n t o  t h e  e n v i r o n m e n t  o f  
s u b s t a n c e s  o r  e n e r g y  l i a b l e  t o  c a u s e  ( N a t i o n a l  R e s e a r c h  C o u n c i l ,  
1 9 7 8 ) : -

-  Harm t o  human h e a l t h
-  Harm t o  l i v i n g  r e s o u r c e s  a n d  e c o l o g i c a l  s y s t e m s
-  Damage t o  s t r u c t u r e s  o r  a m e n i t i e s
-  I n t e r f e r e n c e  w i t h  t h e  l e g i t i m a t e  u s e s  o f  t h e  e n v i r o n m e n t .

The  d i s p o s a l  o f  w a s t e  i n  t h e  UK i s  a  t h r i v i n g  b u s i n e s s ,  h o w e v e r  
i n d u s t r i a l  w a s t e  t r e a t m e n t  f r e q u e n t l y  t a k e s  a  lo w  p r i o r i t y ,  i n  b o t h  
f i n a n c i a l  a n d  m an a g e m e n t  t e r m s  ( R o y s e ,  1 9 8 8 ) .  R e s e a r c h  i n t o  w a s t e  
d i s p o s a l  i s  u r g e n t l y  r e q u i r e d  t o  e n s u r e  a  b e t t e r  s c i e n t i f i c  
u n d e r s t a n d i n g  o f  t h e  p r o c e s s e s  o c c u r r i n g  a n d  d e v e l o p m e n t  o f  new 
d i s p o s a l  m e t h o d s  f o r  w a s t e  ( H ou se  o f  Commons, 1 9 8 9 ) .

T h i s  s e c t i o n  p r o v i d e s  a n  o v e r v i e w  o f  t h e  l e g i s l a t i o n  r e l a t i n g  t o  
w a s t e  d i s p o s a l  i n  t h e  UK a n d  how i t  i s  a p p l i e d  i n  p r a c t i c e .  The  
l e g a l  d e f i n i t i o n s  o f  w a s t e s  a r e  s t a t e d ,  an d  t h e  c u r r e n t  d i s p o s a l  
m e t h o d s  f o r  t h e  w a s t e s  i n  t h e  UK r e v i e w e d .  P r e t r e a t m e n t  m e t h o d s  f o r  
h a z a r d o u s  w a s t e s  a r e  r e v i e w e d  a n d  t h e  r o l e  o f  c e m e n t - b a s e d
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s t a b i l i s a t i o n  a n d  s o l i d i f i c a t i o n  I n  w a s t e  d i s p o s a l  I s  o u t l i n e d .  
F i n a l l y ,  t h e  b e h a v i o u r  o f  c e m e n t  w i t h  w a s t e s  i s  r e v i e w e d  a n d  t h e  
p r o p e r t i e s  o f  c l a y  m i n e r a l s ,  a s  p o t e n t i a l  a d s o r b e n t s  o u t l i n e d .

1 . 1  LEGISLATION

L e g !  s l a t i o n  t o  s p e c i f i c a l l y  c o n t r o l  t h e  d i s p o s a l  a n d  m anag em en t  
o f  w a s t e  was  f i r s t  i n t r o d u c e d  i n  t h e  UK w i t h  t h e  D e p o s i t  o f  P o i s o n o u s  
W a s t e  A c t  19 72 .  P r i o r  t o  t h a t  A c t  t h e  c o n t r o l  o f  w a s t e s  h a d  r e s t e d  
i n  t h e  h a n d s  o f  t h e  l o c a l  a u t h o r i t i e s  who w e r e  g i v e n  p o w e r s  u n d e r  t h e  
P u b l i c  H e a l t h  A c t s  o f  1936,  1961 a n d  1969.  The  D e p o s i t  o f  P o i s o n o u s  
W a s t e  A c t  ( 1 9 7 2 )  was  i n t r o d u c e d  f o l l o w i n g  s e v e r a l  a l a r m i n g  i n c i d e n t s  
I n v o l v i n g  t h e  d i s c o v e r y  o f  i l l e g a l l y  d e p o s i t e d  I n d u s t r i a l  w a s t e ,  
p a r t i c u l a r l y  o n e  c a s e  i n  t h e  M i d l a n d s  w h e r e  c y a n i d e - c o n t a i n i n g  w a s t e s  
w e r e  d i s c o v e r e d  on  o p e n  w a s t e  l a n d  ( R o y a l  C o m m i s s i o n ,  1 9 7 2 ) .  The  
A c t ' s  two m a i n  f e a t u r e s  w e r e  t o  e s t a b l i s h  a n  " e n v i r o n m e n t a l  h a z a r d "  
o f f e n c e  a n d  t o  i n t r o d u c e  a  n o t i f i c a t i o n  p r o c e d u r e  f o r  t h e  r e m o v a l  and  
d e p o s i t i o n  o f  w a s t e s .  T he  D e p o s i t  o f  P o i s o n o u s  W a s t e  A c t  was
s u p e r c e d e d  i n  1981 by  i m p l e m e n t a t i o n  o f  w i d e  r a n g i n g  r e g u l a t i o n s ,  
t h e  C o n t r o l  o f  P o l l u t i o n  ( S p e c i a l  W a s t e )  R e g u l a t i o n s  1980,  d e r i v e d  
f r o m  t h e  C o n t r o l  o f  P o l l u t i o n  A c t  1974 (CoP A) , w h i c h  d e a l s  
c o m p r e h e n s i v e l y  w i t h  d o m e s t i c  and  i n d u s t r i a l  w a s t e  d i s p o s a l .

1 . 1 . 1  W a s t e  T e r m i n o l o g y

One o f  t h e  m a j o r  p r o b l e m s  i n  d i s c u s s i n g  w a s t e  m a n a g e m e n t  a n d  
w i t h  w a s t e  l e g i s l a t i o n  i n  g e n e r a l  a r e  t h e  b a s i c  d e f i n i t i o n s  o f  w a s t e .  
H i s t o r i c a l l y  w a s t e  h a s  b e e n  d e f i n e d  a t  t h e  p o i n t  o f  p r o d u c t i o n ,  b u t  
w i t h  t h e  i n c r e a s i n g  i n t e r e s t  i n  r e c l a m a t i o n  a n d  r e c y c l i n g  o f  
m a t e r i a l s ,  o n e  p r o d u c e r ' s  w a s t e s  may h a v e  bec om e a n o t h e r ' s  a s s e t s  
( H aw k in s ,  1 9 8 5 ) .  T h e r e  a r e  a  nu m b e r  o f  t e r m s  w h i c h  a t t e m p t  t o  
c l a s s i f y  w a s t e ,  a n d  a  g o o d  summary o f  t h e s e  i s  g i v e n  by t h e  UK 
D e p a r t m e n t  o f  t h e  E n v i r o n m e n t  i n  e v i d e n c e  g i v e n  t o  t h e  Ho use  o f  
Commons T o x i c  W a s t e  C o m m i t t e e  ( 1 9 8 9 ) .
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C o n t r o l l e d  W a ste
C o n t r o l l e d  w a s t e s  a r e  t h e  w a s t e s  w h i c h  a r e  t h e  s u b j e c t  o f  CoPA 

1974 ( e x c l u d i n g  e x p l o s i v e ,  a g r i c u l t u r a l ,  m i n i n g  a n d  q u a r r y  w a s t e s ) .  
C o n t r o l l e d  w a s t e s  a r e  s u b - d i v i d e d  i n t o  c a t e g o r i e s  r e l a t i n g  t o  t h e i r  
o r i g i n  e g .  " h o u s e h o l d " ,  " c o m m e r c i a l "  a n d  " i n d u s t r i a l " , -  f o r  p u r p o s e  o f  
d e f i n i n g  t h e  d u t i e s  o f  t h e  l o c a l  a u t h o r i t i e s  f o r  c o l l e c t i o n  and  
d i s p o s a l  o f  e a c h  c a t e g o r y  o f  w a s t e .

S p e c i a l  W a ste
T h e s e  a r e  a  s u b s e t  o f  c o n t r o l l e d  w a s t e s  w h i c h  a r e ,  o r  may be ,  

d a n g e r o u s  o r  d i f f i c u l t  t o  d i s p o s e  o f .  S p e c i a l  w a s t e s  a r e  d e f i n e d  i n  
t e r m s  o f  t h e i r  p h y s i c a l  a n d  c h e m i c a l  c h a r a c t e r i s t i c s  a n d  n o t  i n  
r e l a t i o n  t o  t h e i r  s o u r c e .  T h e s e  w a s t e s  i n c l u d e  p r e s c r i p t i o n  
m e d i c i n e s  a n d  s u b s t a n c e s  l i s t e d  i n  P a r t  1, S c h e d u l e  1 o f  t h e  C o n t r o l  
o f  P o l l u t i o n  ( S p e c i a l  W a s t e )  R e g u l a t i o n s  1980,  i f  t h e y  a r e  i n  s u c h  a 
f o r m  o r  c o n c e n t r a t i o n  t o  b e  d a n g e r o u s  t o  l i f e  ( T a b l e  1 . 1 ) .

H a za rd o u s  W a ste
The Hous e  o f  L o r d s  S e l e c t  C o m m i t t e e  on  S c i e n c e  a n d  T e c h n o l o g y  

( 1 9 8 5 ) ,  a d o p t e d  t h e  d e f i n i t i o n  o f  h a z a r d o u s  w a s t e  u s e d  by t h e  W o rl d  
H e a l t h  O r g a n i s a t i o n .
H a z a r d o u s  w a s t e s  a r e  " w a s t e s  w h i c h  p r e s e n t  e i t h e r : -
(1 )  s h o r t  t e r m  h a z a r d s  s u c h  a s  a c u t e  t o x i c i t y  by  i n g e s t i o n ,  
i n h a l a t i o n  o r  s k i n  a d s o r p t i o n ,  c o r r o s i v i t y ,  o r  o t h e r  s k i n  o r  e y e  
c o n t a c t  h a z a r d s ,  o r  t h e  r i s k  o f  f i r e  o r  e x p l o s i o n
( i l )  l o n g  t e r m  e n v i r o n m e n t a l  h a z a r d s  I n c l u d i n g  c h r o n i c  t o x i c i t y  up o n  
r e p e a t e d  e x p o s u r e ,  c a r c i n o g e n i c i t y ,  r e s i s t a n c e  t o  d e t o x i f i c a t i o n  
p r o c e s s e s  s u c h  a s  b l o - d e g r e d a t l o n ,  t h e  p o t e n t i a l  t o  p o l l u t e  
u n d e r g r o u n d  o r  s u r f a c e  w a t e r s  o r  o b j e c t i o n a b l e  p r o p e r t i e s  s u c h  a s  
o f f e n s i v e  s m e l l s "

An a l t e r n a t i v e  d e f i n i t i o n  o f  h a z a r d o u s  w a s t e s  i s  g i v e n  by  Her  
M a j e s t y ' s  I n s p e c t o r a t e  o f  P o l l u t i o n  (HMIP) who c o n s i d e r  t h o s e  w a s t e s  
d e f i n e d  a s  d i f f i c u l t  w a s te s  i n  t h e  D e p a r t m e n t  o f  t h e  E n v i r o n m e n t ' s  
W a s t e  M anag em en t  P a p e r  Number  26  ( A p p e n d i x  7 c )  t o  be  h a z a r d o u s  w a s t e s  
f o r  t h e  p u r p o s e s  o f  d i s p o s a l  l i c e n c i n g .
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T a b l e  1 . 1 :  E x t r a c t  f r o m  t h e  C o n t r o l  o f  P o l l u t i o n  ( S p e c i a l  W a s t e )  
R e g u l a t i o n s  1980

MEANING OF SPECIAL WASTE

SCHEDULE I

PART 1
L i s t e d  S u b s t a n c e s : -
A c i d s  a n d  A l k a l i s
A n t i m o n y  a n d  a n t i m o n y  c om p oun ds
A r s e n i c  c o m p o u n d s
A s b e s t o s  ( a l l  c h e m i c a l  f o r m s )
B a r i u m  co m p o u n d s
B e r y l l i u m  a n d  b e r y l l i u m  co m p oun ds  
B i o c i d e s  a n d  p h y t o c h e m i c a l  s u b s t a n c e s  
B o r o n  co m p o u n d s  
Cadmium c o m p o u n d s  
C o p p e r  co m p o u n d s
H e t e r o c y c l i c  o r g a n i c  co m p o u n d s  c o n t a i n i n g  o x y g e n ,  n i t r o g e n  o r  
s u l p h u r
H e x a v a l e n t  ch r o m iu m  com p oun ds
H y d r o c a r b o n s  a n d  t h e i r  o x y g e n ,  n i t r o g e n  a n d  s u l p h u r  c o m p o u n d s  
I n o r g a n i c  c y a n i d e s
I n o r g a n i c  h a l o g e n - c o n t a i n i n g  c om p oun ds
I n o r g a n i c  s u l p h u r - c o n t a i n i n g  co m p oun ds
L a b o r a t o r y  c h e m i c a l s
L e a d  c o m p o u n d s
M e r c u r y  c o m p o u n d s
N i c k e l  a n d  n i c k e l  com pounds
O r g a n i c  h a l o g e n  c om p oun ds ,  e x c l u d i n g  i n e r t  p o l y m e r i c  m a t e r i a l s
P e r o x i d e s ,  c h l o r a t e s ,  p e r c h l o r a t e s  a n d  a z i d e s
P h a r m a c e u t i c a l  a n d  v e t e r i n a r y  c om p oun ds
P h o s p h o r u s  a n d  p h o s p h o r u s  c om p oun ds
S e l e n i u m  a n d  s e l e n i u m  co m p o u n d s
S i l v e r  co m p o u n d s
T a r r y  m a t e r i a l s  f r o m  r e f i n i n g  a n d  t a r  r e s i d u e s  f r o m  d i s t i l l i n g
T e l l u r i u m  a n d  t e l l u r i u m  com p oun ds
T h a l l i u m  a n d  t h a l l i u m  c om p oun ds
Van ad ium  c om p oun ds
Z i n c  co m p o u n d s

PART I I
M ean in g  o f  "d a n g e r o u s  t o  l i f e "
1. W a s t e  i s  t o  b e  r e g a r d e d  a s  d a n g e r o u s  t o  l i f e  f o r  t h e  p u r p o s e s  

o f  t h e s e  r e g u l a t i o n s  i f :
( a )  a  s i n g l e  d o s e  o f  n o t  m o r e  t h a n  5cm3 w o u l d  b e  l i k e l y  t o  

c a u s e  d e a t h  o r  s e r i o u s  t i s s u e  dam ag e t o  t i s s u e s  i f  
i n g e s t e d  by  a  c h i l d  o f  2 0 k g  bo dy  w e i g h t ;

( b )  e x p o s u r e  t o  i t  f o r  f i f t e e n  m i n u t e s  o r  l e s s  w o u l d  be  
l i k e l y  t o  c a u s e  s e r i o u s  dam ag e t o  human t i s s u e ,  by  
i n h a l a t i o n ,  s k i n  c o n t a c t  o r  e y e  c o n t a c t .

( c )  f l a s h  p o i n t  o f  21°C o r  l e s s
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1 . 1 . 2  C o n t r o l  o f  P o l l u t i o n  A c t ,  1974

The  A c t  r e q u i r e s  a l l  W a s t e  D i s p o s a l  A u t h o r i t i e s  (WDAs) t o  
p r e p a r e  p l a n s ,  f o r  t h e  S e c r e t a r y  o f  S t a t e  f o r  t h e  E n v i r o n m e n t ,  f o r  
t h e  d i s p o s a l  o f  a l l  h o u s e h o l d ,  c o m m e r c i a l  a n d  I n d u s t r i a l  w a s t e  l i k e l y  
t o  a r i s e  I n  t h e i r  a r e a s  a n d  t o  r e v i e w  a n d  m o d i f y  t h e  p l a n s  a s  
a p p r o p r i a t e .  T h e  W a s t e  D i s p o s a l  P l a n  m u s t  I n c l u d e  t h e  k i n d  and
q u a n t i t i e s  o f  w a s t e s  a r i s i n g ,  w h a t  t h e  a u t h o r i t y  e x p e c t s  t o  d i s p o s e  
o f  i t s e l f  a n d  w h a t  I t  e x p e c t s  t o  e x p o r t  a n d  i m p o r t ,  t h e  m e t h o d s  o f  
d i s p o s a l ,  s i t e s  a n d  e q u i p m e n t  b e i n g  p r o v i d e d  a n d  f i n a l l y  an  e s t i m a t e  
o f  t h e  c o s t s  i n v o l v e d .  The  A c t  r e q u i r e s  a u t h o r i t i e s  t o  c o n s i d e r  
r e a s o n a b l e  a r r a n g e m e n t s  f o r  r e c l a i m i n g  w a s t e  m a t e r i a l s .

The  CoPA a l s o  I n t r o d u c e s  a  c o m p r e h e n s i v e  l i c e n c i n g  s y s t e m  f o r  
t h e  d i s p o s a l  o f  w a s t e s  o v e r  a n d  a b o v e  e x i s t i n g  p l a n n i n g  c o n t r o l s .  I t  
m ak es  i t  a n  o f f e n c e  t o  d e p o s i t  c o n t r o l l e d  w a s t e  on  l a n d  o r  t o  u s e  a  
w a s t e  d i s p o s a l  p l a n t  u n l e s s  t h e  l a n d  I n  q u e s t i o n  I s  l i c e n c e d  by  t h e  
WDA. A p p l i c a t i o n s  f o r  s i t e  l i c e n c e s  c a n  o n l y  b e  made I f  t h e  r e q u i r e d  
p l a n n i n g  p e r m i s s i o n  f o r  t h e  s i t e  i s  a t t a i n e d  a n d  t h e  l i c e n c e  m u s t  be  
r e f e r r e d  t o  t h e  r e l e v a n t  w a t e r  a n d  c o l l e c t i o n  a u t h o r i t i e s  f o r  
comment .  S i t e  l i c e n c e s  a r e  made a t  t h e  d i s c r e t i o n  o f  t h e  WDA a n d  may 
c o v e r  t h e  f o l l o w i n g :  -

-  d u r a t i o n  o f  t h e  l i c e n c e
-  s u p e r v i s i o n  by  t h e  l i c e n c e  h o l d e r  o f  l i c e n c e d  a c t i v i t i e s
-  q u a n t i t i e s  a n d  n a t u r e  o f  w a s t e  t o  b e  d i s p o s e d
-  r e c o r d  k e e p i n g
-  p r e c a u t i o n s  ( e . g .  s e c u r i t y  f e n c i n g )
-  h o u r s  o f  s i t e  o p e r a t i o n
-  s i t e  p r e p a r a t i o n  a n d  u p k e e p .

S e c t i o n  17 o f  CoPA i m p l e m e n t e d  by  t h e  C o n t r o l  o f  P o l l u t i o n  
( S p e c i a l  W a s t e )  R e g u l a t i o n s  ( 1 9 8 0 )  I n t r o d u c e s  t h e  c a t e g o r y  o f  
" s p e c i a l  w a s t e s "  ( d e f i n e d  I n  S e c t i o n  1 . 1 . 1 ) .  The  r e g u l a t i o n s  p r o v i d e  
f o r  a  c o n t r o l  s y s t e m  f o r  s p e c i a l  w a s t e s  w h i c h  i n c l u d e : -
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-  a  r e q u i r e m e n t  f o r  w a s t e  p r o d u c e r s  t o  n o t i f y  t h e  r e c e i v i n g  WDA 
o f  t h e  I n t e n t i o n  t o  d i s p o s e  o f  a  s p e c i a l  w a s t e

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

o r  p l a n t  t o  a c c e p t  a  s p e c i f i c  w a s t e

W i th  t h e  d e v e l o p m e n t  o f  t h e  l e g i s l a t i o n  t h e  DoE h a s  p u b l i s h e d  a  
s e r i e s  o f  W a s t e  M an agem en t  P a p e r s  (2 7  t o  d a t e )  a s  C o d e s  o f  P r a c t i c e  
a n d  g u i d a n c e  n o t e s  f o r  t h e  WDA a n d  t o  t h e  d i s p o s e r s  on  a c c e p t a b l e  
p r a c t i c e  a n d  t h e  s c i e n t i f i c  b a c k g r o u n d  t o  t h e  s u b j e c t s  u n d e r  
d i s c u s s i o n .

W i th  t h e  i m p l e m e n t a t i o n  o f  CoPA s e v e r a l  c o m m i t t e e s  h a v e  b e e n  s e t  
up  t o  r e v i e w  t h e  p r a c t i c e  o f  w a s t e  d i s p o s a l  i n  t h e  UK a n d  t h e  
p e r f o r m a n c e  o f  CoPA. As a  r e s u l t  o f  t h e  s u g g e s t i o n s  o f  t h e  Hous e  o f  
L o r d s  S e l e c t  C o m m i t t e e  on  S c i e n c e  a n d  T e c h n o l o g y ,  1981 (commonly  
known a s  t h e  G r e g s o n  r e p o r t )  a  c e n t r a l  H a z a r d o u s  W a s t e  I n s p e c t o r a t e
(HWI) was  s e t  up  w i t h  t h e  a i m  " ................... t o  s a t i s f y  E n v i r o n m e n t a l
M i n i s t e r s  a n d ,  t h r o u g h  th em ,  P a r l i a m e n t  a n d  t h e  P u b l i c  a t  l a r g e ,  t h a t  
w h a t  i s  b e i n g  d o n e  i n  r e s p e c t  o f  h a z a r d o u s  w a s t e  m an a g e m e n t ,  
e s p e c i a l l y  d i s p o s a l ,  i s  s a f e ,  e n v i r o n m e n t a l l y  a p p r o p r i a t e ,  a c c e p t a b l e  
t o  r e a s o n a b l e  p u b l i c  o p i n i o n  a n d  e c o n o m i c a l  a n d  e f f i c i e n t  f r o m  t h e  
s t a n d p o i n t  o f  t h e  w a s t e  p r o d u c e r s "  ( H o u s e  o f  L o r d s  S e l e c t  C o m m i t t e e ,  
G o v e r n m e n t  R e s p o n s e ,  1 9 8 5 ) .  The  HWI h a s  now b e e n  s u b s u m e d  u n d e r  Her  
M a j e s t y ' s  I n s p e c t o r a t e  o f  P o l l u t i o n  (HMIP).

The  m o s t  r e c e n t  r e v i e w  o f  w a s t e  d i s p o s a l  p r a c t i c e  wa s  made by 
t h e  H o use  o f  Commons E n v i r o n m e n t  C o m m i t t e e  ( 1 9 8 9 ) .  The  c o m m i t t e e  
t o o k  e v i d e n c e  f r o m  a  w i d e  c r o s s - s e c t i o n  o f  t h e  w a s t e  d i s p o s a l  
i n d u s t r y  a n d  t h e  f i n a l  r e p o r t  wa s  h i g h l y  c r i t i c a l  o f  w a s t e  d i s p o s a l  
p r a c t i c e  i n  t h e  UK, i t  d e t a i l e d  w i d e  r a n g i n g  s u g g e s t i o n s  f o r  
m o d i f i c a t i o n s  t o  t h e  p r a c t i c e  a n d  l e g i s l a t i o n  g o v e r n i n g  w a s t e  
d i s p o s a l .  The  c o m m i t t e e ' s  m a in  c r i t i c i s m s  o f  t h e  p r e s e n t  s y s t e m  f o r  
w a s t e  d i s p o s a l  w e r e  t h a t : -
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( i )  The  WDAs, c r e a t e d  u n d e r  CoPA, w h o s e  r e s p o n s i b i l i t y  i t  i s  t o  
o p e r a t e  w a s t e  d i s p o s a l  s i t e s  a n d  a l s o  t o  r e g u l a t e  p r i v a t e l y  o p e r a t e d  
s i t e s  t h r o u g h  a  s i t e  l i c e n c i n g  s y s t e m ,  t a k e  t h e s e  d u a l  
g a m e k e e p e r / p o a c h e r  f u n c t i o n s  v e r y  l i g h t l y .  S t a f f  a p p o i n t e d  by t h e  
a u t h o r i t i e s  a r e  p o o r l y  q u a l i f i e d  a n d  lo w  i n  s t a t u s  a n d  r e s o u r c e s  
a l l o c a t e d  t o  t h e  d i s p o s a l  o f  c o n t r o l l e d  w a s t e s  a r e  I n a d e q u a t e .  The  
w a s t e  d i s p o s a l  p l a n s  w h i c h  w e r e  r e q u i r e d  by  l e g i s l a t i o n ,  e n a c t e d  t e n  
y e a r s  a g o ,  h a v e  n o t  b e e n  s u b m i t t e d  t o  t h e  DoE by  56  o u t  o f  t h e  76 
E n g l i s h  WDAs.

( 1 1 )  The  H a z a r d o u s  W a s t e  I n s p e c t o r a t e ,  s e t  u p  i n  1983 a f t e r  
c r i t i c i s m s  o f  t h e  w a s t e  d i s p o s a l  s y s t e m  i n  t h e  G r e g s o n  r e p o r t ,  was 
g r o s s l y  u n d e r - r e s o u r c e d  w i t h ,  u n t i l  r e c e n t l y ,  o n l y  s i x  i n s p e c t o r s  
r e s p o n s i b l e  f o r  o v e r s e e i n g  m o r e  t h a n  5 0 0 0  d i s p o s a l  s i t e s  t h r o u g h o u t  
t h e  UK.

( i i i )  D e l a y s  i n  t h e  e n f o r c e m e n t  o f  p a r t s  o f  CoPA a n d  t h e  e n a c t m e n t  o f  
r e g u l a t i o n s  n e c e s s a r y  f o r  i t s  I m p l e m e n t a t i o n  h a v e  a d d e d  t o  t h e  
w e a k n e s s  o f  t h e  A c t  a n d  make e n f o r c e m e n t  d i f f i c u l t  . F o r  e x a m p l e ,  
p r o s e c u t i o n s  f o r  " f l y  t i p p i n g "  a r e  s e l d o m  s u c c e s s f u l  b e c a u s e  t h e  
t i p p e r  h a d  l i t e r a l l y  t o  b e  " c a u g h t  i n  t h e  a c t "  t o  e n s u r e  c o n v i c t i o n .  
T h i s  l o o p - h o l e  i n  CoPA i s  s o o n  t o  b e  c l o s e d  by  t h e  a n  Amendment t o  
CoPA i n  a  p r i v a t e  members  b i l l  s o o n  t o  b e  b e f o r e  P a r l i a m e n t  b u t  o t h e r  
I n a d e q u a c i e s  i n  CoPA r e m a i n .

<iv> D e f i n i t i o n s  o f  t h e  w a s t e s  i n  CoPA a r e  f r e q u e n t l y  c o n f u s i n g  a n d  
i n c o n s i s t e n t  w i t h  t h e  E u r o p e a n  E c o n o m ic  Communi ty  (EEC) 
r e c o m m e n d a t i o n s .

( v )  W a s t e  D i s p o s a l  A u t h o r i t y  s t a n d a r d s  a r e  i n c o n s i s t e n t  a c r o s s  t h e  
c o u n t r y  a n d  t o o  f r e q u e n t l y  t h e  s t a n d a r d s  a r e  low.

< v i )  F u n d i n g  f o r  r e s e a r c h  by  t h e  DoE n e e d s  t o  b e  r e v i e w e d  a n d  t h e  
a l l o c a t i o n  t o  w a s t e  m anag em en t  t o p i c s  i n c r e a s e d .  The  c o m m i t t e e  s a w  a  
n e e d  f o r  f u n d a m e n t a l  r e s e a r c h  i n  t h e  w a s t e  m an a g e m e n t  f i e l d  a n d  f o r  
t h e  d e v e l o p m e n t  o f  new t e c h n o l o g y  a n d  p r o c e s s e s  f o r  w a s t e  t r e a t m e n t .
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1 . 1 . 3  EEC P o l i c y  o n  W a s t e  D i s p o s a l

The  EEC h a s  i s s u e d  a  n u m ber  o f  D i r e c t i v e s  p e r t a i n i n g  t o  w a s t e  
d i s p o s a l .  The  m a j o r  p r o b l e m  i n  E u r o p e  i s  t h a t  d i f f e r e n t  c o u n t r i e s  
h a v e  d i f f e r e n t  i n t e r p r e t a t i o n s  o f  t h e  d e f i n i t i o n s  o f  d a n g e r o u s  and 
h a z a r d o u s  w a s t e s  i n  t h e i r  n a t i o n a l  l e g i s l a t i o n  ( M i l l s ,  1 9 8 3 ) .  The  
EEC d i r e c t i v e s  on  d i s p o s a l  w a s t e  i n c l u d e : -

-  W a s t e ,  f r a m e w o r k  D i r e c t i v e  ( 1 9 7 5 )
-  D i s p o s a l  o f  W a s t e  O i l s  ( 1 9 7 5 )
-  D i s p o s a l  o f  PCBs a n d  PCTs ( 1 9 7 6 )
-  T o x i c  a n d  D a n g e r o u s  W a s t e  ( 1 9 7 8 )
-  T r a n s f r o n t i e r  S h i p m e n t  o f  T o x i c  W a s t e s  ( 1 9 8 4  -  87 )

E a c h  d i r e c t i v e  r e q u i r e d  c o m p l i a n c e  two y e a r s  a f t e r  t h e  d a t e  o f  
n o t i f i c a t i o n .  I n  g e n e r a l  t h e  d i r e c t i v e s  h a v e  l i t t l e  e f f e c t  up on  
w a s t e  d i s p o s a l  p r a c t i c e  i n  t h e  UK a s  roos t  o f  t h e m  a r e  c o v e r e d  u n d e r  
e x i s t i n g  l e g i s l a t i o n  a n d  i n d e e d  some o f  t h e  d i r e c t i v e s  s e e m  t o  be  
m o d e l l e d  on  CoPA. P e h a p s  t h e  m a j o r  c o n t r i b u t i o n  t h a t  t h e  EEC 
d i r e c t i v e s  h a v e  made t o  t h e  U K 's  w a s t e  d i s p o s a l  p r a c t i c e  i s  t o  
g e n e r a t e  p r e s s u r e  t o  i n t r o d u c e  s e c t i o n s  o f  CoPA w i t h o u t  d e l a y ,  a n d  t o  
c l a r i f y  t h i n k i n g  on  s u p p l e m e n t a r y  r e g u l a t i o n s  ( H a i g h ,  1 9 8 7 ) .

1 . 2  WASTE ARISINGS

1 . 2 . 1  U n i t e d  Kingdom

T h e r e  a r e  n o  r e l i a b l e  s t a t i s t i c s  on  c o n t r o l l e d  w a s t e s  p r o d u c e d  
o r  d i s p o s e d  o f  i n  t h e  UK, e x c e p t  f o r  s p e c i a l  w a s t e s  w h i c h  r e q u i r e  
c o n s i g n m e n t  n o t e s  p r i o r  t o  t r a n s p o r t a t i o n  a n d  d i s p o s a l ,  a n d  s o  a r e  
q u a n t i f i e d  t o  some e x t e n t  ( H o u se  o f  Commons, 1 9 8 9 ) .  R e c o r d s  on 
w a s t e s  k e p t  by  t h e  WDA v a r y  i n  q u a l i t y  and  i n  t h e  t y p e s  o f  w a s t e  
c o u n t e d  b e t w e e n  t h e  d i f f e r e n t  a u t h o r i t i e s ,  s o  t h a t  e v e n  s p e c i a l  w a s t e  
f i g u r e s  may b e  i n a c c u r a t e  a n d  i n c l u d e  some o t h e r  t y p e s  o f  w a s t e .  An
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e s t i m a t e  o f  w a s t e s  d i s p o s e d  o f  I n  t h e  UK by HWI (DoE, 1988 )  a r e  shown 
I n  T a b l e  1 . 2 .

T a b l e  1 . 2 :  W a s t e  A r l s l n g s  i n  t h e  UK ( 1 9 8 6 / 8 7 ) *  -  e x c l u d i n g  l i q u i d  
e f f l u e n t  d i s c h a r g e d  t o  s e w e r s  a n d  w a t e r  c o u r s e s .

W a s t e  Typ e Amount ( 1 0 c t o n n e s / a n n u m )

A g r i c u l t u r a l 2 5 0 . 0
M i n e s  a n d  Q u a r r i e s  ( i n c l u d i n g  C h i n a  C l a y ) 1 3 0 . 0
I n d u s t r i a l 5 0 . 0

( H a z a r d o u s  a n d  S p e c i a l ) 3 . 9
( S p e c i a l ) 1 . 5

D o m e s t i c  a n d  T r a d e 2 8 . 0
S ew ag e S l u d g e 2 4 . 0
Power  S t a t i o n  Ash 1 4 . 0
B l a s t  F u r n a c e  S l a g 6 . 0
B u i l d l n g 3 . 0
M e d i c a l 0 . 2

5 1 0 . 6

*From  t h e  e v i d e n c e  g i v e n  by  t h e  D e p a r t m e n t  o f  t h e  E n v i r o n m e n t  t o  t h e  
H o use  o f  Commons E n v i r o n m e n t  C o m m i t t e e  1989.

1 . 2 . 2  EEC C o u n t r i e s

EEC c o u n t r i e s  g i v e  many d i f f e r e n t  i n t e r p r e t a t i o n s  t o  t h e  
d e f i n i t i o n s  o f  t o x i c  a n d  d a n g e r o u s  w a s t e  i n  n a t i o n a l  l e g i s l a t i o n ,
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h e n c e  c o m p a r a b l e  s t a t i s t i c s  a r e  v e r y  d i f f i c u l t  t o  o b t a i n .  T a b l e  1 . 3  
s h o w s  t h e  f i g u r e s  e s t i m a t e d  by  M i l l s  ( 1 9 8 3 )  t o  b e  t h e  a n n u a l  
h a z a r d o u s  w a s t e  a r i s i n g s  i n  W e s t e r n  E u r o p e  f o r  t h a t  y e a r .

T a b l e  1 . 3 :  H a z a r d o u s  W a s t e  A r i s i n g s  i n  W e s t e r n  E u r o p e *

C o u n t r y A n n u a l  H a z a r d o u s  W as t e  A r i s i n g s  ( t o n n e s )

I n - h o u s e  D i s p o s a l  E x t e r n a l  D i s p o s a l  T o t a l

A u s t r i a - 3 5 0 , 0 0 0 —
B e l g i u m > 6 7 1 , 0 0 0 < 4 2 9 , 0 0 0 1 , 1 0 0 , 0 0 0
Denmark - - 1 0 0 , 0 0 0
West  Germany 1 5 , 0 0 0 , 0 0 0 3 , 0 0 0 , 0 0 0 1 8 , 0 0 0 , 0 0 0
F r a n c e 1 , 5 0 0 , 0 0 0 5 0 0 , 0 0 0 2 , 0 0 0 , 0 0 0
I r e l a n d - - 1 0 0 , 0 0 0
I t a l y - - 4 , 9 0 0 , 0 0 0
Lu x em b o u rg - - -
N e t h e r l a n d s 2 6 0 , 0 0 0 2 4 0 , 0 0 0 5 0 0 , 0 0 0
Norway 6 1 , 0 0 0 6 6 , 0 0 0 1 2 7 , 0 0 0
P o r t u g a l - - 2 , 8 0 0 , 0 0 0
S p a i n - - -
Sweden 2 4 1 , 0 0 0 2 7 9 , 0 0 0 5 2 0 , 0 0 0
UK - - 4 , 8 0 0 , 0 0 0
( E n g l a n d 1 , 5 0 0 , 0 0 0 2 , 2 0 0 , 0 0 0 3 , 7 0 0 , 0 0 0 )

♦ From M i l l s  (1 9 8 3 )
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1 . 2 . 3  I m p o r t  o f  W a s t e  t o  t h e  UK

The l e v e l s  o f  i m p o r t  o f  s p e c i a l  w a s t e s  f o r  t r e a t m e n t  and  
d i s p o s a l  i n  t h e  UK h a s  I n c r e a s e d  d r a m a t i c a l l y  o v e r  t h e  p a s t  s i x  y e a r s  
( F i g u r e  1 . 1 ) .  I n  1 9 8 6 / 8 7  1 3 0 , 0 0 0  t o n n e s  o f  n o n - s p e c i a l  w a s t e s  w e r e  
a l s o  i m p o r t e d ,  c o n s i s t i n g  o f  m a i n l y  c o n t a m i n a t e d  s o i l s ,  gypsu m a n d  
s i m i l a r  s o l i d  w a s t e s  f o r  d i r e c t  l a n d f i l l .  S p e c i a l  w a s t e s  i m p o r t e d  
i n t o  t h e  UK o r i g i n a t e  f r o m  many c o u n t r i e s .  F i g u r e  1 . 2  sh o w s  t h e  
c o u n t r i e s  o f  o r i g i n  o f  w a s t e s  i m p o r t e d  i n t o  t h e  UK. The  l a r g e s t  
e x p o r t e r s  t o  t h e  UK a r e  t h e  N e t h e r l a n d s  (55%),  E i r e  a n d  B e l g i u m  
(1 2 .5 %  e a c h )  (DoE, 1 9 8 8 ) .

I m p o r t e d  w a s t e s ,  s u b j e c t  t o  t h e  C o n t r o l  o f  P o l l u t i o n  ( S p e c i a l  
W a s t e )  R e g u l a t i o n s ,  1980,  a r e  t r e a t e d  a s  i f  t h e  w a s t e s  h a d  a r i s e n  a t  
t h e  p o r t  o f  e n t r y  a n d  c o n s i g n m e n t  n o t e s  a r e  d i s p a t c h e d  by t h e  
i m p o r t e r  f r o m  t h e  p o r t .  R e c e n t  l e g i s l a t i o n  t o  c o n t r o l  t h e  i m p o r t  o f  
w a s t e s  u n d e r  t h e  C o n t r o l  o f  P o l l u t i o n  ( T r a n s f r o n t i e r  S h i p m e n t  o f  
W a s t e )  R e g u l a t i o n s ,  1988 h a s  b e e n  e n a c t e d  t o  c o m p l y  w i t h  t h e  EEC 
D i r e c t i v e  8 4 / 6 3 1 / E E C . .

1 . 3  DISPOSAL OF HAZARDOUS WASTES

1 . 3 . 1  D i s p o s a l  R o u t e s  i n  t h e  UK

The  d i s p o s a l  r o u t e s  f o r  h a z a r d o u s  w a s t e  i n  t h e  UK a r e  shown i n  
F i g u r e  1 . 3 .  L a n d f i l l  i s  t h e  r o u t e  a d o p t e d  f o r  t h e  v a s t  m a j o r i t y  o f  
w a s t e s .  W a s t e s  w h i c h  a r e  s o l i d i f i e d  a n d  a s h  f r o m  i n c i n e r a t i o n  a l s o  
u l t i m a t e l y  go  t o  l a n d f i l l .  M a r i n e  d i s p o s a l  i s  t h e  s e c o n d  m o s t  u s e d  
r o u t e ,  b u t  i n c r e a s i n g  c o n c e r n  a b o u t  m a r i n e  p o l l u t i o n  i s  l i k e l y  t o  
r e d u c e  t h e  a v a i l a b i l i t y  a n d  e c o n o m i c  a d v a n t a g e s  o f  t h i s  r o u t e  i n  t h e  
f u t u r e .



Hozardous Waste (Tonnes)

Year -  198x

F i g u r e  1 . 1 :  H a z a r d o u s  W a s t e  I m p o r t e d  i n t o  t h e  UK, 1981 -  1986.  ( a f t e r  
HMIP, 1988 )

OTHER COUNTRIES: 
SOME IMPORTS

ADDITIONALLY IMPORTS 
ARRIVE FROM USA AND 
CANADA (SOME 5%) AND OTHER 
COUNTRIES SUCH AS 
AUSTRALIA. SINGAPORE. ETC.

F i g u r e  1 . 2 :  W a s t e  I m p o r t e d  1 9 8 6 / 8 7 :  C o u n t r i e s  o f  O r i g i n  (HMIP, 1 9 8 8 ) .



F i g u r e  1 . 3 :  H a z a r d o u s  W a s t e  D i s p o s a l  R o u t e s  i n  UK 1 9 8 6 / 8 7  (HMIP, 1 9 8 8 ) .

33.
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1 .3 .2  Disposal on Land 

(a) L andfill

L a n d f i l l i n g  o f  w a s t e s ,  i n  t h e  UK, I s  u s u a l l y  t h e  l e a s t  e x p e n s i v e  
d i s p o s a l  r o u t e  a n d  u n t i l  r e c e n t l y  h a s  c a u s e d  l i t t l e  e n v i r o n m e n t a l  a n d  
p u b l i c  c o n c e r n .  The  d i s p o s a l  o f  h a z a r d o u s  w a s t e s  t o  l a n d f i l l  i s ,  a t  
p r e s e n t ,  t h e  m a j o r  u l t i m a t e  d i s p o s a l  r o u t e  f o r  t h e s e  w a s t e s  i n  t h e  
UK. L a n d f i l l i n g  i s  t h e  d e p o s i t i o n  o f  w a s t e  " e n  m a s s e "  e i t h e r  i n  t h e  
g r o u n d  f o r  t h e  r e c l a m a t i o n  o f  q u a r r i e s  a n d  g r a v e l  p i t s  o r  on  m a r g i n a l  
l a n d s  s u c h  a s  m a r s h  l a n d s .  L a n d f i l l  s i t e s  m u s t  b e  s i t u a t e d  a n d  
c o n s t r u c t e d  s o  t h a t  w a s t e  d i s p o s a l  w i l l  ( C r a w f o r d  & S m i t h ,  1985;  DoE, 
1 9 8 6 ) : -

-  h a v e  no  u n a c c e p t a b l e  i m p a c t  on  p u b l i c  h e a l t h
-  h a v e  n o  u n a c c e p t a b l e  i m p a c t  on  t h e  q u a l i t y  o f  w a t e r  r e s o u r c e s
-  h a v e  minimum n u i s a n c e  t o  n e i g h b o u r s
-  h a v e  minimum i m p a c t  on  t h e  l o c a l  e n v i r o n m e n t
-  e n a b l e  e v e n t u a l  r e t u r n  o f  t h e  l a n d  t o  some b e n e f i c i a l  u s e .
-  b e  e c o n o m i c

T h e r e  a r e  two i d e a l i s e d  r a t i o n a l e s  f o r  t h e  d e v e l o p m e n t  o f  s i t e s  
s u i t a b l e  f o r  h a z a r d o u s  w a s t e  d i s p o s a l .  C o n t a i n m e n t  s i t e s ,  a s  a  
r e s u l t  o f  t h e i r  g e o l o g y ,  h y d r o g e o l o g y  a n d  e n g i n e e r e d  s t r u c t u r e ,  
c o n t a i n  a l l  o f  t h e  d e p o s i t e d  m a t e r i a l  a n d  s i t e  l e a c h a t e s .  A t t e n u a t e  
a n d  d i s p e r s e  s i t e s  w h i c h  a l l o w  s l o w  m i g r a t i o n  o f  l i q u i d s  s o  e n a b l i n g  
t h e  n a t u r a l  p r o c e s s e s  o f  a t t e n u a t i o n  a n d  d i s p e r s i o n  i n  a n d  b e y o n d  t h e  
s i t e  t o  r e d u c e  t h e  c o n c e n t r a t i o n  o f  t h e  p o l l u t a n t s  (Sawhney & 
K o z l o s k i ,  1 9 8 4 ) .  I n  p r a c t i c e  l a n d f i l l  s i t e s  t e n d  t o  c o n f o r m  t o  
n e i t h e r  e x t r e m e  b u t  c o m b i n e  f e a t u r e s  o f  b o t h  (Knox,  1 9 8 7 ) .

H a z a r d o u s  w a s t e s  may b e  d e p o s i t e d  i n  e i t h e r  m o n o - d i s p o s a l  s i t e s  
w h i c h  c o n t a i n  o n l y  o n e  p a r t i c u l a r  t y p e  o f  w a s t e ,  e g  f l y  a s h ,  o r  i n  
c o - d i s p o s a l  s i t e s  w h e r e  d o m e s t i c  w a s t e  a n d  I n d u s t r i a l  w a s t e s  (w h i c h  
may I n c l u d e  h a z a r d o u s  w a s t e s )  a r e  d e p o s i t e d  t o g e t h e r .  C o - d i s p o s a l  
o p t i m i s e s  t h e  e f f e c t s  o f  a t t e n u a t i o n  p r o c e s s e s ,  s u c h  a s  m i c r o b i a l



35.

d e g r a d a t i o n ,  s o ,  I n  w e l l  r u n  s i t e s ,  l e a c h a t e  f r o m  t h e  s i t e  d o e s  n o t  
c o n t a i n  s i g n i f i c a n t  c o n c e n t r a t i o n s  o f  t h e  h a z a r d o u s  w a s t e s  and  
c l o s e l y  r e s e m b l e s  t h a t  f r o m  d o m e s t i c  l a n d f i l l s  (Ghasse ro l  e t  a l . ,  
1 9 8 4 ) .

(b) Deep-Well Disposal

D e e p - w e l l  d i s p o s a l  i s  a n  u l t i m a t e  d i s p o s a l  m e t h o d  t h a t  i n j e c t s  
l i q u i d  w a s t e s  f a r  u n d e r g r o u n d  a n d  away f r o m  f r e s h w a t e r  s o u r c e s .  The  
m e t h o d  i s  p a r t i c u l a r l y  u s e f u l  f o r  t h e  d i s p o s a l  o f  w a s t e s  w h i c h  a r e  
d i f f i c u l t  t o  t r e a t  s u c h  a s  s a l t - b e a r i n g  s o l u t i o n s  a n d  w a s t e w a t e r s  
c o n t a i n i n g  h i g h  c o n c e n t r a t i o n s  o f  o r g a n i c  c h e m i c a l s .  T h i s  m e t h o d  i s  
b e c o m i n g  i n c r e a s i n g l y  u n p o p u l a r  a s ,  t o o  f r e q u e n t l y ,  t h e  w a s t e s  
r e a p p e a r  i n  g r o u n d w a t e r  d u e  t o  t h e  d i f f i c u l t y  i n  p r e d i c t i n g  t h e  e x a c t  
g e o l o g i c a l  p r o p e r t i e s  o f  t h e  r o c k  u n d e r l y i n g  t h e  s i t e  (WHO R e g i o n a l  
P u b l i c a t i o n s ,  1 9 8 3 ) .

1 .3 .3  Incineration

I n c i n e r a t i o n  i s  a  p r o c e s s  f o r  t h e  t h e r m a l  o x i d a t i v e  
d e c o m p o s i t i o n  o f  g a s e o u s ,  l i q u i d  a n d  s o l i d  w a s t e s  a t  h i g h  
t e m p e r a t u r e s  ( u s u a l l y  i n  e x c e s s  o f  1000°C)  t o  d e s t r o y  t h e  o r g a n i c  
f r a c t i o n  o f  t h e  w a s t e s  a n d  s i g n i f i c a n t l y  r e d u c e  w a s t e  v o lu m e .  The  
e n d  p r o d u c t s  a r e  g a s e s  w h i c h ,  a f t e r  s u i t a b l e  c l e a n i n g  a n d  h e a t  
r e c o v e r y ,  a r e  d i s c h a r g e d  i n t o  t h e  a t m o s p h e r e ,  a n d  s l a g s  o r  a s h e s ,  
w h i c h  a r e  l a n d f i l l e d  ( T h e o d o r e  & R e y n o l d s ,  1 9 8 7 ) .

H a z a r d o u s  w a s t e s  s u i t a b l e  f o r  i n c i n e r a t i o n  a r e  n o n - r e c l a i m a b l e ,  
h a v e  a  h i g h  o r g a n i c  c o n t e n t  ( a  h i g h  c a l o r i f i c  v a l u e )  a n d  a r e ,  
f r e q u e n t l y ,  d i f f i c u l t  t o  t r e a t  by  a l t e r n a t i v e  m e t h o d s  ( O p p e l t ,  1 9 8 6 ) ,  
f o r  e x a m p l e  h a l o g e n a t e d  h y d r o c a r b o n s ,  p e s t i c i d e  w a s t e s ,  m i n e r a l  o i l  
s l u d g e s ,  p h e n o l i c  w a s t e s  a n d  o i l y  e m u l s i o n s .  P r i o r  t o  i n c i n e r a t i o n  
t h e  w a s t e s  h a v e  t o  b e  w e l l  c h a r a c t e r i s e d  a n d  f r e q u e n t l y  c h e m i c a l  a n d  
p h y s i c a l  p r e t r e a t m e n t  a r e  n e c e s s a r y .  H a z a r d o u s  w a s t e  i n c i n e r a t o r s



36.

v a r y  i n  d e s i g n  d e p e n d i n g  up on  t h e  t y p e  o f  w a s t e  w h i c h  I s  t o  be  
t r e a t e d  ( T a b l e  1 . 4 ) .

T a b l e  1 . 4 :  M a j o r  I n c i n e r a t o r  D e s i g n s  a n d  W a s t e s  T r e a t e d *

F u r n a c e  D e s i g n

L i q u i d R o t a r y  K i l n  F i x e d F l u i d i s e d
I n j e c t i o n H e a r t h Bed

SOLIDS

G r a n u l a r ,  h o m o g e n e o u s X X X

I r r e g u l a r ,  b u l k y X X

Low m e l t i n g  p o i n t X X X X

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

X

U n p r e p a r e d ,  l a r g e ,  b u l k y  
m a t e r i a l s

X

LIQUIDS

H igh  o r g a n i c  s t r e n g t h  
a q u e o u s  w a s t e s

X X X

O r g a n i c  l i q u i d s X X X

SOLIDS/LIQUIDS

W a s t e s  c o n t a i n i n g  
h a l o g e n a t e d  o r g a n i c  
co m p oun ds  (1 2 0 0 °C )

X X

A q u eo u s  o r g a n i c  s l u d g e s X X

GASES

O r g a n i c  l a d e n  v a p o u r s X X X X
* O p p e l t  ( 1 9 8 7 ) .
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The  m a j o r  f e a t u r e s  o f  h a z a r d o u s  w a s t e  i n c i n e r a t o r s  a r e  ( O p p e l t ,  
1 9 8 7 ) : -

-  w a s t e  c h a r a c t e r i s a t i o n ,  p r e t r e a t m e n t  a n d  f e e d  •
-  c o m b u s t i o n  c h a m b e r ( s )
-  a i r  p o l l u t i o n  c o n t r o l
-  r e s l d u e / a s h  h a n d l i n g .

C a r e f u l  c o n t r o l s  on  t h e  t e m p e r a t u r e  o f  c o m b u s t i o n  ( > 1 0 0 0 ° C ) ,  t h e  
r e s i d e n c e  t i m e  i n  t h e  f u r n a c e  0 2  s e c o n d s )  a n d  t h e  a i r  f l o w  t h r o u g h  
t h e  f u r n a c e  0 1 5 0 %  e x c e s s  a i r )  e n s u r e  g o o d  d e s t r u c t i o n  o f  a l l  t h e  
w a s t e  c o m p o n e n t s .  F l u e  g a s e s  f r o m  t h e  f u r n a c e  a r e  q u e n c h e d  t o  c o o l  
t h em ,  p a s s e d  t h r o u g h  s c r u b b e r s  t o  r e m o v e  t h e  p a r t i c u l a t e  m a t t e r  a n d  
a c i d  g a s e s  p r i o r  t o  d i s c h a r g e  o f  t h e  g a s e s  f r o m  t h e  s t a c k .

1 .3 .4  Disposal at Sea

(a) Dumping at Sea

The  d i s p o s a l  o f  w a s t e  a t  s e a  r e l i e s  on  t h e  e n o r m o u s  d i l u t i o n  o f  
t h e  w a s t e  by  s e a  w a t e r  t o  r e d u c e  t h e  c o n c e n t r a t i o n  o f  t o x i c  
c o m p o n e n t s  t o  i n s i g n i f i c a n t  l e v e l s ,  a n d  t o  a l l o w  d e g r a d a t i o n  o f  t h e  
w a s t e  v i a  n a t u r a l  b i o l o g i c a l  a n d  h y d r o l y t i c  r e a c t i o n s .

The  d i s p o s a l  o f  w a s t e  a t  s e a  i s  c o n t r o l l e d  i n t e r n a t i o n a l l y  by 
t h e  O s l o  C o n v e n t i o n ,  1972 a n d  t h e  Lon d o n  C o n v e n t i o n ,  1975 .  I n  t h e  UK 
d u m p in g  a t  s e a  i s  c o n t r o l l e d  by  t h e  Dumping  a t  S e a  A c t  1974 .  C o n t r o l  
i s  e x e r c i s e d  by t h e  i s s u e  o f  l i c e n c e s  by  t h e  M i n i s t r y  o f  A g r i c u l t u r e ,  
F i s h e r i e s  a n d  F oo d ,  f o r  e v e r y  w a s t e  a r i s i n g  c o m m i t t e d  t o  t h i s  
d i s p o s a l  r o u t e .  The  i n t e r n a t i o n a l  c o n v e n t i o n s  p r o h i b i t  t h e  du m pin g  
a t  s e a  o f  c e r t a i n  p e r s i s t e n t  h a z a r d o u s  m a t e r i a l s  (Annex 1, O s l o  
C o n v e n t i o n  1 9 7 2 ) .  F o r  e x a m p l e ,  m e r c u r y ,  cadmium,  o r g a n o h a l o g e n  and  
o r g a n o s i  1 i c o n  w a s t e s  a r e  a l l  b a n n e d  a s  w e l l  a s  a n y  t o x i c  w a s t e  w h i c h  
d e m o n s t r a t e s  a  t e n d e n c y  f o r  b l o - a c c u m m u l a t l o n  i n  a q u a t i c  s p e c i e s .
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Dumping t a k e s  p l a c e  e i t h e r  I n  d e e p  w a t e r  s i t e s  (>200m) b e y o n d  t h e  
c o n t i n e n t a l  s h e l f  o r  i n  s h a l l o w  w a t e r s .  I n  d e e p  w a t e r s  t h e  w a s t e s  
a r e  dumped i n  s e a l e d  c o n t a i n e r s  w h i c h  e v e n t u a l l y  c o r r o d e  a n d  r u p t u r e  
r e l e a s i n g  t h e  w a s t e s .  I n  s h a l l o w e r  w a t e r s  l i q u i d  w a s t e s  o r  s l u d g e s  
a r e  d i s c h a r g e d  d i r e c t l y  f r o m  t h e  s h i p ,  u s u a l l y  i n t o . t h e  p r o p e l l o r ' s  
wake  t o  e n s u r e  i m m e d i a t e  d i l u t i o n  a n d  d i s p e r s a l  ( C o l e m a n ,  1 9 8 5 ) .

(b) Incineration at Sea

I n c i n e r a t i o n  a t  s e a  a f f o r d s  g o o d  e c o n o m i c  a d v a n t a g e s  f o r  t h e  
d i s p o s a l  o f  m a i n l y ,  h i g h l y  h a l o g e n a t e d  w a s t e s ,  a s  g a s e o u s  e m i s s i o n s  
n e e d  n o t  be  s u b j e c t e d  t o  e x p e n s i v e  s c r u b b i n g  s y s t e m s  p r i o r  t o  
d i s c h a r g e .  T h e  a c i d  h a l i d e  b y - p r o d u c t  g a s e s  a r e  r e l e a s e d  i n t o  t h e  
a i r  w h e r e  t h e y  a r e  d i s p e r s e d  o v e r  a  l a r g e  a r e a  s o  t h e y  c a n  be  
r a p i d l y  a d s o r b e d  a n d  n e u t r a l i s e d  by  t h e  s e a  when t h e y  s e t t l e .  
I n c i n e r a t i o n  a t  s e a  a l s o  h a s  t h e  a d v a n t a g e s  t h a t  t h e  i n c i n e r a t o r s  a r e  
n o t  s u b j e c t  t o  p l a n n i n g  p e r m i s s i o n  o r  t h e  h o s t i l i t y  o f  l o c a l  
c o m m u n i t i e s  n e a r  t h e  i n c i n e r a t i o n  s i t e .  T h e  d i s a d v a n t a g e s  o f  
i n c i n e r a t i o n  a r e  d i f f i c u l t i e s  i n  c o n t r o l l i n g  t h e  d e s t i n a t i o n  o f  t h e  
h i g h l y  a c i d  f l u e  g a s  c l o u d s ,  t h e  r i s k  o f  t r a n s p o r t i n g  w a s t e s  o v e r  
l a r g e  d i s t a n c e s  t o  t h e  p o r t  a n d  o n t o  t h e  s h i p ,  t h e  I m p o s s i b i l i t y  o f  
r e c o v e r i n g  m a t e r i a l s  a n d  e n e r g y  f r o m  t h e  c o m b u s t i o n  p r o c e s s  a s  w e l l  
a s d i f f l c u l t l e s  i n  m o n i t o r i n g  by  r e g u l a t o r y  a u t h o r i t i e s  ( T h e o d o r e  & 
R e n y o l d s ,  1 9 8 7 ) .

I n c i n e r a t i o n  a t  s e a  a l s o  co m es  u n d e r  t h e  c o n t r o l  o f  t h e  O s l o  
( 1 9 7 2 )  a n d  L o n do n  ( 1 9 7 5 )  C o n v e n t i o n s  w h i c h  s t r i c t l y  l i m i t  t h e  w a s t e s  
b u r n t  a n d  r i g o r o u s l y  c o n t r o l  t h e  t e s t i n g  o f  t h e  i n c i n e r a t i o n  v e s s e l s .  
I n c i n e r a t i o n  a t  s e a  i s  b e c o m i n g  l e s s  a c c e p t a b l e  a s  p u b l i c  a w a r e n e s s  
o f  t h e  p o t e n t i a l  l o n g  t e r m  h a z a r d s  t o  t h e  a q u a t i c  e n v i r o n m e n t  
i n c r e a s e ,  a n d  t h i s  i s  i n c r e a s i n g  t h e  p r e s s u r e  f o r  t i g h t e r  c o n t r o l s  
a n d  a n  e v e n t u a l  w o r l d  b a n  on  i n c i n e r a t i o n  a t  s e a .
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1 .3 .5  Pretreatment

H a z a r d o u s  w a s t e s  f r e q u e n t l y  r e q u i r e  p r e t r e a t m e n t  p r i o r  t o  
u l t i m a t e  d i s p o s a l .  P r e t r e a t m e n t  I s  c a r r i e d  o u t  t o  e i t h e r  r e d u c e  t h e  
v o lu m e  o f  t h e  w a s t e ,  t o  c h e m i c a l l y  r e n d e r  c e r t a i n  c o n s t i t u e n t s  o f  t h e  
w a s t e  l e s s  t o x i c  o r  t o  r e d u c e  t h e  o v e r a l l  t o x i c i t y  o f  t h e  w a s t e  t o  
a l l o w  s a f e r  h a n d l i n g  a n d  t o  r e d u c e  t h e  l o n g  t e r m  I m p a c t  o f  t h e  w a s t e  
on  t h e  e n v i r o n m e n t .  T h e r e  a r e  f o u r  m a in  c a t e g o r i e s  o f  p r e t r e a t m e n t  
( L a n d r e t h ,  1974;  NATO, 1981;  WHO, 1983;  T u c k e r  & C a r s o n ,  1985;  S c h o e n  
& F r e g a ,  1 9 8 7 ) .

(a) Physical Treatment

The  m a i n  a i m  o f  p h y s i c a l  t r e a t m e n t  i s  t o  r e d u c e  t h e  v o lu m e  o f  
t h e  w a s t e  by  r e m o v a l  o f ,  f o r  e x a m p l e ,  t h e  a q u e o u s  f r a c t i o n  w h i c h  c a n  
t h e n  b e  d i s c h a r g e d  t o  t h e  s e w e r s .  P h a s e  s e p a r a t i o n  i s  a c h i e v e d  by  
l a g o o n i n g  o r  t a n k  s t o r a g e  o f  t h e  w a s t e  w h i c h  a l l o w  g r a v i t a t i o n a l  
s e t t l e m e n t .  O t h e r  m e t h o d s  o f  s e p a r a t i o n  i n c l u d e  d r y i n g  o f  s l u d g e s  i n  
b e d s ,  a i r  f l o t a t i o n ,  f i l t r a t i o n ,  c e n t r i f u g a t i o n  a n d  f l o c c u l a t i o n  o f  
c o l l o i d a l  w a s t e s .

(b) Chemical Treatment

C h e m i c a l  t r e a t m e n t  m e t h o d s  u s e  s p e c i f i c  c h e m i c a l  r e a c t i o n s  t o  
m o d i f y  t h e  c h e m i c a l  p r o p e r t i e s  o f  t h e  w a s t e  o r  m o r e  r a r e l y  t o  e f f e c t  
c o m p l e t e  b r e a k d o w n  o f  t h e  h a z a r d o u s  c o m p o n e n t s  o f  t h e  w a s t e  i n t o  n o n -  
t o x i c  g a s e s  a n d  w a t e r .

O xidation  c o n v e r t s  h i g h l y  t o x i c  c y a n i d e  w a s t e s ,  f o r  e x a m p l e ,  t o  
c y a n a t e s  o r  t o  n i t r o g e n  a n d  c a r b o n  d i o x i d e .  O t h e r  c o m p o u n d s  s u c h  a s  
p h e n o l s ,  c h l o r i n a t e d  o r g a n i c s  a n d  m e r c a p t a n s  c a n  a l s o  b e  o x i d i s e d  t o  
l e s s  h a z a r d o u s  com p oun ds .  T h e  o x i d i s i n g  a g e n t s  u s e d  d e p e n d  on t h e  
s t r e n g t h  o f  o x i d a t i o n  r e q u i r e d ,  b u t  c a n  i n c l u d e  s o d i u m  h y p o c h l o r i t e  
o r  c h l o r i n e  g a s  ( f o r  c y a n i d e  o x i d a t i o n ) ,  o z o n e ,  h y d r o g e n  p e r o x i d e  a n d  
p o t a s s i u m  p e r m a n g a n a t e .
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Reduction  r e a c t i o n s  a r e  m a i n l y  u s e d  t o  c o n v e r t  t h e  h i g h l y  t o x i c  
a n d  c o r r o s i v e  c h r o m i c  a c i d  ( c h r o m i u m  VI)  t o  t h e  r e l a t i v e l y  n o n - t o x i c  
c h r o m iu m  ( I I I )  s a l t  u s i n g  s o d i u m  m e t a b i s u l p h a t e .

P re c ip ita tio n  o f  m e t a l s  f r o m  s o l u t i o n  i s  a c h i e v e d  by  r a i s i n g  t h e  
pH o f  t h e  w a s t e  s o l u t i o n  u s i n g  s l a k e d  l i n e  ( c a l c i u m  h y d r o x i d e )  o r  
c a u s t i c  s o d a  ( s o d i u m  h y d r o x i d e ) .  The  w a s t e s  c a n  b e  " p o l i s h e d "  by 
f u r t h e r  s u l p h i d e  p r e c i p i t a t i o n  a s  m e t a l  s u l p h i d e s  a r e  g e n e r a l l y  m ore  
i n s o l u b l e  t h a n  t h e  c o r r e s p o n d i n g  m e t a l  h y d r o x i d e s .

N e u tra lisa tio n  o f  w a s t e s  i s  f r e q u e n t l y  a c h i e v e d  c o m m e r c i a l l y  by 
t h e  m i x i n g  o f  a c i d  a n d  a l k a l i n e  w a s t e  s t r e a m s .  A d d i t i o n  o f  s l a k e d  
l i m e  o r  c a r b o n  d i o x i d e  i s  u s e d  t o  n e u t r a l i s e  a c i d  w a s t e s ,  w h i l s t  
s u l p h u r i c  a c i d  i s  u s e d  f o r  a l k a l i n e  w a s t e s .  N e u t r a l i s a t i o n  i s  o f t e n  
a c c o m p a n i e d  by  e v o l u t i o n  o f  g a s ,  p r e c i p i t a t i o n  o f  pH s e n s i t i v e  
c o u p o u n d s  a n d  a  r i s e  i n  t e m p e r a t u r e  o f  t h e  w a s t e .  N e u t r a l i s a t i o n  may 
n o t  make a  w a s t e  l e s s  h a z a r d o u s  b u t  i t  w i l l  make  t h e  w a s t e  e a s i e r  t o  
h a n d l e ,  l e s s  c o r r o s i v e  a n d  p o s s i b l y  s u i t a b l e  f o r  b i o l o g i c a l  
d e g r a d a t i o n .

(c) B io log ica l Treatment

C e r t a i n  o r g a n i c  m a t e r i a l s  c a n  b e  d e g r a d e d  i n t o  r e l a t i v e l y  
i n n o c u o u s  d e r i v a t i v e s  by m i c r o - o r g a n i s m s  w h i c h  " f e e d "  on  t h e  o r g a n i c  
m a t e r i a l  ( C o l e m a n ,  1 9 8 5 ) .  B i o l o g i c a l  t r e a t m e n t  i s  f r e q u e n t l y  u s e d  
f o r  i n - h o u s e  t r e a t m e n t  o f  d i l u t e  o r g a n i c  w a s t e s  a n d  w a s t e w a t e r s .  
M e t h o d s  u s e d  a r e  s i m i l a r  t o  t h o s e  f o r  c o n v e n t i o n a l  s e w a g e  t r e a t m e n t ,  
b u t  f o r  w e l l  c h a r a c t e r i s e d  w a s t e  s t r e a m s  m i c r o - o r g a n i s m s  h a v e  b e e n  
d e v e l o p e d  t h a t  s e l e c t i v e l y  d e g r a d e  t o x i c  c h e m i c a l s .

C o m p o s t i n g  by  m i x i n g  w a s t e s  w i t h  t o p  s o i l  o r  s e w a g e  s l u d g e  m akes  
u s e  o f  t h e  s o i l ' s  n a t u r a l  m i c r o b e s  t o  d e g r a d e  t h e  w a s t e .  C o m p o s t i n g  
h a s  b e e n  u s e d  f o r  t h e  t r e a t m e n t  o f  c o n t a m i n a t e d  l a n d ,  w h e r e  t h e  t o p  
s o i l  w o u l d  o t h e r w i s e  r e q u i r e  r e m o v a l  a n d  u l t i m a t e  d i s p o s a l  (Anon,  
1 9 8 7 ) .
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1.4  STABILISATION/SOLIDIFICATION

S t a b i l l s a t l o n / s o l i d l f l c a t l o n  ( S / S )  I s  u s e d  t o  t r e a t  w a s t e s  p r i o r  
t o  l a n d f i l l .  S t a b i l i s a t i o n  r e f e r s  t o  a  p r o c e s s  by  w h i c h  a  w a s t e  i s  
c o n v e r t e d  t o  a  m o r e  c h e m i c a l l y  s t a b l e  f o r m .  T h i s  may i n v o l v e  t h e  
f o r m a t i o n  o f  I n s o l u b l e  co m p o u n d s  t h a t  e n t r a p  t h e  t o x i c  w a s t e s  i n  an  
i m p e r v i o u s  p o l y m e r ,  o r  t h e  f o r m a t i o n  o f  a  b a r r i e r  b e t w e e n  t h e  w a s t e  
a n d  t h e  e n v i r o n m e n t  ( W i l e s ,  1 9 8 7 ) .  S o l i d i f i c a t i o n  i s  a  t r e a t m e n t  
p r o c e s s  t h a t  p r o d u c e s  a  s o l i d  m o n o l i t h i c  o r  s o i l - l i k e  m a s s  f r o m  a 
l i q u i d  w a s t e ,  T he  r e s u l t i n g  p r o d u c t  h a s  i m p r o v e d  s t r u c t u r a l  
i n t e g r i t y  a n d  p h y s i c a l  c h a r a c t e r i s t i c s  (M on tg o m er y  e t  a l . ,  1 9 8 8 ) .  
The  o b j e c t i v e s  o f  S / S  a r e  ( W i l e s ,  1 9 8 7 ) : -

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

o f  w a s t e  c o n s t i t u e n t s  may o c c u r
-  t o  l i m i t  t h e  s o l u b i l i t y  o f  c o n t a m i n a n t s  when e x p o s e d  t o  

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

d e g r a d a t i o n

S t a b l 1 i s a t i o n / s o l l d l f l c a t l o n  i s  d i v i d e d  i n t o  t h r e e  m a in  c a t e g o r i e s  
w h i c h  i n d i c a t e  t h e  m e c h a n i s m s  o f  t r e a t m e n t  o r  t h e  m e c h a n i s m s  i n v o l v e d  
i n  s t a b i l i s a t i o n  ( W i l e s ,  1 9 8 7 ) .

1. S o r p t i o n  i s  a  s o l i d i f i c a t i o n  t e c h n i q u e .  I t  i n v o l v e s  t h e  
a d d i t i o n  o f  d r y  a d s o r b e n t  s o l i d s  t o  l i q u i d  w a s t e s  o r  s l u d g e s  t o  
r e m o v e  f r e e  l i q u i d  a n d  s o  i m p r o v e  h a n d l i n g  c h a r a c t e r i s t i c s .

2 .  E n c a p s u l a t i o n  o f  w a s t e  t a k e s  two m a in  f o r m s ,  m i c r o e n c a p s u l a t i o n  
a n d  m a c r o e n c a p s u l a t i o n .  I n  t h e  f o r m e r  t h e  w a s t e s ,  u s u a l l y  
s o l i d s ,  a r e  d i s t r i b u t e d  w i t h i n  a n  e n c a p s u l a t i n g  m a t e r i a l  a n d  
e a c h  p a r t i c l e  o f  t h e  w a s t e  s u r r o u n d e d  by  t h e  p o l y m e r .  I n
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m a c r o e n c a p s u l a t i o n ,  t h e  w a s t e s ,  I n  c o n t a i n e r s  s u c h  a s  d r u m s ,  a r e  
c o a t e d  w i t h  a  j a c k e t  o f  I n e r t  p o l y m e r .

3 .  I n o r g a n i c  F i x a t i o n  m e t h o d s  a r e  t h e  m o s t  w i d e l y  u s e d  g r o u p  o f  
S / S  t e c h n i q u e s .  I n o r g a n i c  f i x a t i o n  g e n e r a l l y  r e q u i r e s  r e a d i l y  
a v a i l a b l e  I n e x p e n s i v e  r a w  m a t e r i a l s ,  a lo w  e n e r g y  I n p u t  a n d  
r e l a t i v e l y  u n s o p h i s t i c a t e d  e q u i p m e n t .  I n o r g a n i c  f i x a t i o n  c a n  be  
u s e d  t o  t r e a t  a  w i d e  r a n g e  o f  I n o r g a n i c  w a s t e s  e s p e c i a l l y  t h o s e  
w i t h  a  h i g h  c o n c e n t r a t i o n  o f  c a t i o n s .

1.4 .1  Sorption

S o r p t i o n  i s  w i d e l y  u s e d  i n  t h e  U n i t e d  S t a t e s  f o r  t h e  d i s p o s a l  o f  
l i q u i d  w a s t e s  b e c a u s e  t h e  d i s p o s a l  o f  l i q u i d s  t o  l a n d f i l l  i s  i l l e g a l ,  
b u t  t h e  t e c h n i q u e  i s  l e s s  common i n  t h e  UK. I d e a l  a d s o r b e n t s  a r e  
i n e r t ,  n o n - d e g r a d a b l e  a n d  n o n - r e a c t i v e  s o l i d s .  Dry  w a s t e s  s u c h  a s  
p u l v e r i s e d  f l y  a s h  (PFA),  c e m e n t  k i l n  d u s t ,  l i m e  k i l n  d u s t  a n d  s o i l s  
a r e  u s e d  t o  a d s o r b  t h e  l i q u i d s .  T h e r e  i s  n o  e v i d e n c e  o f  
s t a b i l i s a t i o n  o f  t h e  w a s t e  c o m p o n e n t s  by  t h e s e  s o l i d s .  S p e c i a l l y  
d e s i g n e d  a d s o r b e n t s  s u c h  a s  a c t i v a t e d  c a r b o n s ,  c l a y s  a n d  z e o l i t e s  a r e  
b e i n g  d e v e l o p e d ,  t h e y  p r o v i d e  s a t i s f a c t o r y  s t a b i l i s a t i o n ,  h o w e v e r ,  
t h e y  a r e  e x p e n s i v e  ( S e l l ,  1 9 8 8 ) .

The  a d v a n t a g e s  o f  s o r p t i o n  a r e  t h a t  t h e  t e c h n i q u e  e l i m i n a t e s  
f r e e  l i q u i d s ,  i m p r o v e s  h a n d l i n g ,  c a n  m o d i f y  t h e  pH a n d  r e d o x  
p o t e n t i a l  o f  t r e a t e d  w a s t e s  a n d  i s  I n e x p e n s i v e  i f  d r y  w a s t e s  a r e  u s e d  
a s  a d s o r b e n t s .  W a s t e s  w h i c h  c a n  b e  t r e a t e d  by  s o r p t i o n  t e c h n i q u e s  
a r e  l i q u i d  w a s t e s  w i t h  h i g h  w a t e r  c o n t e n t s .

The  d i s a d v a n t a g e s  o f  s o r p t i o n  t e c h n i q u e s  a r e  t h a t  w a s t e s  c a n  
l e a c h  r e a d i l y  f r o m  t h e  s o l i d ,  a s  p h y s i c a l  a d s o r p t i o n  i s  t h e  o n l y  
r e t e n t i o n  m e c h a n i s m .  The  a d d i t i v e s  i n c r e a s e  t h e  v o l u m e  o f  w a s t e  a n d  
s p e c i a l i s t  a d s o r b e n t s  a r e  e x p e n s i v e  a n d  u n p r o v e n .  W a s t e s  c a n n o t  be  
t r e a t e d  i t  t h e y  a r e  h i g h l y  r e a c t i v e  o r  f l a m m a b l e .
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1 .4 .2  Encapsulation

E n c a p s u l a t i o n  p r o c e s s e s  a r e  g e n e r a l l y  e x p e n s i v e  a n d  r e q u i r e  
s p e c i a l i s t  e q u i p m e n t  a n d  t r a i n e d  s t a f f .  The  t e c h n i q u e s  w e r e  
d e v e l o p e d  m a i n l y  f o r  u s e  i n  t h e  d i s p o s a l  o f  r a d i o a c t i v e  w a s t e s  o r  
p r o b l e m a t i c  h a z a r d o u s  w a s t e s .

(a) Thermoplastic Processes

T h e s e  m i c r o e n c a p s u l a t i o n  p r o c e s s e s  b l e n d  w a s t e s  w i t h  o r g a n i c  
t h e r m o p l a s t i c  p o l y m e r s ,  s u c h  a s  a s p h a l t ,  b i t u m e n ,  p o l y e t h y l e n e  a n d  
wax,  w h i c h  r e v e r s i b l y  s o f t e n  on  h e a t i n g  a n d  h a r d e n  on c o o l i n g .  F o r  
t r e a t m e n t ,  w a s t e s  a r e  d r i e d ,  h e a t e d  a n d  d i s p e r s e d  t h r o u g h  t h e  h e a t e d  
p l a s t i c  p o l y m e r  a n d  c o o l e d  i n  c o n t a i n e r s  t o  g i v e  a  c o n v e n i e n t  s h a p e  
( D o y l e ,  1979;  B e r e n n e r r  & Rugg,  1 9 8 2 ) .

The  a d v a n t a g e s  o f  t h e r m o p l a s t i c  p r o c e s s e s  a r e  t h a t  t h e y  c a n  
s o l i d i f y  v e r y  s o l u b l e  t o x i c  w a s t e s  w h i c h ,  i f  p r o c e s s e d  d r y ,  may 
r e s u l t  i n  a n  o v e r a l l  v o lu m e  r e d u c t i o n  o f  t h e  p r o d u c t .  The  m i g r a t i o n  
r a t e s  o f  w a s t e  c o n s t i t u e n t s  i n  t h e  s o l i d  a r e  lo w  a n d  t h e  s o l i d i f i e d  
p r o d u c t  i s  r e s i s t a n t  t o  l e a c h i n g .  T h e r m o p l a s t i c s  a d h e r e  w e l l  t o  d r y  
w a s t e s ,  a n d  r e c l a m a t i o n  o f  w a s t e  c o n s t i t u e n t s  a f t e r  s o l i d i f i c a t i o n  i s  
p o s s i b l e .  W a s t e s  w h i c h  c a n  b e  t r e a t e d  by  t h e r m o p l a s t i c  p r o c e s s e s  a r e  
i n o r g a n i c  w a s t e s  s u c h  a s  e l e c t r o p l a t i n g  s l u d g e s ,  p a i n t  r e s i d u e s  and  
r e f i n i n g  s l u d g e s .  R a d i o a c t i v e  w a s t e s  c a n  a l s o  b e  t r e a t e d .

The  d i s a d v a n t a g e s  o f  t h e r m o p l a s t i c  p r o c e s s e s  a r e  t h a t  t h e y  
r e q u i r e  e x p e n s i v e  e q u i p m e n t  a n d  s k i l l e d  l a b o u r .  The  w a s t e s  m u s t  be  
d r i e d  p r i o r  t o  p r o c e s s i n g  a n d  i f  v o l a t i l e  c o m p o n e n t s  a r e  p r e s e n t  
g r e a t  c a r e  m u s t  b e  t a k e n .  T h e r m o p l a s t i c  m a t e r i a l s  a r e  f l a m m a b l e  and  
o x i d i s e  e x p l o s i v e l y .  W a s t e s  w h i c h  c a n n o t  be  t r e a t e d  by  t h i s  m e th o d  
a r e  o r g a n i c  w a s t e s  c o n t a i n i n g  s o l v e n t s  a n d  s t r o n g  o x i d a n t s  (DoE, 
1 9 8 9 ) .
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(b) Organic Polymers

A monomer  i s  t h o r o u g h l y  m ix e d  w i t h  e i t h e r  d r y  w a s t e  o r  w a s t e  
s l u d g e  i n  a  c o n t a i n e r  s u c h  a s  a  s t e e l  drum.  An i n i t i a t o r  i s  a d d e d  t o  
t h e  m ix  w h i c h  c a u s e s  p o l y m e r i s a t i o n  o f  t h e  monomer .  The  p o l y m e r  
f o r m s  a  h a r d e n e d  c r o s s - l i n k e d  m a t e r i a l  w h i c h  e n t r a p s  t h e  w a s t e .  T h i s  
m i c r o e n c a p s u l a t i o n  t e c h n i q u e  d o e s  n o t  c h e m i c a l l y  b i n d  w i t h  t h e  w a s t e .  
Any l i q u i d  a s s o c i a t e d  w i t h  t h e  t r e a t e d  w a s t e  m u s t  be  r e m o v e d  f r o m  t h e  
s o l i d  p r i o r  t o  u l t i m a t e  d i s p o s a l .  The  m o s t  common p r o c e s s e s  u s e  u r e a  
f o r m a l d e h y d e ,  p o l y e s t e r  a n d  p o l y v i n y l  c h l o r i d e  ( L u b o w i t z  e t  a l . ,  
1977;  Unge r  & L u b o w i t z ,  1 9 8 8 ) .

The  a d v a n t a g e s  o f  p o l y m e r i s a t i o n  a r e  t h a t  o n l y  s m a l l  q u a n t i t i e s  
o f  a d d i t i v e s  a r e  r e q u i r e d  t o  c a u s e  s e t t i n g  a n d  a i r  c u r i n g  p o l y m e r s  do  
n o t  r e q u i r e  h e a t i n g .  The  w a s t e s  t r e a t e d  a r e  i n o r g a n i c  w a s t e s  w h i c h  
i n  s o l i d i f i e d  f o r m  a r e  u s u a l l y  l e s s  d e n s e  t h a n  c e m e n t - b a s e d  
s o l i d i f i c a t i o n  p r o c e s s e s .

The  d i s a d v a n t a g e s  o f  o r g a n i c  p o l y m e r s  a r e  t h a t  t h e  w a s t e  m u s t  be  
t r e a t e d  i n  c o n t a i n e r s  a n d  t h e  w a s t e s  a r e  o n l y  e n t r a p p e d ,  n o t  b o n d e d ,  
i n  t h e  m a t r i x .  I n i t i a t i o r s  o f  p o l y m e r i s a t i o n  a r e  o f t e n  c o r r o s i v e  a n d  
r e q u i r e  s p e c i a l  h a n d l i n g ,  a n d  f u m e s  f r o m  p o l y m e r i s a t i o n  c a n  be  
h a r m f u l .  Unco m bi ne d w a t e r  m u s t  b e  r e m o v e d  f r o m  t h e  s o l i d i f i e d  
p r o d u c t  a s  i t  i s  o f t e n  h i g h l y  a c i d i c  a n d  c o n t a m i n a t e d  w i t h  t o x i c  
m e t a l s .  W a s t e s  w h i c h  c a n n o t  b e  t r e a t e d  by  t h i s  p r o c e s s  a r e  a c i d i c  
w a s t e s ,  s t r o n g  o x i d a n t s  a n d  o r g a n i c  w a s t e s .

( c )  V i t r i f i c a t i o n

E x t r e m e l y  h a z a r d o u s  m a t e r i a l s  may b e  m i x e d  w i t h  s i l i c a  a n d  f u s e d  
a t  h i g h  t e m p e r a t u r e s  t o  f o r m  g l a s s .  T h i s  f o r m  o f  m i c r o e n c a p s u l a t i o n ,  
u n l i k e  o t h e r  t e c h n i q u e s  d i s c u s s e d  a b o v e ,  u s e s  I n o r g a n i c  m a t e r i a l s .  
C r y s t a l l i n e  s i l i c a t e  a n d  c e r a m i c s  c a n  a l s o  b e  u s e d  (Anon,  1 9 8 8 ) .

The  a d v a n t a g e s  o f  v i t r i f i c a t i o n  a r e  t h a t  t h e  w a s t e s  a r e  s u b j e c t  
t o  a  h i g h  d e g r e e  o f  c o n t a i n m e n t  a n d  t h e  a d d i t i v e s  a r e  r e l a t i v e l y
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I n e x p e n s i v e .  W a s t e s  w h i c h  c a n  b e  t r e a t e d  by t h i s  p r o c e s s  a r e
r a d i o a c t i v e  w a s t e s  a n d  h i g h l y  c o n t a m i n a t e d  s o i l s .

The  d i s a d v a n t a g e s  o f  v i t r i f i c a t i o n  a r e  t h a t  t h e  p r o c e s s  I s  
e n e r g y  I n t e n s i v e  a n d  r e q u i r e s  s p e c a l i s t  e q u i p m e n t  a s  t h e  c h a r g e  m u s t  
b e  h e a t e d  t o  >1350°C t o  p r o d u c e  a  m e l t .  Some c o m p o n e n t s  o f  t h e  
w a s t e ,  f o r  e x a m p l e  m e t a l s ,  may v a p o u r i s e  c a u s i n g  a  h e a l t h  h a z a r d  t o  
p e r s o n n e l ,  h e n c e  h i g h l y  t r a i n e d  o p e r a t o r s  a r e  r e q u i r e d .  W a s t e s  w h i c h  
c a n n o t  b e  t r e a t e d  by  v i t r i f i c a t i o n  a r e  w a s t e s  w i t h  h i g h  o r  low 
e l e c t r i c a l  r e s i s t i v i t y  ( C u l l i n a n e  e t  a l . ,  1 9 8 6 ) .

1 .4 .3  Inorganic F ixation

(a) Cement-Based Processes

Cement  i s  an  a n h y d r o u s  c l i n k e r  w h i c h ,  when h y d r a t e d  by w a t e r  
f o r m s  a  s o l i d  a m o r p h o u s  m a s s  o f  lo w p e r m e a b i l i t y .  A q u e o u s  w a s t e s  may 
b e  u s e d  t o  h y d r a t e  c e m e n t  a n d  s o l i d  w a s t e s  I n c o r p o r a t e d  a s  " b u l k i n g "  
m a t e r i a l s .  Cement  i s  h i g h l y  a l k a l i n e  s o  many m u l t i v a l e n t  m e t a l  I o n s  
w i l l  b e  i n c o r p o r a t e d  i n t o  t h e  m a t r i x  a s  t h e i r  i n s o l u b l e  h y d r o x i d e s .  
O t h e r  w a s t e s  may a l s o  b e  t r a p p e d  i n  t h e  m a t r i x  ( H i l l ,  1 9 8 6 ) .  
C e m e n t - b a s e d  S / S  p r o c e s s e s  w i l l  b e  d i s c u s s e d  f u r t h e r  i n  S e c t i o n  1 . 5 .

The  a d v a n t a g e s  o f  c e m e n t - b a s e d  S / S  a r e  t h a t  t h e  t e c h n i q u e  i s  
w e l l  e s t a b l i s h e d  u s i n g  c h e a p  r e a d i l y  a v a i l a b l e  m a t e r i a l s  a n d  e n t a i l s  
lo w  e q u i p m e n t  a n d  r u n n i n g  c o s t s .  The  a l k a l i n i t y  o f  t h e  c e m e n t  h e l p s  
t o  n e u t r a l i s e  a c i d i c  w a s t e s  a n d  p r e c i p i t a t e  m e t a l s .  L i q u i d  i n  t h e  
w a s t e s  c a n  b e  u s e d  i n  t h e  c e m e n t  h y d r a t i o n  p r o c e s s  a n d  a d d i t i v e s  t o  
t h e  p r o c e s s  c a n  i n c r e a s e  r e t e n t i o n  o f  s p e c i f i c  w a s t e  c o m p o n e n t s .  The  
f i n a l  p r o d u c t  h a s  a  lo w p e r m e a b i l i t y  a n d  l e a c h i n g  f r o m  t h e  s o l i d  i s  
low.  W a s t e s  w h i c h  c a n  b e  t r e a t e d  by  c e m e n t - b a s e d  S / S  a r e  i n o r g a n i c  
w a s t e s ,  p a r t i c u l a r l y  t h o s e  c o n t a i n i n g  m e t a l  c a t i o n s .

The  d i s a d v a n t a g e s  o f  c e m e n t - b a s e d  s o l i d i f i c a t i o n  a r e  t h a t  t h e  
p r o c e s s  r e q u i r e s  l a r g e  a m o u n t s  o f  r a w  m a t e r i a l s  w h i c h  s i g n i f i c a n t l y
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I n c r e a s e  t h e  w e i g h t  a n d  vo lu m e  o f  t h e  w a s t e .  The  m e c h a n i s m  o f  c e m e n t  
h y d r a t i o n  I s  n o t  w e l l  u n d e r s t o o d  a n d  c e r t a i n  c o m p o u n d s  a c t  a s  
I n h i b i t o r s  t o  h y d r a t i o n .  U n d e r  a c i d i c  c o n d i t i o n s  t h e  s o l i d i f i e d  
p r o d u c t  I s  v u l n e r a b l e  t o  a t t a c k  r e s u l t i n g  I n  l e a c h i n g  o f  w a s t e  
c o m p o n e n t s .  W a s t e s  w h i c h  c a n n o t  be  t r e a t e d  by  c e m e n t - b a s e d  S / S  
p r o c e s s e s  a r e  o r g a n i c  w a s t e s  o r  I n o r g a n i c  w a s t e s  c o n t a i n i n g  c e r t a i n  
m o b i l e  a n i o n s  ( C u l l I n a n e  e t  a l . ,  1 9 8 6 ) .

(b) Pozzolanlc Processes

A q u eo u s  s o l u t i o n s  o f  h a z a r d o u s  m a t e r i a l s  a r e  m i x e d  w i t h  l i m e  a n d  
f i n e - g r a i n e d  p o z z o l a n l c  ( s i l i c e o u s )  m a t e r i a l s  t o  f o r m  a  p o z z o l a n l c  
c o n c r e t e .  N a t u r a l  p o z z o l a n a s  I n c l u d e  v o l c a n i c  a s h  and  l a v a .
P o z z o l a n a s  commonly  u s e d  a r e  t h e m s e l v e s  w a s t e s  s u c h  a s  PFA, b l a s t  
f u r n a c e  s l a g  a n d  c e m e n t - k i l n  d u s t .  A l l  c l a s s e s  o f  q u i c k l i m e  a n d  
h y d r a t e d  l i m e ,  i n c l u d i n g  w a s t e  l i m e ,  r e a c t  w e l l  w i t h  p o z z o l a n i c  
m a t e r i a l s .  G e n e r a l l y  f i n e r  p o z z o l a n i c  m a t e r i a l s  w i l l  p r o d u c e  
s t r o n g e r  e n d  p r o d u c t s  ( T i t t l e b a u m ,  1 9 8 5 ) .

The  a d v a n t a g e s  o f  p o z z o l a n l c  p r o c e s s e s  a r e  t h a t  t h e  a d d i t i v e s  
a r e  w i d e l y  a v a i l a b l e ,  I n e x p e n s i v e  a n d  a r e  o f t e n  w a s t e  m a t e r i a l s  
t h e m s e l v e s .  The  e q u i p m e n t  f o r  p r o c e s s i n g  i s  s i m p l e  a n d  t h e  
c h a r a c t e r i s t i c s  o f  p o z z o l a n i c  r e a c t i o n s  a r e  w e l l  known.  D e w a t e r i n g  
o f  t h e  w a s t e  i s  n o t  r e q u i r e d  b e c a u s e  w a t e r  I s  r e q u i r e d  f o r  h y d r a t i o n  
o f  t h e  p o z z o l a n i c  m a t e r i a l s .  I n o r g a n i c  w a s t e s  c a n  b e  t r e a t e d  by  
p o z z o l a n l c  S / S .

The  d i s a d v a n t a g e s  o f  p o z z o l a n l c  p r o c e s s e s  a r e  t h a t  t h e  a d d i t i v e s  
i n c r e a s e  t h e  v o l u m e  a n d  w e i g h t  o f  t h e  w a s t e  a n d  may r e q u i r e  
c o m p a c t i o n  on  f i n a l  d e p o s i t i o n .  The  s e t t i n g  r a t e s  o f  p o z z o l a n i c  
p r o c e s s e s  a r e  g e n e r a l l y  s l o w e r  t h a n  f o r  c e m e n t - b a s e d  p r o c e s s e s .  
P o z z o l a n l c  S / S  a r e  v u l n e r a b l e  t o  l e a c h i n g  u n d e r  a c i d i c  c o n d i t i o n s .  
W a s t e s  w h i c h  c a n n o t  b e  t r e a t e d  by  p o z z o l a n i c  p r o c e s s e s  i n c l u d e  
o r g a n i c  w a s t e s ,  o r  t h o s e  c o n t a i n i n g  m o b i l e  a n i o n s .
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(c> Self-Cementing

W a s t e s  c o n t a i n i n g  c a l c i u m  s u l p h a t e  o r  c a l c i u m  s u l p h i t e  ( e g  f l u e  
g a s  c l e a n i n g  o r  d e s u l p h u r i s a t i o n  s l u d g e s )  c a n  b e  s o l i d i f i e d  u s i n g  
t h e i r  s e l f - c e m e n t i n g  p r o p e r t i e s .  S m a l l  p o r t i o n s  o f • t h e  w a s t e  (8 -  
10%) a r e  d e h y d r a t e d  a n d  c a l c i n e d  t o  p r o d u c e  c e m e n t i t i o u s  m a t e r i a l .  
T h i s  m a t e r i a l  i s  r e - i n t r o d u c e d  i n t o  t h e  r e s t  o f  t h e  w a s t e  a n d  w a t e r  
a d d e d  i f  n e c e s s a r y .  The  w a s t e  h a r d e n s  t o  a  p l a s t e r - l i k e  s o l i d  
( V a l i g a ,  1 9 7 9 ) .

The  a d v a n t a g e s  o f  s e l f - c e m e n t i n g  a r e  t h a t  n o  m a j o r  a d d i t i v e s  
h a v e  t o  b e  made o r  t r a n s p o r t e d  t o  t h e  t r e a t m e n t  s i t e .  T he  w a s t e  d o e s  
n o t  r e q u i r e  d e w a t e r i n g  a n d  h a s  a  f a s t e r  s e t t i n g  r a t e  t h a n  l i m e - b a s e d  
s y s t e m s .  The  f i n a l  p r o d u c t  i s  s t a b l e ,  n o n - f l a m m a b l e  a n d  n o n -  
b i o d e g r a d a b l e .  W a s t e s  w h i c h  a r e  s u i t a b l e  f o r  s e l f - c e m e n t i n g  a r e  
s u l p h a t e  o r  s u l p h i t e  w a s t e s .

The  d i s a d v a n t a g e s  o f  t h e  s e l f - c e m e n t i n g  p r o c e s s  a r e  t h a t  t h e  
p r o c e s s  c a n  o n l y  b e  a p p l i e d  t o  a  l i m i t e d  t y p e  o f  w a s t e .  P r o c e s s i n g  
r e q u i r e s  s k i l l e d  l a b o u r  a n d  t h e  e q u i p m e n t  f o r  c a l c i n i n g  t h e  w a s t e  i s  
e x p e n s i v e  a n d  h a s  a  h i g h  e n e r g y  r e q u i r e m e n t .  T h e  f i n a l  p r o d u c t  i s  
v u l n e r a b l e  t o  l e a c h i n g  e s p e c i a l l y  u n d e r  a c i d i c  c o n d i t i o n s .

1.5 CEMENT-BASED STABILISATION/SOLIDIFICATION

A w i d e  r a n g e  o f  c e m e n t - b a s e d  S / S  p r o c e s s e s  h a v e  b e e n  p a t e n t e d  
f o r  t h e  t r e a t m e n t  o f  i n d u s t r i a l  w a s t e s .  At  p r e s e n t  o n l y  o n e  p r o c e s s ,  
t h e  " S e a l o s a f e "  p r o c e s s  ( C h a p p e l l ,  1977 ;  S c h o f i e l d ,  19 79 )  i s  u s e d  i n  
t h e  UK 's  two o p e r a t o r s .  I n  t h e  USA a  much w i d e r  r a n g e  o f  c e m e n t -  
b a s e d  S / S  p r o c e s s e s  a r e  o p e r a t e d ,  many o f  w h i c h  c o n t a i n  t h e  o p e r a t o r s  
own " p a t e n t "  s o l i d i f y i n g  a g e n t s ;  h o w e v e r ,  t h e  b a s i c  p r i n c i p l e s  o f  
c e m e n t - b a s e d  S / S  r e m a i n  t h e  sam e  ( C u l l  i n a n e  e t  a l . ,  1 9 8 6 ) .

T h e r e  a r e  f i v e  m a in  s t a g e s  f o r  t h e  t r e a t m e n t  o f  a  w a s t e  f r o m  i t s  
r e c e p t i o n  t o  i t s  u l t i m a t e  d i s p o s a l  ( C l e m e n t s  & G r i f f i t h s ,  1985)



1. A n a l y s i s
2 .  P r e t r e a t m e n t
3 .  A d d i t i o n  o f  b i n d e r s  an d  s o l i d i f y i n g  a g e n t s
4 .  Q u a l i t y  c o n t r o l  o f  e n d  p r o d u c t
5 .  D i s p o s a l  o f  e n d  p r o d u c t

I n i t i a l  a n a l y s i s  o f  t h e  w a s t e s ,  c a r r i e d  o u t  a t  t h e  t r e a t m e n t  
s i t e ,  d e t e r m i n e s  a  w i d e  r a n g e  o f  p r o p e r t i e s  o f  t h e  I n c o m i n g  w a s t e s  
s u c h  a s  pH, s o l i d s  c o n t e n t ,  o r g a n i c  a n d  m e t a l s  c o n t e n t s  e t c .  The  a im  
o f  a n a l y s i s  i s  t o  d e t e r m i n e  i f  t h e  w a s t e  c o n t a i n s  a n y  c o n s t i t u e n t s  
t h a t  make i t  u n s u i t a b l e  f o r  c e m e n t - b a s e d  S / S ,  f o r  e x a m p l e ,  c e r t a i n  
o r g a n i c  c o n t a m i n a n t s  w i l l  i n h i b i t  t h e  h y d r a t i o n  o f  c e m e n t .

P r e t r e a t m e n t  p r o c e s s e s  f o r  w a s t e  s t r e a m s ,  a s  d e s c r i b e d  i n  
S e c t i o n  1 . 3 . 5 ,  f r e q u e n t l y  c a r r i e d  o u t  o n - s i t e  a n d  c a n  o f t e n  be  
a c h i e v e d  by  m i x i n g  d i f f e r e n t  w a s t e s .  F o r  e x a m p l e ,  a c i d  w a s t e s  c a n  be  
n e u t r a l i s e d  by  t h e  a d d i t i o n  o f  a l k a l i n e  w a s t e s .  A f t e r  p r e t r e a t m e n t  
t h e  w a s t e s  a r e  f o r m e d  i n t o  a  s l u r r y  w i t h  a  s o l i d s  c o n t e n t  o f  
a p p r o x i m a t e l y  30  t o  40%. The  s o l i d s  b e i n g  n e c e s s a r y  t o  g i v e  an
a d e q u a t e  s t r e n g t h  t o  t h e  p r o d u c t  ( S o l l a r s  & P e r r y ,  1 9 8 8 ) .  The  s o l i d s
c o n t e n t  o f  t h e  s l u r r y  c a n  be  I n c r e a s e d  by ,  f o r  e x a m p l e ,
c e n t r i f u g a t i o n  o f  t h e  s l u r r y  t o  r e m o v e  e x c e s s  l i q u i d  o r  by  t h e  
a d d i t i o n  o f  i n e r t  s o l i d s .  The  s l u r r y  i s  t h e n  w e l l  m ix e d  w i t h  t h e
s o l i d i f i c a t i o n  a g e n t s  a n d  p l a c e d  i n  t h e  f i n a l  d i s p o s a l  s i t e .  
S o l i d i f i c a t i o n  o f  t h e  p r o d u c t  b e g i n s  a s  s o o n  a s  m i x i n g  c e a s e s .  The 
r a t e  o f  s e t t i n g ,  h o w e v e r ,  u s u a l l y  a l l o w s  t r a n s p o r t  t o  a  d i s p o s a l  s i t e  
away f r o m  t h e  t r e a t m e n t  p l a n t .

Q u a l i t y  c o n t r o l  o f  t h e  s o l i d i f i e d  m a t e r i a l  m u s t  b e  r e l a t e d  t o  
t h e  p r i m a r y  o b j e c t i v e s  o f  c e m e n t - b a s e d  S / S  i . e .  t o  p r o d u c e  a  s o l i d  
w i t h  i m p r o v e d  s t r u c t u r a l  i n t e g r i t y ,  d e c r e a s e d  s u r f a c e  a r e a  an d  
l i m i t e d  s o l u b i l i t y  o f  w a s t e  c o m p o n e n t s .  The  UK h a s ,  a t  p r e s e n t ,  no  
f o r m a l  n a t i o n a l  t e s t i n g  p r o c e d u r e s  f o r  s o l i d i f i e d  w a s t e s .  The 
p r o d u c t i o n  o f  a  W a s t e  M anag em en t  P a p e r  p r o p o s e d  by  t h e  DoE (H ou se  o f  
Commons, 1989 )  w i l l  l a y  down c o d e s  o f  p r a c t i c e  f o r  s o l i d i f i e d  w a s t e  
t e s t i n g  a n d  d i s p o s a l .  A r a n g e  o f  f i v e  t e s t s  g i v e  a  g o o d  o v e r a l l
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p i c t u r e  o f  t h e  r e q u i r e d  p r o p e r t i e s  o f  t h e  s o l i d i f i e d  w a s t e s .  T h e s e  
t e s t s  a r e  ( R u s h b r o o k  e t  a l . f 1989)

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

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

f o r m a t i o n

S t a n d a r d s  t o  w h i c h  t h e  s o l i d i f i e d  m a t e r i a l s  m u s t  c o n f o r m  a r e  
d e p e n d e n t  u p o n  t h e  f i n a l  d i s p o s a l  s i t e  f o r  t h e  s o l i d i f i e d  w a s t e  a n d  
t h e  e n d  u s e  o f  t h a t  s i t e ;  h o w e v e r ,  u l t i m a t e l y  t h e  o b j e c t i v e  m u s t  be  
t o  p r o d u c e  a  m a t e r i a l  w h i c h  c a n  b e  d e s c r i b e d  a s  n o n - h a z a r d o u s  a n d  
w h i c h  h a s  a  g o o d  s t r u c t u r a l  i n t e g r i t y .

The  c o s t s  o f  c e m e n t - b a s e d  S / S  o f  h a z a r d o u s  w a s t e s  d e p e n d  u p o n  a  
w i d e  r a n g e  o f  f a c t o r s ,  f o r  e x a m p l e ,  t h e  t y p e  o f  t h e  w a s t e ,  t h e  t o x i c  
s p e c i e s  p r e s e n t  a n d  t h e  f o r m  t h e  w a s t e  i s  i n .  T y p i c a l  t r e a t m e n t  
c o s t s  f o r  o n e  o f  t h e  A m e r i c a n  c e m e n t - b a s e d  s o l i d i f i c a t i o n  p r o c e s s e s  
r a n g e  f r o m  $ 4 0  t o  $ 2 6 0  d e p e n d i n g  up o n  t h e  f o r m  t h a t  t h e  w a s t e  i s  i n  
( H i l l ,  1 9 8 6 ) .

1.5 .1  Cement Hydration Chemistry

The p r o p e r t i e s  o f  c e m e n t - b a s e d  S / S  d e p e n d  u p o n  t h e  p r o p e r t i e s  
a n d  b e h a v i o u r  o f  t h e  c e m e n t  a d d i t i v e s  a n d  how t h e y  r e a c t  w i t h  t h e  
w a s t e s .  Much work  h a s  b e e n  d o n e  t o  i n v e s t i g a t e  t h e  c h e m i c a l  a n d  
p h y s i c a l  c h a r a c t e r i s t i c s  o f  o r d i n a r y  P o r t l a n d  c e m e n t  COPC) h y d r a t i o n  
a n d  t h i s  i n f o r m a t i o n  p r o v i d e s  a  g o o d  f o u n d a t i o n  f o r  t h e  d e v e l o p m e n t  
o f  a n  u n d e r s t a n d i n g  o f  t h e  p r o c e s s e s  o c c u r r i n g  i n  c e m e n t - b a s e d  S / S .

O r d i n a r y  P o r t l a n d  c e m e n t  i s  a  h y d r a u l i c  c e m e n t ;  i t  s e t s ,  h a r d e n s  
a n d  d o e s  n o t  d i s i n t e g r a t e  i n  w a t e r  < H e l m u th ,  1 9 8 7 ) .  A n h y d r o u s  OPC
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c o n s i s t s  o f  a n g u l a r  p a r t i c l e s  ( u s u a l l y  a b o u t  20  pm) w i t h  t h e  
f o l l o w i n g  m a j o r  c o n s t i t u e n t s  ( N e v i l l e ,  1 9 8 1 ) : -

-  t r i c a l c i u m  s i l i c a t e  (C3 S) » 54%
-  d i c a l c i u m  s i l i c a t e  (C2 S) * 17%
-  t r i c a l c i u r a  a l u m i n a t e s  (C3 A) * 11%
-  a l u m i n o - f e r r i t e  (C^AF) * 9%
-  g y psu m  (CSH2 ) * 4%

w h e r e  C = CaO, S = S i 0 2 , A = A12 0 3 , F = F e 2 0 3 , S = S 03 a n d  H = H2 0  i n  
c e m e n t  c h e m i s t ' s  n o m e n c l a t u r e .

The  h y d r a t i o n  o f  C3 S i s  t h e  d o m i n a n t  m e c h a n i s m  i n  t h e  o v e r a l l  
h y d r a t i o n  a n d  h a r d e n i n g  p r o c e s s  o f  OPC. T he  g e n e r a l  h y d r a t i o n  
r e a c t i o n  c a n  b e  w r i t t e n  a s  : -

C3 S + ( 1 . 3  + x)H = 0 , .7-SH^  + 1 . 3  CH -  (1 )

C t . rSHx i s  c a l c i u m  s i l i c a t e  h y d r a t e  a n d  CH i s  c a l c i u m  h y d r o x i d e  (Bye,  
1 9 8 3 ) .  C a l c i u m  s i l i c a t e  h y d r a t e  (C-S -H )  i s  a n  i l l  d e f i n e d ,  p o o r l y  
c r y s t a l l i n e  s o l i d .

S e v e r a l  d i s t i n c t  s t a g e s  i n  t h e  h y d r a t i o n  o f  C3 S h a v e  b e e n  
i d e n t i f i e d  ( B i r c h a l l  e t  a l . ,  1978,  1979 ,  J e n n i n g s  & P r a t t ,  1 9 7 8 ) .
When OPC i s  d i s p e r s e d  i n  w a t e r  c a l c i u m  i o n s  a r e  r a p i d l y  l e a c h e d  f r o m  
t h e  s o l i d s  t o  f o r m  a  s o l u t i o n  o f  m a i n l y  CH ( s t a g e  I ,  F i g u r e  1 . 4 )  
( B i r c h a l l  e t  a l  1 9 7 8 ) .  The  a q u e o u s  CH i s  t h o u g h t  t o  r e a c t  w i t h  
s i l i c i c  a c i d s  on  t h e  s u r f a c e  o f  t h e  c e m e n t  t o  f o r m  a  g e l a t i n o u s  s e m i -  
p e r m e a b l e  me mbrane  o f  C -S -H  a r o u n d  t h e  c e m e n t  g r a i n s  ( P o w e r s ,  1961;  
D o u b l e  & H e l l a w e l l ,  1976;  J e n n i n g s  & P r a t t ,  1 9 8 0 ) .  T h i s  s e m i -  
p e r m e a b l e  me mbrane  c a u s e s  a  d o r m a n t  p h a s e  i n  t h e  h y d r a t i o n  p r o c e s s  a s  
t h e  o s m o t i c  p r e s s u r e  i n s i d e  t h e  mem brane  i n c r e a s e s  ( s t a g e  I I ,  F i g u r e  
1 . 4 ) .  T h e s e  s t a g e s  c a n  b e  o b s e r v e d  e x p e r i m e n t a l l y  by  i s o t h e r m a l  
c o n d u c t i o n  c a l o r i m e t r y  ( F i g u r e  1 . 4 ) .  The  o s m o t i c  p r e s s u r e  i n s i d e  t h e  
m em brane  c a u s e s  i t  t o  r u p t u r e  w i t h  t h e  d e v e l o p m e n t  o f  new C- S -H  
r a d i a t i n g  f r o m  t h e  a n h y d r o u s  g r a i n  ( s t a g e  I I I ,  F i g u r e  1 . 4 ) .  The 
r u p t u r e  o f  t h e  g e l a t i n o u s  mem brane  i s  t h o u g h t  t o  o c c u r  by a  s c a l i n g  
( e x f o l i a t i o n )  m e c h a n i s m  (Bye,  1 9 8 3 ) .  The  p r e v i o u s  r u p t u r e  m e c h a n i s m



51.

was t h o u g h t  t o  b e  a n  " o s m o t i c  pu m p in g "  m e c h a n i s m  w h i c h  f o r m e d  t u b u l e s  
o f  C-S-H ( D o u b l e  e t  a l . f 1977 ,  1 9 7 8 ) .  B a r n e s  e t  a l .  ( 1 9 8 1 ) ,  h o w e v e r ,  
h a v e  shown t h a t  t h e  " t u b u l e s "  a r e  a s s o c i a t e d  w i t h  t h e  h y d r a t i o n  o f  
C3 A a n d  C*AF i n  t h e  p r e s e n c e  o f  gy ps um .  The  e a r l y  s t a g e s  o f  t h e  
h y d r a t i o n  p r o c e s s  a r e  shown s c h e m a t i c a l l y  i n  F i g u r e  1 . 5 .  S t a g e  I I I  
o f  t h e  h y d r a t i o n  p r o c e s s  i s  a l s o  c h a r a c t e r i s e d  by t h e  i n i t i a l  CH 
c r y s t a l l i s a t i o n  (Young e t  a l . ,  1977)  a n d  by  t h e  t r a n s f o r m a t i o n  o f  C-  
S-H g e l  w h i c h  e x p o s e s  a d d i t i o n a l  s u r f a c e  a r e a  o f  t h e  a n h y d r o u s  
p a r t i c l e s .  D e c e l e r a t i o n  o f  t h e  d i f f u s i o n  c o n t r o l l e d  r e a c t i o n s  t y p i f y  
s t a g e s  IV a n d  V ( F i g u r e  1 . 4 ) .

The  h y d r a t i o n  o f  C3 A, w h i l e  n o t  c r i t i c a l  t o  i n i t i a l  s t r e n g t h  
d e v e l o p m e n t ,  i s  v i t a l  i n  d e t e r m i n i n g  c e m e n t  s e t t i n g  t i m e s  a n d  t h e  
c h a r a c t e r i s t i c s  o f  s t a g e s  I a n d  I I  ( H a n s e n ,  1 9 5 9 ) .  H y d r a t i o n  o f  C3 A 
i n  t h e  a b s e n c e  o f  s u l p h a t e  c a n  b e  r e p r e s e n t e d  a s

3C3 A + 21H = C*AH13 + C2AHe = 2C3 AHc  + 9H -  (2)
m e t a s t a b l e  h e x a g o n a l  s t a b l e  h y d r a t e s  

h y d r a t e s

Most  OPCs c o n t a i n  s m a l l  q u a n t i t i e s  o f  s u l p h a t e  i n  t h e  f o r m  o f  gypsu m 
( c a l c i u m  s u l p h a t e )  t o  p r e v e n t  f l a s h  s e t t i n g  o f  t h e  c e m e n t  d u e  t o  t h e  
r e a c t i o n  o f  C3 A ( E q u a t i o n  2 ) .  T h i s  m o d i f i e s  t h e  h y d r a t i o n  o f  C3 A t o

C3A + 3CSH2 + 26H = C3 A.3 CS .H 32  -  (3)
e t t r i n g i t e

C3A .3C S .H 32 + 2C2 A + 4H = 3 (C3 A . C S . H , 2 ) -  (4 )
m o n o s u l p h o a l u m i n a t e

T he  f o r m a t i o n  o f  e t t r i n g i t e  ( E q u a t i o n  3 )  s l o w s  t h e  h y d r a t i o n  o f  C3 A 
by p r e c i p i t a t i o n  o n t o  i t s  s u r f a c e .  E t t r i n g i t e  f o r m s  b o t h  l o n g  
p r i s m a t i c  c r y s t a l s  w i t h  h e x a g o n a l  c r o s s - s e c t i o n s ,  a n d  a m o r p h o u s  
l a y e r s .  The  f o r m a t i o n  o f  e t t r i n g i t e  b r i n g s  a  v o lu m e  i n c r e a s e ,  w h i c h ,  
i f  t h e  e t t r i n g i t e  i s  f o r m e d  a f t e r  i n i t i a l  s e t ,  d i s r u p t s  t h e  s t r u c t u r e  
c a u s i n g  a n  I n c r e a s e  i n  p e r m e a b i l i t y  w i t h  t h e  c o n c o m i t a n t  l o s s  i n  
s t r e n g t h  ( W ie ld em an ,  1 9 8 2 ) .  I n  t i m e  t h e  e t t r i n g i t e  c r y s t a l s  may
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F i g u r e  1 . 4 :  H e a t  L i b e r a t i o n  C u r v e  f o r  t h e  H y d r a t i o n  o f  T r i c a l c i u m  S i l i c a t e ,  
D e t e r m i n e d  by I s o t h e r m a l  C o n d u c t i o n  C a l o r i m e t r y  ( a f t e r  
Rondo & Daimon,  1 9 6 9 ) .
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'anhydrous cement 
—  grains
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Ca(OH),at pH 12.7
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Ca(OH), crystallizing
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F i g u r e  1 . 5 :  S c h e m a t i c  m odel  f o r  t h e  h y d r a t i o n  a n d  s e t t i n g  o f  P o r t l a n d  
Cem en t  ( B i r c h a l l  e t  a l . ,  1 9 7 8 ) .
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r e a c t  w i t h  t h e  d i c a l c i u r o  a l u m i n a t e  a c c o r d i n g  t o  E q u a t i o n  4 ,  t o  
p r o d u c e  m o n o s u l p o a l u m i n a t e .  M o n o s u l p h o a l u m l n a t e  m a k e s  up  15 t o  20% 
o f  t h e  t o t a l  s o l i d s  v o l u m e  o f  h y d r a t e d  OPC a n d  i s  t h e  m a i n  
c o n s t i t u e n t  w h i c h  i s  v u l n e r a b l e  t o  s u l p h a t e  a t t a c k .

1 .5 .2  In teraction s o f Waste and Ordinary Portland Cement

C e m e n t - b a s e d  S / S  h a s  b e e n  w i d e l y  u s e d  f o r  t h e  t r e a t m e n t  o f  
h a z a r d o u s  w a s t e s ;  b u t  a  m a j o r  p r o b l e m  w i t h  t h i s  f o r m  o f  w a s t e  
t r e a t m e n t  i s  c h e m i c a l  i n t e r f e r e n c e  by t h e  w a s t e  o f  t h e  c e m e n t  
h y d r a t i o n  p r o c e s s .  I n  t h e  c e m e n t  a n d  c o n s t r u c t i o n  i n d u s t r y
e x p e r i e n c e  h a s  shown t h a t  s m a l l  a m o u n t s  o f  some c h e m i c a l s  c a n  
s i g n i f i c a n t l y  a f f e c t  t h e  s t r e n g t h  a n d  s e t t i n g  c h a r a c t e r i s t i c s  o f  
c e m e n t .  S t r i n g e n t  c o n t r o l s  h a v e  b e e n  d e v e l o p e d  by  t h e  i n d u s t r y  t o  
e n s u r e  t h e  q u a l i t y  o f  t h e  c e m e n t ,  a g g r e g a t e ,  w a t e r  a n d  a d d i t i v e s  
u s e d  < J o n e s  e t  a l .  1 9 8 6 ) .  A g e n e r a l  l i s t  o f  c o n s t i t u e n t s  
u n a c c e p t a b l e  i n  w a s t e s  f o r  c e m e n t - b a s e d  S / S  a r e  shown i n  T a b l e  1 . 5 .  
L i m i t e d  s c i e n t i f i c  work  h a s  b e e n  c a r r i e d  o u t  on t h e  e f f e c t s  o f  
s p e c i f i c  w a s t e  c o m p o n e n t s  on  t h e  p h y s i c a l  a n d  c o n t a i n m e n t  p r o p e r t i e s  
o f  t h e  f i n a l  S / S  w a s t e  p r o d u c t .  The  c o m p l e x i t y  o f  t h e  h y d r a t i o n  
r e a c t i o n s  o f  c e m e n t  a n d  t h e  w i d e  v a r i e t y  o f  c o n s t i t u e n t s  i n  e v e n  a  
s i n g l e  w a s t e  s t r e a m  make p r e d i c t i o n  o f  t h e  e f f e c t  o f  a  w a s t e  on  a  S / S  
m ix  h i g h l y  c o m p l e x  ( J o n e s  1 9 8 8 ) .

Of p a r t i c u l a r  c o n c e r n  t o  c e m e n t - b a s e d  S / S  t e c h n o l o g y  i s  t h e  
a f f e c t  o f  o r g a n i c  c o m p o u n d s  on  t h e  s t r e n g t h  a n d  c o n t a m i n a n t  
I m m o b i l i s a t i o n  c h a r a c t e r i s t i c s  o f  t h e  f i n a l  p r o d u c t  ( C u l l  i n a n e  e t  
a l . ,  1 9 8 7 ) .  W a s t e s  w h i c h  c o n t a i n  m o r e  t h a n  1 t o  2% o r g a n i c  co m p o u n d s  
a r e  d i f f i c u l t  t o  s o l i d i f y  a n d  t h e  p r o d u c t  i s  o f t e n  weak a n d  t h e  
o r g a n i c s  e a s i l y  l e a c h e d  (M on tg o m ery  e t  a l . ,  1 9 8 8 ) .

(a) Research on Organic/Cement In teractions

The e f f e c t  o f  s m a l l  c o n c e n t r a t i o n s  o f  some o r g a n i c  c om p oun ds  on  
c e m e n t  s t r e n g t h  a n d  h y d r a t i o n  i s  w e l l  d o c u m e n t e d  ( A s h w o r t h ,  1965;
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Young,  1972;  R a m a c h a r d r a n ,  1976;  L o r p r a y o o n  & R o s s l n g t o n ,  1981; 
C h a n d r a  & F l o d i n ,  1 9 8 7 ) .  R e c e n t l y  s t u d i e s  o f  o r g a n i c / c e m e n t  m i x t u r e s

T a b l e  1 . 5 :  C o m p o n e n t s  o f  W a s t e s  w h i c h  a r e  U n a c c e p t a b l e  f o r  C o m m e r c i a l  
C e m e n t - B a s e d  S / S  P r o c e s s e s  a s  S i n g l e  W a s t e  S t r e a m s . *

W a s t e  C h a r a c t e r i s t i c R e a s o n  f o r  U n a c c e p t a b i l i t y

INORGANIC WASTES

1. H igh  s o l u b l e  s a l t  c o n t e n t  
e g .  s o d i u m  c h l o r i d e

A f f e c t  c e m e n t  s e t t i n g  a n d  may 
c a u s e  c r a c k i n g

2. High  t o x i c  a n i o n  c o n t e n t  
e g .  b o r a t e s

More e a s i l y  l e a c h e d  t h a n  c a t i o n s

3. High  c o n t e n t  o f  c e m e n t  s e t t i n g  
r e t a r d e r s ,  e g .  s u l p h a t e s

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

4. P r o d u c t i o n  o f  t o x i c  g a s e s  n o t  
d e s t r o y e d  d u r i n g  p r o c e s s i n g  
e g .  H y d r o g e n  s u l p h i d e

I n - p l a n t  h e a l t h  h a z a r d

5. P r o d u c t i o n  o f  t o x i c / h a z a r d o u s  
g a s e s  on  c o n t a c t  w i t h  w a t e r  o r  
a l k a l i  e . g .  m e t a l  c a r b i d e s

I n - p l a n t  h e a l t h / s a f e t y  h a z a r d

6. P r o d u c t i o n  o f  t o x i c  d u s t

ORGANIC WASTES

6. C o n t a i n  f l a m r a a b l e / e x p l o s i v e  
m a t e r i a l s

I n - p l a n t  s a f e t y  h a z a r d

7. C o n t a i n  b i o l o g i c a l l y  a c t i v e  
c om p oun ds  e . g .  p e s t i c i d e s

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

8. C o n t a i n  co m p o u n d s  known t o  
i n h i b i t  c e m e n t  e . g .  s u g a r s

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

9. C o n t a i n  v o l a t i l e  c o m p o n e n t s I n - p l a n t  s a f e t y
10. C o n t a i n  o r g a n i c s  t h a t  a r e  

t o x i c  i n  low c o n c e n t r a t i o n s
I n - p l a n t  s a f e t y  a n d  r i s k  o f  
l e a c h i n g  i n t o  g r o u n d w a t e r

11. C o n t a i n  c a r c e n o g e n i c  m a t e r i a l I n - p l a n t  s a f e t y  a n d  r i s k  o f  
i n t o  g r o u n d w a t e r

^ C l e m e n t s  & G r i f f i t h s  ( 1 9 8 5 )  a n d  S o l l a r s  & P e r r y  (1 9 8 8 )
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h a v e  b e e n  d i r e c t e d  t o w a r d s  t h e  e f f e c t s  o f  t y p i c a l  c o n s t i t u e n t s  o f  
o r g a n i c  w a s t e s  up on  c e m e n t  h y d r a t i o n .  S m i t h  ( 1 9 8 5 )  l o o k e d  a t  t h e  
e f f e c t s  o f  p h e n o l  on  t h e  l o n g  t e r m  s t r e n g t h  o f  c e m e n t  p a s t e  a n d  f o u n d  
t h a t  e v e n  lo w  l o a d i n g s  (0 .2 %  by v o l u m e )  h a d  a n  a d v e r s e  e f f e c t  up on  
t h e  s t r e n g t h  d e v e l o p m e n t .  R i a z  & Z a m o r a n i  ( 1 9 8 9 )  m e a s u r e d  t h e  e f f e c t  
o f  1 , 3 , 5 - t r i c h l o r o b e n z e n e  on  c e m e n t ' s  p h y s i c a l  p r o p e r t i e s .  They  
f o u n d  t h a t  a l t h o u g h  t h e  s t r e n g t h  a n d  mean p o r e  d i a m e t e r  o f  t h e  c e m e n t  
p a s t e s  w e r e  r e d u c e d ,  t h e  r e l e a s e  o f  t h e  o r g a n i c  d u r i n g  l e a c h  t e s t s  
was  low.  Work on  m i x t u r e s  o f  p u r e  o r g a n i c  c o m p o u n d s  i n  c e m e n t  h a s  
b e e n  c a r r i e d  o u t  by  C l a r k e  e t  a l .  ( 1 9 8 2 ) ,  E l  K o r c h i  e t  a l .  ( 1 9 8 6 )  a n d  
C u l l  i n a n e  e t  a l .  ( 1 9 8 7 ) .  A l l  o f  t h e s e  w o r k e r s  showe d t h a t  f o r  t h e  
o r g a n i c  c om p oun ds  t e s t e d  t h e r e  was  a n  a p p r e c i a b l e  r e d u c t i o n  i n  t h e  
s t r e n g t h  a n d  s e t t i n g  r a t e  o f  t h e  s o l i d i f i e d  m i x e s  u n l e s s  a d d i t i o n a l  
s o l i d  b i n d e r s  w e r e  u s e d  t o  a d s o r b  t h e  o r g a n i c s .  E l  K o r c h i  e t  a l .
( 1 9 8 7 )  a l s o  l o o k e d  a t  t h e  e f f e c t  o f  t h r e e  o r g a n i c  c o m p o u n d s  on  t h e  
m i c r o s t r u c t u r e  o f  t h e  c e m e n t .  The y f o u n d  t h a t  m e t h a n o l  a n d  p h e n o l  
i n h i b i t e d  t h e  f o r m a t i o n  o f  e t t r i n g i t e  w h i l s t  t r i c h l o r o e t h y l e n e  se e m e d  
t o  s t i m u l a t e  i t .

A m a j o r  c o n t r i b u t i o n  t o  t h e  d a t a  on  t h e  m i c r o s t r u c t u r a l  
b e h a v i o u r  o f  c e m e n t  w i t h  s e l e c t e d  o r g a n i c  co m p o u n d s  h a s  b e e n  make by 
w o r k e r s  a t  L o u l s a n a  S t a t e  U n i v e r s i t y ,  USA ( T i t t l e b a u m ,  1985;  
C h a l a s a n i  e t  a l . ,  1986;  Roy e t  a l . y 1986;  S k i p p e r  e t  a l . ,  19 86 ,  1987;  
E a t o n  e t  a l .  1987;  a n d  W al sh  e t  a l .  1 9 8 6 ) .  O v e r  t h e  p a s t  f i v e  y e a r s  
t h e y  h a v e  b e e n  w o r k i n g  on  t h e  e f f e c t  o f  e t h y l e n e  g l y c o l ,  
p a r a b r o m o p h e n o l  a n d  p a r a c h l o r o p h e n o l  on  c e m e n t  h y d r a t i o n  u s i n g  a  w i d e  
r a n g e  o f  m i c r o s t r u c t u r a l ,  a n d  some m a c r o s t r u c t u r a l , t e c h n i q u e s .  They 
h a v e  shown t h a t  e t h y l e n e  g l y c o l  h a s  a  r e t a r d i n g  e f f e c t  up o n  t h e  
c e m e n t  a n d  o c c u p i e s  t h r e e  d i s t i n c t  s i t e s  i n  t h e  h y d r a t e d  c e m e n t  
m a t r i x .  E t h y l e n e  g l y c o l  a l t e r e d  t h e  m i c r o s t r u c t u r e  o f  t h e  c e m e n t ,  
p r o d u c i n g  g r a i n y  n o d u l a r  s u r f a c e s  w h i c h  l a c k e d  c r y s t a l l i n i t y .  Wal sh  
e t  a l .  ( 1 9 8 6 )  p o s t u l a t e d  t h a t  t h e  e t h y l e n e  g l y c o l  m o l e c u l e s  may be  
s m a l l  e n o u g h  t o  s u b s t i t u t e  f o r  w a t e r  i n  t h e  h y d r a t i o n  p r o c e s s  s o  
c a u s i n g  d e f o r m a t i o n  o f  t h e  p r o d u c t s .  P a r a b r o m o p h e n o l  wa s  f o u n d  t o  
r e a c t  w i t h  t h e  C-S-H g e l  w h i c h  t h e n  u n d e r w e n t  p h a s e  s e p a r a t i o n  
f o r m i n g  a  c o n c e n t r a t e d  c r y s t a l l i n e  p h a s e .  P a r a b r o m o p h e n o l  h a d  no
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o v e r a l l  e f f e c t  u p o n  t h e  c e m e n t  h y d r a t i o n  p r o d u c t s .  P a r a c h l o r o p h e n o l  
wa s  f o u n d  t o  c a u s e  m o r p h o l o g i c a l  c h a n g e s  i n  t h e  c e m e n t  h y d r a t i o n  
p r o d u c t s  a n d  wa s  shown t o  b e  c l o s e l y  a s s o c i a t e d  w i t h  t h e  C-S-H g e l  
a n d  i s  h o m o g e n e o u s l y  d i s t r i b u t e d  w i t h i n  i t .

<b> Organic Wastes

I n  g e n e r a l ,  c o n v e n t i o n a l  c e m e n t - b a s e d  S / S  p r o c e s s e s  a r e  
u n s u i t a b l e  f o r  t h e  t r e a t m e n t  o f  w a s t e s  w h i c h  c o n t a i n  o r g a n i c  
c o m p o u n d s .  I n  r e c e n t  y e a r s ,  h o v e v e r ,  a  l i m i t e d  n u m ber  o f  b e n c h  s c a l e  
a n d  p i l o t  s t u d i e s  h a v e  b e e n  r e p o r t e d  on  w a s t e s  c o n t a i n i n g  s i g n i f i c a n t  
c o n c e n t r a t i o n s  o f  o r g a n i c  c o m p o u n d s .  T he  d e t a i l s  o f  many p r o c e s s e s  
r e p o r t e d  a r e ,  u n f o r t u n a t e l y ,  " v e i l e d  i n  m y s t e r y "  a s  t h e y  c o n t a i n  
p r o p r i e t a r y  t r a d e  name p r o d u c t s ,  t h e  c o n t e n t s  a n d  s t r u c t u r e s  o f  w h ic h  
a r e  n o t  r e p o r t e d .

C o n n e r  C1984) ,  M y e r s  & Z a p p i  ( 1 9 8 7 ) ,  S h i v e l y  & C r a w f o r d  (1 9 8 7 )  
a n d  Anon ( 1 9 8 8 )  e a c h  r e p o r t e d  t h e  s u c c e s s f u l  t r e a t m e n t  o f  a  r a n g e  o f  
o r g a n i c  c o n t a i n i n g  w a s t e s ,  on  l a b o r a t o r y  and  p i l o t  p l a n t  s c a l e s ,  by 
p r o p r i e t a r y  c e m e n t - b a s e d  S / S  t e c h n i q u e s .  B e l t e k e r  e t  a l .  ( 1 9 8 6 )  
c o m p a r e d  t h e  t r e a t m e n t  o f  c o n t a m i n a t e d  d r e d g e  m a t e r i a l  by two 
p r o p r i e t a r y  p r o c e s s e s  a n d  by  c e m e n t  a l o n e .  T h e y  s h o w e d  t h a t  a l l  
t h r e e  p r o c e s s e s  s u c c e s s f u l l y  s t a b i l i s e d  t h e  m e t a l  c o n t a m i n a n t s ,  b u t  
t h a t  t h e  c e m e n t  m ix  was  t h e  m o s t  s u c c e s s f u l  t e c h n i q u e  f o r  t h e  
c o n t a i n m e n t  o f  p o l y c h l o r i n a t e d  b i p h e n y l s  i n  t h e  w a s t e .  M o n tgom ery  e t  
a l .  ( 1 9 8 8 )  u s e d  a n  O P C / s i l i c a t e  m ix  t o  s o l i d i f y  h e a v y  m e t a l  
c o n t a m i n a t e d  s e w a g e  s l u d g e ,  a n d  f o u n d  t h a t  m o s t  m e t a l s  w e r e  w e l l  
s t a b i l i s e d ,  a l t h o u g h  c o p p e r  a n d  n i c k e l  w e r e  t h o u g h t  t o  c o m p l e x  w i t h  
o r g a n i c  l i g a n d s  p r e s e n t  a n d  w e r e  r e a d i l y  l e a c h e d .

K y l e s  e t  a l .  ( 1 9 8 7 )  i n v e s t i g a t e d  a  r a n g e  o f  c o n v e n t i o n a l  a n d  
n o v e l  t e c h n i q u e s  f o r  t h e  S / S  o f  f o u r  w a s t e s .  E a c h  w a s t e  c o n t a i n e d  
c o n s i d e r a b l e  o r g a n i c  c o n t a m i n a t i o n ;  f o r  e x a m p l e ,  a n  e l e c t r o p l a t i n g  
f i l t e r  c a k e  c o n t a m i n a t e d  w i t h  c h l o r i n a t e d  s o l v e n t s  a n d  a n  a c i d  t a r  
r e s i d u e  f r o m  p e t r o l e u m  m a n u f a c t u r e  w h i c h  c o n t a i n e d  h i g h  
c o n c e n t r a t i o n s  o f  e n t r a p p e d  o i l s  a n d  g r e a s e .  K y l e s  e t  a l .  f o u n d  t h a t
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a l t h o u g h  roos t  o f  t h e  t e c h n i q u e s  t e s t e d  p r o d u c e d  s o l i d  p r o d u c t s  o n l y  
t h e  n o v e l  m e t h o d s ,  w h i c h  i n v o l v e d  t h e  u s e  o f ,  f o r  e x a m p l e ,  a c r y l i c  
j a c k e t i n g  o f  t h e  s o l i d i f i e d  w a s t e  o r  t h e  a d s o r p t i o n  o f  t h e  o r g a n i c  
f r a c t i o n  o f  t h e  w a s t e s  by p o w d e r e d  a c t i v a t e d  c a r b o n  p r i o r  t o  
s o l i d i f i c a t i o n ,  i m m o b i l i s e d  t h e  o r g a n i c  c o n s t i t u e n t s  s o  t h e y  w e r e  n o t  
v u l n e r a b l e  t o  l e a c h i n g .

P i c h a t  ( 1 9 8 3 )  a n d  Mi l l o t  e t  a l .  ( 1 9 8 6 )  e x a m i n e d  S / S  t e c h n i q u e s  
f o r  t h e  t r e a t m e n t  o f  a c i d i c  o r g a n i c  w a s t e s  a r i s i n g  p r i n c i p a l l y  f r o m  
t h e  m a n u f a c t u r e  o f  f i n e  c h e m i c a l s .  The  a u t h o r s  u s e d  t e c h n i q u e s  w h i c h  
r e l i e d  up on  t h e  r e a c t i o n  o f  s t r o n g  a c i d s  w i t h  s i l i c a t e s ,  s u c h  a s  
c l a y s ,  t o  p r o d u c e  s i l i c i c  a c i d s  a n d  e v e n t u a l l y  s i l i c a t e  p o l y m e r s .  
Van K e u r e n  e t  a l .  ( 1 9 8 7 )  a l s o  w o r k e d  on  a c i d i c  o r g a n i c  s l u d g e s ,  b u t  
u s e d  OPC t o g e t h e r  w i t h  s p e n t  F u l l e r s  e a r t h  t o  a c h i e v e  a  s a t i s f a c t o r y  
S / S  mix .  E s c h e r  a n d  Newton ( 1 9 8 5 )  s i m i l a r l y  u s e d  a n  O P C / c l a y  mix  t o  
s o l i d i f y  t h r e e  w a s t e s  s p i k e d  w i t h  c y a n i d e  a n d  p h e n o l .  The y sh o w ed  
t h a t  t h e  p r e s e n c e  o f  t h e  c l a y  g a v e  g o o d  o r g a n i c  i m m o b i l i s a t i o n  d u r i n g  
e x t e n s i v e  l e a c h  t e s t i n g .  L i n  & M a c k e n z i e  ( 1 9 8 3 )  s u r v e y e d  a  r a n g e  o f  
a d s o r b e n t s  w i t h  a  v i e w  t o  c e m e n t - b a s e d  S / S  o f  o i l y  w a s t e s .  T hey  
f o u n d  t h a t  a l l  o f  t h e  a d s o r b e n t s  t e s t e d  c o u l d  b e  s a t u r a t e d  w i t h  up  t o  
30% o f  t h e  o i l y  w a s t e  a n d  s u c c e s s f u l l y  s o l i d i f i e d  w i t h  OPC. Newton
( 1 9 8 8 )  d e s c r i b e d  work  on  p a t e n t  a d s o r b e n t s  c o n t a i n i n g  s o d i u m  
m a g n e s i u m  f l u o r o l i t h o s i l i c a t e  a n d  s o d i u m  b e n t o n i t e  r e a c t e d  w i t h  a  
q u a t e r n a r y  ammonium compound.  Newton c l a i m e d  t o  h a v e  s u c c e s s f u l l y  
s o l i d i f i e d  o r g a n i c  c o n t a i n i n g  w a s t e s  u s i n g  t h e s e  c l a y - b a s e d  
a d s o r b e n t s  a n d  s o l i d i f i c a t i o n  by  c e m e n t - b a s e d  S / S .  C e m e n t / c l a y  
g r o u t s  h a v e  a l s o  b e e n  I n v e s t i g a t e d  by  S p o o n e r  e t  a l .  ( 1 9 8 4 )  who 
sho w ed  t h a t  t h e y  w e r e  s u i t a b l e  f o r  c e m e n t - b a s e d  S / S  o f  a  r a n g e  o f  
o r g a n i c  c o n t a m i n a t e d  w a s t e s .

1 . 6  CLAYS

C l a y  m i n e r a l s  h a v e  g r e a t  p o t e n t i a l  a s  a d s o r b e n t s  f o r  t h e  
p r e t r e a t m e n t  o f  o r g a n i c  c o n t a m i n a t e d  w a s t e s  p r i o r  t o  c e m e n t - b a s e d  S / S  
(W a r re n  e t  a l . ,  1 9 8 6 ) .  C l a y s  i n t e r a c t  w i t h  a  w i d e  r a n g e  o f  o r g a n i c  
co m p oun ds  ( Th eng ,  1974;  L a g a l y ,  1984 )  a n d  a r e  c o m p a t i b l e  w i t h
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c e m e n t ' s  s i l i c a t e  m a t r i x  (Gr im ,  1 9 6 2 ) .  C l a y s  h a v e  b e e n  u s e d ,  f o r  a  
n u m ber  o f  y e a r s ,  f o r  w a s t e  d i s p o s a l  i n  t h e  n u c l e a r  i n d u s t r y  (Holcomb,  
1979 )  a n d  a s  l i n e r s  f o r  h a z a r d o u s  w a s t e  c o n t a i n m e n t  l a n d f i l l  s i t e s  
( D a n i e l ,  1985;  B u c h l e r ,  1986)  d u e  t o  t h e i r  low p e r m e a b i l i t y  a n d  h i g h  
a d s o r p t i o n  c a p a c i t y  f o r  many m e t a l s  a n d  c a t i o n i c  s p e c i e s .

1 .6 .1  Reactions of Clays with Organic Compounds

R e s e a r c h  on  t h e  r e a c t i o n s  o f  c l a y s  w i t h  o r g a n i c  com p oun ds  i s  a  
f a i r l y  r e c e n t  f i e l d  a s  i t s  d e v e l o p m e n t  r e l i e d  u p o n  t h e  d e t a i l e d  
u n d e r s t a n d i n g  o f  c l a y s '  m i n e r a l o g i c a l  s t r u c t u r e  ( G a r d ,  1971; T h en g ,  
1 9 7 4 ) .  E a r l y  e x p e r i m e n t s  i n v o l v i n g  s i m p l e  o r g a n i c  c h e m i c a l s  a n d  p u r e  
b e n t o n i t e  c l a y s  sh o w e d  t h a t  t h e  i n o r g a n i c  c a t i o n s  c o u l d  b e  r e p l a c e d  
by o r g a n i c  c a t i o n s  ( G i e s k i n g ,  1939 )  a n d  t h a t  u n c h a r g e d  p o l a r  
com pounds  c o u l d  e n t e r  t h e  i n t e r l a m e l l a r  s p a c e  o f  t h e  c l a y  w i t h o u t  t h e  
c a t i o n s  b e i n g  r e l e a s e d  (MacEwan, 1948;  G r e e n - K e l l e y ,  1 9 5 5 ) .

C l a y - o r g a n i c  r e a c t i o n s  w e r e  i n i t i a l l y  c h a r a c t e r i s e d  by  
o b s e r v a t i o n  o f  t h e  x - r a y  d i f f r a c t i o n  s t r u c t u r e  o f  t h e  c l a y s  w i t h  
o r g a n i c  co m p o u n d s  a n d  c a l c u l a t i o n  o f  e l e c t r o n  d e n s i t y  maps  t o  o b t a i n  
t h e  o r i e n t a t i o n  o f  a d s o r b e d  m o l e c u l e s  ( B r i n d l e y ,  1956;  B r a d l e y  e t  
a l . ,  1 9 6 3 ) .  C l a y s  h a v e  b e e n  f o u n d  t o  a d s o r b  m o s t  t y p e s  o f  o r g a n i c  
com pounds  r a n g i n g  f r o m  a n i o n s  s u c h  a s  o x a l i c  a c i d  ( S i f f e r t  & 
E s p i n a s s o ,  1 9 8 0 ) ,  n e u t r a l  p o l a r  m o l e c u l e s  s u c h  a s  e t h y l e n e  g l y c o l  
(Nguyen e t  a l . ,  1987 )  a n d  c a t i o n s  s u c h  a s  p y r i d i n e  ( B r e e n  e t  a l . ,  
1 9 8 5 ) .

O v e r  t h e  y e a r s ,  s t u d i e s  o f  c l a y - o r g a n i c  i n t e r a c t i o n s  h a v e  b e e n  
e x t e n s i v e  a n d  a  w i d e  r a n g e  o f  t e c h n i q u e s  u s e d  i n  o r d e r  t o  u n d e r s t a n d  
t h e  m e c h a n i s m s  o f  a d s o r p t i o n  a n d  t h e  p r o p e r t i e s  o f  t h e  o r g a n o - c l a y s  
( R a u s s e l 1 - C o l o m  & S e r r a t o s a ,  1 9 8 7 ) .  E x t e n s i v e  r e v i e w s  o f  o r g a n o - c l a y  
c h e m i s t r y  a r e  g i v e n  by  T h e n g  ( 1 9 7 4  & 1 9 8 2 ) ,  v a n  O l p h e n  ( 1 9 7 7 ) ,  
MacEwan & W i l s o n  (1 9 8 0 )  and  R a u s s e l 1 - C o l o m  & S e r r a t o s a  ( 1 9 8 7 ) .

O r g a n o - c l a y  c o m p l e x e s  h a v e  f o u n d  s p e c i a l i s t  i n d u s t r i a l  
a p p l i c a t i o n s  t o  p r o d u c e  t h i x o t r o p i c  p r o p e r t i e s  i n  p a i n t s  and  w a x e s ,
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a s  g e l l i n g  a g e n t s  f o r  l u b r i c a n t s  a n d  a s  a d d i t i v e s  t o  t a r s ,  p l a s t i c s ,  
o i n t m e n t s  a n d  c o s m e t i c  p r e p a r a t i o n s  ( L a g a l y ,  1 9 8 4 ) .  R e c e n t  
d e v e l o p m e n t s  i n  t h e  f i e l d  o f  o r g a n o - c l a y s  h a v e  f o c u s s e d  p r i n c i p a l l y  
on  t h e i r  a p p l i c a t i o n  a s  c a t a l y s t s  f o r  a  w i d e  r a n g e  o f  r e a c t i o n s  
( B a r r e r ,  1984 ;  T h e n g ,  1982)  p a r t i c u l a r l y  w h e r e  t h e  o r i e n t a t i o n  o f  t h e  
r e a g e n t s  i s  p a r a m o u n t  (Adams,  1 9 8 5 ) .

1 .6 .2  Structure of Montmor11Ion ite

S m e c t i t e s  a r e  a  g r o u p  o f  c l a y s  t h a t  h a v e  b e e n  w i d e l y
i n v e s t i g a t e d  a n d  f o u n d  t o  h a v e  t h e  a b i l i t y  t o  a d s o r b  n u m e r o u s
i n o r g a n i c  a n d  o r g a n i c  co m p o u n d s  ( B a r r e r ,  1 9 8 4 ) .  The  m o n t m o r i 1 I o n i t e  
s u b - g r o u p  h a s  t h e  t h r e e  l a y e r  s h e e t  s i l i c a t e  s t r u c t u r e ,  common t o  t h e  
w h o l e  g r o u p ,  w i t h  a  c e n t r a l  d i o c t a h e d r a l  l a y e r .  F i g u r e  1 . 6  s h o w s  t h e  
p r e f e r r e d  "Wyoming" t y p e  s t r u c t u r e  f o r  m o n t m o r i 1 I o n i t e ,  a l t h o u g h  
a l t e r n a t i v e  s t r u c t u r e s  h a v e  a l s o  b e e n  p r o p o s e d  (Gr im,  1 9 6 8 ) .
M o n t ro o r i1 l o n i t e  o c c u r s  n a t u r a l l y  i n  many d i f f e r e n t  f o r m s ,  f o r
e x a m p l e ,  c a l c i u m  m o n t m o r i 1 I o n i t e  a s  F u l l e r s  e a r t h  a n d  s o d i u m
m o n t m o r i 1 I o n i t e  a s  Wyoming b e n t o n i t e .

The  m a j o r  s t r u c t u r a l  f e a t u r e s  o f  m o n t m o r i 1 l o n i t e  c l a y s  a r e  t h e i r  
e x p a n d a b l e  i n t e r l a m e l l a r  v o l u m e .  T h i s  f e a t u r e  i s  d u e  t o  t r l v a l e n t
a l u m i n i u m ,  p r e s e n t  i n  t h e  c l a y  l a t t i c e ,  b e i n g  r e p l a c e d  by  d i v a l e n t  
i r o n  o r  m a g n e s iu m .  The  s u b s t i t u t i o n  r e s u l t s  i n  a n  e x c e s s  o f  n e g a t i v e  
c h a r g e  w h i c h  i s  c o m p e n s a t e d  f o r  by  t h e  a d s o r p t i o n  o f  c a t i o n s  s u c h  a s  
c a l c i u m  o r  s o d i u m .  T he  c o m p e n s a t i n g  c a t i o n s  a r e  t o o  l a r g e  t o  be  
a c c o m m o d a te d  i n  t h e  l a t t i c e  s o  t h e y  a r e  h e l d  i n  t h e  i n t e r  l a m e l  l a r
s p a c e  o f  t h e  c l a y  a n d  c a n  t h e r e f o r e  e a s i l y  b e  e x c h a n g e d  i n  a q u e o u s
s o l u t i o n s  f o r  o t h e r  c a t i o n s .  T he  c a t i o n  e x c h a n g e  c a p a c i t y  ( c . e . c . )  
v a r i e s  f o r  e a c h  d i f f e r e n t  t y p e  o f  c l a y ,  a n d  a  t y p i c a l  v a l u e  f o r  
montmor  11 I o n i t e  i s  7 6 . 4  mi 1 i e q u i v i  1 l a n t s  p e r  100 g  o f  c l a y  (Van 
O l p h e n  A F r i p i a t ,  1 9 7 9 ) .
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Exchanged Cations

O and#Silicon, occasionally aluminium

F i g u r e  1 . 6 :  S k e t c h  o f  t h e  S t r u c t u r e  o f  M o n t m o r l 1 I o n i t e  ( a f t e r  G r i n ,  
1 9 6 8 ) .
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1 .6 .3  Cation Exchanged Montmori1 Ion ite

O r g a n i c  c a t i o n s  c a n  b e  a d s o r b e d  i n t o  m o n t m o r l l I o n i t e  f r o m  
a q u e o u s  s o l u t i o n  by  t h e  r e p l a c e m e n t  o f  t h e  e x c h a n g e a b l e  i n o r g a n i c  
m e t a l  i o n s .  The  c a t i o n  e x c h a n g e  c a p a c i t y  d e t e r m i n e d  by s m a l l  o r g a n i c  
m o l e c u l e s  c o r r e s p o n d s  c l o s e l y  t o  t h a t  o b t a i n e d  by  i n o r g a n i c  c a t i o n s  
( H e n d r i c k s ,  1 9 4 1 ) .  C o n v e r s e l y  l a r g e r  o r g a n i c  m o l e c u l e s ,  s u c h  a s  
c o d e i n e ,  a r e  a d s o r b e d  i n  s m a l l e r  q u a n t i t i e s  t h a n  p r e d i c t e d  f r o m  t h e i r  
b a s i c i t i e s .  T h i s  " c o v e r  up "  e f f e c t  i s  o b s e r v e d  when t h e  s i z e  o f  t h e  
a d s o r b e d  o r g a n i c  m o l e c u l e s  e x c e e d s  t h e  a r e a  p e r  e x c h a n g e  s i t e ,  0 . 8  
nm- 2  f o r  m o n t m o r i 1 I o n i t e  ( T h e n g ,  1 9 7 4 ) .  T he  k i n e t i c s  o f  t h e  e x c h a n g e  
p r o c e s s e s  h a v e  b e e n  s t u d i e d  by  s e v e r a l  g r o u p s ,  f o r  e x a m p l e  M i d s u f  e t  
a l .  ( 1 9 7 0 )  a n d  M a c k i n t o s h  e t  a l .  ( 1 9 7 1 ) .  The y f o u n d  t h a t  t h e  e x t e n t  
o f  d i s p l a c e m e n t  o f  i n o r g a n i c  c a t i o n s  a n d  t h e  r e a c t i o n  r a t e s  w e r e  
d e p e n d a n t  up on  t h e  s t r u c t u r e  a n d  c h a r a c t e r i s t i c s  o f  t h e  c l a y  a n d  t h e  
pH, t e m p e r a t u r e  a n d ,  t o  some e x t e n t ,  t h e  c o n c e n t r a t i o n  o f  t h e  o r g a n i c  
c a t i o n s  i n  s o l u t i o n .

R e s e a r c h  on  t h e  a d s o r p t i o n  o f  l o n g e r  c h a i n  a lk y l a m m o n i u m  
c om p oun ds  by  r a o n t m o r i 1 I o n i t e  h a s  shown  t h a t  t h o s e  w i t h  c h a i n  l e n g t h s  
a b o v e  C1G c a n  b e  a d s o r b e d  i n  e x c e s s  o f  t h e  e x c h a n g e  c a p a c i t y  o f  t h e  
c l a y  (Cowans  & W h i t e ,  1958;  T h e n g  e t  a l . ,  1967 a n d  J o h n s  & S en  Gupha,  
1 9 6 7 ) .  E l e c t r o - n e u t r a l i t y  i s  m a i n t a i n e d  by  s i m u l t a n e o u s  a d s o r p t i o n  
o f  i n o r g a n i c  a n i o n s .  S m a l l e r  c a t i o n s  c a n  be  r e m o v e d  f r o m  t h e  c l a y  by 
c o p i o u s  w a s h i n g  ( G a r n e t t  & W a l k e r ,  1962)  b u t  t h e  l a r g e r  c a t i o n s  
c a n n o t  ( F u r k a w a  & B r i n d l e y ,  1 9 7 3 ) .

As t h e  o r g a n i c  c a t i o n s  a r e  a d s o r b e d  by  t h e  c l a y  t h e  
i n t e r  l a m e l l a r  s p a c i n g  I n c r e a s e s  t o  a c c o m m o d a te  them .  J o r d a n  ( 1 9 4 9 )  
m e a s u r e d  t h e  b a s a l  s p a c i n g  o f  a l k y l a m m o n i u m  m o n t m o r i 1 I o n i t e  c o m p l e x e s  
o f  v a r y i n g  c h a i n  l e n g t h s .  He f o u n d  t h a t  f o r  a m i n e s  c o n t a i n i n g  3 t o  
10 c a r b o n  a t o m s  t h e  b a s a l  s p a c i n g  r e m a i n e d  c o n s t a n t  a t  1 . 3 6  nm a n d  
f o r  a m i n e s  w i t h  c a r b o n  c h a i n  l e n g t h s  o f  12 t o  20  c a r b o n s  t h e  s p a c i n g  
i n c r e a s e d  t o  1 . 7 6  nm ( F i g u r e  1 . 7 ) .  J o r d a n  p o s t u l a t e d  t h a t  t h e  
s m a l l e r  c a t i o n s  c o u l d  f o r m  m o n o l a y e r s  i n  t h e  i n t e r l a m e l l a r  s p a c e  
w h i l e  t h e  l a r g e r  c a t i o n s  o v e r l a p p e d  t o  f o r m  a  q u a s i - d o u b l e  l a y e r .  
F i g u r e  1 . 8  sho w s  t h e  s t e p w i s e  c h a n g e  i n  t h e  i n t e r l a r a e l l a r  s p a c i n g
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w h i c h  I s  o b s e r v e d  when l o n g  c h a i n  c a t i o n s  a r e  a d s o r b e d  I n  a m o u n t s  up  
t o  t w i c e  t h e  e x c h a n g e  c a p a c i t y  o f  t h e  c l a y  ( J o r d a n ,  1 9 5 0 ) .  W e i s s  
( 1 9 5 4 )  sho w ed  t h a t  a t  lo w c h a r g e  d e n s i t i e s  t h e  h y d r o c a r b o n  c h a i n s  l a y  
p a r a l l e l  t o  t h e  c l a y ' s  i n t e r l a m e l l a r  s u r f a c e ,  b u t  w i t h  i n c r e a s i n g  
c h a r g e  d e n s i t y  t h e  c h a i n s  t e n d e d  t o  o v e r l a p  a n d  s o  w e r e  f o r c e d  i n t o  a  
n e a r - u p r i g h t  p o s i t i o n  w i t h  r e s p e c t  t o  t h e  c l a y  s u r f a c e  ( F i g u r e  1 . 9 ) .

The  b o n d i n g ,  i n  a l k y l a m m o n i u m  m o n t m o r i 1 I o n i t e s ,  b e t w e e n  t h e  
o r g a n i c  c a t i o n s  a n d  t h e  c h a r g e d  s i l i c a t e  s u r f a c e  i s  m a i n l y  d u e  t o  
l o n g  r a n g e  e l e c t r o s t a t i c  f o r c e s ,  a l t h o u g h  p h y s i c a l ,  n o n - c o u l o m b i c  
f o r c e s  a l s o  c o n t r i b u t e  t o  a d s o r p t i o n .  The  f r e e  e n e r g y  o f  a d s o r p t i o n ,  
i n  t h e  e x c h a n g e  p r o c e s s ,  h a s  b e e n  f o u n d  t o  d e c r e a s e  i n  t h e  d i r e c t i o n  
RaNH*- > R2NH2 ^  > RNH3 ^ (Then g e t  a l . ,  1967; T a h o u n  & M o r t l a n d ,  1 9 6 6 ) .  
T he  i n c r e a s i n g  p r e f e r e n c e  f o r  t h e  h i g h e r  m o l e c u l a r  w e i g h t  s p e c i e s ,  
w i t h  t h e  l a r g e s t  n u m b e r  o f  a l k y l  g r o u p s ,  was  t h o u g h t  t o  b e  d u e  t o  t h e  
i n c r e a s e d  c o n t r i b u t i o n  o f  v a n  d e r  W a a l s  f o r c e s  t o  t h e  a d s o r p t i o n  
e n e r g y  ( Th eng ,  1 9 6 7 ) .  Work by  V a n s a t  & U y t h e r h o v e n  ( 1 9 7 2 )  h a s  shown 
t h a t  t h e  e x c h a n g e  was  r u l e d  m a i n l y  by  e n t r o p i c  e f f e c t s  a n d  t h a t  v a n  
d e r  W a a l s  f o r c e s  p l a y  l i t t l e  p a r t .  T h e y  c o n c l u d e d  t h a t  t h e  i n c r e a s e d  
a f f i n i t y  f o r  l a r g e r  c a t i o n s  was  d u e  t o  t h e i r  g r e a t e r  d i s r u p t i v e  
e f f e c t  on  t h e  s t r u c t u r e  o f  t h e  h y d r a t i o n  s h e l l  a r o u n d  t h e  i n t e r l a y e r  
s o d i u m  i o n s .

F i x a t i o n  i s  f a v o u r e d  i f  t h e  o r g a n i c  c a t i o n s  c o n t a i n  r a d i c a l s  
c a p a b l e  o f  i n t e r a c t i o n  by  h y d r o g e n  b o n d i n g  w i t h  t h e  s u r f a c e  o x y g e n s  
o f  t h e  s i l i c a t e  ( M a r t i n - R u b i  e t  a l . ,  1 9 7 4 ) .  T h e r e  i s  no  c o n c l u s i v e  
e v i d e n c e  t o  sh o w  t h e  h y d r o g e n  b o n d i n g  o f  t h e  m e t h y l e n e  o r  t e r m i n a l  
m e t h y l  g r o u p s  t o  t h e  s u r f a c e  o x y g e n s  ( F r i p i a t  e t  a l . ,  1 9 6 2 ) .  
G o n z a l e z - C a r r e f i o  e t  a l .  ( 1 9 7 7 ) ,  h o w e v e r ,  u s e d  i n f r a - r e d  s p e c t r o s c o p y  
t o  d e m o n s t r a t e  a  s p l i t t i n g  o f  t h e  s y m m e t r i c  d e f o r m a t i o n  v i b r a t i o n  
b a n d  o f  t h e  m e t h y l  g r o u p  a t  1380cm- 1 . They i n t e r p r e t e d  t h i s  a s  
i n d i c a t i v e  o f  t e r m i n a l  m e t h y l  g r o u p s  h a v i n g  t h e i r  C3 a x e s  
p e r p e n d i c u l a r  t o  t h e  c l a y  s u r f a c e  a n d  o f  a  weak i n t e r a c t i o n  b e t w e e n  
t h e s e  g r o u p s  a n d  t h e  s i l i c a t e - o x y g e n  a t o m s .  T h e  f i x a t i o n  o f  t h e  
o r g a n i c  c a t i o n s  i n  t h e  c l a y  a r e  d u e  t o  a  c o m b i n a t i o n  o f  f o r c e s  w h i c h  
c o n t r i b u t e  t o  a  g r e a t e r  o r  l e s s e r  e x t e n t  d e p e n d i n g  u p o n  t h e  s t r u c t u r e  
o f  t h e  o r g a n i c  c a t i o n .  The  s t a b i l i t y  o f  t h e  c o m p l e x  f o r m e d  w i l l
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d e p e n d  u p o n  t h e  c o m b i n e d  s t r e n g t h s  o f  a l l  o f  t h e  o p e r a t i n g  b o n d i n g  
m e c h a n i s m s .

1 .6 .4  Adsorption o f Organic Compounds by Alkylammonium 
Montmori11on ite

Alky la m m onium  m o n t m o r i 1 I o n i t e s  c a n  a d s o r b  n e u t r a l  o r g a n i c  
m o l e c u l e s  on  t o  t h e  i n t e r l a r o e l l a r  s p a c e  o f  t h e  c l a y ,  f r o m  t h e  v a p o u r  
p h a s e ,  f r o m  p u r e  l i q u i d s  o r  f r o m  a q u e o u s  s o l u t i o n s .  Work on  t h e  
a d s o r p t i o n  o f  o r g a n i c  c o m p o u n d s ,  i n  t h e  v a p o u r  p h a s e ,  wa s  o r i g i n a l l y  
c a r r i e d  o u t  by  B a r r e r  & M a c l e o d  ( 1 9 5 5 )  and  B a r r e r  & Rea y ( 1 9 5 7 ) .  
They  f o u n d  t h a t  t h e  a l k y l a m m o n i u m  m o n t m o r i 1 l o n i t e s  h a d  g r e a t l y  
i n c r e a s e d  a d s o r p t i v e  c a p a c i t i e s  c o m p a r e d  t o  t h e  u n e x c h a n g e d  c l a y s ,  
a n d  m o l e c u l e s  s u c h  a s  p a r a f f i n s  a n d  a r o m a t i c  h y d r o c a r b o n s  w e r e  f r e e l y  
a d s o r b e d .  They  a l s o  s h o w e d  t h a t  s h o r t  c h a i n  a l k y l a m m o n i u m  
m o n t m o r i l l o n i t e s  h a d  a  g r e a t e r  a f f i n i t y  f o r  s m a l l e r  m o l e c u l e s  a n d  t h e  
l o n g e r  c h a i n  c l a y s  a  g r e a t e r  a f f i n i t y  f o r  t h e  l a r g e r  m o l e c u l e s .  The  
l e n g t h  o f  t h e  a l k y l  c h a i n s  i n  a lk y l a m m o n i u m  m o n t m o r i 1 I o n i t e s  g o v e r n  
t h e  m a g n i t u d e  o f  a d s o r p t i o n  o f  t h e  o r g a n i c  c o m p o u n d s .

Cowans a n d  W h i t e  ( 1 9 6 2 )  t e s t e d  a  r a n g e  o f  a l k y l a m m o n i u m  
b e n t o n i t e s  a n d  f o u n d  t h a t  d o d ec y l a m m o n i u m  b e n t o n i t e  b e s t  a d s o r b e d  
p h e n o l s  f r o m  a q u e o u s  s o l u t i o n .  Alky lammonlu ro  m o n t m o r 1 1 l o n i t e s  
p o s s e s s  a r e a s  o f  b o t h  h y d r o p h i l i c  a n d  o r g a n o p h i l i c  p r o p e r t i e s ,  t h e  
b a l a n c e  b e t w e e n  t h e  h y d r o p h i l i c  s i l i c a t e  s u r f a c e  a n d  t h e  o r g a n o p h i l i c  
a m i n e  c h a i n s  b e i n g  c r u c i a l  t o  a d s o r p t i o n .  P h e n o l s  p o s s e s s  a 
l o c a l i s e d  c e n t r e  o f  h i g h  e l e c t r o n  d e n s i t y ,  w h i l e  t h e  r e m a i n d e r  o f  t h e  
m o l e c u l e  i s  e s s e n t i a l l y  n o n p o l a r .  Cowans  & W h i t e  p r o p o s e d  t h a t  
a d s o r p t i o n  o f  t h e  p h e n o l s  on  t h e  a l k y l a m m o n i u m  m o n t m o r i 1 l o n i t e s  
o c c u r r e d  by  e l e c t r o s t a t i c  h y d r o g e n  b o n d i n g  b e t w e e n  t h e  o r g a n o p h i l i c  
c e n t r e s .  A s y m m e t r i c  h y d r o g e n  b o n d i n g  t o  t h e  o r g a n i c  c a t i o n s  o c c u r s  
i f  t h e  a d s o r b e d  m o l e c u l e s  c o n t a i n  f u n c t i o n a l  g r o u p s  c a p a b l e  o f  a c t i n g  
a s  e l e c t r o n  d o n o r s  ( F a r m e r  a n d  M o r t l a n d ,  1 9 6 5 ) .  S p e c t r o s c o p i c  
e v i d e n c e  f o r  h y d r o g e n  b o n d i n g  was  o b t a i n e d  by D o n e r  & M o r t l a n d  ( 1 9 6 9 )  
who o b s e r v e d  s h i f t s  i n  t h e  c a r b o n - o x y g e n  a n d  c a r b o n - h y d r o g e n  
s t r e t c h i n g  f r e q u e n c i e s  o f  t h e  a d s o r b e d  a m i d e s  a n d  a lk y l am m o n iu rn  i o n s .
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The  g r e a t e r  t h e  e l e c t r o n e g a v i t y  o f  t h e  a m i d e s  t h e  g r e a t e r  t h e  
f r e q u e n c y  s h i f t  i . e .  t h e  s t r o n g e r  t h e  h y d r o g e n  b o n d s  f o r m e d .

A lk y la m m o n iu m  c a t i o n s ,  c a p a b l e  o f  s o l v a t i n g  t h e  a d s o r b e d  
o r g a n i c s ,  f o r m  v a n  d e r  W a a l s  i n t e r a c t i o n s  b e t w e e n  t h e  c a t i o n s  a n d  t h e  
a d s o r b e d  m o l e c u l e s  ( R a u s s e l 1 - C o l o m  & S e r r a t o s a ,  1 9 8 7 ) .  A c c o m m o d a t io n  
o f  t h e  a d s o r b e d  m o l e c u l e s  i n  t h e  i n t e r l a m e l l a r  s p a c e  may a f f e c t  t h e  
o r i e n t a t i o n  o f  t h e  a lk l y a m m o n i u m  c a t i o n  s o  c a u s i n g  s w e l l i n g  o f  t h e  
c o m p l e x e s .  I n  m o n t m o r i 1 I o n i t e s  t h e  a l k y l a m m o n i u m  c a t i o n s  a n d  
a d s o r b e d  o r g a n i c s  a r r a n g e  t h e m s e l v e s  w i t h  t h e i r  l o n g i t u d i n a l  a x e s  
p e r p e n d i c u l a r  t o  t h e  s i l i c a t e  s u r f a c e .  F o r  s h o r t  c h a i n  a lk y l a m m o n i u m  
c o m p l e x e s ,  a d s o r p t i o n  w i t h  l a t t i c e  e x p a n s i o n  i s  o n l y  p o s s i b l e  f o r  t h e  
a l k y l  c h a i n  c a t i o n s  w h ose  c h a i n s  l e n g t h s  e x c e e d  a  c r i t i c a l  l e n g t h  
t h a t  i s  i n v e r s e l y  r e l a t e d  t o  t h e  l a y e r  c h a r g e  o f  t h e  c l a y .  The  
s t r u c t u r a l  o r d e r i n g  o f  t h e  b i m o l e c u l a r  f i l m s  i n  a l k y l a m m o n i u m  c l a y s  
h a s  b e e n  e x t e n s i v e l y  s t u d i e d  by  L a g a l y  e t  a l .  ( 1 9 7 6 ) .  The y f o u n d  
t h a t  t h e  m o l e c u l e s  i n  t h e  f i l m  a r e  a b l e  t o  u n d e r g o  c o n f o r m a t i o n a l  
c h a n g e s  by  r o t a t i o n  a b o u t  t h e  c a r b o n - c a r b o n  b o n d s  s o  t h a t  t h e  c h a i n ' s  
s t r u c t u r e  i s  s l i g h t l y  m o d i f i e d .

Long c h a i n  a lk y l a m m o n i u m  m o n t m o r i 1 I o n i t e s  c a n  b e  d i s p e r s e d  i n  
p o l a r  o r g a n i c  l i q u i d s  t o  f o r m  t h i x o t r o p i c  g e l s  w i t h  v e r y  h i g h  l i q u i d  
c o n t e n t s .  D e v e l o p m e n t  o f  g o o d  o r g a n o p h l l i c  c h a r a c t e r  r e q u i r e s  m ore  
t h a n  h a l f  o f  t h e  a v a i l a b l e  c l a y  s u r f a c e  t o  b e  c o v e r e d  by  t h e  
a l k y l a m m o n iu r a  c a t i o n s  a n d  t h e  s e p a r a t i o n  t o  b e  a p p r o x i m a t e l y  0 . 8  nm. 
Maximum s w e l l i n g  o c c u r s  w i t h  o r g a n i c  l i q u i d s  s u c h  a s  n i t r o b e n z e n e  o r  
b e n z o n i t r i l e  w h i c h  c o m b i n e  h i g h  p o l a r i t y  a n d  h i g h  o r g a n o p h i 1 i c i t y .  
C o m p l e x e s  w i t h  u n s y m m e t r i c  t e t r a - a l k y l a r o m o n l u m  c a t i o n s ,  w i t h  two l o n g  
a l i p h a t i c  c h a i n s ,  a r e  m ore  o r g a n o p h l l i c  b e c a u s e  a  l a r g e r  p r o p o r t i o n  
o f  t h e  s i l i c a t e  s u f a c e  i s  c o v e r e d ,  h e n c e  t h e y  a r e  a b l e  t o  a d s o r b  
l e s s  p o l a r  l i q u i d s ,  s w e l l i n g  e v e n  i n  u n s u b s t i t u t e d  h y d r o c a r b o n s  
( W e i s s ,  1 9 6 3 ) .

The  a d s o r p t i o n  o f  o r g a n i c  com p oun ds  by  c l a y s  f r o m  a q u e o u s  
s u s p e n s i o n s  may b e  v e r y  d i f f e r e n t  f r o m  t h e  a d s o r p t i o n  f r o m  n o n -  
a q u e o u s  s y s t e m s ,  b e c a u s e  w a t e r  m o l e c u l e s  w i l l  t e n d  t o  c o m p e t e  r e a d i l y
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f o r  c o o r d i n a t i o n  s i t e s  on  s t r o n g l y  s o l v a t i n g  e x c h a n g e  c a t i o n s  
( M c B r id e  e t  a l . ,  1977>.

Q u a l i t a t i v e  s t u d i e s  o f  t h e  a d s o r p t i o n  o f  a l c o h o l s  f r o m  d i l u t e  
a q u e o u s  s o l u t i o n s  o n t o  a l k y l a m m o n i u m  m o n t r o o r i 1 I o n i t e s  w e r e  c a r r i e d  
o u t  by  S t u l  e t  a l .  ( 1 9 7 9 ) .  T h e y  f o u n d  t h a t  f o r  a d s o r p t i o n  t h e  
i n t e r l a m e l l a r  p h a s e  o f  t h e  c l a y  a c t e d  a s  a  s o l v e n t  a n d  t h e  p a r t i t i o n  
o f  t h e  a l c o h o l  b e t w e e n  t h e  c l a y  a n d  a q u e o u s  s o l u t i o n  w as  s i m i l a r  t o  
t h e  d i s t r i b u t i o n  o f  a l c o h o l s  b e t w e e n  a l k a n e s  a n d  w a t e r  i n  b u l k  
s o l u t i o n .  The  a l c o h o l i c  a d s o r p t i o n  wa s  f o u n d  t o  b e  m o r e  d e p e n d a n t  
up o n  t h e  a l c o h o l  c h a i n  l e n g t h  t h a n  on  t h e  a l k y l a m m o n l u m  c a t i o n s .

The  a d s o r p t i o n  o f  p h e n o l ,  b e n z e n e  a n d  c h l o r o b e n z e n e  on  t o  
t e t r a m e t h y l a m m o n i u r a  m o n t r a o r i l I o n i t e  was s t u d i e d  by  M c B r id e  e t  a l .  
( 1 9 7 7 ) .  They  f o u n d  t h a t  s o l v e n t  i n t e r a c t i o n s  w i t h  p h e n o l ,  d u e  t o  
h y d r o g e n  b o n d i n g ,  w e r e  g r e a t e r  t h a n  w i t h  b e n z e n e  s o  t h e r e  was  l e s s  
t e n d e n c y  f o r  p h e n o l  t o  p e n e t r a t e  t h e  i n t e r l a m e l l a r  r e g i o n s .  T h e r e  
was ,  h o w e v e r ,  a  d i r e c t  c o r r e l a t i o n  i n  m a g n i t u d e  b e t w e e n  b e n z e n e  and  
p h e n o l  a d s o r p t i o n  s u g g e s t i n g  s i m i l a r  m e c h a n i s m s  o f  a d s o r p t i o n  f o r  
b o t h  a r o m a t i c s .  I n f r a r e d  s t u d i e s  by  F e n n  & M o r t l a n d  ( 1 9 7 2 )  h a v e  
sho wn t h a t  a l k y l a m m o n i u m  m o n t m o r i 1 I o n i t e s  a d s o r b  p h e n o l  by  i o n - d i p o l e  
i n t e r a c t i o n s  b e t w e e n  t h e  c a t i o n s  a n d  t h e  p h e n o l  m o l e c u l e s  i n  a  n o n -  
a q u e o u s  e n v i r o n m e n t  a s  w e l l  a s  by J i - e l e c t r o n  i n t e r a c t i o n s  w i t h  t h e  
s i l i c a t e  s u r f a c e .  T h e  p r e s e n c e  o f  w a t e r  p r o b a b l y  p r e v e n t s  i o n - d i p o l e  
i n t e r a c t i o n s .  M c B r i d e  e t  a l .  a l s o  sh o w ed  t h a t  c h l o r o b e n z e n e  was  
p o o r l y  a d s o r b e d  f r o m  a q u e o u s  s o l u t i o n  b e c a u s e  i t  was  t o o  l a r g e  t o  
e n t e r  t h e  i n t e r l a r a e l l a r  r e g i o n  o f  t h e  c l a y .  M o r t l a n d  e t  a l .  ( 1 9 8 6 )  
s t u d i e d  a  r a n g e  o f  q u a t e r n a r y  ammonium c a t i o n s  e x c h a n g e d  o n t o  
s m e c t i t e  a s  a d s o r b e n t s  f o r  p h e n o l s .  The y f o u n d  t h a t  c o m p l e x e s  
c o n t a i n i n g  t h e  l o n g e r  c h a i n  c a t i o n s  w e r e  m o s t  h y d r o p h o b i c  a n d  
a d s o r b e d  p h e n o l s  f r o m  w a t e r  i n  p r o p o r t i o n  t o  t h e i r  h y d r o p h o b i c i t i e s  
w h i c h  i n c r e a s e d  w i t h  c h l o r i n e  a d d i t i o n .  I n  l e s s  p o l a r  s o l v e n t s  ( e g  
n - h e x a n e )  t h e  t r e n d  i n  p h e n o l  a d s o r p t i o n  was  r e v e r s e d .

Boyd e t  a l .  ( 1 9 8 8 a )  sho w ed  t h a t  p e n t a c h l o r o p h e n o l , a  compound 
commonly  u s e d  i n  t r e a t m e n t  o f  wood,  was  w e l l  a d s o r b e d  by l o n g  c h a i n  
q u a t e r n a r y  ammonium e x c h a n g e d  c l a y s  ( e x c h a n g e d  c l a y s )  f r o m  w a t e r .
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T hey  f o u n d ,  l i k e  S t u l  e t  a l . ,  t h a t  t h e  p a r t i t i o n  o f  p e n t a c h l o r o p h e n o l  
b e t w e e n  t h e  a q u e o u s  p h a s e  a n d  t h e  o r g a n o p h i l i c  i n t e r l a r o e l l a r  c l a y  
s u r f a c e  was  s i m i l a r  t o  t h a t  i n  a  w a t e r : h e x a n e  s y s t e m .  The
p e n t a c h l o r o p h e n o l  c o u l d  b e  r e m o v e d  f r o m  t h e  e x c h a n g e d  c l a y  by
t r e a t i n g  t h e  c l a y  w i t h  a  l e s s  p o l a r  s o l v e n t  s u c h  a s  m e t h y l e n e  
c h l o r i d e .  Boyd e t  a l .  ( 1 9 8 8 b )  e x t e n d e d  t h e i r  work  t o  l o o k  a t  t h e  
a d s o r p t i o n  o f  b e n z e n e  a n d  t r i c h l o r o e t h a n e  f r o m  a q u e o u s  s o l u t i o n  o n t o  
h e x a d e c y l t r i m e t h y l  ammonium e x c h a n g e d  c l a y .  They  s u g g e s t e d  t h a t  s u c h  
s o r p t i v e  o r g a n o - c l a y  c o m p l e x e s  w o u l d  b e  u s e f u l  t o  e n h a n c e  t h e
c o n t a i n m e n t  c a p a b i l i t i e s  o f  c l a y  l a n d f i l l  l i n e r s  and  f o r  t h e  
t r e a t m e n t  o f  t h e  o r g a n i c  c o n t a m i n a n t s  i n  l e a c h a t e s  f r o m  l a n d f i l l  
s i t e s .

W o l f e  e t  a l  (198 5  & 1986 )  I n v e s t i g a t e d  t h e  u s e  o f  t h r e e
q u a t e r n a r y  ammonium e x c h a n g e d  b e n t o n i t e s  f o r  t h e  a q u e o u s  a d s o r p t i o n  
o f  e l e v e n  o r g a n i c  co m p o u n d s  w h i c h  commonly o c c u r  a s  p o l l u t a n t s  i n  
s u r f a c e  a n d  g r o u n d  w a t e r s  i n  t h e  USA. The y f o u n d  t h a t  t h e  e x c h a n g e d  
c l a y s  a d s o r b e d  a l l  e l e v e n  o r g a n i c  c o m p oun ds ,  t o  v a r y i n g  e x t e n t s  
d e p e n d i n g  on t h e  p o l a r i t y  a n d  h y d r o p h o b i c i t i e s  o f  t h e  m o l e c u l e s .  
X - r a y  d i f f r a c t i o n  s t u d i e s  o f  t h e  o r g a n i c s  a d s o r b e d  o n t o  t h e  e x c h a n g e d  
c l a y s  sho w ed  t h a t  a t  h i g h  o r g a n i c  c o n c e n t r a t i o n s  d o d e c y l a m m o n i u m  i o n s  
w e r e  a b l e  t o  d i s s o l v e  i n  t h e  a d s o r b e d  o r g a n i c s  a n d  o r i e n t a t e
p e r p e n d i c u l a r l y  t o  t h e  s i l i c a t e  s u r f a c e ,  g r e a t l y  e x p a n d i n g  t h e  c l a y  
l a y e r s .  At  l o w e r  o r g a n i c  c o n c e n t r a t i o n s ,  t h e  p r o p y l a m m o n iu m  
m o n t m o r i 1 I o n i t e  h a d  a  l a r g e r  f r e e  i n t e r l a m e l l a r  v o l u m e  a n d  t h u s  
be ca m e  a  b e t t e r  a d s o r b e n t .
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2 .  OBJECTIVES OF RESEARCH

C e m e n t - b a s e d  s t a b i 1 l s a t i o n / s o l i d i f i c a t i o n  h a s  b e e n  u s e d  f o r  t h e  
t r e a t m e n t  o f  i n o r g a n i c  i n d u s t r i a l  w a s t e s  f o r  a  n u m b e r  o f  y e a r s .  The  
f u n d a m e n t a l  o b j e c t i v e s  o f  t h e  S / S  p r o c e s s  a r e  t o  s t a b i l i s e  t h e  w a s t e  
i n  a  i m p e r m e a b l e  m o n o l i t h i c  m a t r i x  t o  p r e v e n t  i t  f r o m  e n t e r i n g  t h e  
e n v i r o n m e n t .  One o f  t h e  m a j o r  d r a w b a c k s  o f  c e m e n t - b a s e d  S / S ,  
h o w e v e r ,  h a s  o c c u r r e d  when t r y i n g  t o  t r e a t  o r g a n i c  w a s t e s  o r  
i n o r g a n i c  w a s t e s  w i t h  o r g a n i c  c o n t e n t s  g r e a t e r  t h a n  1 t o  2 %. T h i s  
i s  d u e ,  g e n e r a l l y ,  t o  t h e  p o o r  i n t e r a c t i o n  b e t w e e n  o r g a n i c  
h y d r o p h o b i c  c o m p o u n d s  w i t h  t h e  i n o r g a n i c  c e m e n t  m a t r i x .  O r g a n i c  
co m p o u n d s  w h i c h  do  i n t e r a c t  a n d  c e m e n t  t e n d  t o  h a v e  a  r e t a r d i n g  
e f f e c t  on  c e m e n t  h y d r a t i o n  a n d  a d v e r s e l y  a f f e c t  t h e  m i c r o s t r u c t u r a l  
a n d  h e n c e  t h e  e n g i n e e r i n g  p r o p e r t i e s  o f  t h e  f i n a l  p r o d u c t .

The  o b j e c t i v e s  o f  t h i s  s t u d y  w e r e  t o : -

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

-  Use t h e  a d s o r b e n t  i n  t h e  c e m e n t - b a s e d  S / S  p r o c e s s  t o  s o l i d i f y  
m od el  a n d  r e a l  o r g a n i c - c o n t a i n i n g  h a z a r d o u s  w a s t e s  w h i c h  w o u ld  
o t h e r w i s e  b e  u n t r e a t a b l e  by  c o n v e n t i o n a l  c e m e n t - b a s e d
t e c h n i q u e s .

-  S t u d y  t h e  s o l i d i f i c a t i o n  p r o d u c t s : -
( a )  M a c r o s t r u c t u r a l l y ,  t o  d e t e r m i n e  t h e  p h y s i c a l  
c h a r a c t e r i s t i c s  o f  t h e  m a t e r i a l s  a n d  t h e  c h e m i c a l  s t a b i l i t y  o f  
t h e  a d s o r b e d  o r g a n i c s .
(b> M i c r o s t r u c t u r a l l y ,  t o  c h a r a c t e r i s e  t h e  e f f e c t  o f  t h e  
o r g a n i c  c o n t a m i n a n t s  on  t h e  d i f f e r e n t  p h a s e s  o f  c e m e n t  
h y d r a t i o n  i n  t h e  a b s e n c e  a n d  p r e s e n c e  o f  t h e  a d s o r b e n t .

I n v e s t i g a t e  t h e  p o t e n t i a l  u s e  o f  t h e  a d s o r b e n t  i n  t h e  
r e c l a m a t i o n  o f  c o n t a m i n a t e d  l a n d  e i t h e r  by  s t a b i l i s a t i o n  o f
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t h e  h a z a r d o u s  c o n t a m i n a n t s  i n  t h e  s o i l ,  o r  by  u s e  i n  c e m e n t -  
b a s e d  S / S  o f  t h e  s o i l .

S t u d i e s  on  t h e  t o p i c s  o f  t h e  a d s o r p t i o n  o f  o r g a n i c  co m p oun ds  by 
c l a y s ,  c e m e n t - b a s e d  s t a b i 1 i s a t i o n / s o l i d i f i c a t i o n ,  t h e  m i c r o s t r u c t r u a l  
p r o p e r t i e s  o f  t h e  S / S  m a t r i x ,  t h e  a p p l i c a t i o n  o f  t h e  S / S  p r o c e s s  t o  
I n d u s t r i a l  w a s t e s  a n d  t h e  c l e a n  up  o f  c o n t a m i n a t e d  l a n d ,  h a v e  e a c h  
b e e n  d e a l t  w i t h  i n  s e p a r a t e  s e l f - c o n t a i n e d  c h a p t e r s  i n c l u d i n g  r e s u l t s  
a n d  a  summary .  T h i s  a p p r o a c h  h a s  b e e n  a d o p t e d  b e c a u s e  o f  t h e  
s e q u e n t i a l  d e s i g n  o f  t h e  e x p e r i m e n t a l  work  i n  w h i c h  e a c h  s e p a r a t e  
s e c t i o n  f o l l o w s  l o g i c a l l y  on  f r o m  t h e  p r e c e d i n g  t o p i c .
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3 .  ADSORPTION STUDIES

3 . 1  INTRODUCTION

O r g a n o p h i l i c  c l a y s  h a v e  l o n g  b e e n  r e c o g n i s e d  a s  a d s o r b e n t s  f o r  
o r g a n i c  c o m p o u n d s .  A m a j o r  g r o u p  o f  t h e s e  c l a y s  a r e  m o n t m o r 1 1 l o n l t e s  
e x c h a n g e d  w i t h  q u a t e r n a r y  ammonium s a l t s  (QAS). E x t e n s i v e  r e s e a r c h  
h a s  b e e n  c a r r i e d  o u t  on  t h e  e x c h a n g e  o f  QAS c a t i o n s  o n t o  
m o n t m o r i 1 l o n l t e .  A d s o r p t i o n  s t u d i e s  a n d  m l c r o s t r u c t u r a l  a n a l y s i s  h a s  
d e t e r m i n e d  t h e  d e g r e e  o f  a d s o r p t i o n  a n d  t h e  o r i e n t a t i o n  o f  t h e  QAS on 
t h e  c l a y s  (Cowans  a n d  W h i t e ,  1958;  T h e n g  e t  a l . ,  1967 ;  M a r t l n - R a b i  e t  
a l . ,  1974;  W o l f e ,  1 9 8 1 ) .  T he  a d s o r p t i o n  o f  s m a l l  o r g a n i c  m o l e c u l e s  
f r o m  s o l u t i o n  o n t o  t h e  Q A S - e x c h a n g e d  c l a y s  h a s  r e c e n t l y  b e e n  
I n v e s t i g a t e d  by  s e v e r a l  w o r k e r s  ( W o l f e ,  1985; M o r t l a n d  e t  a l . ,  1986;  
S h e r i f f  e t  a l . , 1 9 8 7 ) .

T h i s  s t u d y  i n v e s t i g a t e d  t h e  u s e  o f  s p e c i f i c a l l y  t a i l o r e d  QAS- 
e x c h a n g e d  c l a y s  t o  a d s o r b  e i t h e r  s i n g l e  o r g a n i c  co m p o u n d s  o r  m i x t u r e s  
o f  i n o r g a n i c  a n d  o r g a n i c  co m p o u n d s  f r o m  a q u e o u s  s o l u t i o n  w i t h  a  v i e w  
t o  s t a b i l i s a t i o n  o f  h a z a r d o u s  m ix e d  o r g a n i c / i n o r g a n i c  w a s t e s  p r i o r  t o  
c e m e n t - b a s e d  s o l i d i f i c a t i o n  a n d  u l t i m a t e  d i s p o s a l .

The e x c h a n g e d  c l a y s  w h i c h  g a v e  b e s t  a d s o r p t i o n  w e r e  a s s e s s e d  by 
d e t e r m i n i n g  t h e  a q u e o u s  a d s o r p t i o n  i s o t h e r m s  f o r  t h r e e  p h e n o l i c  
c om p oun ds  by  a  w i d e  r a n g e  o f  e x c h a n g e d  c l a y s .  P h e n o l i c  c om p oun ds  
w e r e  c h o s e n  t o  s c r e e n  t h e  e x c h a n g e d  c l a y s  b e c a u s e :

-  p h e n o l s  a r e  r e l a t i v e l y  s o l u b l e  i n  w a t e r ,  s o  a  w i d e  r a n g e  o f  
c o n c e n t r a t i o n s  c o u l d  b e  p r e p a r e d  t o  p r o d u c e  t h e  i s o t h e r m s .  
( S o l u b i l i t i e s : -  P h e n o l  = 9 . 3  g / 1 0 0  ml ;  3 - c h l o r o p h e n o l  = 2 . 7  
g / lOOm l a n d  2 , 3 - d i c h l o r o p h e n o l  = 0 . 4 9  g / lOOm l w a t e r  a t  2 5 ° C ) .

t h e  r a n g e  o f  p h e n o l s ,  by  i n t r o d u c i n g  m o r e  c h l o r i n e  
s u b s t i t u e n t s ,  sho wed  t h e  e f f e c t  o f  i n c r e a s i n g  t h e  
h y d r o p h o b i c ! t y  a n d  a c i d i t y  o f  t h e  o r g a n i c  m o l e c u l e s
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-  p h e n o l s  o c c u r  w i d e l y  a s  h a z a r d o u s  p o l l u t a n t s  I n  i n d u s t r i a l  
w a s t e s  a n d  I n  w a s t e w a t e r s  ( P a t t e r s o n  a n d  K a d u k a l a ,  1 9 8 1 ) .  
A n n u a l  p r o d u c t i o n  o f  p h e n o l  i s  a p p r o x i m a t e l y  1 . 2 5  m i l l i o n  t o n n e s  
(Chem. Eng .  News, 1 9 8 0 ) .  P h e n o l  i s  t h e  b a s i c  s t r u c t u r a l  u n i t  
f o r  many s y n t h e t i c  o r g a n i c s  a n d  i s  t h e  d e g r e d a t i o n  p r o d u c t  o f  
s e v e r a l  common p e s t i c i d e s .  C h l o r o p h e n o l s  a r e  p r o d u c e d  f o r m  
t h e  d e g r e d a t i o n  o f  c h l o r i n a t e d  p h e n o x y a c e t i c  a c i d  h e r b i c i d e s  
(Boyd,  1 9 8 2 ) .

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

The  e x c h a n g e d  c l a y  w h i c h  was  f o u n d  t o  be  t h e  b e s t  a d s o r b e n t  o f  
t h e  p h e n o l s  wa s  t e s t e d  a s  a n  a d s o r b e n t  f o r  a  w i d e  r a n g e  o f  common 
p o l l u t a n t s  w i t h  d i f f e r i n g  s t r u c t u r e s ,  s u c h  a s  c h l o r i n a t e d  s o l v e n t s  
a n d  a r o m a t i c s .  The s t a b i l i t y  a n d  a d s o r p t i v e  c a p a c i t y  o f  t h e  
e x c h a n g e d  c l a y  was  t e s t e d  o v e r  a  w i d e  r a n g e  o f  pH a n d  o v e r  l o n g  t i m e  
p e r i o d s .  T h e s e  t e s t s  a s s e s s e d  w h e t h e r  t h e  c l a y s  w o u l d  be  s u i t a b l e  
f o r  u s e  a s  a d s o r b e n t s  f o r  i n d u s t r i a l  w a s t e s ,  w h i c h  a r e  o f t e n  h i g h l y  
c o r r o s i v e ,  a n d  d e t e r m i n e d  w h e t h e r  t h e  c l a y s  w o u l d  b r e a k  down i n  t h e  
h i g h l y  a l k a l i n e  c e m e n t  m a t r i x .

3 .2  MATERIALS AND METHODS

3 . 2 . 1  M a t e r i a l s

Wyoming b e n t o n i t e  a n d  F u l m o n t  P r e m i e r e  a c i d  a c t i v a t e d
m o n t m o r i l I o n i t e  w e r e  s u p p l i e d  by  L a p o r t e  I n d u s t r i e s ,  W id n e s ,  UK. 
Wyoming b e n t o n i t e  co m es  f r o m  r o c k s  o f  t h e  C r e t a c e o u s  e r a ,  c o m p o se d  o f  
s h a l e s ,  m a r l s  a n d  a r g i l l a c e o u s  s a n d s t o n e s .  Wyoming b e n t o n i t e  I s  
co m p o sed  m a i n l y  o f  s o d i u m  a n d  c a l c i u m  m o n t m o r i 1 I o n i t e  w i t h  I m p u r i t i e s  
o f  q u a r t z  a n d  c a l c i t e .  The  F u l ro o n t  a c i d  a c t i v a t e d  m o n t m o r i l I o n i t e  i s  
p r o d u c e d  f r o m  a  t y p i c a l  c a l c i u m  m o n t r a o r i 1 l o n i t e ,  f r o m  R e d h i l l  i n  
S u r r e y ,  a c t i v a t e d  by t r e a t m e n t  w i t h  s u l p h u r i c  a c i d .  The  c h e m i c a l  a n d
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p h y s i c a l  p r o p e r t i e s  o f  b o t h  o f  t h e s e  c l a y s  a r e  sho wn I n  T a b l e  3 . 1 .

T a b l e  3 . 1 :  A n a l y s i s  o f  Wyoming B e n t o n i t e  a n d  A c i d  A c t i v a t e d  
M o n t m o r i l I o n i t e

Wyoming B e n t o n i t e *  A c i d  A c t i v a t e d
M o n t r a o r i 1 l o n i  t e *

C h e m i c a l  A n a l y s i s
(% by w e i g h t  o f  s a m p l e  d r i e d  a t  105°C>

S i l i c o n  d i o x i d e  <S i02 >
A l u m in a  <A12 0 3 )
T i t a n i u m  d i o x i d e  ( T i 0 2 >
F e r r i c  o x i d e  <Fe20 3 )
F e r r o u s  o x i d e  (FeO)
M a n g a n e s e  o x i d e  (MnO)
M ag nes iu m  o x i d e  (MgO)
C a l c i u m  o x i d e  (CaO)
S od iu m  o x i d e  <Na20)
P o t a s s i u m  o x i d e  (K20)
P h o s p h o r u s  p e n t o x i d e  <P20 S > 
S u l p h u r  (S)  o r  s u l p h a t e  (SO*2 - ) 
F l u o r i d e  <F” )

L o s s  on  h e a t i n g

6 2 . 9 0 6 2 . 5 0
1 9 . 6 0 1 2 . 0 0
0 . 0 9 0 . 6 0
3 . 3 5 5.  10
0 . 3 2 0 . 0 0
0 . 0 1 0 . 0 0
3 . 0 5 2 . 2 0
1 . 6 8 4 . 0 0
1 . 5 3 0 . 2 0
0 . 5 3 0 . 6 0
0 . 0 5 0 . 0 0
0 . 0 5 6 . 6 0
0.  11 0 . 0 0

4 . 4 7 6 . 2 0

S u r f a c e  A r e a  (m2 / g  3 1 . 8 2  ± 0 . 2 2  2 4 0 . 0 0

C a t i o n  E x c h a n g e  C a p a c i t y  ( m e q /1 0 0  g> 7 6 . 6 0  5 0 . 0 0

♦ Data s u p p l i e d  by  L a p o r t e  I n d u s t r i e s ,  UK.
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Q u a t e r n a r y  ammonium s a l t s  (QAS> w e r e  o b t a i n e d  f r o m : -

S ig ma C h e m i c a l  Company L t d ,  UK ( T e t r a d e c y l t r i m e t h y a m m o n i u m  c h l o r i d e  
(TDTMA-C1), H e x a d e c y l t r i m e t h y a m m o n i u m  c h l o r i d e  (HDTMA-Cl)).

AMB C h e m i c a l s ,  UK ( O c t y l t r i m e t h y a m m o n i u m  c h l o r i d e  (0TMA-C1)).

Akzo Ch em ie ,  UK ( O c t a d e c y l t r i m e t h y a m r a o n i u m  c h l o r i d e  (0DTMA-C1), 
B e n z y l o c t a d e c y d i m e t h y l a m m o n i u m  c h l o r i d e  (B0DDMA-C1), C o c o b i s ( 2 -
h y d r o x y e t h y D m e t h y l a m m o n i u m  c h l o r i d e  (CB2-HE-C1) ,  0 1 e y l b i s ( 2 -  
h y d r o x y e t h y l ) m e th y la m m on iu m  c h l o r i d e  (0 B 2 -H E - C 1 ) ,  P o l y o x y ­
e t h y l e n e  ( 1 5 ) c o c o m e t h y l a m m o n i u m  c h l o r i d e  ( P 0 E ( 1 5 ) C - C 1 ) ,  P o l y o x y
e t h y l e n e ( 1 5 ) s t e a r y l m e t . h y l a m r a o n i u m  c h l o r i d e  ( P 0 E ( 1 5 ) S - C 1 >) .

F l u k a  C h em ie  AG, S w i t z e r l a n d ;  ( D i o c t a d e c y l d i m e t h y a m m o n i u m  c h l o r i d e  
(D0DDMA-C1), T e t r a o c t y l d e c y 1 ammonium c h l o r i d e  (T 0DA -C 1)) .

The a c t i v a t e d  c a r b o n s  u s e d  i n  t h e  a d s o r p t i o n  e x p e r i m e n t s  w e r e  
o b t a i n e d  f r o m  The B r i t i s h  CECA Co. L t d . ,  UK (CXV a n d  3 S A ) ; C h e rav i r o n  
C a r b o n ,  UK ( C h e m v i r o n ) ;  S u t c l i f f e  Speakraan C a r b o n s  L t d . ,  UK 
(SS 203C /P ,  SS 207 C /P  a n d  S S 3 3 8 C / P ) .

A l l  o t h e r  r e a g e n t s  w e r e  o b t a i n e d  f r o m  BDH C h e m i c a l s  L t d ,  UK a n d  
w e r e  A n a l a R  g r a d e  u n l e s s  o t h e r w i s e  s t a t e d .

3 .2 .2  Preparation of Quaternary Ammonium S alt Exchanged Clays

U n e x c h a n g e d  Wyoming b e n t o n i t e  (1 00  g )  was  g r o u n d  i n  a  b a l l  m i l l ,  
s i e v e d  t o  g i v e  a  p a r t i c l e  s i z e  o f  l e s s  t h a n  2 0 0  pm, d r i e d  a t  105°C 
f o r  24  h o u r s ,  a n d  c o o l e d  i n  a  d e s i c c a t o r .  S a m p l e s  (75  g )  o f  t h e  
d e s i c c a t e d  c l a y  w e r e  w e i g h e d  o u t  a n d  s u s p e n d e d  i n  1 . 5  1 o f  a q u e o u s  
0 . 1  M q u a t e r n a r y  ammonium s a l t  (QAS) s o l u t i o n  w h i c h  wa s  b e i n g  r a p i d l y  
s t i r r e d  on  a  m a g n e t i c  s t i r r e r .  The  f o r m u l a e ,  r e l a t i v e  m o l e c u l a r  
m a s s e s  o f  QAS a n d  t h e  a c r o n y m s  o f  t h e  e x c h a n g e d  c l a y s  u s e d  a r e  shown 
i n  T a b l e s  3 . 2  a n d  3 . 3 .



T a b l e  3 . 2 :  S t r u c t u r e  o f  Q u a t e r n a r y  Ammonium S a l t s  E x c h a n g e d  o n t o  
Wyoming B e n t o n i t e .

C h a i n  S t r u c t u r a l  F o r m u l a  Name o f  C a t i o n  Acronym RMM
L e n g t h  o f  C a t i o n  o f  QAS o f

C l a y  C a t i o n

1 < C H 3 ) « N^ T e t r a m e t h y 1aramonium TMAM 74

1 < C H 3 > 3 N- C 6 H b T r  i m e t h y 1p h e n y 1
-ammonium

TMPAM 124

8 < C H 3 > 3 N -  ( C H 2 ) 7 C H 3 O c t y l  t r i m e t h y l
-ammonium

OTMAM 172

14 cch3 >3 N *  < C H 2 ) 1 3 C H 3 T e t r a d e c y l t r i m e t h y l  
-ammon i urn

TDTMAM 256

14 ( C H 3 ) 2 N -  < C H 2 ) 1 3 C H 3  
C H 2 C 6 H b

B e n z y l d i m e t h y l t e t r a
- d e c y l a r a m o n iu m

BDMTDAM 28 4

16 ( C H 3 > 3 N -  ( C H 2 ) 1 6 C H 3 H e x a d e c y l t r i m e t h y l  
-ammonium

HDTMAM 318

18 ( C H 3 > 3 N"  ( C H 2 ) 1 7 C H 3 O c t a d e c y l t r i m e t h y l  
-ammonium

ODTMAM 312

18 ( C H 3 > 2 N *  CCH= ) 1 7 C H 3
ch2 c6 hb

B e n z y l o c t a d e c y l  
- d i m e t h y l a m m o n  i um

BODDMAM 388

18 < C H 3 > 2 n-*- (<c h= ) 17c h3 :>2 D i o c t a d e c y l d i m e t h y l  
-ammonium

DODDMAM 550

18 ( ( C H 2 ) 1 7 C H 3 ) a  n - T e t r a o c t a d e c y l
-ammonium

TODAM 1026
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T a b l e  3 . 3 :  S t r u c t u r e  o f  M o d i f i e d  Q u a t e r n a r y  Ammonium S a l t s  (QAS) 
E x c h a n g e d  o n t o  Wyoming B e n t o n i t e .

S t r u c t u r a l  F o r m u l a  
o f  C a t i o n

Name o f  C a t i o n Acronym
o f

QAS C l a y
M o l e c u l a r  

Mass  o f  
C a t i o n

R N"- <C2 Ha0H>2
c h3

C o c o b i s ( 2 - h y d r o x y e t h y l ) 
-me th yl am mo mium

C / 12 298

c h3 n*- R
CC2 HA0 ) y H*

P o l y o x y e t h y l e n e ( 1 5 ) s t e a r y 1 
- m e t h y l a m m o n i u m

C / 2 5 841

R = 3% Ce ; 5% C , 0 ; 50% C 1 2 ; 19% C 1A; 10% C1 6 ; 10% C 1B.

R N- <C2 HAOH)2 O l e y l b i s ( 2 - h y d r o x y e t h y l )  0 / 1 2  360
CH3 - m e t h y l a m m o n i u m

R' = 1% C , 2 ; 4% C1A; 12% C1 6 ; 82% C1B; t r a c e  C20

<C2 Ha0) «H
CH3 R ' * P o l y o x y e t h y l e n e ( 1 5 ) c o c o  HT/25 903

(C2 HA0 ) yH - m e t h y l a m m o n i u m

R "  = 1% C1 2 ; 4% C1A; 31% Ci e ; 64% C1B; t r a c e  C2 c .

* x  + y  = 15

To o b t a i n  h o m o g e n e o u s  s o l u t i o n s  o f  t h e  h i g h e r  c h a i n  l e n g t h  QAS 
co m p o u n d s ,  i t  was  n e c e s s a r y  t o  h e a t  t h e  s a l t s  t o  a r o u n d  60°C t o  
e n a b l e  th e m  t o  d i s s o l v e .  The  s o l u t i o n s  w e r e  k e p t  b e t w e e n  60  a n d  70°C 
w h i l s t  e x c h a n g e  was  t a k i n g  p l a c e  t o  a l l o w  maximum p e n e t r a t i o n  o f  t h e  
c l a y  by  t h e  QAS ( M i f s u d  e t  a l .  1970;  M a c k i n t o s h  e t  a l .  1 9 7 1 ) .  The  5% 
w/w c l a y  s u s p e n s i o n s  w e r e  s t i r r e d  f o r  48 h o u r s  t o  a l l o w  e x c h a n g e  t o  
t a k e  p l a c e .  A f t e r  48  h o u r s ,  t h e  s u s p e n s i o n  w e r e  f i l t e r e d ,  u n d e r  
vacuum,  t h r o u g h  a  Whatman No. 1 p a p e r ,  c a r e  b e i n g  t a k e n  t o  e x c l u d e
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t h e  f i n a l  100 ml o f  t h e  s u s p e n s i o n  w h i c h  c o n t a i n e d  t h e  b l a c k  q u a r t z  
a n d  c a l c l t e  i m p u r i t i e s .  The  f i l t e r  c a k e s ,  w h i c h  c o n t a i n e d  
p r e d o m i n a n t l y  e x c h a n g e d  m o n t m o r i 1 I o n i t e ,  w e r e  r e - s u s p e n d e d  i n  
a p p r o x i m a t e l y  2 1 o f  d i s t i l l e d  w a t e r ,  s t i r r e d  u n t i l  a  h o m o g e n e o u s  
s u s p e n s i o n  wa s  o b t a i n e d  a n d  t h e n  r e - f i l t e r e d .  T h i s ,  w a s h i n g  p r o c e s s  
was  r e p e a t e d  t h r e e  t i m e s  t o  r e m o v e  t h e  e x c e s s  QAS f r o m  t h e  o u t e r  
s u r f a c e  o f  t h e  c l a y s .  A f t e r  t h e  f i n a l  w a s h i n g  t h e  f i l t e r  c a k e s  w e r e  
d r i e d  a t  105°C f o r  48  h o u r s ,  c o o l e d  i n  a d e s i c c a t o r  a n d  g r o u n d  
m a n u a l l y  i n  a  p e s t l e  a n d  m o r t a r  t o  a  p a r t i c l e  s i z e  l e s s  t h a n  50 0  pm. 
F o r  TODAM a n d  DODMAM t h e  d r y i n g  p r o c e d u r e  was  m o d i f i e d  a s  t h e  s a l t s  
w e r e  h e a t  s e n s i t i v e ;  h e n c e ,  a f t e r  t h e  f i n a l  w a s h i n g  t h e  f i l t e r  c a k e s  
w e r e  d r i e d  u n d e r  vacu um  f o r  a p p r o x i m a t e l y  7 d a y s .

3 .2 .3  Adsorption of Phenols from Water

The a d s o r b e n t s  ( e x c h a n g e d  c l a y  o r  a c t i v a t e d  c a r b o n ,  1 . 0  g )  w e r e  
w e i g h e d  i n t o  25 0  ml p o l y p r o p y l e n e  s c r e w - t o p  c o n t a i n e r s .  A l i q u o t s  
(100  m l)  o f  t h e  r e q u i r e d  s o l u t i o n s  c o n t a i n i n g  a  r a n g e  o f  p h e n o l  
c o n c e n t r a t i o n s  b e t w e e n  5 mM a n d  20  mM w e r e  a d d e d  t o  t h e  c l a y s  a n d  
p h e n o l  c o n c e n t r a t i o n s  b e t w e e n  1 mM a n d  50  mM a d d e d  t o  t h e  a c t i v a t e d  
c a r b o n s .  The  c o n t a i n e r s  w e r e  r o t a t e d  e n d - o v e i —e n d  f o r  3 h o u r s  u n t i l  
t h e  e q u i l i b r i u m  h a d  b e e n  r e a c h e d  b e t w e e n  t h e  a d s o r b e n t  a n d  t h e  
p h e n o l i c  s o l u t i o n s  ( t h e  m e t h o d  f o r  m e a s u r i n g  t h e  e q u i l i b r i u m  p o i n t  i s  
d e s c r i b e d  l a t t e r  i n  t h i s  s e c t i o n ) .  The  s u s p e n s i o n s  w e r e  f i l t e r e d  
t h r o u g h  Whatman No. 1 p a p e r  a n d  t h e  f i l t r a t e  a n a l y s e d  f o r  t h e  p h e n o l  
c o n c e n t r a t i o n  e i t h e r  c o l o u r i m e t r i c a l l y  (APHA-AWWA-WPCF,1980)  o r  by 
m e a s u r e m e n t  o f  t h e  f i l t r a t e  u l t r a v i o l e t  (UV) a d s o r p t i o n  on  a P y e -  
Un icam  s p e c t r o p h o t o m e t e r  u s i n g  10 mm q u a r t z  c e l l s .  The  w a v e l e n g t h s  
u s e d  f o r  t h i s  w e r e  26 9  nm f o r  p h e n o l ,  2 7 4  nm f o r  3 - c h l o r o p h e n o l , an d  
272 nm f o r  2 , 3 - d i c h l o r o p h e n o l .

The  am o u n t  o f  t h e  p h e n o l s  a d s o r b e d  by  e a c h  e x c h a n g e d  c l a y  a n d  by 
a c t i v a t e d  c a r b o n  w e r e  d e t e r m i n e d  i n  t h r e e  s e p a r a t e  s a m p l e s  p e r  
c o n c e n t r a t i o n  a n d  t h e  r e s u l t s  p r e s e n t e d  a s  t h e  mean o f  t h e  a d s o r p t i o n  
d a t a .
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The a v e r a g e  t i m e  t a k e n  f o r  e q u i l i b r i u m  t o  b e  r e a c h e d  h a d  b e e n  
p r e v i o u s l y  d e t e r m i n e d  by  a d s o r p t i o n  e x p e r i m e n t s  w i t h  a q u e o u s  
s o l u t i o n s  o f  p h e n o l ,  3 - c h l o r o p h e n o l  a n d  2 , 3 - d i c h l o r o p h e n o l  u s i n g  
t h r e e  r e p r e s e n t a t a t i v e  e x c h a n g e d  c l a y s .  T he  c l a y s  c h o s e n  w e r e  
m o n t m o r i 1 I o n i t e  e x c h a n g e d  w i t h  t h e  QAS c o n t a i n i n g  t h e  TMA, BODDMAM 
a n d  C / 1 2  c a t i o n s  ( T a b l e s  3 . 2  amd 3 . 3  r e s p e c t i v e l y ) .  The  e q u i l i b r i u m  
p o i n t  i n  t h e s e  e x p e r i m e n t s  wa s  d e t e r m i n e d  by a n a l y s i n g  t h e  r e s i d u a l  
c o n c e n t r a t i o n  o f  e a c h  o f  t h e  t h r e e  p h e n o l s  a t  r e g u l a r  t i m e  i n t e r v a l s  
(15  m i n u t e s )  u n t i l  n o  s i g n i f i c a n t  f u r t h e r  a d s o r p t i o n  t o o k  p l a c e  (3 
h o u r s ) .  The  a d s o r p t i o n  e x p e r i m e n t s  w e r e  t h e n  c o n t i n u e d  f o r  BODDMAM 
up  t o  56  h o u r s  w i t h  s a m p l e s  t a k e n  a t  1 h o u r  I n t e r v a l s .

3 .2 .4  S ta b il i ty  o f Quaternary Ammonium S a lts  on Montmori1 Ion ite  Clay

Two e x p e r i m e n t s  w e r e  c a r r i e d  o u t  t o  d e t e r m i n e  t h e  s t a b i l i t y  o f  
t h e  e x c h a n g e d  c l a y .  T h e  f i r s t  e x p e r i m e n t  i n v e s t i g a t e d  t h e  s t a b i l i t y  
o f  t h e  QAS on  t h e  c l a y  i n  a q u e o u s  s u s p e n s i o n s  a t  h i g h  pH. One s e t  o f  
c l a y  s a m p l e s  w e r e  e x c h a n g e d  w i t h  B0DDMA-C1 t o  b e l o w  t h e  maximum 
e x c h a n g e  c a p a c i t y  o f  t h e  c l a y .  The  o t h e r  s e t  o f  s a m p l e s  was  
e x c h a n g e d  w i t h  e x c e s s  B0DDMA-C1, t h e  e x c e s s  b e i n g  a d s o r b e d  by t h e  
c l a y .

The  c l a y s  w e r e  p r e p a r e d  by  s u s p e n d i n g  75 g  o f  Wyoming b e n t o n i t e  
i n  1 . 5  1 o f  0 . 0 5  M B0DDMA-C1 s o l u t i o n  f o r  e x c h a n g e  b e l o w  t h e  c l a y ' s  
c a p a c i t y  a n d  i n  0 . 1  M s o l u t i o n  f o r  t h e  e x c h a n g e  a b o v e  t h e  c l a y ' s  
c a p a c i t y .  The  s u s p e n s i o n s  w e r e  s t i r r e d  f o r  48  h o u r s  t o  a l l o w  
a d s o r p t i o n  t o  t a k e  p l a c e .  The  c l a y  s u s p e n s i o n s  w e r e  f i l t e r e d ,  u n d e r  
vacuum,  a n d  a  s a m p l e  o f  e a c h  r e m o v e d  f o r  a n a l y s i s .  The  c l a y s  w e r e  
w a s h e d  by r e s u s p e n d i n g  t h e  f i l t e r  c a k e  i n  2 1 o f  w a t e r  a n d  f i l t e r i n g  
b e t w e e n  e a c h  o f  t h e  t h r e e  w a s h i n g s .  S a m p l e s  o f  c l a y  w e r e  p r e s e r v e d  
a f t e r  t h e  f i n a l  w ash .  The  two w a s h e d  f i l t e r  c a k e s  w e r e  d i v i d e d  i n t o  
f o u r  p o r t i o n s  e a c h  a n d  t h e  p o r t i o n s  s u s p e n d e d  i n  2 1 o f  e i t h e r  ( i )  
d i s t i l l e d  w a t e r ,  ( 1 1 )  ammonium h y d r o x i d e  b u f f e r  a t  pH 9 ,  ( i l l )  s o d i u m  
h y d r o x i d e  a t  pH 10, ( i v )  s o d i u m  h y d r o x i d e  a t  pH 11.  The  c l a y  
s u s p e n s i o n s  w e r e  s t i r r e d  f o r  3 h o u r s ,  t h e n  f i l t e r e d  a n d  a n a l y s e d  f o r
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QAS c o n c e n t r a t i o n .  A n a l y s i s  f o r  t h e  QAS on t h e  c l a y  s a m p l e s  was 
c a r r i e d  o u t  by  c a r b o n - h y d r o g e n - n i t r o g e n  (CHN) a n a l y s i s .

The  s e c o n d  e x p e r i m e n t  I n v e s t i g a t e d  t h e  s t a b i l i t y  o f  t h e  QAS, on 
t h e  c l a y ,  t o  l e a c h i n g  o v e r  a  56  d a y  p e r i o d .  E x c h a n g e d  c l a y  ( 1 . 0  g)  
wa s  a d d e d  t o  100 ml d i s t i l l e d  w a t e r  o r  0 . 1  M s o d i u m  h y d r o x i d e  i n  
p o l y p r o p y l e n e  c o n t a i n e r s .  The  c o n t a i n e r s  w e r e  r o t a t e d ,  e n d - o v e r - e n d ,  
f o r  56  d a y s .  S a m p l e s  o f  t h e  s u p e r n a t e  w e r e  c o l l e c t e d  a t  r e g u l a r  
i n t e r v a l s  by  a l l o w i n g  t h e  c o n t a i n e r s  t o  s t a n d  f o r  1 h o u r  t o  a l l o w  t h e  
c l a y  t o  s e t t l e  p r i o r  t o  r e m o v a l  o f  1 . 5  ml o f  s u p e r n a t e  u s i n g  a 
s y r i n g e .  The  s u p e r n a t e  s a m p l e s  w e r e  s t o r e d  a t  - 1 8 ° C  i n  g l a s s  v i a l s  
p r i o r  t o  a n a l y s i s  f o r  T o t a l  O r g a n i c  C a r b o n .  T o t a l  O r g a n i c  C a r b o n  
(TOC) a n a l y s i s  wa s  c a r r i e d  o u t  on  a  DC-80 a n a l y s e r  ( E n v i r o t e c  
D o h r m a n n ) .  The  DC-80 i s  a  g e n e r a l  p u r p o s e  l a b o r a t o r y  a n a l y s e r  
u t i l i z i n g  t h e  u l t r a v i o l e t - p r o m o t e d  a c i d  p e r s u l p h a t e  o x i d a t i o n  
t e c h n i q u e  t o  o x i d i z e  o r g a n i c  c a r b o n  t o  c a r b o n  d i o x i d e .  The  
c o n c e n t r a t i o n  o f  c a r b o n  d i o x i d e  i n  t h e  o u t - f l o w  g a s  i s  m e a s u r e d  by UV 
a n a l y s i s .  The  c o n c e n t r a t i o n  o f  QAS i n  t h e  s a m p l e s  wa s  c a l c u l a t e d  
f r o m  t h e  w e i g h t  o f  c a r b o n  f o u n d  i n  t h e  s a m p l e s  w h i c h  wa s  f o u n d  t o  be  
a l l  d u e  t o  QAS. T h r e e  r e p l i c a t e s  o f  e a c h  e x p e r i m e n t  w e r e  p e r f o r m e d .

3 .2 .5  E ffects  o f pH

To t e s t  t h e  e f f e c t  o f  pH on  t h e  e x c h a n g e d  c l a y s  t w e l v e  s a m p l e s  
o f  B0DDMAM w e r e  w e i g h e d  i n t o  p o l y p r o p y l e n e  c o n t a i n e r s  a n d  100 ml o f  
pH a d j u s t e d  b u f f e r  a d d e d .  The  c o n t a i n e r s  w e r e  s h a k e n  f o r  3 h o u r s  a n d  
t h e  c o n t e n t s  f i l t e r e d .  A n a l y s i s  o f  t h e  f i l t r a t e s  f o r  QAS 
c o n c e n t r a t i o n  was  c a r r i e d  o u t  u s i n g  a  TOC a n a l y s e r .

To d e t e r m i n e  t h e  e f f e c t  o f  pH on  t h e  a d s o r p t i o n  o f  p h e n o l s ,  a  
s e r i e s  o f  a d s o r p t i o n  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  a t  a  r a n g e  o f  pHs. 
F o r  e a c h  o f  t h e  t h r e e  p h e n o l s  u n d e r  t e s t  t w e l v e  s a m p l e s  ( 1 . 0  g )  o f  
B0DDMAM w e r e  w e i g h e d  i n t o  p o l y p r o p y l e n e  c o n t a i n e r s  a n d  100 ml o f  t h e  
a q u e o u s  p h e n o l i c  s o l u t i o n  a d d e d ,  a s  i n  t h e  p r e v i o u s  a d s o r p t i o n  
e x p e r i m e n t s  ( S e c t i o n  3 . 2 . 3 ) .  The  c o n t a i n e r s  w e r e  s h a k e n  f o r  3 h o u r s  
t o  a l l o w  a d s o r p t i o n  t o  t a k e  p l a c e .  The  pH o f  e a c h  s a m p l e  was  t h e n
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a d j u s t e d  t o  t h a t  r e q u i r e d  u s i n g  0 .  1 M h y d r o c h l o r i c  a c i d  (pH 2 ,  3 a n d  
4>;  0 . 5  M p h o s p h a t e  b u f f e r  (pH 5 ,  6 a n d  7 ) ;  0 . 5  M ammonium h y d r o x i d e  
(pH 8 ,  9 a n d  1 0 ) ;  0 . 1  M p o t a s s i u m  h y d r o x i d e  (pH 11 a n d  1 2 ) .  The  
c o n t a i n e r s  w e r e  s h a k e n  f o r  a  f u r t h e r  3 h o u r s ,  t h e  pH o f  e a c h  s a m p l e  
w as  c h e c k e d  a t  r e g u l a r  i n t e r v a l s  d u r i n g  t h e  e x p e r i m e n t  a n d  t h e  pH 
a d j u s t e d ,  i f  n e c e s s a r y ,  t o  m a i n t a i n  t h e  s e l e c t e d  v a l u e .  A f t e r  3 
h o u r s  t h e  s u s p e n s i o n s  w e r e  f i l t e r e d  a n d  a n a l y s e d .  The  vo lu m e  o f  a c i d  
o r  b a s e  a d d e d  t o  o b t a i n  t h e  r e q u i r e d  pH was r e c o r d e d ,  a n d  when t h e  
s a m p l e s  w e r e  a n a l y s e d  t h e  d i l u t i o n  o f  t h e  s u p e r n a t a n t  by  t h e  b u f f e r s  
w as  i n c l u d e d  i n  t h e  c a l c u l a t i o n .

3 . 2 . 6  C o - a d s o r p t l o n  o f  G r o u p  I I B  M e t a l s  w i t h  3 - C h l o r o p h e n o l  o n t o  
BODDMAM

The a d s o r p t i o n  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  a s  i n  t h e  p r e v i o u s  
a d s o r p t i o n  e x p e r i m e n t s  ( S e c t i o n  3 . 2 . 3 )  e x c e p t  t h a t  t h e  p h e n o l i c  
c o n c e n t r a t i o n  was  h e l d  c o n s t a n t  a t  1 . 0  mM o f  3 - c h l o r o p h e n o l  p e r  
100 ml o f  s o l u t i o n .  To t h e  a q u e o u s  3 - c h l o r o p h e n o l  s o l u t i o n  was  a d d e d  
z i n c  n i t r a t e  (Zn (N03 ) 2 .3H2 0 ) , ca dm iu m  n i t r a t e  (Cd(N03 ) 2 .H20 ) , a n d  
m e r c u r i c  c h l o r i d e  (HgCl2 ) ,  i n  v a r y i n g  q u a n t i t i e s ,  t o  g i v e  a  r a n g e  o f  
m e t a l  c o n c e n t r a t i o n s  f r o m  1 mM t o  100 mM. The  c l a y  s u s p e n s i o n s  w e r e  
s h a k e n  f o r  3 h o u r s ,  f i l t e r e d  a n d  a n a l y s e d  f o r  t h e  3 - c h l o r o p h e n o l  an d  
m e t a l  c o n c e n t r a t i o n s .  A n a l y s i s  f o r  3 - c h l o r o p h e n o l  was  c a r r i e d  o u t  
by m e a s u r i n g  t h e  u l t r a v i o l e t  a d s o r p t i o n  a t  X = 2 7 4  nm u s i n g  10 mm 
q u a r t z  c e l l s .  A n a l y s i s  f o r  m e t a l s  was  c a r r i e d  o u t  u s i n g  a  P e r k i n  
E l m e r  50 00  s e r i e s  a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t e r  ( A . A . ) .

3 . 2 . 7  F o u r i e r  T r a n s f o r m  I n f r a r e d  S p e c t r o s c o p y

F o u r i e r  T r a n s f o r m  I n f r a r e d  a n a l y s i s  (FT IR)  e n h a n c e s  t h e  
s e n s i t i v i t y  o f  t h e  i n f r a r e d  s p e c t r a  by  r e d u c i n g  t h e  b a c k g r o u n d  n o i s e .  
T h i s  e f f e c t  i s  a c h i e v e d  by  s i g n a l  a v e r a g i n g  a l l  o f  t h e  r e s o l u t i o n  
e l e m e n t s  o f  t h e  s p e c t r u m  w h i c h  a r e  m e a s u r e d  s i m u l t a n e o u s l y .  The  FTIR 
a n a l y s i s  was  c a r r i e d  o u t  on  f i v e  p o w d e r e d  s a m p l e s  ( t h e  p r e p a r a t i o n  o f  
w h i c h  was  d e s c r i b e d  i n  S e c t i o n s  3 . 2 . 2  a n d  3 . 2 . 3 ) ,  u n e x c h a n g e d  Wyoming
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b e n t o n i t e ,  B0DDMA-C1, BODDMAM, a n d  BODDMAM w i t h  0 . 5  in mol .  an d  1 . 5  
m mol .  o f  3 - c h l o r o p h e n o l  a d s o r b e d .  The  i n s t r u m e n t  u s e d  was  an  
" S i g m a "  A l p h a  C e n t a u r !  i n s t r u m e n t  made by  M a t t h e s o n  I n s t r u m e n t s ,  UK, 
a n a l y s i s  w as  c a r r i e d  o u t  b e t w e e n  t h e  w a v e l e n g t h s  35 00  t o  750 nm.

3 .2 .8  Thermal Analysis

T h e r m a l  a n a l y s i s  was c a r r i e d  o u t  u s i n g  a  S t a n t o n  R e d c r o f t  STA- 
780 s e r i e s  t h e r m a l  a n a l y s e r  ( S t a n t o n  R e d c r o f t ,  UK). 
T h e r m o g r a v i m e t r i c  a n a l y s i s  (TGA) c o n t i n u o u s l y  r e c o r d s  t h e  m a s s  o f  t h e  
s a m p l e  a s  i t s  t e m p e r a t u r e  i s  i n c r e a s e d .  T he  p l o t  o f  m a s s  a s  a  
f u n c t i o n  o f  t h e  t e m p e r a t u r e  p r o v i d e s  i n f o r m a t i o n  on  t h e  d e c o m p o s i t i o n  
o f  t h e  s a m p l e .  I n  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  (DTA), t h e  h e a t  
a b s o r b e d  o r  e m i t t e d  by  a  c h e m i c a l  s y s t e m  i s  o b s e r v e d  by  m e a s u r i n g  t h e  
t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  t h a t  s y s t e m  a n d  a n  i n e r t  r e f e r e n c e  
compound ( a l u m i n a )  a s  t h e  t e m p e r a t u r e s  o f  b o t h  a r e  i n c r e a s e d  a t  a  
c o n s t a n t  r a t e .  DTA p r o v i d e s  q u a l i t a t i v e  i n f o r m a t i o n  o f  p h a s e  c h a n g e s  
i n  t h e  s a m p l e  a n d  e n e r g y  c h a n g e s  d u r i n g  d e c o m p o s i t i o n  o r  r e a c t i o n  o f  
t h e  s a m p l e .

The  s a m p l e s  w e r e  a n a l y s e d  u n d e r  a  f l o w  o f  p u r i f i e d  n i t r o g e n  
(87  m l / m i n )  a t  a  h e a t i n g  r a t e  o f  e i t h e r  1 5 ° C / m i n  o r  2 5 ° C / m i n  o v e r  a  
t e m p e r a t u r e  r a n g e  o f  25 t o  5 3 0 °C .  The  h e a t i n g  t o o k  a p p r o x i m a t e l y  35 
m i n u t e s  o r  21 m i n u t e s  r e s p e c t i v e l y  a n d  t h e  f u r n a c e  was  t h e n  h e l d  a t  
530°C f o r  a  f u r t h e r  10 m i n u t e s .  To d e t e r m i n e  t h e  t o t a l  a m ou n t  o f  
c a r b o n  p r e s e n t ,  t h e  s a m p l e s  w e r e  f i r s t  h e a t e d  i n  n i t r o g e n  t o  53 0°C  a t  
a  h e a t i n g  r a t e  o f  4 0 ° C / m i n .  A i r  wa s  t h e n  pumped i n t o  t h e  f u r n a c e  a t  
a  r a t e  o f  60  m l / m i n  w h i l s t  h e a t i n g  c o n t i n u e d .  The  s a m p l e s  w e r e  t h e n  
h e a t e d  f u r t h e r  t o  1000°C i n  a i r ,  t h e  t e m p e r a t u r e  b e i n g  h e l d  c o n s t a n t  
f o r  f i v e  m i n u t e s  a t  v a l u e s  o f  5 0 0 °C ,  760°C a n d  84 0°C  r e s p e c t i v e l y  t o  
a l l o w  t h e  s a m p l e  t e m p e r a t u r e  t o  e q u i l i b r a t e  w i t h  t h a t  o f  t h e  f u r n a c e .
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3 .2 .9  Adsorption of Organic Compounds by ODTMAM

(a) Adsorption From Water

The a d s o r p t i o n  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  o v e r  a w i d e  r a n g e  o f  
c o n c e n t r a t i o n s .  F o r  e x a m p l e  n a p h t h a l e n e ,  h a d  a  maximum o r g a n i c  
c o n c e n t r a t i o n  o f  2 . 5  mM d u e  t o  i t s  lo w  s o l u b i l i t y  i n  w a t e r ,  w h i l s t  
o t h e r s  c o u l d  b e  t e s t e d  up  t o  25 mM. The  r a n g e  o f  c o n c e n t r a t i o n s  o f  
t h e  o r g a n i c  co m p oun ds  i n  w a t e r  u s e d  i n  t h e s e  e x p e r i m e n t s  a n d  t h e i r  
s o l u b i l i t i e s  i n  w a t e r  a r e  sho wn i n  T a b l e  3 . 4 .

T a b l e  3 . 4 :  R an g e  o f  C o n c e n t r a t i o n s  o f  O r g a n i c  Compounds  u s e d  i n  
A d s o r p t i o n  E x p e r i m e n t s  a n d  A n a l y t i c a l  W a v e l e n g t h s .

Compound S o l u b i 1 i t y *  
( m g / 1 )

C o n c e n t r a t i o n
From

R an g e  (mM) 
To

W a v e l e n g t h
(nm)

P h e n o l 9 3 , 0 0 0 5 . 0 2 5 . 0 266

3 - C h l o r o p h e n o l 2 7 , 0 0 0 5 . 0 2 5 . 0 270

2 , 3 - D i c h l o r o p h e n o l 4 , 9 0 0 5 . 0 2 5 . 0 272

M e t h y l  O r a n g e < 1 0 0 , 0 0 0 0 .  1 2 0 . 0 450

M e t h y l e n e  B l u e < 1 0 0 , 0 0 0 0.  1 2 0 . 0 658

P h t h a l i c  A c i d 5 , 0 0 0 0.  1 1 0 . 0 27 4

T o l u e n e 460 1 . 0 1 0 . 0 25 4 *

A n l 1 l n e 3 7 , 0 0 0 5 . 0 1 0 . 0 2 7 4

A c e t o n e < 1 0 0 , 0 0 0 0 . 9 1 0 . 0 >190*

B e n z e n e 1 , 9 0 0 1 . 0 2 . 0 198*

N a p h t h a l e n e 32 0.  1 2 . 0 270

C h l o r o f o r m 8 , 2 0 0 0.  1 2 . 0 198*

* = A n a l y s e d  by  TOC
* = a t  20°C i n  A q u e o u s  S o l u t i o n .
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The c l a y  u s e d  f o r  a l l  o f  t h e  e x p e r i m e n t s  was
o c t a d e c y l t r i m e t h y l a m m o n i u m  m o n t m o r i i I o n i t e  (ODTMAM), w h i c h  d o e s  
c o n t a i n  a n  a r o m a t i c  g r o u p  a s  i n  BODDMAM w h i c h  w o u l d  i n t e r f e r e  w i t h  
t h e  UV a n a l y s i s  o f  t h e  o r g a n i c  s p e c i e s .  The  p r o t o c o l  f o r  t h e
a d s o r p t i o n  e x p e r i m e n t s  was t h e  sam e a s  f o r  t h e  p h e n o l  a d s o r p t i o n s  
f r o m  w a t e r  ( s e c t i o n  3 . 2 . 3 ) .  The  e x c h a n g e d  c l a y  < 1 .0  g )  was  w e i g h e d  
i n t o  a  c o n t a i n e r  a n d  100 ml a l i q u o t s  o f  t h e  r e q u i r e d  s o l u t i o n  a d d e d .  
The  c l a y s  w e r e  a l l o w e d  t o  a d s o r b  f o r  3 h o u r s  b e f o r e  t h e y  w e r e
f i l t e r e d  a n d  a n a l y s e d .  A n a l y s i s  wa s  c a r r i e d  o u t  u s i n g  a  Lambda 3 
P e r k i n  E l m e r  UV s p e c t r o p h o t o m e t r e r  t h e  w a v e l e n g t h s  shown i n  T a b l e
3 . 4 .  F o r  co m p o u n d s  w h e r e  t h e  a d s o r p t i o n  maxi ma o v e r l a p p e d  t h e  
a d s o r p t i o n  o f  t h e  ODTMA c a t i o n  <254 t o  210 nm) t h e  T o t a l  O r g a n i c  
C a r b o n  c o n t e n t  o f  t h e  f i l t r a t e  was  m e a s u r e d  a n d  c o m p a r e d  t o  a  c o n t r o l  
s o l u t i o n  t o  a l l o w  f o r  t h e  p o s s i b l e  r e l e a s e  o f  ODTMA c a t i o n  i n t o  t h e  
l e a c h a t e .  The  a b s o l u t e  c o n c e n t r a t i o n  o f  a l l  o f  t h e  o r i g i n a l  
s o l u t i o n s  wa s  c h e c k e d  u s i n g  TOC a n a l y s i s ,  t o  e n s u r e  t h a t  no
e v a p o r a t i o n  o f  t h e  o r g a n i c  c om p oun ds  h a d  t a k e n  p l a c e  .

(b) Adsorption From Hexane

Many o r g a n i c  c o m p o u n d s  a r e  o n l y  s p a r i n g l y  s o l u b l e  o r  a r e  
I n s o l u b l e  i n  w a t e r ,  s o  t o  t e s t  t h e  a b i l i t y  o f  e x c h a n g e d  c l a y s  t o  
a d s o r b  a  w i d e r  r a n g e  o f  o r g a n i c  c o m p o u n d s ,  h e x a n e  wa s  c h o s e n  a s  an  
a l t e r n a t i v e  s o l v e n t .

The  a d s o r p t i o n  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  i n  h e x a n e  u s i n g  t h e  
same  p r o t o c o l  a s  t h e  a d s o r p t i o n  e x p e r i m e n t s  f r o m  a q u e o u s  s o l u t i o n  
( S e c t i o n  3 . 2 . 3 ) ,  e x c e p t  t h a t  t h e  a d s o r p t i o n  o f  t h e  e x c h a n g e d  c l a y s  
was  t e s t e d  a t  o n l y  o n e  c o n c e n t r a t i o n  (1 0  mM). T h e  o r g a n i c  co m pounds  
t e s t e d  w e r e  b e n z e n e ,  c h l o r o b e n z e n e ,  n a p h t h a l e n e ,  1 - c h l o r o n a p h t h a l e n e ,  
b i p h e n y l ,  4 - c h l o r o b i p h e n y l , 4 - h y d r o x y b i p h e n y l , n a p h t h o l ,  4 - c h l o r o - l -  
n a p h t h o l  a n d  2 , 4 - d i c h l o r o - l - n a p h t h o l .
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3 .3  RESULTS

3 .3 .1  Adsorption of Phenols from Water

A r a n g e  o f  f o u r t e e n  QAS w i t h  c a r b o n  c h a i n  l e n g t h s  f r o m  Cn t o  C1Q 
a n d  w i t h  s e v e r a l  s u b s t i t u e n t s  w e r e  e x c h a n g e d  o n t o  Wyoming b e n t o n i t e  
t o  f o r m  a  s e r i e s  o f  e x c h a n g e d  c l a y s .  A d s o r p t i o n  s t u d i e s  w e r e  c a r r i e d  
o u t  u s i n g  t h e s e  e x c h a n g e d  c l a y s  t o  p r o d u c e  a d s o r p t i o n  i s o t h e r m s  f o r  
p h e n o l ,  3 - c h l o r o p h e n o l  a n d  2 , 3 - d i c h l o r o p h e n o l  f r o m  a q u e o u s  s o l u t i o n .  
The  r e s u l t s  o f  t h e s e  s t u d i e s ,  ( F i g u r e s  3 . 1 ,  3 . 2  a n d  3 . 3 )  i l l u s t r a t e  
t h e  a d s o r p t i o n  by  1 . 0  g  o f  t h e  e x c h a n g e d  c l a y  o f  b e t w e e n  0 . 5  a n d
2 . 0  m m o l .  o f  p h e n o l  o r  c h l o r i n a t e d  p h e n o l s  f r o m  100 ml o f  t h e  
s o l u t i o n s .  T h e s e  r e s u l t s ,  when c o m p a r e d  w i t h  t h e  a d s o r p t i o n  o f  t h e  
p h e n o l s  by  u n e x c h a n g e d  Wyoming b e n t o n i t e ,  a n d  w i t h  a c i d  a c t i v a t e d  
m o n t m o r i 1 I o n i t e  ( n o t  sho wn)  sho w  g r e a t l y  i m p r o v e d  a d s o r p t i o n  a b i l i t y .  
The  r e s u l t s  w e r e  a l s o  c o m p a r e d  w i t h  t h e  a d s o r p t i o n  o f  t h e  p h e n o l s  by 
a  r a n g e  o f  e i g h t  a c t i v a t e d  c a r b o n s  commonly  u s e d  i n  w a s t e w a t e r  
t r e a t m e n t  ( F i g u r e  3 . 4 ) .

The  g e n e r a l  t r e n d s  o f  p h e n o l  a d s o r p t i o n  d e m o n s t r a t e d  by  t h e  
u n s u b s t i t u t e d  e x c h a n g e d  c l a y s  w e r e  i n c r e a s e d  a d s o r p t i o n  w i t h  
i n c r e a s i n g  c h a i n  l e n g t h ,  i . e .  ODTMAM >> OTMAM >> TMAM. The 
s u b s t i t u t i o n  o f  a  b e n z y l  g r o u p  f o r  o n e  o f  t h e  N - r a e th y l  g r o u p s  h a d  a  
s l i g h t l y  b e n e f i c i a l  e f f e c t  u p o n  t h e  a d s o r p t i o n  c a p a c i t y  c o m p a r e d  w i t h  
t h a t  o f  t h e  t r i m e t h y l  a l k y l  Q A S - e x c h a n g e d  c l a y s .  The  a d d i t i o n  o f  two 
o r  f o u r  a l i p h a t i c  c h a i n s  t o  t h e  e x c h a n g e d  c l a y s  g r e a t l y  r e d u c e d  t h e  
a b i l i t y  o f  t h e  c l a y s  t o  a d s o r b  t h e  p h e n o l s .  T h i s  e f f e c t  was  
c o n s i d e r e d  t o  b e  d u e  t o  e i t h e r  t h e  i n a b i l i t y  o f  t h e  l a r g e r  QAS t o  
be  e f f e c t i v e l y  e x c h a n g e d  i n t o  t h e  i n t e r l a m e l l a r  s p a c e  o f  t h e  c l a y ,  o r  
t o  t h e  a b i l i t y  o f  t h e  l a r g e r  b r a n c h e d  m o l e c u l e s  t o  c o m p l e t e l y  f i l l  
t h e  i n t e r l a m e l l a r  s p a c i n g  s o  p r e v e n t i n g  t h e  p h e n o l s  e n t e r i n g  t h e  
s t r u c t u r e .  T he  m a g n i t u d e  o f  a d s o r p t i o n  o f  b o t h  3 - c h l o r o p h e n o l  a n d
2 , 3 - d i c h l o r o p h e n o l  by t h e  e x c h a n g e d  c l a y s  was v e r y  s i m i l a r .  They 
w e r e  a d s o r b e d  b e s t  by t h e  l o n g  c h a i n  e x c h a n g e d  c l a y s ,  o v e r  90% b e i n g  
a d s o r b e d  by  B0DDMAM ( F i g u r e s  3 . 2 ( 1 1 1 )  a n d  3 . 3 ( 1 1 1 ) ) .  P h e n o l ,
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Figure 3.1: Adsorption of Phenol by the Exchanged Clays.
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Figure 3.3: Adsorption of 2,3-Dlchlorophenol by the Exchanged Clays.



89.

(0
Phenol Adsorbed (m mol/g)

<«)
Phenol Adsorbed (m mol/g)

(II)
Phenol Adsorbed (m mol/g)

F i g u r e  3 . 4 :  A d s o r p t i o n  o f  ( I )  P h e n o l ,  ( I I )  3 - C h l o r o p h e n o l  a n d  ( I I I )
2 , 3 - D i c h l o r o p h e n o l  by A c t i v a t e d  C a r b o n .
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h o w e v e r ,  was  l e s s  w e l l  a d s o r b e d  by  a l l  o f  t h e  e x c h a n g e d  c l a y s  e x c e p t  
t h o s e  w i t h  s h o r t  c h a i n  QAS. The  a d s o r p t i o n  o f  p h e n o l  by TMAM a n d  
TMPAM was  s i m i l a r  i n  m a g n i t u d e  t o  t h e  a d s o r p t i o n  o f  3 - c h l o r o p h e n o l  by 
t h e  same c l a y s  ( F i g u r e s  3 . 1 ( 1 )  a n d  3 . 2  ( I ) ) .

A d s o r p t i o n  o f  t h e  p h e n o l i c  com p oun ds  by t h e  e x c h a n g e d  c l a y s  was  
b e l i e v e d  t o  b e  f a c i l i t a t e d  by  h y d r o g e n  b o n d i n g  b e t w e e n  t h e  h y d r o x y  
g r o u p  o f  t h e  p h e n o l  a n d  e i t h e r  t h e  c l a y ' s  s i l i c a t e  s u r f a c e  o r  t h e  
a l i p h a t i c  c h a i n  o f  t h e  QAS. I n  a n  a t t e m p t  t o  e n h a n c e  t h e  p o t e n t i a l  
f o r  h y d r o g e n  b o n d i n g  b e t w e e n  t h e  a d s o r b e d  o r g a n i c  c om p oun ds  a n d  t h e  
QAS a l i p h a t i c  c h a i n s ,  h y d r o x y  a n d  e t h o x y  g r o u p s  w e r e  i n t r o d u c e d  i n t o  
t h e  QAS a l i p h a t i c  c h a i n .  T he  r e s u l t s  o f  t h e  p h e n o l  a d s o r p t i o n  
e x p e r i m e n t s  a r e  shown i n  F i g u r e s  3 . 1 ( I V ) ,  3 . 2 ( IV )  a n d  3 . 3 ( I V ) .  The  
e t h o x y  a n d  h y d r o x y  Q A S -e x c h a n g e d  c l a y s  showed  n o  e n h a n c e d  a d s o r p t i o n  
c o m p a r e d  t o  BODDMAM, f o r  3 - c h l o r o p h e n o l  o r  2 , 3 - d i c h l o r o p h e n o l  
( F i g u r e s  3 . 2 ( IV )  a n d  3 . 3 ( I V )  a n d  a d s o r p t i o n  o f  p h e n o l  was  r e d u c e d  
( F i g u r e  3 . 1 ( I V ) .

The  a d s o r p t i o n  o f  t h e  p h e n o l s  by  t h e  c o m m e r c i a l l y  p r o d u c e d  
a c t i v a t e d  c a r b o n s  d e s i g n e d  t o  a d s o r b  o r g a n i c  m o l e c u l e s  f r o m  
w a s t e w a t e r s  a r e  shown i n  F i g u r e  3 . 4 .  The  r e s u l t s  w e r e  c o m p a r e d ,  on 
t h e  f i g u r e ,  t o  t h e  a d s o r p t i o n  o f  t h e  p h e n o l s  by  BODDMAM, t h e  " b e s t "  
e x c h a n g e d  c l a y .  The a d s o r p t i o n  o f  t h e  p h e n o l s  by  t h e  c a r b o n s  v a r i e d  
g r e a t l y ,  some c a r b o n s  s h o w i n g  a  g r e a t  a f f i n i t y  f o r  t h e  s m a l l  p h e n o l  
m o l e c u l e s  (CXV a n d  S S 2 0 3 ) ,  w h i l s t  o t h e r s  sho w a  g r e a t e r  a f f i n i t y  f o r  
t h e  l a r g e r  2 , 3 - d i c h l o r o p h e n o l  (3SA a n d  C h e m v i r o n ) .  The  a d s o r p t i o n  
c a p a c i t y  o f  a c t i v a t e d  c a r b o n s  f o r  e a c h  o f  t h e  c o m p o u n d s  d e p e n d s  up on  
t h e  s p e c i f i c  m i c r o p o r o s i t y  a n d  s u r f a c e  a c t i v i t y  o f  e a c h  a c t i v a t e d  
c a r b o n .  C o m p a r i s o n  o f  t h e  a d s o r p t i o n s  o f  t h e  a c t i v a t e d  c a r b o n  w i t h  
t h o s e  o f  t h e  e x c h a n g e d  c l a y s  showe d t h a t  t h e  c l a y s  d i d  n o t  
d e m o n s t r a t e  t h e  h i g h  d e g r e e  o f  s p e c i f i c i t y  o f  t h e  a c t i v a t e d  c a r b o n  
b u t  h a d  g o o d  o v e r a l l  a d s o r p t i o n  o f  d i f f e r e n t  s i z e d  m o l e c u l e s .

3 . 3 . 2  D e s o r p t i o n  w i t h  Tim e

E x p e r i m e n t s  w e r e  i n i t i a l l y  p e r f o r m e d  t o  d e t e r m i n e  t h e  t i m e  t a k e n
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f o r  t h e  e x c h a n g e d  c l a y  s u s p e n s i o n s  t o  r e a c h  e q u i l i b r i u m  w i t h  t h e  
p h e n o l  s o l u t i o n s .  T h e s e  e x p e r i m e n t s  m e a s u r e d  t h e  am o u n t  o f  p h e n o l  
a d s o r b e d  by  t h e  c l a y  a t  t i m e  i n t e r v a l s  b e t w e e n  0 . 5  a n d  56  h o u r s .  The  
r e s u l t s  sho w ed  t h a t ,  f o r  a l l  o f  t h e  s y s t e m s  t e s t e d ,  e q u i l i b r i u m  was 
r e a c h e d  r a p i d l y ,  maximum a d s o r p t i o n  o c c u r r i n g  i n  l e s s  . t h a n  3 h o u r s .

F i g u r e  3 . 5  s h o w s  t h e  r e s u l t s  o f  e x t e n d i n g  t h e  a d s o r p t i o n  
s t u d i e s  u s i n g  1 . 0  g  o f  BODDMAM i n  100 ml o f  1 0 . 0  mM a q u e o u s  s o l u t i o n  
o f  t h e  p h e n o l s  o v e r  a  5 6  h o u r  p e r i o d .  I t  c a n  b e  s e e n  t h a t  a f t e r  56  
h o u r s  t h e r e  was  a  s l i g h t  d e c r e a s e  i n  t h e  am ou nt  o f  t h e  p h e n o l  a n d  3 -  
c h l o r o p h e n o l  a d s o r b e d ,  a l t h o u g h  t h e  l o s s  was s m a l l  c o m p a r e d  t o  t h e  
t o t a l  p h e n o l  c o n c e n t r a t i o n .  T h i s  e f f e c t  was  b e l i e v e d  t o  b e  d u e  t o  
w a s h i n g  o u t  o f  t h e  Q A S /p h e n o l  m o l e c u l e s  a d h e r i n g  t o  t h e  e d g e  o f  t h e  
c r y s t a l s  a n d  t o  t h e  o u t e r  s u r f a c e  o f  t h e  c l a y .

3 .3 .3  S ta b ility  of the Quaternary Ammonium S a lt on the 
MontmorilIonite Clay

The a i m  o f  t h e  f i r s t  d e s o r p t i o n  e x p e r i m e n t  wa s  t o  d e t e r m i n e  t h e  
s t a b i l i t y  o f  t h e  e x c h a n g e d  c l a y s  a t  h i g h  pH. The  e x p e r i m e n t  a l s o  
a t t e m p t e d  t o  sho w t h a t ,  b e l o w  t h e  e x c h a n g e  c a p a c i t y  o f  t h e  c l a y ,  t h e  
QAS was w e l l  a d s o r b e d  b u t  a b o v e  t h e  e x c h a n g e  c a p a c i t y  t h e  QAS was 
e a s i l y  r e m o v e d  f r o m  t h e  c l a y .  The  r e s u l t s  o f  t h e  f i r s t  d e s o r p t i o n  
e x p e r i m e n t  a r e  shown i n  T a b l e  3 . 5 .  The  r e s u l t s  sho w ed  t h a t  f o r  t h e  
e x c h a n g e d  c l a y  w i t h  0 . 0 5  M o f  QAS, b e l o w  t h e  e x c h a n g e  c a p a c i t y  o f  t h e  
c l a y ,  t h e  QAS r e m a i n e d  f i r m l y  bo un d  o n t o  t h e  c l a y  e v e n  a f t e r  v i g o r o u s  
w a s h i n g  a t  h i g h  pH. The  e x c e s s  QAS on  t h e  o v e r - e x c h a n g e d  s a m p l e s  was  
p a r t i a l l y  r e m o v e d  by  t h e  h i g h  pH w ash ,  s u g g e s t i n g  t h a t  some o f  t h e  
e x c e s s  QAS was  l e s s  w e l l  a d s o r b e d  by  t h e  c l a y ,  p e h a p s  on  t h e  c r y s t a l  
e d g e s  o r  on  t h e  o u t e r  s i l i c a t e  s u r f a c e .  An e x c e s s  o f  QAS s t i l l  
r e m a i n e d  on  t h e  s u r f a c e  o f  t h e  c l a y ,  h o w e v e r ,  e v e n  a f t e r  t h e  w a s h i n g .  
T h i s  e f f e c t  h a s  a l s o  b e e n  o b s e r v e d  by  F u r u k a w a  & B r i n d l e y  ( 1 9 7 3 )  f o r  
Q A S - c l a y  c o m p l e x e s  w i t h  c a r b o n  c h a i n  l e n g t h s  g r e a t e r  t h a n  f o u r t e e n .  
The y f o u n d  t h a t  e v e n  w i t h  v i g o r o u s  w a s h i n g  o f  t h e  c l a y  w i t h  o r g a n i c  
s o l v e n t s  t h e  e x c e s s  QAS r e m a i n e d  on  t h e  c l a y  s u r f a c e .
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Figure 3.5: Desorption of Phenols from BODDMAM over 56 Hours.
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T a b l e  3 . 5 :  S t a b i l i t y  o f  QAS on  M o n t m o r i 1 I o n i t e

S a m p le W e i g h t  o f  QAS on 
lOOg C l a y  (m m o l . )

P e r c e n t a g e  QAS L o s t  
C o m p are d  t o  Unwashed 

C l a y

Wyoming B e n t o n i t e 0 —

0 . 0 5  M OAS on  C l a v

Unwashed 69 —

W a t e r  Washed 69 0 . 0

S u s p e n d  i n  W a t e r 70 0 . 0

S u s p e n d  a t  pH 9 66 4 . 3

S u s p e n d  a t  pH 10 69 0 . 0

S u s p e n d  a t  pH 11 71 0 . 0

0 . 1  M OAS on C l a v

Unwashed 106 —

W a t e r  Washed 106 0 . 0

S u s p e n d  i n  W a t e r 96 9 . 4

S u s p e n d  a t  pH 9 94 1 1 . 3

S u s p e n d  a t  pH 10 95 1 0 . 4

S u s p e n d  a t  pH 11 95 10. 4

The r e s u l t s  o f  t h e  s e c o n d  e x p e r i m e n t  t o  d e t e r m i n e  t h e  s t a b i l i t y  
o f  t h e  QAS on t h e  c l a y  o v e r  a  l o n g  t i m e  p e r i o d  a r e  shown i n  T a b l e  
3 . 6 .  The  r e s u l t s  s u g g e s t  t h a t  t h e  QAS was ,  i n i t i a l l y ,  r e l e a s e d  f r o m  
t h e  c l a y  i n t o  t h e  s o l u t i o n  ( d a y s  1 -  14 i n  w a t e r  a n d  d a y  1 f o r  s o d i u m  
h y d r o x i d e  s o l u t i o n )  a n d  was  t h e n  g r a d u a l l y  r e a d s o r b e d  ( d a y  14 o n w a r d s  
f o r  w a t e r  a n d  d a y  2 o n w a r d s  f o r  s o d i u m  h y d r o x i d e ) .
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T a b l e  3 . 6 :  R e l e a s e  o f  QAS by BODDMAM i n t o  W a t e r  a n d  0 . 1  M S od ium
H y d r o x i d e .

Day A q u eo u s  L e a c h a t e S od iu m  H y d r o x i d e  L e a c h a t e

pH QAS C o n c e n t r a t i o n
<mM>

QAS C o n c e n t r a t i o n  
(mM)

1 9 . 2 2 3 . 7 + 0 .  1 6 . 3 + 0 . 2
7 9 . 4 8 5.  1 + 0 . 2 3 . 2 + 0 .  1
14 9 . 8 2 6 . 3 + 0 . 3 1 . 9 + 0 . 3
21 9 . 5 2 2 . 9 + 0 . 3 1 . 8 + 0 .  1
28 9 . 2 0 2 . 2 + 0.  1 2 . 0 + 0 .  1
56 9.  10 2.  1 + 0.  1 1 . 9 ± 0 .  1

3 . 3 . 4  E f f e c t  o f  pH

The e f f e c t  o f  pH on  t h e  r e l e a s e  o f  QAS f r o m  BODDMAM i s  shown i n  
F i g u r e  3 . 6 .  The  r e s u l t s  sho w t h a t  t h e  maximum r e l e a s e  o f  QAS 
o c c u r r e d  a t  pH 8 . 4 ,  t h e  r e l e a s e ,  o v e r  t h e  c o m p l e t e  pH r a n g e ,  b e i n g  
o n l y  a  v e r y  s m a l l  am o u n t  o f  QAS c o m p a r e d  w i t h  t h e  t o t a l  w e i g h t  o f  QAS 
p r e s e n t  ( 1 . 0 6  x  10- 3  m o l e s ) .

The  e f f e c t  o f  pH on  t h e  a d s o r p t i o n  o f  p h e n o l ,  3 - c h l o r o p h e n o l  and
2 , 3 - d i c h l o r o p h e n o l  o n t o  1 . 0  g  o f  BODDMAM c a n  b e  s e e n  i n  F i g u r e  3 . 7 .  
The  maximum a m o u n t  o f  p h e n o l  was  a d s o r b e d  a t  pH 10, t h e  a d s o r p t i o n  
f a l l i n g  o f f  r a p i d l y  a t  h i g h e r  a n d  l o w e r  pH v a l u e s .  The  h i g h  
a d s o r p t i o n  o f  p h e n o l  a t  pH 10 was  p r o b a b l y  d u e  t o  t h e  a c i d i c  n a t u r e  
o f  t h e  p h e n o l ,  w h i c h  w o u l d  be  d e p r o t o n a t e d  a t  t h i s  pH a n d  w o u ld  be 
a b l e  t o  i n t e r a c t  w i t h  b o t h  t h e  i n t e r c a l a t e d  a l i p h a t i c  c h a i n  a n d  w i t h
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QAS Released (m mol)

PH

Figure 3.6: Release of QAS by BODDMAM as a Function of pH.
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t h e  c a t i o n i c  n i t r o g e n  o f  t h e  QAS. 3 - C h l o r o p h e n o l  sho w ed  a  maximum 
a d s o r p t i o n  a t  pH 7,  a  pH c l o s e  t o  t h a t  o f  t h e  a q u e o u s  c l a y  s u s p e n s i o n  
( 6 . 4 5 ) .  The  maximum a d s o r p t i o n  o f  2 , 3 - d i c h l o r o p h e n o l  o c c u r r e d  o v e r  
t h e  r a n g e  pH 5 t o  8 ,  w i t h  s i g n i f i c a n t l y  l o w e r  v a l u e s  e v i d e n t  a t  
h i g h e r  a n d  l o w e r  pH v a l u e s .  The  r e s u l t s  s u g g e s t  t h a t - t o  m a x i m i s e  t h e  
a d s o r p t i o n  o f  a l l  t h r e e  p h e n o l s  t h e  pH m u s t  b e  k e p t  i n  t h e  r a n g e  pH 4 
-  9.

The  e f f e c t  o f  t h r e e  d i f f e r e n t  pHs on  t h e  a d s o r p t i o n  i s o t h e r m s  o f  
p h e n o l ,  3 - c h l o r o p h e n o l  a n d  2 , 3 - d i c h l o r o p h e n o l  a r e  shown i n  
F i g u r e  3 . 8 .  T h r e e  pH v a l u e s  w e r e  s e l e c t e d  f o r  t e s t i n g ,  pH 3 ( a c i d ) ,  
pH 7 ( n e u t r a l )  a n d  pH 11 ( b a s i c ) .  F i g u r e  3 . 8  s h o w s  t h a t  t h e  p a t t e r n  
o f  a d s o r p t i o n  o v e r  an  i n c r e a s i n g  c o n c e n t r a t i o n  r a n g e  r e m a i n e d  t h e  
sam e a t  t h e  d i f f e r e n t  pHs w i t h  o n l y  t h e  m a g n i t u d e  o f  a d s o r p t i o n  
v a r y i n g .

3 . 3 . 5  C o - a d s o r p t i o n  o f  G r o u p  I IB m e t a l s  w i t h  3 - c h l o r o p h e n o l  o n t o  
BODDMAM

The a d s o r p t i o n  o f  h e a v y  m e t a l s  by  m o n t m o r i 1 I o n i t e  c l a y  h a s  b e e n  
r e p o r t e d  by  s e v e r a l  w o r k e r s  ( N e t z e r  & Ghanayera,  1984;  H aa s  e t  a l . ,  
1986;  G a r c i a - M i r a g a y a ,  1 9 8 6 ) .  They  l o o k e d  a t  t h e  a d s o r p t i o n  o f  h e a v y  
m e t a l s  s u c h  a s  cadmium a n d  z i n c  o n t o  c l a y  w i t h  t h e  a i m  o f  o b t a i n i n g  a 
c l o s e r  u n d e r s t a n d i n g  o f  t h e  b e h a v o i u r  o f  m e t a l s  i n  c l a y  s o i l s .  The  
a d s o r p t i o n ,  w h i c h  was  f o u n d  t o  b e  g r e a t e s t  a t  h i g h  pHs, was  t h o u g h t  
t o  b e  d u e  t o  m e t a l  h y d r o x i d e  p r e c i p i t a t i o n  o n t o  t h e  s u r f a c e  o f  t h e  
c l a y  p a r t i c l e s .  At  l o w e r  pHs,  t h e  m e t a l s  w e r e  t h o u g h t  t o  b e  a b s o r b e d  
o n t o  t h e  o u t e r  s u r f a c e  o f  t h e  c l a y  ( N e t z e r  & Ghanayera,  1 9 8 4 ) .

F o r  t h e s e  s t u d i e s ,  t h e  G r o u p  I IB m e t a l s ,  Zn,  Cd a n d  Hg w e r e  
c h o s e n  a s  s i m u l a t e d  p o l l u t a n t s  b e c a u s e  t h e y  commonly  o c c u r  i n  
i n d u s t r i a l  w a s t e w a t e r s  f ro m ,  f o r  e x a m p l e ,  b a t t e r y  m a n u f a c t u r e  a n d  
e l e c t r o p l a t i n g  w o r k s .  The  s a l t s  c h o s e n  ( z i n c  n i t r a t e ,  cadmium 
n i t r a t e  a n d  m e r c u r i c  c h l o r i d e )  w e r e  a l l  s t a b l e  i n  a q u e o u s  s o l u t i o n ,  
z i n c  a n d  ca dm ium  f o r m i n g  m a i n l y  i o n i c  s o l u t i o n s  w h i l s t  m e r c u r i c  
c h l o r i d e  i s  c o v a l e n t .
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I n  t h i s  s e t  o f  e x p e r i m e n t s  work  was  c a r r i e d  o u t  t o  d e t e r m i n e  
w h e t h e r  c o - a d s o r p t i o n  o f  t h e  p h e n o l s  a n d  m e t a l s  f r o m  a q u e o u s  s o l u t i o n  
by t h e  e x c h a n g e d  c l a y s  was  p o s s i b l e .  The  r e s u l t s  sho wn i n  F i g u r e  3 . 9  
a r e  f o r  t h e  c o - a d s o r p t i o n  o f  1 . 0  m m ol .  3 - c h l o r o p h e n o l  a n d  e i t h e r  
z i n c ,  cadmium o r  m e r c u r y  a t  t h e  c o n c e n t r a t i o n s  shown> o n t o  1 . 0  g  o f  
BODDMAM.

The r e s u l t s  sho w  t h a t  I n  t h e  p r e s e n c e  o f  i n c r e a s i n g  z i n c  
c o n c e n t r a t i o n s ,  t h e  a m ou n t  o f  3 - c h l o r o p h e n o l  a d s o r b e d  o n t o  BODDMAM 
d e c r e a s e d  a n d  t h e  am o u n t  o f  z i n c  a d s o r b e d  i n c r e a s e d  by  a p p r o x i m a t e l y  
t h e  sam e a m o u n t .  T h i s  s u g g e s t s  t h a t  t h e  z i n c  a n d  t h e  3 - c h l o r o p h e n o l  
w e r e  c o m p e t i n g  f o r  t h e  same a d s o r p t i o n  s i t e s .  b u t  t h a t  z i n c  c o u l d  
d i s p l a c e  t h e  3 - c h l o r o p h e n o l  o r  t h e  QAS o n l y  a t  h i g h  c o n c e n t r a t i o n s .  
Cadmium was  s l i g h t l y  a d s o r b e d  o n t o  t h e  e x c h a n g e d  c l a y  a n d ,  
s i m u l t a n e o u s l y  i n h i b i t e d  t h e  a d s o r p t i o n  o f  t h e  3 - c h l o r o p h e n o l .  
M e r c u r y  was  a d s o r b e d  w e l l  by t h e  e x c h a n g e d  c l a y .  The  a d s o r p t i o n  o f  
m e r c u r y  by  BODDMAM c a u s e d  t h e  p a r t i a l  d i s p l a c e m e n t  o f  3 - c h l o r o p h e n o l ,  
s u g g e s t i n g  some c o m p e t i t i o n  f o r  t h e  a d s o r p t i o n  s i t e s  o c c u r r e d  b e t w e e n  
m e r c u r y  a n d  3 - c h l o r o p h e n o l .

3 . 3 . 6  F o u r i e r  T r a n s f o r m  I n f r a r e d  S p e c t r o s c o p y  <FTIR>

I n f r a r e d  s p e c t r o s c o p y  h a s  b e e n  w i d e l y  u s e d  i n  t h e  i n v e s t i g a t i o n  
o f  c l a y  o r g a n i c  c o m p l e x e s  ( F r i p i a t  e t  a l . ,  1969;  S e r r a t o s a  e t  a l . ,  
1970;  M a r t i n - R u b i  e t  a l . ,  1974;  Nguy en ,  1 9 8 6 ) .  I n f r a r e d  s p e c t r o s c o p y  
p r o v i d e s  v a l u a b l e  i n f o r m a t i o n  a b o u t  m o l e c u l a r  o r i e n t a t i o n  i n  t h e  
i n t e r l a m e l l a r  s p a c e ,  a n d  a b o u t  t h e  m e c h a n i s m s  o f  i n t e r a c t i o n  b e t w e e n  
t h e  a d s o r b e d  m o l e c u l e s  a n d  t h e  s i l i c a t e  s u r f a c e ,  t h e  i n t e r l a y e r  
c a t i o n s  a n d  t h e  r e s i d u a l  w a t e r ,  a n d  a l s o  b e t w e e n  t h e  m o l e c u l e s  
t h e m s e l v e s .

The  s p e c t r a  o b t a i n e d  f r o m  t h e  FTIR a n a l y s e s  a r e  shown i n  F i g u r e  
3 .  10. The  r e g i o n  o f  t h e  s p e c t r u m  s t u d i e d  l a y  b e t w e e n  3 5 0 0  a n d  750 
nm. At  h i g h  w a v e n u m b e r s  t h e  s p e c t r a  bec ame o b s c u r e d  by  t h e  s t r o n g  
a b s o r p t i o n  b a n d s  o f  w a t e r ,  a n d  a t  l o w e r  w a v e n u m b e r s  t h e  s i l i c o n -  
o x y g e n  a n d  t h e  h y d r o x y l  d e f o r m a t i o n  p e a k s  o b s c u r e d  t h e  s p e c t r u m .  The
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Cadmium o r  ( I I I )  M e r c u r y  o n t o  BODDMAM.



102.

s p e c t r a  sho w  t h e  c h a r a c t e r i s t i c  p e a k s  o f  c a r b o n  d i o x i d e  a n d  w a t e r  
f r o m  t h e  a i r  i n  t h e  i n s t r u m e n t .  The  a i m  o f  t h i s  s e r i e s  o f  
s p e c t r o s c o p i c  d e t e r m i n a t i o n s  was  t o  c o n f i r m  m i c r o s t r u c t u r a l l y  t h a t  
t h e  QAS wa s  a d s o r b e d  o n t o  t h e  c l a y s  a n d  t o  d e t e r m i n e  i f  a n y  b o n d i n g  
was  t a k i n g  p l a c e  b e t w e e n  t h e  QAS a n d  t h e  p h e n o l s .  . I n  t h e  p r e s e n c e  
o f  h i g h  c o n c e n t r a t i o n s  o f  3 - c h l o r o p h e n o l , t h e  v i b r a t i o n s  o f  t h e  
a l i p h a t i c  c h a i n  o f  t h e  QAS w e r e  m e a s u r e d  t o  s e e  i f  a n y  c h a n g e  i n  t h e  
f r e q u e n c y  o c c u r r e d  r e s u l t i n g  f r o m  c r o w d i n g .  F i g u r e s  3 . 1 0 ( 1 )  and  
3 . 1 0 ( 1 1 )  g i v e  t h e  s p e c t r a  o f  t h e  u n e x c h a n g e d  Wyoming b e n t o n i t e  and  
t h e  s o l i d  B0DDMA-C1. The  o n l y  m a j o r  p e a k s  f r o m  Wyoming b e n t o n i t e  t h a t  
o c c u r r e d  i n  t h e  r e g i o n  s t u d i e d  w e r e  t h o s e  d u e  t o  t h e  c a r b o n a t e  
s t r e t c h e s  a t  1425cm-1 a n d  s i l i c a t e  s t r e t c h e s  a t  1077 a n d  1042 cm- 1 , 
b u t  t h e s e  w e r e  h a r d l y  v i s i b l e .  F i g u r e  3 . 1 0 ( 1 1 1 )  s h o w s  t h e  s p e c t r u m  
o f  B0DDMAM c l a y ,  a n d  t h e  c a r b o n  h y d r o g e n  s t r e t c h e s  a n d  b e n d s  o f  t h e  
QAS a r e  c l e a r l y  v i s i b l e .  F i g u r e  3 . 1 0 ( I V )  a n d  (V) sho w  t h e  s p e c t r a  o f  
B0DDMAM w i t h  0 . 5  m m ol .  a n d  1 . 5  m mol .  o f  3 - c h l o r o p h e n o l  a d s o r b e d  
o n t o  i t  r e s p e c t i v e l y .  From t h e s e  s p e c t r a  t h e  c a r b o n - h y d r o g e n  
a d s o r p t i o n  o f  t h e  QAS a r o m a t i c  r i n g  a n d  t h e  p h e n o l i c  r i n g  c a n  be  
s e e n .  The  c a r b o n - c a r b o n  a r o m a t i c  s t r e t c h  i s  a l s o  v i s i b l e  a l t h o u g h  
w h e t h e r  i t  i s  d u e  t o  t h e  QAS o r  t h e  3 - c h l o r o p h e n o l ,  o r  b o t h ,  i s  
u n c e r t a i n .  F i g u r e  3 . 1 0 ( V I )  g i v e s  t h e  s p e c t r u m  o f  1 . 5  m m ol .  3 -  
c h l o r o p h e n o l  i n  t h e  c l a y  e n v i r o n m e n t  by  s u b t r a c t i n g  t h e  s p e c t r a  o f  
F i g u r e  3 . 1 0 ( 1 1 1 )  f r o m  t h a t  o f  3 . 1 0 ( V ) .  The  m o s t  c h a r a c t e r i s t i c  
a b s o r p t i o n  v i s i b l e  i s  t h e  c a r b o n - c a r b o n  bond f r o m  t h e  a r o m a t i c  r i n g  
o f  t h e  3 - c h l o r o p h e n o l .  No a d d i t i o n a l  i n t e r a c t i o n s  b e t w e e n  t h e  QAS 
a n d  t h e  3 - c h l o r o p h e n o l  c o u l d  b e  o b s e r v e d .

3 . 3 . 6  T h e r m a l  A n a l y s i s

T h e r m a l  a n a l y s i s  was  c a r r i e d  o u t  on a  w i d e  r a n g e  o f  QAS and  
e x c h a n g e d  c l a y s  t o  e x a m i n e  a n d  c o m p a r e  t h e  s u r f a c e  r e a c t i o n s  i n  t h e  
a b s e n c e  a n d  p r e s e n c e  o f  3 - c h l o r o p h e n o l .  The  o b j e c t i v e  was  t o  s t u d y  
a n y  i n t e r a c t i o n s  o c c u r r i n g  b e t w e e n  t h e  QAS a n d  t h e  3 - c h l o r o p h e n o l  o r  
t h e  o r g a n i c  p a r t  o f  t h e  QAS a n d  t h e  c l a y  s u r f a c e .



F i g u r e  3 . 1 0 :  F o u r i e r  T r a n s f o r m  I n f r a r e d  S p e c t r a  o f  ( I )  Wyoming 
B e n t o n i t e ,  ( I I )  B0DDMA-C1 C a t i o n  a n d  ( I I I )  BODDMAM.
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F i g u r e  3 . 1 0 :  F o u r i e r  T r a n s f o r m  I n f r a r e d  S p e c t r a  o f  ( IV)  BODDMAM + 
0 . 5  m mol 3 - C h l o r o p h e n o l , (V) BODDMAM + 1 . 5  m mol
3 - C h l o r o p h e n o l  a n d  <VI) 3 - C h l o r o p h e n o l  i n  C l a y  
E n v i r o n m e n t  (V -  I I I ) .



105.

F i g u r e  3 . 1 1  s h o w s  t h e  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  (DTA) o f  
t h r e e  QAS. The  DTA r e s u l t s  c o m p a r e d  w i t h  t h e r m o g r a v i m e t r i c  a n a l y s i s  
(TGA) r e s u l t s  ( n o t  sh o wn )  r e v e a l e d  t h e  f o l l o w i n g  t r a n s i t i o n s .  F i g u r e  
3 . 1 1 ( 1 )  sho w s  TMPA-C1, w h i c h  e x h i b i t e d  o n e  e n d o t h e r m  a t  244°C w h i c h  
c o r r e s p o n d e d  t o  t h e  s u b l i m a t i o n  o f  t h e  QAS. F i g u r e .  3 . 1 1 ( 1 1 )  sho w s  
t h e  DTA o f  0DTMA-C1, ( m e l t i n g  p o i n t  1 1 9 ° C ) .  T h e  QAS s t a r t e d  t o  
d e c o m p o s e  a t  2 3 0°C ,  p o s s i b l y  f o r m i n g  s h o r t e r  c h a i n  p r o d u c t s  i n  a 
s i m i l a r  way t o  t h o s e  o b s e r v e d  by D u r a n t  e t  a l  ( 1 9 7 2 ) .  The  two m a j o r  
r e a c t i o n s ,  b o t h  e n d o t h e r m i c ,  o c c u r  a t  29 2°C a n d  3 1 6 ° C ,  w i t h  a l l  o f  
t h e  w e i g h t  b e i n g  l o s t  by  37 0°C .  The  DTA o f  B0DDMA-C1 ( F i g u r e  
3 . 1 1  ( 1 1 1 ) )  c l o s e l y  r e s e m b l e d  t h a t  o f  ODTMA-C1 ( F i g u r e  3 . 1 1 ( H ) ) .  
T h i s  m u s t  b e  e x p e c t e d  s i n c e  t h e  QAS d i f f e r s  i n  s t r u c t u r e  f r o m  ODTMA- 
C1 o n l y  by  t h e  r e p l a c e m e n t  o f  o n e  m e t h y l  g r o u p  f o r  a  b e n z y l  g r o u p .
The  DTA o f  B0DDMA-C1 s h o w s  a m e l t i n g  p o i n t  a t  73°C  a n d  i t s  maximum
w e i g h t  l o s s ,  d u e  t o  r e a c t i o n  o f  t h e  a l i p h a t i c  c h a i n s ,  b e t w e e n  2 6 0 °  
a n d  35 0° C .  An a d d i t i o n a l  s e r i e s  o f  e n d o t h e r m i c  p e a k s  o c c u r r e d  a r o u n d  
216°C d u e  t o  t h e  b r e a k d o w n  a n d  r e a c t i o n  o f  t h e  b e n z y l  g r o u p  f r a g m e n t  
o f  t h e  QAS.

F i g u r e  3 . 1 2 ( I V )  g i v e s  t h e  DTA o f  3 - c h l o r o p h e n o l , s h o w i n g  t h e
m e l t i n g  p o i n t  a t  42°C a n d  t h e  b o i l i n g  p o i n t  2 0 7°C .  F i g u r e  3 . 1 2 ( V )  
sh o w s  t h e  e f f e c t  o f  m i x i n g  3 - c h l o r o p h e n o l  w i t h  B0DDMA-C1 ( a )  i n  t h e  
r a t i o  o f  1 : 1 0  a n d  (b )  i n  t h e  sam e r a t i o ,  b u t  a f t e r  f u s i n g  t h e  m i x t u r e  
a t  100°C f o r  30  m i n u t e s  t o  a l l o w  t h e  m o l t e n  s a l t s  t o  c o m b i n e .  B o t h  
o f  t h e  DTAs sho wed  s i m i l a r  p a t t e r n s  o f  r e a c t i o n  a n d  w e i g h t  l o s s ,  t h e  
m e l t i n g  p o i n t  o f  t h e  m i x t u r e  b e i n g  d e p r e s s e d  w i t h  r e s p e c t  t o  t h e  p u r e  
com p oun ds .  The  e n d o t h e r m  a t  21 9°C c o r r e s p o n d e d  t o  t h e  s i m i l a r
e n d o t h e r m  i n  t h e  p u r e  B0DDMA-C1, w h i c h  was  a l s o  a c c o m p a n i e d  by a  
s u b s t a n t i a l  w e i g h t  l o s s ,  h e n c e  t h i s  p e a k  was  d u e  t o  t h e  QAS. 
E n d o t h e r m i c  p e a k s  o c c u r r e d  a r o u n d  25 2°C and  w e r e  a c c o m p a n i e d  by a  
s i g n i f i c a n t  w e i g h t  l o s s  a n d  o c c u r r e d  i n  b o t h  t h e  m i x e d  a n d  f u s e d  
s a m p l e s .  I t  i s  t h o u g h t  t h a t  t h e  e n d o t h e r m s  a r o u n d  25 2°C w e r e  t h e  
r e s u l t  o f  t h e  r e a c t i o n  o f  t h e  3 - c h l o r o p h e n o l  w i t h  f r a g m e n t s  o f  QAS. 
I t  s h o u l d  b e  n o t e d  t h a t  t h e  3 - c h l o r o p h e n o l  s eem ed  t o  r e m a i n  l i q u i d  t o  
t e m p e r a t u r e s  f a r  i n  e x c e s s  o f  i t s  b o i l i n g  p o i n t  ( 2 07 °C )  o r  t h e  
e l e v a t e d  t e m p e r a t u r e  e x p e c t e d  f o r  t h e  m ix e d  co m p o u n d s .  F i g u r e
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0 TEMPERATURE(G 500

F i g u r e  3 . 1 2 :  DTA o f  ( I )  3 - C h l o r o p h e n o l , ( I I )  3 - C h l o r o p h e n o l  + BODDMAM 
( a )  Mixed i n  a 1 : 1 0  R a t i o ,  ( b )  F u s e d  a t  100°C f o r  
30 M i n u t e s  a n d  ( I I I )  Wyoming b e n t o n i t e .
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3 . 1 2 C V I )  s h o w s  t h e  DTA o f  u n e x c h a n g e d  Wyoming b e n t o n i t e  w h i c h  
e x h i b i t s  o n e  e n d o t h e r m  r e s u l t i n g  f r o m  t h e  l o s s  o f  a d s o r b e d  w a t e r .

F i g u r e s  3 . 1 3 < I ) ,  ( I I )  a n d  ( I I I )  g i v e  t h e  DTA c u r v e s  o f  t h e  
t h r e e  QAS shown i n  F i g u r e s  3 . 1 1 ( I ) , ( I I )  and  ( I I I )  e x c h a n g e d  o n t o  
Wyoming b e n t o n i t e  (TMPAM, HDTMAM AND BODDMAM). The  DTA o f  TMPAM 
( F i g u r e  3 . 1 3 ( 1 )  s h o w s  o n e  m a j o r  e x o t h e r m  a t  3 3 7 °C ,  t h e  m a j o r  w e i g h t  
l o s s e s  o c c u r r i n g  a t  t h e  t a i l  o f  t h e  p e a k  a n d  a r o u n d  426°C .  T h i s
a n a l y s i s  c l e a r l y  d e m o n s t r a t e d  t h e  e f f e c t  o f  t h e  c l a y  s u r f a c e  on t h e  
s p e c t r a  o f  TMPAM c o m p a r e d  t o  t h e  s p e c t r a  o f  t h e  p u r e  s a l t  TMPA-C1 
( F i g u r e  3 . 1 1 ( 1 )  w h i c h  sh o w ed  o n l y  o n e  e n d o t h e r m .  The  c l a y  s u r f a c e  
a c t s  a s  a  c a t a l y s t  i n  t h e  b r e a k d o w n  o f  t h e  QAS a n d  t h e  s u b s e q u e n t  
r e a c t i o n  o f  t h e  f r a g m e n t s .  F i g u r e  3 . 1 3 ( 1 1 )  s h o w s  t h e  s p e c t r a  o f  
OTMAM, t h e  m a j o r  e n d o t h e r m  a n d  c o r r e s p o n d i n g  w e i g h t  l o s s e s ,  r e s u l t i n g  
f r o m  t h e  b r e a k d o w n  a n d  r e a c t i o n  o f  t h e  QAS o c c u r r i n g  a t  320°C  and  
45 0° C.  F i g u r e  3 . 1 3 ( 1 1 1 )  s h o w s  t h e  DTA o f  BODDMAM, i n  w h i c h  t h e  f i r s t  
e n d o t h e r m  a t  60°C c o r r e s p o n d s  t o  t h e  m e l t i n g  o f  t h e  QAS. The  m a j o r  
w e i g h t  l o s s e s  o c c u r r e d  a t  3 2 0 °  a n d  45 0°C ,  w h i c h  i s  a  much h i g h e r  
t e m p e r a t u r e  t h a n  t h o s e  o f  t h e  QAS a l o n e ,  a n d  o n c e  m ore  l e n d s  s u p p o r t  
t o  t h e  c o n c e p t  o f  t h e  c a t a l y t i c  r o l e  o f  t h e  c l a y  s u r f a c e .  The  
e x o t h e r m i c  p e a k s  a t  45 0  a n d  52 6° C r e p r e s e n t  d e h y d r o g e n a t i o n  and  
i n i t i a l  o x i d a t i o n  o f  h y d r o c a r b o n  c h a i n s  o f  t h e  a l k l y a m m o n i u m  i o n .  
The  m a g n i t u d e  a n d  p o s i t i o n  o f  t h e s e  p e a k s  i n d i c a t e s  t h e  s t r e n g t h  w i t h  
w h i c h  t h e  a l k y l a m m o n i u m  i o n s  w e r e  h e l d  i n  t h e  i n t e r l a m e l  l a r  s p a c e .  
The  e n d o t h e r m  a t  760°C  r e p r e s e n t s  d e h y d r o x y l a t i o n  o f  t h e  c l a y  a n d  t h e  
b u r n i n g  o f f  o f  t h e  c a r b o n  r e s i d u e  f r o m  t h e  o x i d a t i o n  o f  t h e  
a l k l y l a m m o n l u m  c h a i n s .

When 3 - c h l o r o p h e n o l  was  a d s o r b e d  o n t o  t h e  e x c h a n g e d  c l a y  ( F i g u r e  
3 . 1 4 ( D ) ,  t h e  e n d o t h e r m s  sh o w  a  s i m i l a r  s h i f t  t o  t h a t  s e e n  when t h e  
3 - c h l o r o p h e n o l  w as  m i x e d  w i t h  t h e  QAS ( F i g u r e  3 . 1 2 ( H ) ) .  T h e  m a j o r  
d i f f e r e n c e s  b e t w e e n  t h e  e x c h a n g e d  c l a y  i n  t h e  p r e s e n c e  a n d  a b s e n c e  o f  
3 - c h l o r o p h e n o l  w e r e  t h e  m a g n i t u d e  o f  t h e  w e i g h t  l o s s  a n d  t h e  
t e m p e r a t u r e  a t  w h i c h  t h e  l o s s  o c c u r e d .  In  F i g u r e  3 . 1 4 ( 1 )  t h e  w e i g h t  
l o s s e s  o c c u r  a t  290°C  a n d  41 4°C a n d  a r e  o f  s i m i l a r  m a g n i t u d e .  F i g u r e  
3 . 1 3 ( 1 1 1 )  s h o w s  t h e  w e i g h t  l o s s  o c c u r r i n g  a t  3 2 0 °  a n d  4 5 0°C .  T h i s  
d e p r e s s i o n  o f  r e a c t i o n  t e m p e r a t u r e  i s  d u e  t o  t h e  p r e s e n c e  o f  t h e
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F i g u r e  3 . 1 4 :  DTA o f  BODDMAM w i t h  a d s o r b e d  3 - C h l o r o p h e n o l
( I )  0 . 5  m mol ( I I )  1 . 5  m mol a n d  ( I I I )  0 . 5  m mol h e a t e d  
In  a i r  t o  1000°C.
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3 - c h l o r o p h e n o l  a n d  I t s  r e a c t i o n  w i t h  t h e  f r a g m e n t s  o f  t h e  QAS. Wi th  
a  h i g h e r  l o a d i n g  o f  t h e  3 - c h l o r o p h e n o l  ( F i g u r e  3 . 1 4 ( 1 1 1 ) )  t h e  m a j o r  
w e i g h t  l o s s  o c c u r s  a t  2 8 0 °C ,  a l t h o u g h  no  d i s t i n c t  e n d o t h e r m  i s  
o b s e r v e d .  F i g u r e  3 . 1 4 ( 1 1 1 )  s h o w s  t h e  e f f e c t  o f  b u r n i n g  o f f  t h e  
r e s i d u a l  c a r b o n  f r a g m e n t s  i n  a i r  a f t e r  t h e  s a m p l e  h a g  b e e n  h e a t e d  t o  
500°C  i n  n i t r o g e n .  The  DTA s h o w s  t h e  e f f e c t  o f  t h e  r e a c t i o n  o f  t h e  
o x y g e n  w i t h  t h e  o r g a n i c  c a r b o n  a n d  h y d r o g e n  t o  f o r m  c a r b o n  m o n o x i d e ,  
c a r b o n  d i o x i d e  a n d  w a t e r ,  r e s u l t i n g  i n  a  l a r g e  e x o t h e r m  a t  50 0°C .  A 
c o n t i n u o u s  h e a t i n g  c y c l e  was  f o l l o w e d  up  t o  1000°C w i t h  t e m p e r a t u r e  
h o l d s  a t  7 6 0 °  a n d  8 4 0 °  t o  a l l o w  t h e  s a m p l e  t e m p e r a t u r e  t o  e q u i l i b r a t e  
w i t h  t h a t  o f  t h e  f u r n a c e .  A g r a d u a l  w e i g h t  l o s s  o f  4% by w e i g h t  
o c c u r r e d  o v e r  t h i s  p e r i o d  a n d  t h e  s a m p l e ,  when r e m o v e d  f r o m  t h e  
f u r n a c e ,  was  a  c r e a m y  w h i t e  c o l o u r  i n d i c a t i n g  t h a t  m o s t  o f  t h e  c a r b o n  
h a d  b e e n  l o s t .

3 . 3 . 8  A d s o r p t i o n  o f  O r g a n i c  Compou nds  b y  t h e  E x c h a n g e d  C l a y s

( a )  A d s o r p t i o n  f r o m  W a t e r

P r e v i o u s  a d s o r p t i o n  e x p e r i m e n t s  h a v e  c o n c e n t r a t e d  on t h e  
a d s o r p t i o n  o f  p h e n o l i c  co m p o u n d s  f r o m  a q u e o u s  s o l u t i o n s .  T h e s e  
co m p oun ds  w e r e  c h o s e n  b e c a u s e  o f  t h e i r  p r e v a l a n c e  i n  i n d u s t r i a l  
w a s t e s  a n d  t h e i r  r e l a t i v e l y  h i g h  s o l u b i l i t y  i n  w a t e r .  To e x t e n d  t h e  
s t u d y  o f  e x c h a n g e d  c l a y s ,  a  w i d e r  r a n g e  o f  o r g a n i c  co m p o u n d s  h a s  t o  
be  s t u d i e d ,  p a r t i c u l a r l y ,  f o r  l a t e r  a p p l i c a t i o n s  o f  t h e  c l a y s ,  t h o s e  
o r g a n i c s  w h i c h  a r e  commonly f o u n d  i n  i n d u s t r i a l  w a s t e  s t r e a m s .  The  
o r g a n i c  co m p o u n d s  c h o s e n  w e r e  among t h o s e  f o u n d  by P a t t e r s o n  and 
K a d u k a l a  ( 1 9 8 1 )  t o  o c c u r  m o s t  r e g u l a r l y  i n  a  s u r v e y  o f  o v e r  3100 
i n d i v i d u a l  w a s t e  s t r e a m s  f r o m  t h e  c h e m i c a l  i n d u s t r y  i n  t h e  USA e . g .

P h t h a l a t e s  ( u b i q u i t o u s )  B e n z e n e  (26  %) 
C h l o r o f o r m  (37  %) P h e n o l  (24  %) 
M e t h y l e n e  C h l o r i d e  (36  %) N a p h t h a l e n e  (10  %) 
T o l u e n e  (28  %)
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The c o n c e n t r a t i o n s  o f  t h e  a q u e o u s  s o l u t i o n s  t e s t e d  d e p e n d e d  up on  
t h e  s o l u b i l i t y  o f  t h e  c h o s e n  compound I n  w a t e r .  T he  a d s o r p t i o n  
I s o t h e r m s  f o r  t h e  r e m o v a l  o f  a  r a n g e  o f  o r g a n i c  co m p o u n d s  by BODDMAM 
f r o m  w a t e r  a r e  shown I n  F i g u r e  3 . 1 5 .

F i g u r e  3 . 1 5 ( 1 )  sho w s  t h e  a d s o r p t i o n  I s o t h e r m s  o f  c h l o r o f o r m ,  
w h i c h  a l t h o u g h  o n l y  s p a r i n g l y  s o l u b l e  I n  w a t e r ,  was  w e l l  a d s o r b e d  a t  
t h e  c o n c e n t r a t i o n s  t e s t e d .  The  a d s o r p t i o n  I s o t h e r m  f o r  a c e t o n e  
sho w ed  t h a t  I t  was  a l s o  w e l l  a d s o r b e d .  F i g u r e  3 . 1 5  ( I I )  s h o w s  t h e  
a d s o r p t i o n  i s o t h e r m s  o f  b e n z e n e  a n d  n a p h t h a l e n e  w h i c h  w e r e  w e l l  
a d s o r b e d  a t  t h e  c o n c e n t r a t i o n s  t e s t e d .  The  a d s o r p t i o n  o f  t h e s e  
s p a r i n g l y  s o l u b l e  c om p oun ds  r e f l e c t s  t h e  b e n e f i c i a l  e f f e c t  o f  t h e  
h y d r o p h o b i c  n a t u r e  o f  t h e  c l a y  w h i c h  s o l v a t e s  t h e  o r g a n i c  i n  t h e  
o r g a n o p h l l l c  i n t e r l a m e l l a r  s p a c i n g .

The  two d y e s  t e s t e d  ( F i g u r e s  3 . 1 5 ( 1 1 1 )  a n d  ( I V ) )  w e r e  w e l l  
a d s o r b e d  up  t o  a  s a t u r a t i o n  p o i n t  w h e r e  t h e  a d s o r p t i o n  t a i l e d  o f f .  
The  d y e s  t e s t e d  w e r e  l a r g e  p o l a r  m o l e c u l e s  w h i c h  c o n t a i n e d  f u n c t i o n a l  
g r o u p s  t h a t  c o u l d  be  I o n i s e d .  The  c a t i o n i c  f o r m  o f  t h e  d y e s  c o u l d  be  
a d s o r b e d  i n t o  t h e  c l a y  by  a t t r a c t i o n  t o  t h e  a n i o n i c  s i l i c a t e  s u r f a c e .

A n i l i n e  was  p o o r l y  a d s o r b e d  ( F i g u r e  3 . 1 5 ( 1 1 1 ) ) ,  t h e  p e r c e n t a g e  
a d s o r b e d  d r o p p i n g  t o  a l m o s t  z e r o  a b o v e  10 mM, when t h e  s a t u r a t i o n  
p o i n t  o f  t h e  c l a y  h a d  b e e n  r e a c h e d .  P h t h a l l c  a c i d  was  a d s o r b e d  
( F i g u r e  3 . 1 5 ( I V )  b u t  a t  h i g h e r  c o n c e n t r a t i o n s  o n l y  50  % o f  t h e  w e i g h t  
wa s  r e m o v e d  f r o m  t h e  a q u e o u s  s o l u t i o n .

T h i s  s t u d y  h a s  sho wn t h a t  a  w i d e  r a n g e  o f  o r g a n i c  c om p oun ds  c a n  
by  a d s o r b e d  by BODDMAM f r o m  a q u e o u s  s o l u t i o n ,  a l t h o u g h  t h e  
c o n c e n t r a t i o n  a d s o r b e d  v a r i e s  d e p e n d i n g  up on  t h e  s t r u c t u r e  o f  t h e  
o r g a n i c  compound.
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F i g u r e  3 . 1 5 :  A d s o r p t i o n  o f  ( I )  C h l o r o f o r m  a n d  A c e t o n e ,  ( I I )  B e n z e n e  
a n d  N a p h t h a l e n e ,  ( I I I )  M e t h y l e n e  B l u e ,  T o l u e n e  a n d  
A n i l i n e  a n d  ( IV )  M e t h y l  O r a n g e  a n d  P h t h a l i c  A c i d  f r o m  
W a t e r  by  BODDMAM.
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( b )  A d s o r p t i o n  f r o m  H e x a n e

T a b l e  3 . 7  s h o w s  t h e  a d s o r p t i o n  o f  a  r a n g e  o f  o r g a n i c  com pounds  
f r o m  a  10 mM s o l u t i o n  i n  h e x a n e  by  1 . 0  g  o f  BODDMAM. The  a d s o r p t i o n s  
o f  b e n z e n e  a n d  s i m i l a r  a r o m a t i c  c om p oun ds ,  s u c h  a s  n a p h t h a l e n e  an d  
b i p h e n y l  w e r e  p o o r  c o m p a r e d  w i t h  t h e  a d s o r p t i o n  o f  t h e  a n a l o g o u s  
h y d r o x y l a t e d  co m p o u n d s  i . e .  p h e n o l s ,  n a p h t h o l s  a n d  h y d r o x y  b i p h e n y l s .  
T h i s  e f f e c t  s u g g e s t s  t h a t  t h e  h y d r o x y  g r o u p  p l a y s  a n  i m p o r t a n t  r o l e  
i n  e i t h e r  t h e  i n i t i a l  a d s o r p t i o n  f r o m  h e x a n e  o r  t h e  b o n d i n g  o f  t h e  
o r g a n i c s  i n  t h e  e x c h a n g e d  c l a y s .

The  a d s o r p t i o n  o f  t h e  t h r e e  p h e n o l i c  co m p o u n d s  by  t h e  e x c h a n g e d  
c l a y s  d e m o n s t r a t e d  t h e  o p p o s i t e  o r d e r  o f  a d s o r p t i o n  c o m p a r e d  t o  t h e  
a d s o r p t i o n  f r o m  w a t e r ,  t h e  o r d e r  o f  a d s o r p t i o n  f r o m  h e x a n e  b e i n g  
p h e n o l  > 3 - c h l o r o p h e n o l  > 2 , 3 - d i c h l o r o p h e n o l . T he  t h r e e  n a p h t h o l s  
a l s o  d e m o n s t r a t e d  a s  s i m i l a r  i n c r e a s e  i n  a d s o r p t i o n  a s  t h e  c h l o r i n e  
s u b s t i t u t i o n  d e c r e a s e d .  F i g u r e  3 . 1 6  sh o w s  t h e  a d s o r p t i o n  p r o f i l e  o f  
t h e  p h e n o l s  ( i n  t h e  c o n c e n t r a t i o n  r a n g e  o f  5 . 0  t o  2 0 . 0  mM) f r o m  
h e x a n e  o n t o  BODDMAM. The  o p p o s i n g  t r e n d s  i n  a d s o r p t i o n  a r e  
c o n s i d e r e d  t o  b e  d u e  t o  t h e  s o l u b i l i t y  o f  t h e  p h e n o l s  i n  t h e  
s o l v e n t .  I n  w a t e r  t h e  s o l u b i l i t i e s  d e c r e a s e  i n  t h e  o r d e r  p h e n o l  > 
3 - c h l o r o p h e n o l  > 2 , 3 - d i c h l o r o p h e n o l  w h i l s t  i n  h e x a n e  t h e  o r d e r  i s  
r e v e r s e d .  F o r  s p a r i n g l y  s o l u b l e  co m p o u n d s ,  t h e  i n t e r l a m e l l a r  s p a c i n g  
o f  t h e  c l a y s  p r o v i d e s  a  h y d r o p h o b i c  e n v i r o n m e n t ,  h e n c e  t h e  
a d s o r p t i o n  o f  t h e  p h e n o l s  i n t o  t h e  i n t e r l a m e l l a r  s p a c e  i s  f a v o u r e d .  
C o n v e r s e l y ,  f o r  t h e  m ore  s o l u b l e  m o l e c u l e s ,  t h e  e q u i l i b r i u m  i s  
d i s p l a c e d  i n  f a v o u r  o f  t h e  s o l v e n t .

T a b l e  3 . 8  sh o w s  t h e  a d s o r p t i o n  o f  3 - c h l o r o p h e n o l ,  c h l o r o b e n z e n e  
a n d  1 - c h l o r o n a p h t h a l e n e  by  t h e  h y d r o x y  a n d  e t h o x y  s u b s t i t u t e d  QAS- 
e x c h a n g e d  c l a y s .  The  p r e s e n c e  o f  t h e  h y d r o x y  a n d  e t h o x y  g r o u p s  on 
t h e  a l i p h a t i c  c h a i n  o f  t h e  QAS d i d  n o t  i n c r e a s e  t h e  a d s o r p t i o n  o f  t h e  
o r g a n i c s  c o m p a r e d  t o  BODDMAM.
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T a b l e  3 . 7 :  A d s o r p t i o n  o f  a  R an g e  o f  O r g a n i c  Compounds  by  1 g  BODDMAM 
f r o m  a  10 mM S o l u t i o n  i n  Hex ane .

O r g a n i c  Compound

P e r c e n t a g e  O r g a n i c  
A d s o r b e d  (%)

Compound F o r m u l a

B e n z e n e c 6 h6 0

C h l o r o b e n z e n e c 6 hb c i 0

P h e n o l C6 Hs 0H 88

3 - C h l o r o p h e n o l C1C6 Ha0H 72

2 , 3-D i c h 1o r o p h e n o 1 C l 2 Ce H3 0H 64

N a p h t h a l e n e Ci 0 H© 3

1 - C h l o r o n a p h t h a l e n e C1Ci o H7 0

N a p h t h o l C1o H70H 91

4 - C h l o r o - l - n a p h t h o l C l C l o He 0H 94

2 , 4 - D i c h l o r o - 1- n a p h t h o l C l 2C , o He 0H 53

B i p h e n y l c 6 h6 c6 h5 0

4 - C h l o r o b i p h e n y l C1Cs HaC6 Hb 0

4 - H y d r o x y b  i  p h e n y 1 c i c 6 h* c 6 h4 oh 64
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F i g u r e  3 . 1 6 :  A d s o r p t i o n  o f  P h e n o l  by  BODDMAM f r o m  H ex en e .
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T a b l e  3 . 8 :  A d s o r p t i o n  o f  T h r e e  O r g a n i c  Compounds (10  mM) f r o m  Hexane  
by  t h e  E t h o x y  a n d  H y d r o x y  S u b s t i t u t e d  Q A S -E xc hang ed  C l a y s .

O r g a n i c
Compounds

P e r c e n t a g e  o f  O r g a n i c  A d s o r b e d  by  E x c h a n g e d  C l a y  (%)

C / 12 C / 2 5 0 / 1 2 HT/25

3 - C h l o r o p h e n o l 72 55 61 60

C h l o r o b e n z e n e 0 0 0 0

1 - C h l o r o 0 0 0 0
- n a p h t h a l e n e

3 . 4  SUMMARY

I n  t h i s  work  a  r a n g e  o f  e x c h a n g e d  c l a y s  w e r e  p r e p a r e d  u s i n g  
Wyoming b e n t o n i t e  a n d  a  s e r i e s  o f  q u a t e r n a r y  ammonium s a l t s .  The  
e x c h a n g e d  c l a y s  w e r e  a s s e s s e d  f o r  t h e i r  a b i l i t y  t o  a d s o r b  o r g a n i c  
co m p oun ds  ( i n  p a r t i c u l a r  p h e n o l ,  3 - c h l o r o p h e n o l  a n d  2 , 3 -  
d i c h l o r o p h e n o l )  a n d  t h e  a d s o r p t i o n  i s o t h e r m s  d e t e r m i n e d .  The  r e s u l t s  
sho w ed  t h a t  t h e  m a j o r  f a c t o r s  c o n t r o l l i n g  t h e  a d s o r p t i o n  o f  t h e  
o r g a n i c s  w e r e : -

( i )  The  n a t u r e  o f  t h e  QAS, e s p e c i a l l y  i t s  s i z e .
( i i )  The  i n t e r a c t i o n s  o f  t h e  o r g a n i c  m o l e c u l e s  w i t h  t h e  

i n t e r l a m e l l a r  a lk y l a m m o n i u m  c a t i o n .
( i i i )  The  i n t e r a c t i o n  o f  t h e  o r g a n i c  m o l e c u l e s  w i t h  t h e  s o l v e n t .

The  a d s o r p t i o n  o f  p h e n o l ,  3 - c h l o r o p h e n o l  a n d  2 , 3 - d i c h l o r o p h e n o l  
f r o m  2 0 . 0  mM a q u e o u s  s o l u t i o n s  w e r e  l e s s  t h a n  15% f o r  t h e  u n e x c h a n g e d
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Wyoming b e n t o n i t e ,  h o w e v e r  f o r  BODDMAM a d s o r p t i o n  e x c e e d e d  40%, 70% 
a n d  90% r e s p e c t i v e l y .  From h e x a n e  t h e  o r d e r  o f  m a g n i t u d e  o f  
a d s o r p t i o n  o f  t h e  p h e n o l s  was  r e v e r s e d  b e i n g  88%, 72% a n d  64% 
r e s p e c t i v e l y ,  i l l u s t r a t i n g  t h e  c o n t r a s t  i n  a d s o r b a t e - a d s o r b e n t  
i n t e r a c t i o n s  f r o m  t h o s e  i n  a q u e o u s  s o l u t i o n .  T h e s e  r e s u l t s  c o m p a r e d  
f a v o u r a b l y  w i t h  t h e  a d s o r p t i o n  o f  t h e  p h e n o l s  by a  r a n g e  o f  a c t i v a t e d  
c a r b o n s  commonly  u s e d  i n  w a s t e w a t e r  t r e a t m e n t .

The p h e n o l s  r e m a i n e d  a d s o r b e d  on  t h e  e x c h a n g e d  c l a y  o v e r  
e x t e n d e d  l e a c h i n g  p e r i o d s .  pH h a d  l i t t l e  e f f e c t  up on  t h e  a d s o r p t i o n  
o f  t h e  c h l o r o n a t e d  p h e n o l s ,  maximum a d s o r p t i o n  o c c u r i n g  b e t w e e n  4 
a n d  9 .  P h e n o l ,  on  t h e  o t h e r  h a n d ,  showed a  s h a r p  maximum i n  
a d s o r p t i o n  a t  pH 10. C o - a d s o r p t i o n  s t u d i e s  o f  o r g a n i c s  and  
m e t a l s u s i n g  BODDMAM i n d u c a t e d  t h a t  z i n c ,  ca dmium a n d  m e r c u r y  c o u l d  
r e d u c e  3 - c h l o r o p h e n o l  a d s o r p t i o n  by  e i t h e r  p a r t i a l  d i s p l a c e m e n t  o f  
t h e  Q A S - c a t i o n  o r  o f  t h e  3 - c h l o r o p h e n o l  i t s e l f .

A d s o r p t i o n  o f  a  r a n g e  o f  common o r g a n i c  p o l l u t a n t s  sho wed  t h a t  
t h e  e x c h a n g e d  c l a y  a d s o r b e d  d i f f e r e n t  c om p oun ds  i n  d i f f e r i n g  a m o u n t s .  
F a c t o r s  t h a t  a f f e c t  t h e  a d s o r p t i o n  i n c l u d e  t h e  a d s o r b e n t / a d s o r b a t e  
i n t e r a c t i o n ,  t h e  s i z e  o f  t h e  a d s o r p t i v e  a n d  t h e  a d s o r p t i v e / s o l v e n t  
i n t e r a c t i o n .
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4 .  STABILISATION/SOLIDIFICATION

4 . 1  INTRODUCTION

The  p r e v i o u s  c h a p t e r  h a s  shown t h a t  Q A S - e x c h a n g e d  c l a y s  a d s o r b  a 
w i d e  r a n g e  o f  o r g a n i c  co m p o u n d s  f r o m  a q u e o u s  a n d  n o n - a q u e o u s  
s o l u t i o n s .  The  e x c h a n g e d  c l a y s  w i t h  t h e  op t i m u m  a d s o r p t i o n  c a p a c i t y  
f o r  t h e  o r g a n i c s  w e r e  f o u n d  t o  b e  e i t h e r  t r i m e t h y l a t e d  com p oun ds  o r  
d i m e t h y l  b e n z y l  co m p oun ds  w i t h  s i n g l e  l o n g  a l i p h a t i c  c h a i n s  (C1Q) .  
A d s o r p t i o n  o c c u r r e d  o v e r  a  r a n g e  o f  pH v a l u e s ,  i o n i c  c o n c e n t r a t i o n s  
a n d  t i m e  p e r i o d s .

T h i s  work  e x a m i n e d  t h e  p o t e n t i a l  o f  t h e  e x c h a n g e d  c l a y s  a s  
s t a b i l i s i n g  a g e n t s  f o r  o r g a n i c  c o n t a m i n a t e d  w a s t e s  p r i o r  t o  c e m e n t -  
b a s e d  s o l i d i f i c a t i o n .  The  work u s e s  m odel  o r g a n i c  w a s t e s  i n  a q u e o u s  
s o l u t i o n ,  i n  t h e  p r e s e n c e  o f  m e t a l  i o n s  a n d  a s  p u r e  o r g a n i c  
co m p o u n d s .  The  m a c r o s t r u c t u r a l  b e h a v i o u r  o f  t h e  e x c h a n g e d  c l a y s  i n  
t h e  c e m e n t  m a t r i x ,  t h e i r  a b i l i t y  t o  r e t a i n  a d s o r b e d  o r g a n i c s  a n d  t h e  
s t r u c t u r a l  e f f e c t  o f  t h e  c l a y s  on  t h e  c e m e n t  m a t r i x  w e r e  
i n v e s t i g a t e d .

4 . 2  MATERIALS AND METHODS

4 . 2 . 1  M a t e r i a l s

O r d i n a r y  P o r t l a n d  Cement  (OPC) wa s  s u p p l i e d  by B l u e  C i r c l e ,  UK. 
The  c h e m i c a l  c o m p o s i t i o n  o f  a  t y p i c a l  s a m p l e  o f  t h e  c e m e n t  i s  shown 
i n  T a b l e  4 . 1 .  The  Wyoming b e n t o n i t e  was  s u p p l i e d  by  L a p o r t e  
I n d u s t r i e s ,  W i d n e s ,  UK.

The s a m p l e s  o f  e x c h a n g e d  c l a y s  w e r e  s u p p l i e d  by  S t e e t l y  B e r k  
L i m i t e d ,  Wo rk sop ,  UK, ( B e n t o n e )  a n d  Akzo Ch em ie ,  L i t t l e b o r o u g h ,  
L a n c s . ,  UK, ( P e r c h e m ) . The  s t r u c t u r e  o f  t h e  c o m m e r c i a l  o r g a n o p h i l i c
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c l a y s ,  w h e r e  known,  a r e  shown I n  T a b l e  4 . 2 .  T he  c l a y s  u s e d  f o r  a l l  
o f  t h e  e x p e r i m e n t s  w e r e  a s  s u p p l i e d  e x - w o r k s  u n l e s s  o t h e r w i s e  s t a t e d .  
The  p a r t i c l e  s i z e  was  l e s s  t h a n  2 0 0  pm.

A l l  o t h e r  r e a g e n t s  w e r e  A n a l a R  g r a d e  o b t a i n e d  f r o m  BDH 
L i m i t e d ,  P o o l e ,  UK, o r  S ig m a  C h e m i c a l  Company,  P o o l e ,  UK.

T a b l e  4 . 1 :  C h e m i c a l  A n a l y s i s  o f  O r d i n a r y  P o r t l a n d  Cement

O x i d e P e r c e n t  by  W e i g h t  o f  
s a m p l e  d r i e d  a t  105°C

S i l i c o n  d i o x i d e  ( S i 0 2 > 20 .  10
A l u m i n a  <A12 0 3 > 5 . 3 0
T e l l u r i u m  o x i d e  (Te2 0 3 > 3 . 5 0
C a l c i u m  o x i d e  (CaO) 6 4 . 6 0
M ag n es iu m  o x i d e  (MgO) 1 . 3 0
S u l p h a t e  (S03 ) 2 . 8 0
S o d iu m  o x i d e  (Na2 0 ) 0 .  13
P o t a s s i u m  o x i d e  (K20) 0 . 7 7

L o s s  on  i g n i t i o n 0 . 8 0
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T a b l e  4 . 2 :  S t r u c t u r e  o f  C o m m e r c i a l  E x c h a n g e d  C l a y s

P r o d u c t  Name C o m p o s i t i o n  o f  E x c h a n g e d  C l a y

B e n t o n e  27 O r g a n o p h i l i c  m a g n e s i u m  m o n t m o r i 1 I o n i t e

B e n t o n e  34 D i o c t a d e c y l d i m e t h y l  ammonium b e n t o n i t e  
A1s MgSi! 2 0 3 O (OH > e . (C H3 ) 2 N(C, 3 H33  > 2

B e n t o n e  38 D i o c t a d e c y l d i m e t h y l  ammonium b e n t o n i t e  
Mge L i S i , 2 0 3 O (OH) e . (CH3 ) 2 N <C, e H39  >=

B e n t o n e  SD1 O r g a n o p h i l i c  b e n t o n i t e

B e n t o n e  SD2 O r g a n o p h i l i c  h e c t o r i t e

B e n t o n e  EW S m e c t i t e

P e r c h e m  44 Q A S /s od iu m  m o n t m o r i 1 I o n i t e  
QAS= (CH3 ) 2 N (CrlH2 o ^., )  2 *

P e r c h e m  97 Q A S /s o d iu m  m o n t m o r 11 I o n i t e  
QAS= (CH3 ) 2 . C6 H6 CH2 N (Cn H2 rv+-1 >5,1

P e r c h e m  462 Q A S /s od iu m  m o n t m o r i l i o n i t e  
QAS= (CH3 ) 3 N(C„H2r ,.*.,>*

* n  = 1% C1 2 , 4% C1A, 31% C16f 64% Ci e , T r a c e  C20

4 . 2 . 2  A d s o r p t i o n  E x p e r i m e n t s

The p r o t o c o l  f o r  t h e  a d s o r p t i o n  e x p e r i m e n t s  was  d e s c r i b e d  i n  
S e c t i o n  3 . 2 . 3 .  The  c o m m e r c i a l l y  p r o d u c e d  e x c h a n g e d  c l a y s  w e r e
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s c r e e n e d  f o r  t h e i r  a b i l i t y  t o  a d s o r b  p h e n o l ,  3 - c h l o r o p h e n o l  a n d  2 , 3 -  
d i c h l o r o p h e n o l  f r o m  10 mM a q u e o u s  s o l u t i o n s .  T h e  a m o u n t s  o f  t h e  
p h e n o l s  a d s o r b e d  by  e a c h  e x c h a n g e d  c l a y  w e r e  d e t e r m i n e d  i n  t h r e e  
s e p a r a t e  e x p e r i m e n t s  a n d  t h e  r e s u l t s  p r e s e n t e d  a s  a  mean o f  t h e  t h r e e  
s e t s  o f  a d s o r p t i o n  d a t a .  I s o t h e r m s  f o r  t h e  a d s o r p t i o n  o f  p h e n o l ,  3 -  
c h l o r o p h e n o l  a n d  2 , 3 - d i c h l o r o p h e n o l  by P e r c h e m  462 a n d  P e r c h e m  97 
f r o m  w a t e r  w e r e  d e t e r m i n e d  u s i n g  t h e  m e th o d  d e s c r i b e d  i n  S e c t i o n
3 . 2 . 3 .

A l l  f u r t h e r  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  u s i n g  P e r c h e m  46 2 ,  t h e  
e x c h a n g e d  c l a y  t h a t  g a v e  t h e  b e s t  r e s u l t s  f r o m  t h e  s c r e e n i n g  t e s t s  
a n d ,  f o r  t h e  i n i t i a l  l e a c h  t e s t  w o rk ,  P e r c h e m  97 was  a l s o  u s e d  a s  i t  
m o s t  c l o s e l y  c o r r e s p o n d e d  t o  BODDMAM.

4 . 2 . 3  S a m p l e  P r e p a r a t i o n

( a )  S o l i d i f i c a t i o n  o f  S a m p l e s  f o r  P h y s i c a l  T e s t i n g

The s a m p l e s  w e r e  p r e p a r e d  u s i n g  e i t h e r  P e r c h e m  462 o r  Wyoming 
b e n t o n i t e ,  OPC a n d  w a t e r .  T h e  e x c h a n g e d  c l a y  wa s  i n i t i a l l y  m ix e d  
w i t h  w a t e r  i n  t h e  w a t e r / c l a y  r a t i o  o f  0 . 6 7  t o  p r e v e n t  t h e  c l a y  f r o m  
a d s o r b i n g  t h e  w a t e r  o f  h y d r a t i o n  f r o m  t h e  c e m e n t .  The  w a t e r / c l a y  
r a t i o  was  d e t e r m i n e d  q u a l i t a t i v e l y  by m e a s u r i n g  t h e  am ou nt  o f  w a t e r  
r e t a i n e d  by  t h e  c l a y  f i l t e r  c a k e ,  a f t e r  h a v i n g  b e e n  s u s p e n d e d  i n  
e x c e s s  w a t e r  f o r  3 h o u r s  (1 00  g  c l a y :  1 1 w a t e r )  a n d  t h e n  f i l t e r e d .  
The  w a t e r  r e t a i n e d  i n  t h e  f i l t e r  c a k e  was  a s s u m e d  t o  be
a d s o r b e d  by  t h e  c l a y .  To t h e  c l a y  p a s t e  was a d d e d  c e m e n t  a n d  e x t r a  
w a t e r ,  f o r  t h e  h y d r a t i o n  o f  t h e  c e m e n t ,  i n  t h e  r a t i o s  shown i n  T a b l e
4 . 3 .  I n  M i x e s  3 a n d  4 ( T a b l e  4 . 3 )  t h e  w a t e r  c o n t a i n e d  100 mg/1 
a n t i f o a m .  A n t l f o a r o  a c t s  t o  r e d u c e  t h e  am ou nt  o f  foam  i n  a  l i q u i d  
s y s t e m  by r e d u c i n g  t h e  s u r f a c e  a r e a ,  s o  p r e v e n t i n g  t h e  f o r m a t i o n  o f  
b u b b l e s .  Mix 6 c o n t a i n e d  e x c h a n g e d  c l a y  t h a t  h a d  b e e n  w a sh e d  i n  2 x 
2 1 o f  d i s t i l l e d  w a t e r  t o  r e m o v e  t h e  e x c e s s  QAS a d h e r i n g  t o  t h e
o u t s i d e  o f  t h e  c l a y .  The  p r e w a s h e d  c l a y  s a m p l e s  w e r e  p r e p a r e d  by 
s u s p e n d i n g  100 g  o f  P e r c h e m  462 i n  2 1 o f  w a t e r  a n d  s t i r r i n g  on  a
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T a b l e  4-. 3:  R a t i o s  o f  O r d i n a r y  P o r t l a n d  Cement  (OPC) , E x c h a n g e d  C l a y  
a n d  W a t e r  u s e d  I n  P h y s i c a l  T e s t i n g  S p e c i m e n s

Mix C l a y * / O P C
R a t i o

W at er /O PC
R a t i o

W a t e r / C l a y *
R a t i o

Comments

1 ( a ) 0 . 0 0 0 . 3 5 —

(b) 0 . 0 0 0 . 6 0 —

2 ( a ) 0 . 5 0 0 . 3 5 0 . 6 7

(b) 0 . 5 0 0 . 6 0 0 . 6 7

3 ( a ) 0 . 0 0 0 . 3 5 — 100 mg/1 a n t i f o a m  
i n  w a t e r

(b) 0 . 0 0 0 . 6 0 — 100 mg/1 a n t i f o a m  
i n  w a t e r

4 ( a ) 0 . 5 0 0 . 3 5 0 . 6 7 100 mg/1 a n t i  f oam  
i n  w a t e r

(b) 0 . 5 0 0 . 6 0 0 . 6 7 100 mg/1 a n t i  f oam  
i n  w a t e r

5 ( a ) 1 . 0 0 0 . 3 5 0 . 6 7

6 ( a ) 0 . 5 0 0 . 3 5 0 . 6 7 C l a y  w a s h e d  w i t h  
2 x 2 1  w a t e r  
b e f o r e  m i x i n g

(b) 0 . 5 0 0 . 6 0 0 . 6 7 C l a y  w a s h e d  w i t h  
2 x 2 1  w a t e r  
b e f o r e  m i x i n g

* C l a y  u s e d  wa s  P e r c h e m  462
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m a g n e t i c  s t i r r e r  f o r  3 h o u r s ,  a f t e r  w h i c h  t h e  c l a y s  w e r e  a l l o w e d  t o  
s e t t l e .  The  foam  a n d  s u p e r n a t a n t  w e r e  r e m o v e d  a n d  a  f u r t h e r  1 . 5  1 o f  
w a t e r  a d d e d .  The  c l a y  was  a g a i n  s t i r r e d  f o r  3 h o u r s  a n d  t h e n  a l l o w e d  
t o  s e t t l e .  A f t e r  r e m o v a l  o f  t h e  s u p e r n a t e  t h e  c l a y  was  vacuum 
f i l t e r e d  t h r o u g h  Whatman No. 1 p a p e r  t o  d r y n e s s .  Th'e w e i g h t  o f  t h e  
c l a y  was  m e a s u r e d  a n d  t h e  am o u n t  o f  w a t e r  a d s o r b e d  o n t o  t h e  c l a y  
c a l c u l a t e d .  E x t r a  w a t e r  was  a d d e d  t o  t h e  f i l t e r  c a k e  t o  g i v e  t h e  
same w a t e r / c l a y  r a t i o  a s  t h a t  u s e d  i n  M i x e s  2 ,  4 a n d  5 .  The  f i l t e r  
c a k e  was  t h e n  m ix e d  w i t h  t h e  c e m e n t  a n d  w a t e r  a s  d e s c r i b e d  a b o v e .

The  c e r a e n t / c l a y  m i x e s  w e r e  m ix e d  f o r  a t  l e a s t  5 m i n u t e s ,  u n t i l  
t h e  p a s t e s  w e r e  h o m o g e n e o u s ,  t h e n  t r a n s f e r r e d  i n t o  c y l i n d r i c a l  
m o u l d s .  The  m o u l d s  w e r e  s h a k e n  i n t e r m i t t e n t l y  f o r  a  t o t a l  o f  15 
m i n u t e s  t o  r e m o v e  a n y  t r a p p e d  a i r  a n d  t h e n  a l l o w e d  t o  c u r e  f o r  24 
h o u r s .  A f t e r  24  h o u r s  t h e  s a m p l e s  w e r e  d e m o u l d e d  a n d  a l l o w e d  t o  c u r e  
f o r  24  d a y s  f o r  t h e  w a t e r  a d s o r p t i o n  e x p e r i m e n t s  ( S e c t i o n  
4 . 2 . 4 ( b ) ) a n d  28 d a y s  f o r  t h e  c o m p r e s s i v e  s t r e n g t h  t e s t s  ( S e c t i o n  
4 . 2 . 4 ( c ) )  i n  s e a l e d  p o l y e t h e n e  b a g s  (100% r e l a t i v e  h u m i d i t y )  a n d  a t  
20 ± 2°C.

( b )  S o l i d i f i c a t i o n  o f  P h e n o l s  f r o m  D i l u t e  A q u e o u s  S o l u t i o n s

The maximum w e i g h t  o f  e a c h  o f  t h e  p h e n o l s  t h a t  wa s  a d s o r b e d  by
1 . 0  g  o f  t h e  e x c h a n g e d  c l a y s  was  d e t e r m i n e d  i n  t h e  a d s o r p t i o n  
e x p e r i m e n t s  ( S e c t i o n  4 . 2 . 2 ) .  S a m p l e s  o f  100 g  o f  e a c h  e x c h a n g e d  c l a y  
w e r e  r e q u i r e d  f o r  t h e  p r e p a r a t i o n  o f  s u f f i c i e n t  q u a n t i t i e s  o f  t h e  
s o l i d i f i e d  s a m p l e s  f o r  t h e  d y n a m i c  a n d  t h e  e q u i l i b r i u m  l e a c h  t e s t i n g .  
A q u eo u s  s o l u t i o n s  (1 1) o f  p h e n o l  a n d  3 - c h l o r o p h e n o l  w e r e  made 
c o n t a i n i n g  90% o f  t h e  maximum w e i g h t  o f  t h e  p h e n o l  w h i c h  c o u l d  be  
a d s o r b e d  by  t h e  c l a y  ( h i g h  l o a d i n g ) .  A s e c o n d  s e t  o f  a q u e o u s  
s o l u t i o n s  w e r e  p r e p a r e d  c o n t a i n i n g  o n e - t e n t h  o f  t h e  w e i g h t  o f  p h e n o l  
a n d  3 - c h l o r o p h e n o l  u s e d  a b o v e  (medium l o a d i n g ) .  F o r  2 , 3 -
d i c h l o r o p h e n o l  t h e  maximum w e i g h t  t h a t  was  a d s o r b e d  by  1 . 0  g  o f  
P e r c h e m  4 6 2 ,  f o r  i n s t a n c e ,  was  f o u n d  t o  b e  1500 m g / g .  The  s o l u b i l i t y  
o f  2 , 3 - d i c h l o r o p h e n o l  i n  w a t e r  a t  20°C i s  4 . 5  x 103 m g / l s o  t h e  
maximum w e i g h t  o f  d i c h l o r o p h e n o l  s o l u b l e  i n  1 1 o f  w a t e r  was  45 00  mg.
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A 2 1 a q u e o u s  s o l u t i o n  c o n t a i n i n g  8 2 0 0  mg o f  2 , 3 - d i c h l o r o p h e n o l  was 
p r e p a r e d  a n d  100 g  o f  c l a y  a d d e d  t o  a d s o r b  t h e  p h e n o l  ( h i g h  l o a d i n g ) .  
S o l u t i o n s  c o n t a i n i n g  o n e - t e n t h  a n d  o n e - h u n d r e d t h  o f  t h i s  
c o n c e n t r a t i o n  was  a l s o  u s e d  (medium a n d  lo w l o a d i n g  r e s p e c t i v e l y ) .

F o r  p r e p a r a t i o n  o f  t h e  c o n t r o l  s a m p l e s ,  t h e  low a q u e o u s  
s o l u b i l i t y  o f  t h e  d i c h l o r o p h e n o l  r e s u l t e d  i n  o n l y  v e r y  low 
c o n c e n t r a t i o n s  o f  d i c h l o r o p h e n o l  b e i n g  p r e s e n t  i n  t h e  O P C - o n ly  m i x e s ,  
h e n c e  t h e  low l o a d e d  c l a y  s a m p l e s  w h i c h  c o r r e s p o n d e d  t o  t h e s e  
c o n c e n t r a t i o n s  w e r e  a l s o  t e s t e d  i n  t h e  l e a c h  t e s t s .  The 
c o n c e n t r a t i o n s  o f  t h e  s o l u t i o n s  u s e d  a n d  t h e  w e i g h t  o f  t h e  t h e  p h e n o l  
a d s o r b e d  by  t h e  100 g  o f  e x c h a n g e d  c l a y  a r e  shown i n  T a b l e  4 . 4 .

To m a x i m i s e  t h e  a d s o r p t i o n  o f  t h e  p h e n o l s  f r o m  t h e  a q u e o u s  
s o l u t i o n s ,  t h e y  w e r e  r a p i d l y  s t i r r e d ,  on  m a g n e t i c  s t i r r e r s ,  a n d  t h e  
c l a y  a d d e d  s l o w l y  i n  o r d e r  t o  o b t a i n  a  h o m o g e n e o u s  s u s p e n s i o n .  The 
c l a y s  w e r e  s t i r r e d  f o r  24  h o u r s  t o  e n s u r e  c o m p l e t e  a d s o r p t i o n  o f  t h e  
p h e n o l s .  A f t e r  24  h o u r s  t h e  s u s p e n s i o n s  w e r e  f i l t e r e d  t h r o u g h  
Whatman No. 1 p a p e r  u n d e r  vacuum.  The  f i l t r a t e s  w e r e  a n a l y s e d  
c o l o u r i m e t r i c a l l y  (APHA-AWWA-WPCF, 1980 )  t o  d e t e r m i n e  t h e  w e i g h t  o f  
p h e n o l  a d s o r b e d  by  t h e  c l a y s .  The  f i l t e r  c a k e  wa s  w e i g h e d ,  t h e  
am o u n t  o f  w a t e r  a b s o r b e d  by  t h e  c l a y s  d e t e r m i n e d  a n d ,  i f  n e c e s s a r y ,  
a d d i t i o n a l  w a t e r  a d d e d  t o  make t h e  t o t a l  w a t e r / c l a y  r a t i o  e q u a l  t o  
0 . 6 7 .  S a m p l e s  o f  OPC (2 00  g )  w e r e  m i x e d  i n t o  t h e  c l a y  p a s t e s ,  and  
w a t e r  t o  h y d r a t e  t h e  c e m e n t  a d d e d  ( w a t e r / c e m e n t  ( w / c )  = 0 . 3 5 ) .  The 
w e i g h t s  o f  e a c h  o f  t h e  c o n s t i t u e n t s  u s e d  a r e  shown i n  T a b l e  4 . 5 .
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T a b l e  4 . 4 :  W e i g h t  o f  P h e n o l s  i n  L e a c h  T e s t  M ixes

L o a d i n g  
o f  p h e n o l  
o n t o  c l a y

P h e n o l 3 - C h l o r o p h e n o l 2 , 3 - D i c h l o r o p h e n o l

C o n c e n t r a - W e ig h t C o n c e n t r a - W e i g h t C o n c e n t r a - W e i g h t
t i o n  o f A d s o r b e d t i o n  o f A d s o r b e d t i o n  o f A d s o r b e d
S o l u t i o n by C l a y * S o l u t i o n by  C l a y * S o l u t i o n by  C l a y *
Cmg/1) (mg) ( m g / 1 ) (mg) ( m g / 1) (mg)

P e r c h e m  462

H i g h  Loa d 47 00 4698 90 00 8 9 9 2 8 9 0 0 87 4 6
Medium 470 433 90 0 599 1330 1272
Low Load ND — ND — 132 130

P e r c h e m  97
H i g h  Loa d 47 00 3137 90 00 8621 89 00 87 6 0
Medium 470 421 90 0 887 1330 1328
Low Load ND — ND — 132 130

Wyoming B e n t o n i t e / O P C  

H i g h  Loa d 47 0 0 1680 90 00 3611 NS
Medium 470 133 900 346 1330 435
Low ND ND ——— “ 132 50

0PC C o n t r o l

H igh — 30 80 * — NS — NS
Medium — ND — 60 2* — NS
Low ND ND 50 *

ND = No t  d e t e r m i n e d
NS = R e q u i r e d  w e i g h t  o f  p h e n o l  n o t  s o l u b l e  i n  w a t e r .
* = No a d s o r p t i o n  s t a g e ,  c o m p l e t e  s o l u t i o n  s o l i d i f i e d .
# = 100 g  o f  c l a y  i n  a l l  c a s e s .



T a b l e  4 . 5 :  C o m p o s i t i o n  o f  L e a c h  T e s t  M i x e s .

L o a d i n g  
o f  p h e n o l  
o n t o  C l a y

C l a y

<S>

O r d i n a r y
P o r t l a n d

Ce m en t
<g>

W a t e r

(ml)

T o t a l  
I n o r g a n i c  

S o l  i d s  
<%)

P e r c h e m  462

High 100 200 137 6 8 . 5
Medium 100 200 137 6 8 . 5
Low 100 200 137 6 8 . 5

P e r c h e m  97

High 100 20 0 137 6 8 . 5
Med i urn 100 20 0 137 6 8 . 5
Low 100 20 0 137 6 8 . 5

Wyoming B e n t o n i t e / O P C

High 100 200 170* 6 4 . 0
Medium 100 200 170* 6 4 . 0
Low 100 200 170* 6 4 . 0

OPC C o n t r o l

H igh 0 400 140 7 4 . 0
Medium 0 400 140 7 4 . 0
Low 0 400 140 7 4 . 0

*  E x t r a  w a t e r r e q u i r e d  du e t o  a d s o r b t i v e p r o p e r t i e s  o f u n e x c h a n g e d
Wyoming B e n t o n i t e .
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When t h e  m i x e s  w e r e  h o m o g e n e o u s  (minimum m i x i n g  t i m e  5 m i n u t e s )  
c y l i n d r i c a l  d y n a m ic  l e a c h  t e s t  m o u l d s  (60  mm by 60  mm) w e r e  f i l l e d .  
T he  m o u l d s  w e r e  c o m p a c t e d  by  v i g o r o u s  i n t e r m i t t e n t  v i b r a t i o n  o v e r  a 
p e r i o d  o f  15 m i n u t e s  a n d  t h e n  l e f t  t o  c u r e  f o r  24  h o u r s .  The  
r e m a i n d e r  o f  e a c h  o f  t h e  m i x e s  w e r e  p l a c e d  i n  100 ml p o l y p r o p l e n e  
b e a k e r s ,  c o m p a c t e d  a n d  s t o r e d  f o r  28 d a y s  t o  c u r e .  A f t e r  24  h o u r s  
t h e  d y n a m ic  l e a c h  t e s t  s a m p l e s  w e r e  d e m o u l d e d  a n d  l e f t  t o  c u r e  f o r  a 
f u r t h e r  27  d a y s .  S p e c i a l  t e m p e r a t u r e  c o n t r o l s  w e r e  n o t  a p p l i e d  
d u r i n g  t h e  c u r i n g  p e r i o d  s i n c e  t h e  a m b i e n t  t e m p e r a t u r e  was  i n  t h e  
r a n g e  20  ± 2°C .  S a m p l e s  w e r e  s t o r e d  i n  s e a l e d  c o n t a i n e r s  t o  m a i n t a i n  
t h e  h u m i d i t y  a n d  i n  t h e  a b s e n c e  o f  l i g h t  t o  p r e v e n t  a n y  p h o t o c h e m i c a l  
r e a c t i o n s .

Two s e p a r a t e  s e t s  o f  c o n t r o l  e x p e r i m e n t s  w e r e  r u n  i n  c o n j u n c t i o n  
w i t h  t h e  p h e n o l / e x c h a n g e d  c l a y  s a m p l e s .  The  f i r s t  s e t  o f  c o n t r o l  
s a m p l e s  c o n t a i n e d  o n l y  OPC a n d  a q u e o u s  s o l u t i o n s  o f  t h e  p h e n o l s .  The 
r e q u i r e d  c o n c e n t r a t i o n  o f  t h e  p h e n o l s  w e r e  d i s s o l v e d  i n  t h e  w a t e r  f o r  
h y d r a t i o n  o f  t h e  OPC. O n l y  p h e n o l  c o u l d  be  p r e p a r e d  a t  h i g h  l o a d i n g s  
d u e  t o  t h e  lo w  s o l u b i l i t y  o f  t h e  o t h e r  p h e n o l s  i n  w a t e r .  T he  s e c o n d  
s e t  o f  c o n t r o l s  c o n t a i n e d  u n e x c h a n g e d  Wyoming b e n t o n i t e ,  OPC (OPC/WB 
r a t i o  0 . 5 ) ,  a n d  a q u e o u s  p h e n o l i c  s o l u t i o n  e q u a l  i n  v o l u m e  t o  t h e  
am ou nt  o f  w a t e r  r e q u i r e d  f o r  t h e  c l a y  a n d  f o r  h y d r a t i o n  o f  t h e  OPC. 
The  Wyoming b e n t o n i t e  was  m i x e d  w i t h  t h e  p h e n o l i c  s o l u t i o n  a n d  l e f t  
f o r  24  h o u r s  t o  a l l o w  a n y  a d s o r p t i o n  t o  t a k e  p l a c e .  The  c l a y  p a s t e  
was  t h e n  s o l i d i f i e d  w i t h  OPC. The Wyoming b e n t o n i t e / O P C  mix  was 
p l a c e d  i n  t h e  m o u l d s  a n d  l e f t  t o  c u r e  u n d e r  t h e  sam e c o n d i t i o n s  a s  
t h e  e x c h a n g e d  c l a y  s a m p l e s .  The  c o n c e n t r a t i o n s  o f  p h e n o l  i n  t h e  
f i n a l  d y n a m i c  l e a c h  t e s t  m o u l d s  a n d  i n  t h e  c o n t r o l  s a m p l e s  a r e  shown 
i n  T a b l e  4 . 5 .

( c )  L o n g  T e rm  S t a b i l i t y  o f  E x c h a n g e d  C l a y s  i n  a  C em en t  M a t r i x

The s t a b i l i t y  o f  t h e  QAS i n  t h e  s o l i d i f i e d  e x c h a n g e d  c l a y  was  
d e t e r m i n e d  o v e r  an  165 d a y  d y n a m i c  l e a c h  t e s t .  E x c e s s  QAS was  r e m o v e d  
f r o m  t h e  c l a y  by  s u s p e n d i n g  100 g  o f  e x c h a n g e d  c l a y  i n  1 1 w a t e r ,
s t i r r i n g  f o r  24  h o u r s  a n d  t h e  r e s u l t i n g  s u s p e n s i o n  was t h e n  f i l t e r e d
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u n d e r  vacuum.  The  f i l t e r  c a k e  was  s o l i d i f i e d  w i t h  200 g  OPC a n d  
d i s t i l l e d  w a t e r  ( w a t e r / c l a y  r a t i o  0 . 6 7  a n d  w / c  r a t i o  0 . 3 5 ) .  The  
m o u l d s  w e r e  p r e p a r e d  a n d  t h e  s a m p l e s  s t o r e d  a s  d e s c r i b e d  a b o v e .

( d )  S o l i d i f i c a t i o n  o f  A q u e o u s  Z i n c  a n d  3 - C h l o r o p h e n o l  S o l u t i o n s

A q u e o u s  s o l u t i o n s  (200 m l)  o f  3 - c h l o r o p h e n o l . z i n c  n i t r a t e  a n d  
m i x t u r e s  o f  b o t h  c om p oun ds  w e r e  p r e p a r e d  t o  g i v e  t h e  r a n g e  o f  
c o n c e n t r a t i o n s  shown i n  T a b l e  4 . 6 .  To e a c h  s o l u t i o n  100 g  o f  
P e r c h e m  462 e x c h a n g e d  c l a y  w as  a d d e d  a n d  t h e  s u s p e n s i o n s  s t i r r e d  on  
m a g n e t i c  s t i r r e r s  f o r  24  h o u r s  t o  a l l o w  a d s o r p t i o n  o f  t h e  z i n c  a n d  3 -  
c h l o r o p h e n o l . A f t e r  24  h o u r s  20 0  g  o f  OPC was a d d e d  t o  e a c h  c o m p l e t e  
a q u e o u s  s u s p e n s i o n ,  a n d  t h e  p a s t e  w e l l  m ix ed  t o  e n s u r e  h o m o g e n e i t y .  
E a c h  mix  was  c a s t  i n  c y l i n d r i c a l  m o u l d s  (60  mm x 60  ram), f o r  d y n a m ic  
l e a c h  t e s t i n g ,  t h e  p a s t e  b e i n g  c o m p a c t e d  by  m a n u a l  v i b r a t i o n .  The  
r e m a i n d e r  o f  e a c h  o f  t h e  m i x e s  w e r e  p l a c e d  i n  100 ml p o l y p r o p y l e n e  
b e a k e r s  f o r  u s e  i n  t h e  e q u i l i b r i u m  l e a c h  t e s t s .  A l l  o f  t h e  s a m p l e s  
w e r e  c u r e d  f o r  28  d a y s  a t  20  ± 2°C i n  100% r e l a t i v e  h u m i d i t y .

T a b l e  4 . 6 :  W e i g h t  o f  Z i n c  a n d  3 - C h l o r o p h e n o l  S o l i d i f i e d  f o r  L e a c h  
T e s t i n g .

L o a d i n g Mix
Number

W e i g h t  o f  3 - C h l o r o -  
p h e n o l  (mg)

W e i g h t  o f  Z i n c  
(mg)

H i g h / H i g h 1. 3 3 5 8 . 0 2 6 0 1 . 0
H ig h /M e d iu m 2. 3 3 6 0 . 0 2 6 1 . 9
Medium/Medium 3. 3 8 7 . 5 2 5 9 . 9
Low/Low 4. 4 3 . 6 2 5 . 8
C o n t r o l  H i g h 5. 6 0 2 0 . 0 0 . 0
C o n t r o l  Medium 6. 4 0 1 . 0 0 . 0
C o n t r o l  H i g h 7. 0 . 0 2 6 0 0 . 0
C o n t r o l  Medium 8. 0 . 0 2 6 0 . 5
B l a n k 9. 0 . 0 0 . 0
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( e )  S o l i d i f i c a t i o n  o f  P u r e  O r g a n i c  Compou nds

P r e v i o u s  work  ( S e c t i o n  3 . 0 )  h a s  i n v e s t i g a t e d  t h e  a d s o r p t i o n  o f  
t h e  o r g a n i c  c om p oun ds  by  t h e  c l a y s  i n  s o l u t i o n ,  f o r  e x a m p l e  t h e  
a d s o r p t i o n  o f  p h e n o l  f r o m  w a t e r .  C o m p e t i t i o n  b e t w e e n  t h e  s o l v e n t  and  
t h e  c l a y  f o r  t h e  s o l v a t i o n / a d s o r p t i o n  o f  t h e  o r g a n i c  c o m p o u n d s  h a s  a 
s i g n i f i c a n t  e f f e c t  u p o n  t h e  c o n c e n t r a t i o n  o f  t h e  o r g a n i c  compound 
a d s o r b e d .  T h i s  work  i n v e s t i g a t e d  t h e  s t a b i l i s a t i o n  o f  s m a l l  
c o n c e n t r a t i o n s  o f  p u r e  o r g a n i c  l i q u i d s ,  c h l o r o n a p h t h a l e n e  and  
c h l o r o b e n z e n e ,  u s i n g  two d i f f e r e n t  m e t h o d s  o f  a d s o r b i n g  t h e  o r g a n i c s  
a n d  QAS o n t o  t h e  c l a y  p r i o r  t o  c e m e n t - b a s e d  s o l i d i f i c a t i o n .

F o r  t h e  f i r s t  m e t h o d ,  20  g  s a m p l e s  o f  p r e w a s h e d  P e r c h e m  46 2 ,  o r  
t h e  e q u i v i l ^ n t  w e i g h t  o f  p r e w a s h e d  f i l t e r  c a k e ,  w e r e  m i x e d  w i t h  
b e t w e e n  10 m mol a n d  100 m mol o f  e i t h e r  c h l o r o n a p h t h a l e n e  o r  
c h l o r o b e n z e n e .  To e a c h  s a m p l e  was a d d e d  20  g  0PC a n d  37  ml o f  w a t e r  
( w /c  = 0 . 3 5 ,  w / c l a y  = 0 . 6 7 ) .  The  0PC was  w e l l  m i x e d  w i t h  t h e  c l a y  
u n t i l  a  h o m o g e n e o u s  p a s t e  was  o b t a i n e d .  E ach  s a m p l e  w as  p l a c e d  i n  a  
100 ml p o l y p r o p y l e n e  b e a k e r  a n d  l e f t  t o  c u r e  f o r  28  d a y s  a t  room 
t e m p e r a t u r e  a n d  100% r e l a t i v e  h u m i d i t y .  C o n t r o l  s a m p l e s  w e r e  
p r e p a r e d  c o n t a i n i n g  t h e  o r g a n i c  c o m p o u n d s  a n d  0PC o n l y  o r  Wyoming 
b e n t o n i t e  a n d  0PC m ix .  The  O P C - o n l y  c o n t r o l s  w e r e  p r e p a r e d  by  m i x i n g  
t h e  d r y  0PC a n d  t h e  o r g a n i c  compound a n d  w a t e r  a d d e d  t o  h y d r a t e  t h e  
c e m e n t .  The  m i x t u r e  was  w o r k e d  t o  f o r m  a  p a s t e  a n d  a l l o w e d  t o  c u r e  
f o r  28  d a y s .  The  o r g a n i c s  w e r e  f o u n d  n o t  t o  m ix  w i t h  t h e  OPC p a s t e  
a n d  f o r m e d  a  l a y e r  on t h e  s u r f a c e  o f  t h e  s a m p l e .  T h e  WB/0PC s a m p l e s  
w e r e  p r e p a r e d  by  m i x i n g  t h e  o r g a n i c  com p oun ds  w i t h  t h e  c l a y  an d  
a d d i n g  t h e  OPC a n d  w a t e r .  The  c l a y  a d s o r b e d  t h e  o r g a n i c  co m pounds  
w e l l  a n d  c o m b i n e d  w i t h  t h e  OPC t o  f o r m  a  h o m o g e n e o u s  mix .

The s e c o n d  m e t h o d  r e q u i r e d  t h e  o r g a n i c  t o  b e  d i s s o l v e d  i n t o  t h e  
QAS p r i o r  t o  a d s o r p t i o n  o n t o  t h e  m o n tm o r i  1 l o n i t e .  P u r e  QAS <0.1 
m o l ) ,  e i t h e r  c r y s t a l l i n e  (B0DDMA-C1) o r  i n  a  50% a l c o h o l i c  s o l u t i o n  
(0DTMA-C1), w e r e  m i x e d  w i t h  t h e  o r g a n i c  compound.  To e a c h  mix was  
a d d e d  52 g  Wyoming b e n t o n i t e  a n d  20 0  ml w a t e r .  The  s u s p e n s i o n  was 
s t i r r e d  f o r  t h r e e  h o u r s  t o  a l l o w  a n y  e x c h a n g e  o n t o  t h e  c l a y .  The
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c l a y  s u s p e n s i o n s  w e r e  f i l t e r e d ,  w e i g h e d  a n d  s o l i d i f i e d  w i t h  52 g  OPC 
a n d  w a t e r  t o  g i v e  t h e  c o r r e c t  w / c  r a t i o ,  a n d  c u r e d  u n d e r  t h e  s t a n d a r d  
c o n d i t i o n s .  C o n t r o l  s a m p l e s  w e r e  made u s i n g  t h e  OPC p a s t e  p l u s  t h e  
QAS a n d  t h e  o r g a n i c  compound t o  d e t e r m i n e  I f  t h e  QAS a l o n e  was a b l e  
t o  e n h a n c e  t h e  s t a b i l i s a t i o n  on  t h e  o r g a n i c .  The  c o m p o s i t i o n s  o f  a l l  
o f  t h e  m i x e s  a n d  t h e  c o n c e n t r a t i o n s  o f  o r g a n i c  c o m p o u n d s  a d s o r b e d  a r e  
shown i n  T a b l e  4 . 7 .

T a b l e  4 . 7 :  C o m p o s i t i o n  o f  P u r e  O r g a n i c  S t a b i l i s a t i o n  M i x e s

W e i g h t

S a m p le O r g a n i c *  P.  462 W.B. BODDMAM ODTMAM OPC W a t e r
Cm m ol )  (g> <g) (m mol ) <m m ol ) <g> (ml)

1. 20 20 0 0 O 40 37
2. 100 20 0 0 0 40 37
3.  * 20 20 0 0 0 40 37
4 . " 100 20 0 0 0 40 37
5. 50 0 52 100 0 104 88
6. 10 0 52 100 0 104 88
7. 10 0 52 0 0 104 88
8 . 10 0 0 0 100 40 14
9. 50 0 0 0 0 40 14

= C h l o r o b e n z e n e  o r  1 - C h l o r o n a p h t h a l e n e  
= U s i n g  p r e w a s h e d  P e r c h e m  462
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4 . 2 . 4 -  P h y s i c a l  T e s t s

( a )  S e t t i n g  R a t e

The s e t t i n g  r a t e  o f  t h e  s a m p l e s  was  m e a s u r e d  on  t h e  e q u i l i b r i u m  
l e a c h  t e s t  s a m p l e s  u s i n g  a  c o n c r e t e  p o c k e t  p e n e t r o m e t e r  (Wykeham 
F a r r a n c e  E n g i n e e r i n g  l t d . ,  UK). The  m e a s u r e m e n t s  w e r e  t a k e n  f r o m  
3 h o u r s  a f t e r  t h e  I n i t i a l  m i x i n g  o f  t h e  s a m p l e s .  S u b s e q u e n t  
r e s i s t a n c e  m e a s u r e m e n t s  on t h e  s a m p l e s  w e r e  made a t  r e g u l a r  i n t e r v a l s  
u n t i l  t h e  h a r d n e s s  e x c e e d e d  4 . 8  x 10“ SN m- 2 . The  s e t t i n g  r a t e  was  
d e t e r m i n e d  by  c a l c u l a t i n g  t h e  r a t e  o f  c h a n g e  o f  h a r d n e s s  o f  t h e  
s a m p l e s  w i t h  t i m e .

( b )  U n c o n f i n e d  C o m p r e s s i v e  S t r e n g h  T e s t s

U n c o n f i n e d  c o m p r e s s i v e  s t r e n g t h  (UCS) m e a s u r e m e n t s  w e r e  c a r r i e d  
o u t  on  t h e  60  mm d i a m e t e r  c y l i n d e r s  C60 mm h i g h )  a f t e r  28  d a y s  
c u r i n g .  The  c y l i n d r i c a l  s a m p l e s  w e r e  p r e p a r e d  f o r  t e s t i n g  by
m e a s u r i n g  t h e  d i m e n s i o n s  o f  e a c h  s a m p l e  t o  s e e  i f  a n y  e x p a n s i o n  o r  
c o n t r a c t i o n  o f  t h e  s a m p l e s  h a d  o c c u r r e d  d u r i n g  c u r i n g .  The  end 
s u r f a c e s  w e r e  t h e n  g r o u n d  t o  p r o v i d e  s m o o th  p a r a l l e l  f a c e s  f o r  
t e s t i n g  u s i n g  f i n e  s a n d  p a p e r .  The  t e s t s  w e r e  p e r f o r m e d  i n
t r i p l i c a t e ,  a n d  t h e  m eans  o f  t h e  t h r e e  r e s u l t s  t a k e n .  The
m e a s u r e m e n t  was  c a r r i e d  o u t  u s i n g  a  U n i v e r s a l  T e s t  M a c h i n e  -  A m s l e r
G r a d e  A1 M a c h i n e .

C o m p r e s s i v e  s t r e n g t h  t e s t s  w e r e  a l s o  c a r r i e d  o u t  on t h e  b l o c k s  
u s e d  i n  t h e  d y n a m i c  l e a c h  t e s t s  t o  c o m p a r e  t h e  e f f e c t  o f  t h e  o r g a n i c s  
a n d  28 d a y s  o f  l e a c h i n g  on  t h e  s t r e n g t h  o f  t h e  b l o c k s .  A f t e r  t h e  
l e a c h  t e s t s  t h e  b l o c k s  w e r e  d r i e d ,  a t  room t e m p e r a t u r e ,  i n  a  s t r e a m
o f  a i r  f o r  48  h o u r s  b e f o r e  b e i n g  p r e p a r e d  a n d  t e s t e d  a s  d e s c r i b e d
a b o v e .
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( c )  W a t e r  A b s o r p t i o n

The p r o c e d u r e  a d o p t e d  wa s  t h a t  o f  t h e  C o n c r e t e  S o c i e t y  ( 1 9 8 6 ) .  
The  s a m p l e s  w e r e  c u r e d  f o r  24  d a y s  a f t e r  m i x i n g  a n d  t h e n  p l a c e d  i n  an  
o v e n  a t  105°C f o r  72 h o u r s ,  u n t i l  t h e y  r e a c h e d  c o n s t a n t  w e i g h t .  The  
s a m p l e s  w e r e  c o o l e d  i n  a  vacu um  d e s i c c a t o r  f o r  24  h o u r s .  E ach  s a m p l e  
wa s  w e i g h e d  a n d  t h e n  I m m e d i a t e l y  Im m ersed  i n  a  t a n k  c o n t a i n i n g  
d i s t i l l e d  w a t e r  a t  20 °C ,  w i t h  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  s a m p l e  
c o r e  h o r i z o n t a l  a n d  c o v e r e d  by  a  d e p t h  o f  25 mm o f  w a t e r .  The  s a m p l e s  
w e r e  im m e rs e d  f o r  30  m i n u t e s  a n d  t h e n  r e m o v e d ,  s h a k e n ,  t h e  s u r f a c e  
d r i e d  a n d  r e w e l g h e d .  The  s a m p l e s  w e r e  t h e n  r e p l a c e d  f o r  24  h o u r s  
a n d  t h e  w e i g h i n g  p r o c e d u r e  r e p e a t e d .

( d )  Oxygen P e r m e a b i l i t y

The p e r m e a t i o n  o f  a  c e m e n t  o r  a n  OPC s o l i d i f i e d  w a s t e  i s  o f  
p r i m e  i m p o r t a n c e  a s  i t  g o v e r n s  two i n t e r r e l a t e d  p r o p e r t i e s ,  
d u r a b i l i t y  a n d  l e a c h a b i 1 i t y .  The  d u r a b i l i t y  o f  a  s o l i d i f i e d  s a m p l e  
r e f l e c t s  t h e  l o n g  t e r m  s t a b i l i t y  o f  t h e  t r e a t e d  m a t e r i a l  w h i l s t  t h e  
l e a c h a b l l i t y  I n d i c a t e s  t h e  m o b i l i t y  o f  c o n t a m i n a n t s  i n  t h e  s o l i d i f i e d  
s a m p l e s  w h i c h  may e s c a p e  f r o m  t h e  s o l i d i f i e d  m a t e r i a l  w i t h  t i m e .

F o r  s o l i d i f i e d  m a t e r i a l s  t h e r e  a r e  no  s t a n d a r d  m e t h o d s  f o r  
m e a s u r i n g  p e r m e a b i l i t y .  T h e  e x p e r i m e n t a l  m e a s u r e m e n t  o f  w a t e r  
p e r m e a b i l i t y  i n  c e m e n t i t i o u s  s y s t e m s  h a s  s e v e r a l  m a j o r  d r a w b a c k s .  
F i r s t l y ,  t h e  t i m e  t a k e n  t o  a c h i e v e  a  s t e a d y  f l o w  r e g i m e  i s  
c o n s i d e r a b l e  (8 t o  10 d a y s )  a n d  t h e  f l o w  o f  w a t e r  t h r o u g h  t h e  
c e m e n t i t i o u s  m a t r i x  d u r i n g  m e a s u r e m e n t  may c a u s e  c h a n g e s  i n  t h e  
m i c r o s t r u c t u r e  o f  t h e  c e m e n t ,  f o r  e x a m p l e ,  by  c a u s i n g  f u r t h e r  
h y d r a t i o n .  T h i r d l y  f o r  s o l i d i f i e d  w a s t e  s a m p l e s  t h e  f l o w  o f  w a t e r  
t h r o u g h  t h e  s a m p l e  w o u l d  c a u s e  l e a c h i n g  o f  t h e  w a s t e s  a n d  t h i s  w o u l d  
m o d i f y  t h e  f l o w  r e g i m e  o f  w a t e r  t h r o u g h  t h e  m a t r i x .

An a l t e r n a t i v e  t o  u s i n g  w a t e r  t o  m e a s u r e  t h e  p e r m e a b i l i t y  o f  
c e m e n t  s a m p l e s  i s  t o  m e a s u r e  t h e  g a s  p e r m e a b i l i t y .  T h e r e  i s  no  
e s t a b l i s h e d  r e l a t i o n s h i p  b e t w e e n  t h e  g a s  a n d  w a t e r  p e r m e a b i l i t i e s  i n
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s o l i d  s a m p l e s  b u t  g a s  p e r m e a b i l i t y  c a n  g i v e  r e p r o d u c a b l e  r e s u l t s  
w h i c h  c a n  b e  c o m p a r e d  w i t h  c o n t r o l  s a m p l e s .  G a s  p e r m e a b i l i t y  h a s  
s e v e r a l  a d v a n t a g e s  o v e r  w a t e r  i t  r a p i d l y  r e a c h e s  e q u i l i b r i u m  i n  a  f ew  
h o u r s  a n d  t h e  p a s s a g e  o f  t h e  g a s  t h r o u g h  t h e  s a m p l e  h a s  no  e f f e c t  
up on  t h e  m i c r o s t r u c t u r a l  p r o p e r t i e s  o f  t h e  c e m e n t .

Oxygen w as  c h o s e n  t o  m e a s u r e  t h e  p e r m e a b i l i t y  o f  t h e  s o l i d i f i e d  
O P C / c l a y  s a m p l e s  i n  t h i s  w o rk .  The  f o r m u l a t i o n s  o f  t h e  m i x e s  t e s t e d  
a r e  g i v e n  i n  T a b l e  4 . 3 ,  n u m b e r s  1, 2 ,  5 a n d  6 .  T he  m i x e s  c o n t a i n ,  
r e s p e c t i v e l y ,  OPC p a s t e ,  O P C /P e rc h e ra  462 a n d  O P C / p r e w a s h e d  P e rch e ra  
462 a t  two d i f f e r e n t  w a t e r / c e m e n t  r a t i o s .  The m i x e s ,  p r e p a r e d  a s  i n  
S e c t i o n  4 . 2 . 3 ( d ) ,  w e r e  c a s t  i n  45  x  100 mm d i a m e t e r  s p e c i a l l y  
p r e p a r e d  c y l i n d r i c a l  m o u l d s ,  w i t h  p o l y e t h e n e  f i l m  a t  t h e  b a s e  t o  
p r e v e n t  m o u ld  o i l  f r o m  p e n e t r a t i n g  t h e  p a s t e .  C o m p r e s s i v e  s t r e n g t h  
s p e c i m e n s  w e r e  c a s t  f r o m  t h e  same p a s t e  a t  t h e  sam e t i m e .  The  m i x e s  
w e r e  a l l o w e d  t o  c u r e  a t  20°C a n d  100% r e l a t i v e  h u m i d i t y  f o r  24  h o u r s  
b e f o r e  d e m o u l d i n g  a n d  c u r i n g  f o r  a  f u r t h e r  27  d a y s .

A f t e r  28  d a y s  t h e  c y l i n d e r s  w e r e  p l a c e d  i n  a  s e a l e d  c o n t a i n e r  
w i t h  a n  a t m o s p h e r e  o f  52% r e l a t i v e  h u m i d i t y  m a i n t a i n e d  by  s a t u r a t e d  
a q u e o u s  s o l u t i o n s  o f  s o d i u m  d i c h r o r a a t e  f o r  a  f u r t h e r  8 4  d a y s .  A l l  
t e s t s  w e r e  p e r f o r m e d  on d u p l i c a t e  s a m p l e s .

Oxygen p e r m e a b i l i t y  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  u s i n g  a  g a s  
p e r m e a b i l i t y  c e l l  ( F i g u r e  4 . 1 ) .  T he  c e l l  c o n s i s t s  o f  a  c i r c u l a r  
b r a s s  b a s e  c y l i n d e r  a n d  t o p  p l a t e .  The  s a m p l e  w as  p l a c e d  on  t h e  b a s e  
p l a t e  a n d  a  s o f t  PVC s l e e v e  p l a c e d  a r o u n d  i t .  The  c y l i n d e r  was 
l o c a t e d  a r o u n d  t h e  PVC s l e e v e  a n d  t h e  t o p  p l a t e  s e c u r e d  i n  p l a c e .  
The  t o p  p l a t e  was  p n e u m a t i c a l l y  p r e s s e d  down o n t o  t h e  s l e e v e  s o  
s q u e e z i n g  t h e  PVC t i g h t l y  a r o u n d  t h e  s a m p l e  t o  o b t a i n  a  go o d  s e a l .  
The  o x y g e n  wa s  a l l o w e d  t o  f l o w  t h r o u g h  t h e  s a m p l e  u n t i l  a  s t e a d y  
s t a t e  was  r e a c h e d ,  t h e  f l o w  b e i n g  m e a s u r e d  by  a  b u b b l e  f l o w  m e t e r  
f o r  a  s e r i e s  o f  i n f l o w  p r e s s u r e s .  The  p e r m e a b i l i t y  v a l u e s  w e r e  
c a l c u l a t e d  u s i n g  an  e q u a t i o n  d e r i v e d  f r o m  a  c o m b i n a t i o n  o f  D ' A r c y  a n d  
P o i s e u i l l e ' s  e q u a t i o n s : -



135.

Figure 4.1: Photographic Plate of Oxygen Permeability Rig.

1. = Permeability Cell
2. = Oxygen Supply
3. = Pneumatic Pump
4. = Bubble Gas Flow Meter
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k = 2 . Q .  l . q . P ,
(P2 2 -  P2^ ) .  A

w h e r e  k = I n t r i n s i c  p e r m e a b i l i t y  (m2 ) ,  Q = f l o w  r a t e  (ma / s e c ) ,
1 = t h i c k n e s s  o f  s a m p l e  <m), q = v i s c o s i t y  < Nsm-2? ) , P,  = o u t l e t  
p r e s s u r e  ( N n r 2 ) ,  P2 = i n l e t  p r e s s u r e  a n d  A = c r o s s  s e c t i o n a l  a r e a  
(m2).

( e )  M e r c u r y  I n t r u s i o n  P o r o s l m e t r y

The t o t a l  p o r o s i t y  a n d  p o r e  s i z e  d i s t r i b u t i o n s  o f  t h e  m i x e s  
shown i n  T a b l e  4 . 3  n u m b e r s  1, 2 ,  5 a n d  6 w e r e  d e t e r m i n e d  on  28  d a y  
o l d  s a m p l e s .  The  i n s t r u m e n t  u s e d  i n  t h e  d e t e r m i n a t i o n  was  a  C a r l o -  
E r b a  S e r i e s  200 M e r c u r y  I n t r u s i o n  P o r o s i m e t e r  ( C a r l o  E r b a ,  UK). The  
p o r e  v o l u m e ,  a s  a f u n c t i o n  o f  t h e  p o r e  r a d i u s ,  was c a l c u l a t e d  
a c c o r d i n g  t o  t h e  e q u a t i o n  f o r  c y l i n d r i c a l  p o r e s  d e v i s e d  by  W i n s l o w  & 
Diamond ( 1 9 7 0 ) .

d = - 4 y C o s 6  
P

w h e r e  P = a p p l i e d  p r e s s u r e  (Nm- 2 ) ,  d = p o r e  d i a m e t e r  (mm), y  = 
s u r f a c e  t e n s i o n  (Nm- 1 ) ,  0 = c o n t a c t  a n g l e  o f  m e r c u r y  on  p o r e  w a l l .

4 . 2 . 5  L e a c h  T e s t s

( a )  Dyna m ic  l e a c h  T e s t s

The  p r o c e d u r e s  f o r  b o t h  d y n a m ic  a n d  e q u i l i b r i u m  l e a c h  t e s t s  a r e  
a d a p t e d  f r o m  t h o s e  d e v e l o p e d  b y  E n v i r o n m e n t  C a n a d a  e t  a l .  ( 1 9 8 6 ) .

F o r  t h e  d y n a m ic  l e a c h  t e s t s  t h e  s a m p l e s ,  i n  t h e  f o r m  o f  60 mm 
d i a m e t e r  c y l i n d e r s ,  w e r e  r i n s e d  b r i e f l y  i n  d i s t i l l e d  w a t e r  t o  r e m o v e  
a n y  d u s t  a d h e r i n g  t o  t h e  o u t s i d e  o f  t h e  b l o c k s .  The  s a m p l e s  w e r e
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then suspended In 1 1 of distilled water in nylon nets. The leachant 
in the bottles was stirred gently throughout the test, the 
temperature of the samples being kept at 20 ± 2°C. The leachate 
from the blocks was sampled after 1, 2, 4, 7, 10, 14, 18, 22 and 28 
days. Before analysis of the leachate the sample blocks were removed 
from the containers, allowed to drip dry and 100 ml aliquots of the 
leachate retained. The remainder of the leachate was discarded and 
the blocks re-suspended in a fresh 1 litre aliquot of distilled 
water. Leachate analysis was carried out using the standard 
colourimetric method previously described (Section 4.2.3(b)). When 
low dilutions of the leachate were required for the colouriraetric 
analysis N-2-hydroxyethy1-piperazine N'-3-propanesulphonic acid 
(HEPPS) buffer was used instead of the phosphate/ammonium buffer, in 
order to avoid precipitation of metal phosphate salts formed after 
leaching of metals from the cement.

(b) Equilibrium Leach Test

For the equilibrium leach tests the solidified samples were 
analysed after 28 and 56 days of curing. Prior to analysis the 
samples were crushed manually using a pestle and mortar and the 
particle size sieved to between 0.5 and 2.0 mm. Approximately 40 g of 
crushed samples were weighed into polypropylene screw capped 
containers and four times the weight of distilled water added. The 
containers were sealed and shaken on a rotary shaker for a 7 day 
period. After 7 days the samples were settled for 1 hour to allow the 
solids to separate and the supernate was then filtered through 
0.45 pm membrane filters. After suitable dilution analysis was 
performed colourimetrically.

(c) Equilibrium Leach Test on Pure Organic Solidified Samples

The solidified samples were analysed after 28 days of curing. 
The samples were crushed manually using a pestle and mortar and the 
particle size sieved to between 0.5 and 2.0 mm. Approximately 30 g
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of the crushed samples were weighed into containers and a equal 
weight added to a second container. To the first container four 
times the weight of water was added and to the second four times the 
sample weight of methanol. The containers were shaken end-ovei— end 
for 7 days. After 7 days the samples were filtered through 0.45 pm 
membrane filters. The methanol-extracted filter cake was resuspended 
In the original volume of fresh methanol and shaken for a further 24 
hours and re-filtered. This procedure was repeated on 7 successive 
days to remove all of the organic compounds present in the sample.

The aqueous filtrate was extracted with hexane to remove and 
concentrate the organic compounds, then analysed by UV 
spectrophotometry to determine the concentrations present. The 
methanol filtrates were combined after the 7 day period and the 
chlorinated organic compounds extracted into hexane to concentrate 
the samples prior to analysis. To determine the partition 
coefficient between hexane and methanol, a series of standard 
solutions of chlorobenzene and chloronaphthalene were prepared in 
methanol, extracted with hexane and the concentration of the 
chlorinated organic determined. The hexane extracts were analysed by 
UV spectrophotometry.

(d) Long Term Stability of QAS on Clay in the Cement Matrix

To determine the long term stability of the QAS on the clay in 
the cement matrix exchanged clay samples were solidified in OPC and, 
after 28 days curing, subjected to leaching tests for a total of 23 
weeks. Dynamic leach tests (Section 4.2.5(a)) were carried out
inorder to monitor the amount of quaternary ammonium compound leached 
into the water. Unlike previous dynamic leach tests, the leachate, at 
regular time intervals of either 3 or 7 days, was analysed by 
removing 5 ml aliquots and replacing them with 5 ml of distilled 
water. Analysis of the leachate was carried out by TOC analysis of 
three 0.40 pi subsamples. The test was carried out over a 161 day 
period.



4.3 RESULTS

4.3.1 Selection of Exchanged Clays

A series of exchanged clays were prepared in the laboratory and 
tested for their ability to adsorb phenol, 3-chlorophenol and 2,3- 
dichlorophenol. The results of these experiments (Section 3.3.1) 
showed that the QAS with chain lengths of Cx<4 to CIQ adsorbed the 
highest concentration of all of these phenols. With a view to the 
ultimate use of exchanged clays on a large-scale commercial basis, 
and because of the large quantities of exchanged clays required for 
subsequent experiments, a survey of commercially available exchanged 
clays was carried out. Commercially prepared exchanged clays were 
selected for adsorption studies on the basis of their similarity of 
structure and chain length to the laboratory-prepared samples. The 
clays shown in Table 4.8 were tested to determine the amount of 
phenol, 3-chlorophenol and 2,3-dichlorophenol adsorbed by 1.0 g of 
the exchanged clay from 10.0 mM of aqueous phenol solution.

The results show that, under these conditions, Perchera 462 
showed the greatest adsorption of the phenols. The weight of the 
phenols adsorbed by the Perchem 462 clay compared favourably to 
BODDMAM which adsorbed 44%, 91% and 98% of the phenol, 3-chlorophenol 
and 2,3-dichlorophenol respectively from 10 mM solutions in 3 hours. 
Subsequent tests were carried out on Perchem 462, a 
trimethylalkylammonium exchanged montmori1lonite, and Perchera 97 
which corresponded to the benzyl substituted alkyl ammonium salt 
exchanged onto the montmori1lonite (BODDMAM). Adsorption profiles of 
a range of phenolic concentrations by Perchem 462 and Perchem 97 are 
shown in Figure 4.2.
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Table 4.8: 
Clays

Percentage of Phenol adsorbed by Commercial Exchanged

Product Name Percentage Adsorbed*<%)

Phenol 3-Chlorophenol 2,3-Dichloro-
phenol

Bentone 27 40 68 75

Bentone 34 55 76 83

Bentone 38 42 75 81

Bentone SD1 31 79 88

Bentone SD2 36 79 89

Bentone EW 4 28 10

Perchem 44 31 65 82

Perchem 97 42 82 83

Perchem 462 64 92 96

BODDMAM 44 91 98

* Adsorption by 1.0 g of exchanged clay from 100 ml of 10 mM aqueous
phenol solution.
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4.3.2 Physical Tests

To determine the optimum mix and to characterise the performance 
of the exchanged clay in a cement matrix, a series of physical tests 
were performed on different exchanged clay/cement mixes.

(a) Unconfined Compressive Strength Tests

The effect of the exchanged clays at the two water/cement ratios 
upon the strength of the solidified samples was examined by measuring 
the UCS of a range of different mixes (the compositions of which are 
shown in Section 4.2.3(a) Table 4.3). The results of the compressive 
strength tests are shown in Figure 4.3. The results showed that the 
lower water/cement ratio (0.35) produced stronger mixes in all cases. 
The addition of the exchanged clay greatly reduced the strength of 
the mixes (Mix 2) compared with the OPC only mixes (Mix 1), and 
increasing the exchanged clay/cement ratio further weakened the 
matrix (Mix 5). In the case of the higher water/cement ratio, and to 
a lesser extent for the lower w/c ratio, the exchanged clay/OPC mixes 
were highly aerated, the matrix resembling a ''honeycomb" of air 
bubbles. The UCS of these mixes was much lower than expected. The 
bubbles were caused by the mix water washing the excess QAS from the 
clay's outer surface and, due to the surfactant properties of the 
QAS, producing foam which remained trapped in the matrix. The 
addition of antifoara had no effect upon the strength of either the 
lower w/c ratio clay/cement samples or the cement-only controls 
(Mix 4 and 3 respectively). The presence of antifoam slightly 
reduced the foaming effect in the high w/c ratio mixes (Mix 4) 
compared to Mix 2, and a corresponding increase in the strength was 
observed. The most effective method of reducing the foaming of the 
mixes and improving the strength of the matrix was found to be 
washing the exchanged clay to remove the excess QAS. The compressive 
strength of Mix 6 shows the dramatic effect of strength increase when 
using washed exchanged clay.
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UCS (106Nm-2)

Mix

Figure 4.3: Unconfined Compressive Strengths of Solidified Samples.

Mix 1 = OPC only; Mix 2 = Perchem 462/OPC; Mix 3 = OPC + 
Antifoam; Mix 4 = Perchem 462/OPC + Antifoam; Mix 5 = 
Perchem 462/OPC (1:1) and Mix 6 = Perchem 462(washed)/OPC.
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The effects of the phenolic compounds on the 28 day UCS of the 
solidified samples are shown in Figure 4.4. The difference in the 
UCS between the aqueous phenolic compounds and pure water in the 
exchanged clay/OPC mix was small, the maximum difference, for 3- 
chlorophenol, being less than 20%. The UCS of the OPC-only mixes 
showed a greater difference in strength between the different mixes, 
although the pattern of hardness for the three phenols is the same. 
The major difference between the two sets of samples was, once again, 
caused by the presence of the exchanged clay which had a detrimental 
effect upon the OPC strength.

The effect of the phenolic compounds and the exchanged clay on 
the setting rate of the mixes is shown in Table 4.9. Also shown are 
the UCS of the dynamic leach test samples (Section 4.3.3(a)) after 56 
days (28 days curing and 28 days leaching). The phenol dosed cement- 
only samples showed a slight increase in strength (compared with Mix 
1 in Figure 4.3) and a high setting rate. The clay/cement samples 
showed very little increased strength due to the presence of the 
phenolic compounds compared with Mix 2 in Figure 4.3. However, 
Perchem 97 seemed to give a weaker matrix than Perchem 462. The 
Wyoming bentonite/cement samples were very low in strength and had a 
low setting rate. The compressive strengths of the leach tested 
samples showed an overall decrease in strength for those samples 
containing the exchanged clay, and a slight increase in strength for 
the OPC-only samples compared with the comparable non-leach tested 
samples.

The presence of zinc in the Perchera 462/OPC solidified samples 
(Figure 4.5) seems to have little effect on the compressive strength 
of the matrix.
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UCS (x106Nm-2)

1 2

Figure 4.4: Effect of Phenols on Unconfined Compressive Strength of 
Solidified Samples.

Mix 1 = Perchem 462/OPC and Mix 2 = OPC Only



Table 4.9: Setting Rates of QAS-Exchanged Clay/OPC Samples dosed with 
Phenolic Compounds and Compressive Strengths*.

Sample Loading Setting Rate ( xlO6 Nnr2) Compressive
of Strength

phenols 3 5 7 24 48 (xlO6 Nitr̂ ')
Hours Hours Hours Hours Hours

PHENOL

Clay 462/OPC High 0.3 0.4 ND >4.8 >4.8 9.2
Clay 97/OPC High 0. 1 0.9 3.4 >4.8 >4.8 5.8
WB/OPC High 0.3 0.4 0. 4 2.2 3. 1 0.9
OPC High 0.3 2.7 >4.8 >4.8 >4.8 48. 7

Clay 462/OPC Medium 0.0 0. 1 0.4 >4.8 >4.8 7.4
Clay 97/OPC Medium 0.3 0.5 2.5 >4.8 >4.8 10.6
WB/OPC Medium 0. 3 0.4 0.5 0.6 1.2 0.6
OPC Medium 0.3 2.7 >4.8 >4.8 >4.8 50. 4

3-CHL0R0PHEN0L 

Clay 462/OPC High 0.3 0.5 ND >4.8 >4.8 7.5
Clay 97/OPC High 0.3 0.3 >4.8 >4.8 >4.8 4.4
WB/OPC High 0.2 0.3 0.5 2.4 2.5 0.9

Clay 462/OPC Medium 0. 1 0.3 0.5 >4.8 >4.8 8. 4
Clay 97/OPC Med i urn 0.5 0.9 ND >4.8 >4.8 10.9
WB/OPC Medium 0.3 0.7 0.7 0.8 0.8 0.8
OPC Medium 0.3 ND >4.8 >4.8 >4.8 41.6

2,3-DICHLOROPHENOL 

Clay 462/OPC High 0.3 0.5 0.8 >4.8 >4.8 4.0
Clay 97/OPC High 0.3 1.5 ND >4.8 >4.8 9.0

Clay 462/OPC Medium 0. 1 0. 1 0.3 >4.8 >4.8 6.9
Clay 97/OPC Medium 0.5 1.0 2.3 >4.8 >4.8 11.0
WB/OPC Medium 0.2 0.2 0.5 1.5 2.3 0.5

Clay 462/OPC Low 0. 1 0.3 0.3 >4.8 >4.8 12.6
Clay 97/OPC Low 0.4 1.0 3. 1 >4.8 >4.8 7. 7
WB/OPC Low 0.2 0.5 0.6 1.6 1.6 0.3
OPC Low 1.8 ND >4.8 >4.8 >4.8 65.9

CONTROL

Clay 462/OPC None 0.0 0. 1 0.2 >4.8 >4.8 11.1
Clay 97/OPC None 0. 1 0.5 0.9 >4.8 >4.8 6.2
WB/OPC None 0.3 0.7 0.9 2.7 2.8 0.7
OPC None 0.3 1.8 3.9 >4.8 >4.8 48.2

ND = Not Determined 
*after 28 days leach testing
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UCS (l06Nm-2)

Figure 4.5: Effect of Zinc and 3-Chlorophenol on the Unconfined 
Compressive Strength of Solidified Samples.

Loading Mix
Nuabar

Haight of 3-Chloro- 
phanol (ag)

Haight of Zinc 
<»6>

Hlgh/Hlgh 1. 3356.0 2601.0
Hlgh/Madlua 2. 3360.0 261.9
Nadlua/Mad tin 3. 367.5 259.9
Low/Low 4. 43.6 25.6
Control High 5. 6020.0 0.0
Control Madtun 6. 401.0 0.0
Control High 7. 0.0 2600.0
Control Hadiua 0. 0.0 260.5
Blank 9. 0.0 0.0
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(b) Water Absorption

Results of the water absorption experiments are shown in 
Figure 4.6. The 30 minute immersion results give an indication of 
the different permeabilities of the mixes (The Concrete Society, 
1985). The 24 hour absorption experiment highlights these 
differences. The ability to measure water absorption by the cement 
mixes is of prime importance, particularly in understanding some 
features of the dynamic leach test and, indeed, important when 
considering the final use for the stabilised mixes.

From Figure 4.6 several points can be observed. Increasing the 
water/cement ratio increased the absorption of water by over 50% 
(Mixes a compared to b, Table 4.3). The addition of the exchanged 
clay also increased the water absorption and higher clay-to-cement 
ratios magnified the effect (Mixes 2 and 5 respectively). The higher 
w/c ratio in the clay/cement mixes increased the foaming caused by 
the excess QAS adsorbed onto the outside of the clay (Mix 2(b)). 
Washing the clay before preparation of the mix produced a sample 
which absorbed only slightly more water during the absorption tests 
than the cement-only controls (Mixes 1 and 6). The addition of 
antifoam to the clay/cement mix in order to reduce the foaming, 
caused by the excess QAS, seemed to have little effect upon the water 
absorption test results (Mix 4). After 30 minutes the difference in 
water absorbed by the cement-only samples and the cement/clay samples 
was small, but after 24 hours the cement-only samples had absorbed 
very little additional water whereas the ceraent/clay samples had 
absorbed more than twice the percentage of water absorbed in 30 
minutes.
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Water Absorbed (%)

Figure 4.6: Water Absorption Test.

Mix 1 = OPC only; Mix 2 = Perchem 462/OPC; Mix 3 = OPC + 
Antifoam; Mix 4 = Perchem 462/OPC + Antifoam; Mix 5 = 
Perchem 462/OPC (1:1) and Mix 6 = Perchem 462(washed)/OPC.
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(c) Oxygen Permeability

Permeability data are shown In Figure 4.7(1) with the densities 
of each mix after 28 days curing shown in Figure 4.7(11). The 0.35 
water/cement ratio mixes show surprisingly little difference in 
permeability between the OPC-only mix and the samples containing the 
exchanged clay. Similarly, the difference between the washed and
unwashed clays was minimal. For the 0.6 water/cement ratio, however, 
the difference between the three mixes was considerable. The OPC- 
only mix had a very low permeability, while the sample containing 
unwashed clay was extremely permeable. The difference in
permeability between the washed and unwashed mixes was appreciable
but not as large as might have been expected. The probable reason
for this is that although the samples were very porous, the bubbles 
being visible to the eye, the cells were not connected and so the 
permeability of the samples is not great. This effect is illustrated 
in Figure 4.8.

(d> Mercury Intrusion Porosimetry

The porosity of the mixes was measured by MIP and the results 
are shown in Figure 4.9. Figure 4.9(1) shows the total cumulative 
pore volume of the mixes and Figure 4.9(11) shows the percentage of 
pores with a radius greater then 1000 nm. Pores greater than 1000 nra 
were considered to be voids due to the entrapped air. The total 
cumulative pore volume for both the w/c ratio mixes demonstrates the 
expected maximum value for the mixes containing the unwashed clay. 
The high percentages of pores with a radius greater than 1000 nm for 
the clay mixes (particularly the unwashed clay mixes) was due to the 
foaming effect of the QAS.

From the results of the physical tests, the optimum mix of 
cement and clay to give the highest strength and lowest permeability 
was found to be Mmix 6(a), Table 4.3. Mix 6(a) was made with the 
washed exchanged clay at the low water/cement ratio. Mix 11, which 
had a higher water/ceraent ratio, also had good physical



Figure 4.7: Oxygen Permeability Samples Showing (I) Permeability
Results and (II) the Density of the Permeability Samples.

Mix 1 = OPC only; Mix 2 = Perchem 462/OPC; Mix 6 = Perchem 
462(washed/OPC).
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Figure 4.8: Schematic Diagram to show the Effect of Porosity and 
Permeability in a Solid Matrix (after Bakker, 1983).
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characteristics, although the higher w/c ratio reduced the strength 
and increased the permeability.

The samples for the dynamic leach test were "washed" once as 
part of the procedure for adsorbing phenolic compounds which greatly 
reduced the foaming problem in these mixes. The physical
characteristics of the phenolic mixes would be expected to be 
similar to that seen in Mixes 6(a), Table 4.3.

4.3.3 Solidification of Phenols From Dilute Aqueous Solution

The physical tests showed that the optimum w/c ratio is 0.35, 
for solidification of the exchanged clays, hence this ratio was used 
for the leach tests. The physical tests showed that a washing stage 
was required for the clays, prior to use, but this stage was combined 
with the adsorption stage, so no formal prewashing was required.

Two types of leach test were performed on the samples. Dynamic 
leach tests used whole cylindrical samples (60 mm x 60 mm) suspended 
in gently stirred leachant. This test was performed on 28 day old 
samples and usually lasted a total of 28 days. The equilibrium leach 
test was performed on ground samples after 28 and 56 days of curing 
to give the maximum possible release (Sollars & Perry, 1989). The 
different leach test results were compared to ascertain the overall 
leaching performance of the samples.

(a) Dynamic Leach Test

The results of the dynamic leach test are shown in Figure 4.10. 
The results show the total weight of each phenol released over the 28 
day period as a percentage of the total weight of phenol originally 
present in the sample. It should be emphasised that the actual 
concentration of phenol in the leachate varied considerably between 
days 1 and 28 of the test, the maximum release occurring within the 
first few days of the test. Although similar percentages of phenol
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Total Cum.Pore Vol (mm3/g) (I)

Percentage (%)

Figure 4.9: Mercury Intrusion Porosimetry to Show (I) Total Cumulative 
Pore Volume and (II) Percentage of Pores with Radii above 
1000 nro.

Mix 1 = OPC only; Mix 2 = Perchem 462/0PC; Mix 6 = Perchem 
462(washed/OPC).
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were released from clays loaded with different concentrations of the 
phenols, the leachate concentrations were several orders of magnitude 
different. The general trends demonstrated at all three phenol 
concentrations (Figure 4.10(1), (II) and (III)) were that the 
unexchanged Wyoming bentonlte/OPC mix did not stabilise any of the 
phenols, and, moreover, the clay caused large Increases In leaching 
compared to the other mixes. The exchanged clays stabilised the
phenols well, particularly as the degree of chlorination In the 
phenols increased. This effect had previously been demonstrated in 
the adsorption studies. The OPC/water mix appeared able to stabilise 
phenols as effectively as the exchanged clay mix, particularly the 
phenol-dosed samples at high concentrations (Figure 4.10(D). This 
effect was probably due to the nature of the leach test which was 
strongly dependent upon the rate of penetration of the aqueous 
leachate into the sample and its diffusion through it, so the low 
permeability of the cement-only mix ensured good retention of the 
phenol.

Figure 4.10(1) shows the release from samples loaded with high
concentrations of phenol, approximately equal to the maximum
adsorption capacity of the clay determined by the adsorption studies. 
Perchem 462 (Mix 1) released approximately 15% of each phenolic 
compound, whereas Perchem 97 showed a greater release of phenol and 
3-chlorophenol. The OPC mix (Mix 4) released much less phenol than 
expected (the only organic sufficiently soluble in water to allow the 
high loading concentration to be reached).

The medium loading samples (Figure 4.10(H)) showed a similar 
pattern of release to the high loading samples, except that the
percentage of organic released by the exchanged clay samples (Mixes 1 
and 2) was considerably reduced. The samples loaded with low
concentrations of 2,3-dichlorophenol (Figure 4.10 (III)) also showed 
a low release for the exchanged-clay samples.
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Figure 4.10: Dynamic Leach Test Results for Solidified Samples, (I) 
Nigh, (II) Medium and (111) Low Phenol Loadings.

Mix 1 = Perchem 462/OPC; Mix 2 = Perchem 97/OPC;
Mix 3 = Wyoming Bentonite/OPC and Mix 4 = OPC Only.



157.

(b) Equilibrium Leach Test

The results of the equilibrium leach test on 28 day old crushed 
samples are shown in Figure 4.11. They are represented in a similar 
form to the dynamic leach test results in Figure 4.10 so may be 
compared directly. In general it would be expected that the 
equilibrium leach test would release higher concentrations of the 
phenols compared with the dynamic leach test results, as the samples 
are ground and subjected to severe leaching conditions. However, if 
the phenols are well bound in the matrix the release would still be 
small, and only the unbound molecules would be released. From Figure 
4.11(1) it can be seen that almost 100% of the phenols are released 
from the unexchanged Wyoming bentonite mix (mix 3), and that the 0PC- 
only sample released about 40% of the phenol present, suggesting that 
the stabilising effect seen in Figure 4.11(1) was due to the 
inability of the leachate to penetrate the sample. The Perchem 462 
mix (mix 1) released less than 24% of the phenol present in the 
sample, and similarly low percentages for the other phenols. The 
medium and low loading of the samples clearly demonstrated the 
ability of the exchanged clay mixes to stabilise the phenols present 
compared to the OPC-only mix.

When the samples are allowed to cure for a longer period a 
gradual hardening of the matrix would be expected, with a 
corresponding reduction in phenols released. Figure 4. 12 shows the 
results of the equilibrium leach tests carried out on samples, 
identical to those used in the previous test, after 56 days. In 
general, it can be seen that the additional curing time has caused a 
reduction in the release of the phenols from all of the mixes, both 
samples and controls, particularly in the presence of high 
concentrations of the phenols.

(c) Long-term Stability of QAS in Exchanged-Clays in a Cement Matrix

The release of QAS by the cement-solidified exchanged clay over 
a long period of leaching is of great importance in predicting the
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Figure 4.11: Equilibrium Leach Test Results After 28 Days Curing for 
Solidified Samples at (I) High, (II) Medium and (III)
Low Phenol Loadings.

Mix 1 = Perchem 462/OPC; Mix 2 = Perchem 97/OPC; Mix 3 =
Wyoming Bentonite/OPC and Mix 4 = OPC Only.
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Figure 4.12: Equilibrium Leach Test Results After 56 Days Curing for 
Solidified Samples at (I) High, (II) Medium and (III) 
Low Phenol Loadings.

Mix 1 = Perchem 462/OPC; Mix 2 = Perchem 97/OPC; Mix 3 =
Wyoming Bentonite/OPC and Mix 4 = OPC Only.
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long-term stability of the samples. Figure 4.13 shows the results of 
dynamic leach tests on the Perchem 462/OPC mix over a 23 week period. 
The release of TOC was measured and the concentration of QAS 
caluculated from that value. The results show that there was a small 
reduction in the TOC in the leachate of 32 mg/1 over* the entire 22 
week period. It was anitcipated, however that the TOC concentration 
would remain constant, which would have suggested that the exchanged 
clay was unaffected by leaching, or that the TOC would increase over 
the period, which would have suggested that the QAS was being leached 
from the matrix. The reduction in TOC may suggest that the excess 
QAS, originally released by the clay, was re-adsorbed into the clay 
as an equilibrium between the leachate and the clay was established. 
Other reasons for the reduction in TOC could be due to the decay of 
the organic compounds in the leachate responsible for the TOC levels 
or due to bacterial degradation of the organic species present. The 
peak at 17 weeks may indicate the point at which the cement became 
saturated, and the subsequent decline may be due to readsorption of 
TOC by the clay.

4.3.4 Solidification of Zinc and 3-Chlorophenol From Aqueous Solution

The concentrations of 3-chlorophenol used throughout the 
leaching tests were chosen with reference to the earlier leach test 
studies performed with 3-chlorophenol alone. Zinc was the metal 
chosen because, in the adsorption studies (Section 3.3.5), it was 
shown to displace the QAS from the clay. Poon (1985) showed that 
zinc retarded the hydration of the OPC matrix by forming a coating on 
the cement particles. The degree of retardation depended on the 
thickness of the coating. The retardation resulted in a reduction 
in strength and impermeability of the solid product.

Three different concentrations of 3-chlorophenol and zinc were 
solidified and these concentrations were designated, high, medium and 
low (see Table 4.6). The concentrations chosen represent, in the 
case of 3-chlorophenol, the maximum concentration which was adsorbed
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TOC ( m g / l )

Figure 4.13: Long Term Stability of QAS on Exchanged Clays In the
Cement Matrix.
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by the clay from a dilute aqueous solution (high loading), one tenth 
of the high concentration (medium loading) and one hundredth of the 
high loading In the case of the low loading samples. For zinc, the 
high concentration was approximately the maximum concentration of 
zinc which did not show significant release from an OPC matrix after 
solidification. The medium and low concentrations are one-tenth and 
one-hundredth of the high concentration respectively.

(a) Dynamic Leach Tests

The results of the dynamic leach test are shown In Figure 4.14. 
The percentage of 3-chlorophenol and zinc released from the samples 
are shown in Figures 4.14(1) and 4.14(11) respectively. The highest 
percentage of 3-chlorophenol released was from the sample with high 
concentrations of zinc and 3-chlorophenol, conversely zinc shows a 
maximum release in the low loaded samples. The samples that 
contained only medium concentrations of zinc but high and medium 
concentrations of 3j-chlorophenol gave a percentage release very 
similar to the control (Mix 5, Figure 4.14(D).

Figure 4.14(111) shows the concentration of QAS released from 
the clay into the leachate during the leach tests. The concentration 
of QAS was measured by determining the TOC of the leachate and 
subtracting from this the concentration of 3-chlorophenol and any 
organic matter, other than QAS, released from the clay itself present 
in the leachate. The highest concentration of QAS was found in the 
leachate of the high loading zinc control. This result, together 
with the high release of the 3-chlorophenol in the presence of high 
concentrations of zinc, suggests that the zinc was displacing the QAS 
from the clay.
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(ni)
Weight reteased (mg/l)

Figure 4.14: Dynamic Leach Test Results Showing the Percentage of (I) 
3-Chlorophenol, (II) Zinc and (III) the Weight of QAS 
Released.

Loading Nix
Nuabar

Walght of 3-Chloro- 
phanol <ag>

Walght of I 
lag)

Hlgh/Hlgh 1 . 3358.0 2601.0Hlgh/Nadlua 2. 3360.0 261.9Nadlua/Nadlua 3. 387.5 259.9Lov/Low 4. 43.6 25.8Control High 5. 6020.0 0 .0Control Nadlua 6. 401.0 0 .0Control High 7. 0 .0 2600.0Control Nadlua 6 . 0 .0 260.5Blank 9. 0 .0 0 .0
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(b) Equilibrium Leach Tests

The results of the equilibrium leach tests after 28 and 56 days 
curing are shown in Figures 4.15 and 4.16 respectively. In general, 
the 28 day leach test results showed higher releases than the 56 day 
results as the matrix had cured further and was more durable after 
the extra curing time. The release of 3-chlorophenol and zinc from 
the samples after 56 days curing had a very similar pattern (though 
lower percentage releases) to the results obtained from the dynamic 
leach test. After 28 days curing, the release of 3-chlorophenol from 
the samples differed significantly from the dynamic leach test 
results, the 3-chlorophenol only sample giving a similar release to 
the dynamic leach test results, but a far greater release than any 
of the zinc/3-chlorophenol samples. By 56 days the 3-chlorophenol 
release from Mix 5 had been reduced to below that of Mix 1, in a 
similar way to the dynamic leach test results. The concentration of 
QAS released from all of the samples was very similar. Unlike the 
dynamic leach test, no increase in QAS concentration was seen for the 
high load zinc sample.

4.3.5 Solidification of Pure Organic Compounds

(a) Equilibrium Leach Tests

Figure 4.17 shows the organic released from the stabilised 
samples expressed as a percentage of the concentration of organic in 
the aqueous leachate compared to the concentration in the methanol. 
The concentration of the organic in the methanol was considered to be 
close to the concentration of the organic in the sample after 
losses by evaporation and in handling had been accounted for. 
Chlorobenzene concentrations in the leach test samples were found to 
be significantly lower than in the original samples due to 
evaporation during curing. The concentration of chlorobenzene and 
chloronaphthalene in the aqueous leachate was limited by their 
solubility in water.
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(ill)
Weight released (mg/l)

Figure 4.15: Equilibrium Leach Test Results After 28 Days Curing
Showing the Percentage of (I) 3-Chlorophenol, (II) Zinc 
and (III) the Weight of QAS Released.

Loading Mix Weight of 3-Chloro- Weight of Zinc
Nuaber phenol <ag> tag)

Hlgh/Hlgh 1. 3358.0 2601.0
Hlgh/Nedlua 2. 3360.0 261.9
Hedlua/Medlua 3. 387.5 259.9
Low/Low 4. 43.6 25.8
Control High 5. 6020.0 0.0
Control Medlua 6. 401.0 0.0
Control High 7. 0.0 2600.0
Control Medlua 6. 0.0 260.5
Blank 9. 0.0 0.0



166.

(0 00
Percentoge rrieosed (X) Percentoge releosed (7,)

7 7

6 6

5 5

4 4

3 3

2 2

1 1

0 n o r r m
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

(m)
Weight released (mg/l)
30

25

20

15 .

10 , ' ' |

5

ftl II ll l
1 2  3 4

Figure 4.16: Equilibrium Leech Test Results After 56 Days Curing
Showing the Percentage of (I) 3-Chlorophenol, (II) Zinc 
and (III) the Weight of QAS Released.

Loading Mix
Nuabar Weight of 3-Chloro- 

phanol (ag) Walght of Zinc 
<ag>

High/High 1. 3358.0 2601.0Hlgh/Madlua 2. 3360.0 261.9Madlua/Madlua 3. 387.5 259.9Low/Low 4. 43.6 25.8Control High 5. 6020.0 0.0Control Hadiua 6. 401.0 0.0Control High 7. 0.0 2600.0Control Nadlua 8. 0.0 260.5Blank 9. 0.0 0.0
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Percentage Released (%)

Figure 4.17: Release of Organic Compounds from Solidified Samples.
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Solidification of chlorobenzene and chloronaphthalene by the 
exchanged clay/OPC mix was very effective, because the exchanged clay 
provided an interface between the organic compounds and the inorganic 
OPC matrix. The clay interface allowed high concentrations of the 
organics to be incorporated into the matrix, far higher than could be 
adsorbed by the OPC alone or by the WB/OPC mix. Leaching of the 
organics from the stabilised samples was low (Figure 4.17), and 
significantly lower than from the control samples. These results 
show that the organophilic clay was able to adsorb organic compounds 
and bind them more firmly than clay alone which, although known to 
adsorb organic molecules readily, was unable to stabilise them under 
the conditions of the test.

Solidification of the organic compounds by mixing the organics 
with the QAS prior to exchange onto the clay did not give very 
encouraging results (Figure 4.17). The unexchanged clay was able to 
adsorb some of the organic liquids, however the organics were readily 
released from the samples during leach testing. The presence of the 
QAS in the mix did not enhance the adsorption onto the clay or 
stabilisation of the organics and, due to of its surfactant 
properties, increased the solubility of the organic in the aqueous 
leachate. This effect was also seen in the QAS/OPC controls which 
not only had the high release of both the chlorinated organics but 
also a high concentration of QAS in the leachate.

4 . 4  Summary

Commercially prepared exchanged clays were selected for initial 
adsorption studies on the basis of their similar structures and chain 
lengths to the most successful laboratory-prepared samples. Perchem 
462 was found to be the best adsorbent and so was used in the S/S 
experiments.

The physical tests showed that the presence of the clay reduced 
the strength and increased the permeability of the cement matrix.



169.

H i g h e r  w /c  r a t i o s  c a u s e d  f o a m i n g  p r o b l e m s  d u e  t o  t h e  e x c e s s  QAS on 
t h e  c l a y .  T h i s  e f f e c t  c o u l d  b e  r e d u c e d  by  w a s h i n g  t h e  c l a y  p r i o r  t o  
i n c o r p o r a t i o n  i n t o  t h e  c e m e n t  m a t r i x .  The  i n t r o d u c t i o n  o f  p h e n o l s  
i n t o  t h e  c e m e n t  m a t r i x  r e d u c e d  t h e  s t r e n g t h  o f  t h e  c e m e n t  o n l y  
s a m p l e s ,  b u t  h a d  n o  e f f e c t  up on  t h e  c l a y / c e m e n t  m ix .

P h e n o l i c  c o m p o u n d s  i n  a q u e o u s  s o l u t i o n  c o u l d  b e  s o l i d i f i e d ,  i n  
lo w c o n c e n t r a t i o n s ,  by  t h e  c e m e n t  p a s t e  w i t h o u t  t h e  u s e  o f  e x c h a n g e d  
c l a y .  E q u i l i b r i u m  l e a c h  t e s t s ,  w h i c h  i n v o l v e d  c r u s h e d  s a m p l e s  s h a k e n  
i n  a q u e o u s  l e a c h a t e  f o r  7 d a y s ,  sho w ed  h o w e v e r ,  t h a t  t h e  p h e n o l s  w e r e  
n o t  s t a b i l i s e d  a s  t h e y  w e r e  r e a d i l y  r e l e a s e d  d u r i n g  t e s t i n g .  In  
c o n t r a s t ,  p h e n o l s  c o u l d  b e  s o l i d i f i e d  w i t h  t h e  e x c h a n g e d  c l a y  a t  
w e i g h t s  up  t o  o n e  h u n d r e d  t i m e s  t h a t  i n  t h e  c e m e n t - o n l y  c o n t r o l s .  
Eve n a t  t h e  h i g h e s t  l o a d i n g ,  t h e  c l a y / c e m e n t  mix  r e t a i n e d  t h e  p h e n o l s  
w e l l  u n d e r  e q u i l i b r i u m  l e a c h i n g  c o n d i t i o n s .  Dynamic  l e a c h  t e s t s ,  
u s i n g  m o n o l i t h i c  s a m p l e s  i n  s t i r r e d  a q u e o u s  l e a c h a t e ,  i n d i c a t e d  t h a t  
p h e n o l  r e t e n t i o n  by t h e  c e m e n t - o n l y  c o n t r o l  m a t r i x  w as  c o m p a r a b l e  
w i t h  t h a t  o f  t h e  e x c h a n g e d  c l a y / c e m e n t  m a t r i x ,  o v e r  t h e  d u r a t i o n  o f  
t h e  t e s t ,  f o r  s a m p l e s  c o n t a i n i n g  lo w c o n c e n t r a t i o n s  o f  t h e  p h e n o l s .  
F o r  h i g h e r  c o n c e n t r a t i o n s ,  h o w e v e r ,  f u l l y  a n a l o g o u s  c e m e n t - o n l y  
c o n t r o l s  c o u l d  n o t  b e  p r e p a r e d  d u e  t o  t h e  p h e n o l s '  s o l u b i l i t y  
l i m i t a t i o n s .  At  lo w p h e n o l  c o n c e n t r a t i o n s  t h e  c o m p a r a b l e  r e s u l t s  o f  
t h e  c e m e n t - o n l y  c o n t r o l s  a n d  t h e  c e m e n t / c l a y  m i x e s  i n  t h e  d y n a m ic  
l e a c h  t e s t  w e r e  d u e  t o  t h e  n a t u r e  o f  t h e  t e s t  i n  w h i c h  t h e  
p e r m e a b i l i t y  o f  t h e  s a m p l e  was  a n  i m p o r t a n t  f a c t o r  i n  g o v e r n i n g  t h e  
am ou n t  r e l e a s e d .  T h e  low p e r m e a b i l i t y  o f  t h e  c e m e n t  m a t r i x  r e d u c e d  
t h e  c o n t a c t  t i m e  b e t w e e n  t h e  a q u e o u s  l e a c h a t e  w i t h  p h e n o l  e n t r a p p e d  
i n  t h e  c e m e n t  m a t r i x .

S o l i d i f i c a t i o n  o f  z i n c  a n d  c h l o r o p h e n o l  by c e m e n t  a n d  c l a y  h a d  
h i g h e r  r e l e a s e s  f r o m  t h e  l e a c h  t e s t s  t h a n  t h e  s o l i d i f i c a t i o n  o f  
e i t h e r  compound a l o n e ,  s u g g e s t i n g  c o m p e t i t i o n  f o r  t h e  sam e a d s o r p t i o n  
s i t e s  i n  t h e  c l a y .  P u r e  c h l o r o b e n z e n e  a n d  c h l o r o n a p h t h a l e n e ,  w h ic h  
c o u l d  n o t  be  s o l i d i f i e d  by c e m e n t  a l o n e  w e r e  s u c c e s s f u l l y  s o l i d i f i e d  
by  t h e  c l a y / O P C  m ix .  The  s o l i d i f i e d  s a m p l e  h a d  a  g o o d  s t r e n g t h  an d 
l e a c h i n g  o f  t h e  o r g a n i c  com p oun ds  was  low.



5. MICROSTRUCTURAL ANALYSIS

5.1  INTRODUCTION

S i n c e  t h e  c h e m i c a l  r e a c t i o n s  o f  o r d i n a r y  P o r t l a n d  c e m e n t  w i t h  
w a t e r  a r e  r e s p o n s i b l e  f o r  t h e  m a c r o s t r u c t u r a l  p r o p e r t i e s  o f  t h e  
p a s t e ,  t h e  e f f e c t  o f  a d d i t i v e s  on  t h e  h y d r a t i o n  r e a c t i o n s  a r e  o f  
p r i m e  i m p o r t a n c e  ( J a w e d  e t  a l . ,  1 9 8 3 ) .  I n v e s t i g a t i o n s  o f  c e m e n t  
c h e m i s t r y  a n d  t h e  e f f e c t  o f  a d d i t i v e s  a r e ,  h o w e v e r ,  d i f f i c u l t  a s  
c e m e n t  i s  a  c o m p l e x  m i x t u r e  o f  n u m e r o u s  com p oun ds  ( S e c t i o n  1 . 5 . 1 ) ,  
t h e  h y d r a t i o n  m e c h a n i s m s  o f  w h i c h  a r e  s t i l l  u n d e r  d e b a t e  ( D o u b l e ,  
1 9 8 3 ) .

The e f f e c t  o f  o r g a n i c  c o m p o u n d s  on  c e m e n t  p a s t e  h a s  o n l y  
r e c e n t l y  r e c e i v e d  a t t e n t i o n  ( S k i p p e r  e t  a l . ,  1987 a n d  E a t o n  e t  a l . ,  
1 9 8 7 ) .  E a t o n  e t  a l .  h a v e  i n v e s t i g a t e d  t h e  e f f e c t  o f  two o r g a n i c  
com p oun ds  on  c e m e n t  p a s t e ,  b u t  f e w  a t t e m p t s  h a v e  b e e n  made t o  
r e c o g n i s e  how t h e  i n d i v i d u a l  p h a s e s  a r e  a f f e c t e d .  T h i s  s t u d y  l o o k s  
a t  t h e  e f f e c t  o f  two o r g a n i c  c om p oun ds  ( 3 - c h l o r o p h e n o l , a  p o l a r  
h y d r o p h i l i c  comp ound a n d  c h l o r o n a p h t h a l e n e ,  a  n o n  p o l a r  com pound)  on 
c e m e n t  h y d r a t i o n  a n d  sho w s  how t h e  h y d r a t i o n  p h a s e s  a r e  a f f e c t e d .

The  p r e s e n c e  o f  c l a y  i n  c e m e n t  p a s t e  h a s  l o n g  b e e n  known t o  
a d v e r s e l y  a f f e c t  t h e  s t r e n g t h  o f  c e m e n t  p a s t e  (H aqu e ,  1981)  a n d  
c o n s e q u e n t l y  t h e  a m ou n t  o f  c l a y  i n  c o n c r e t i n g  a g g r e g a t e s  i s  c a r e f u l l y  
c o n t r o l l e d .  The  m e c h a n i s m  by w h i c h  c l a y s  a f f e c t  s t r e n g t h  i s  unknown. 
T h i s  s t u d y  l o o k s  a t  how c l a y  i n f l u e n c e s  c e m e n t  h y d r a t i o n ,  a n d  how t h e  
c e m e n t  a f f e c t s  t h e  c l a y .

The  f i n a l  p a r t  o f  t h i s  work s h o w s  how t h e  c l a y s  a r e  a b l e  t o  
a d s o r b  t h e  o r g a n i c  co m pounds  a n d  r e d u c e  t h e  d e t r i m e n t a l  e f f e c t  o f  t h e  
o r g a n i c  com p oun ds  on  c e m e n t  h y d r a t i o n .
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5.2  MATERIALS AND METHODS

5 .2 .1  Sample Preparation

The s a m p l e s  e x a m i n e d  i n  t h i s  work  w e r e  p r e p a r e d  u s i n g  t h e  
m a t e r i a l s  a n d  m e t h o d s  d e s c r i b e d  i n  S e c t i o n  3 . 2 ,  f o r  t h e  c l a y s  a n d  
S e c t i o n  4 . 2 ,  f o r  t h e  s o l i d i f i e d  s a m p l e s .

I n  a d d i t i o n ,  f o r  x - r a y  d i f f r a c t i o n  (XRD) a n a l y s i s  e x c h a n g e d  c l a y  
<20 g)  was  t r e a t e d  w i t h  100 ml a l i q u o t s  o f  0 . 1  M p o t a s s i u m  h y d r o x i d e  
s o l u t i o n .  The  c l a y  s u s p e n s i o n s  w e r e  m ix e d  i n  s t o p p e r e d  f l a s k s  a n d  
a l l o w e d  t o  s t a n d  f o r  1 t o  28  d a y s ,  t h e  f l a s k s  b e i n g  s h a k e n  a t  d a i l y  
i n t e r v a l s .  The  c l a y s  w e r e  f i l t e r e d  a n d  d r i e d  a t  105°C f o r  24  h o u r s  
a n d  g r o u n d  t o  <100 pm. C a l c i u m  h y d r o x i d e  t r e a t e d  c l a y s  w e r e  p r e p a r e d  
i n  a  s i m i l a r  way u s i n g  100 ml o f  s a t u r a t e d  c a l c i u m  h y d r o x i d e  s o l u t i o n  
a n d  20  g  o f  e x c h a n g e d  c l a y .

5 .2 .2  Scanning Electron Microscopy

A n a l y s i s  was  p e r f o r m e d  by  a  J e o l  35CF ( L o n d o n ,  UK) S c a n n i n g  
E l e c t r o n  M i c r o s c o p e  (SEM) f i t t e d  w i t h  e n e r g y  d i s p e r s i v e  s p e c t r o s c o p y  
(EDS),  ( L i n k s ,  H i g h  Wycombe, UK).

S a m p l e s  f o r  SEM a n a l y s i s  w e r e  c u r e d  f o r  t h e  r e q u i r e d  t i m e  p e r i o d  
a n d  t h e n  d r i e d  o v e r  s i l i c a  g e l  i n  a  vac uum  d e s i c c a t o r  f o r  24  h o u r s .  
The  d r i e d  s o l i d  s a m p l e s  w e r e  c a r e f u l l y  f r a c t u r e d  a n d  r e p r e s e n t a t i v e  
s e c t i o n s  m o u n t e d  on  e x a m i n a t i o n  s t u b s  u s i n g  e p o x y  r e s i n .  The  s a m p l e s  
w e r e  r e p l a c e d  i n  t h e  vacuum d e s i c c a t o r  f o r  a  f u r t h e r  24  h o u r s .  
P o w d e r e d  s a m p l e s  w e r e  m o u n t e d  on  t h e  e x a m i n a t i o n  s t u b s  u s i n g  
d o u b l e - s i d e d  a d h e s i v e  t a p e .  A l l  o f  t h e  s a m p l e s  w e r e  e a r t h e d  by 
j u d i c i o u s  a p p l i c a t i o n  o f  s i l v e r  d a g ,  f r o m  t h e  e d g e  o f  t h e  s a m p l e  t o  
t h e  s t u b ,  p r i o r  t o  c o a t i n g  w i t h  g o l d  (Emsco pe  " s p u t t e r  c o a t e r " ,  UK) 
t o  make th e m  e l e c t r i c a l l y  c o n d u c t i v e .
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5 .2 .3  X-ray D iffraction  A nalysis

X - r a y  d i f f r a c t i o n  a n a l y s i s  was  p e r f o r m e d  by  a  S i e m e n s  x - r a y  
p o w d e r  d i f f r a c t o m e t e r  ( S i e m e n s ,  S u n b u r y - o n - T h a m e s ,  UK) w i t h  a  CuK„ 
r a d i a t i o n  s o u r c e .  S p e c i m e n s  f o r  XRD a n a l y s i s  w e r e  p r e p a r e d  by 
c r u s h i n g  t o  <100 pm a n d  d r y i n g  o v e r  s i l i c a  g e l  i n  a  vacu um  d e s i c c a t o r  
f o r  24  h o u r s .  J u s t  p r i o r  t o  a n a l y s i s  t h e  s a m p l e s  w e r e  s i e v e d  t h r o u g h  
a  75 pm s i e v e  o n t o  s i l i c o n  d i s c s ,  w h i c h  h a d  p r e v i o u s l y  b e e n  c o a t e d  
w i t h  a  t h i n  l a y e r  o f  s i l i c o n  g r e a s e  t o  h e l p  t h e  s a m p l e s  a d h e r e .  
A n a l y s i s  was c a r r i e d  o u t  on  r o t a t i n g  s a m p l e s  u s i n g  d i v e r g e n c e  and  
a n t i - s c a t t e r  s l i t s  o f  0 . 3 ° ,  0 . 0 5 °  b e t w e e n  2 9  a n g l e s  o f  2 °  t o  10 °  a n d  
1 ° ,  0 . 1 5 °  b e t w e e n  28 a n g l e s  o f  4 °  t o  6 0 °  w i t h  c o l l e c t i o n  r a t e s  
b e t w e e n  1 a n d  5 ° / s e c o n d .

5 .3  RESULTS

5 .3 .1  Exchanging Quaternary Ammonium Cations onto Wyoming Bentonite

The  XRD p a t t e r n  o f  Wyoming b e n t o n i t e  a t  low d i f f r a c t i o n  a n g l e s  
was  c o m p a r e d  w i t h  t h a t  o f  B0DDMAM ( F i g u r e  5 . 1 ) ,  t o  sho w t h e  e f f e c t  
o f  i n t r o d u c i n g  t h e  QAS i n t o  t h e  i n t e r l a m e l l a r  s p a c e  o f  t h e  c l a y .  The 
i n t e r l a m e l l a r  s p a c e  i n c r e a s e d  f r o m  0 . 9 9 4  nm f o r  t h e  u n e x c h a n g e d  c l a y  
t o  1 . 9 9 6  nm f o r  B0DDMAM; t h i s  c h a n g e  was  d u e  t o  t h e  QAS p u s h i n g  t h e  
c l a y ' s  s i l i c a t e  l a y e r s  a p a r t .  F i g u r e  5 . 1  a l s o  sh o w s  t h e  e f f e c t  o f  
a d s o r b i n g  3 - c h l o r o p h e n o l  o n t o  t h e  e x c h a n g e d  c l a y .  T h e  c h l o r o p h e n o l  
d i d  n o t  g r e a t l y  a f f e c t  t h e  XRD p a t t e r n  o f  t h e  c l a y ,  b u t  a  s l i g h t  
d e c r e a s e  i n  t h e  i n t e r l a r a e l l a r  s p a c e  t o  1 . 9 1 4  nm was  o b s e r v e d .  T h i s  
r e d u c t i o n  may b e  d u e  t o  t h e  a d s o r b e d  c h l o r o p h e n o l  i n t e r a c t i n g  w i t h  
t h e  QAS a n d  e f f e c t i v e l y  " p u l l i n g "  t h e  QAS c h a i n s  t o g e t h e r  s o  s l i g h t l y  
r e d u c i n g  t h e  s p a c i n g  o f  t h e  c l a y  l a y e r s .

F i g u r e  5 . 2  sho w s  t h e  XRD p a t t e r n  o f  p r e w a s h e d  P e r c h e m  462 
c o m p a r e d  t o  Wyoming b e n t o n i t e .  Once  a g a i n  t h e  i n t e r l a m e l l a r  s p a c i n g



F i g u r e  5 . 1 :  XRD P a t t e r n  o f  <I )  Wyoming B e n t o n i t e ,  < I I )  BODDMAM a n d  
( I I I )  BODDMAM w i t h  A d s o r b e d  3 - C h i o r o p h e n o l .

F i g u r e  5 . 2 :  XRD P a t t e r n  o f  ( I )  Wyoming B e n t o n i t e  a n d  ( I I )  P e r c h e m  462 
E x c h a n g e d  C l a y .
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o f  t h e  e x c h a n g e d  c l a y  was  g r e a t l y  I n c r e a s e d ,  t o  1 . 9 8 7  nm I n  t h e  
p r e s e n c e  o f  t h e  QAS, c o m p a r e d  t o  0 . 9 9 4  nm f o r  t h e  u n e x c h a n g e d  Wyoming 
b e n t o n i t e .  The  I n t e r l a m e l l a r  s p a c i n g  o f  P e r c h e m  462 was  s i m i l a r  i n  
s i z e  t o  t h a t  o f  BODDMAM, a n d  t h e  s h a r p n e s s  o f  t h e  p e a k  i n d i c a t e d  
l i t t l e  v a r i a t i o n  i n  t h e  s p a c i n g  o f  t h e  s i l i c a t e  l a y e r s .  When 
c h l o r o n a p h t h a l e n e  was a d s o r b e d  i n t o  P e r c h e m  462 s w e l l i n g  o c c u r r e d ,  
a n d  t h e  i n t e r l a m e l l a r  s p a c e  i n c r e a s e d  t o  2 . 5 0 6  nra ( F i g u r e  5 . 3 ) .  The  
s w e l l i n g  o f  e x c h a n g e d  c l a y s  i n  t h e  p r e s e n c e  o f  o r g a n i c  l i q u i d s  h a s  
b e e n  w e l l  d o c u m e n t e d  ( R a u s s e l 1 - C o l o m  & S e r r a t o s a ,  1 9 8 7 ) .

F i g u r e  5 . 4  sh o w s  t h e  SEM m i c r o g r a p h s  o f  Wyoming b e n t o n i t e  and  
w a s h e d  P e r c h e m  46 2 .  Wyoming b e n t o n i t e  ( F i g u r e  5 . 4 ( D )  c o n t a i n s  a  
m i x t u r e  o f  f l a k y  p a r t i c l e s  a n d  f e w e r  l a r g e  s m o o t h  p a r t i c l e s .  The  
f l a k y  p a r t i c l e s  a p p e a r e d  l a y e r e d  i n  s t r u c t u r e  a n d  t h e  EDS s p e c t r a  
sho wed  t h a t  t h e y  c o n t a i n e d  t h e  e l e m e n t s  s i l i c o n ,  c a l c i u m  a n d  
a l u m i n i u m ,  h e n c e  i n d i c a t i n g  t h a t  t h e y  w e r e  m a i n l y  t h e  c l a y  p a r t i c l e s .  
The  EDS s p e c t r a  o f  t h e  l a r g e r  p a r t i c l e s  c o n t a i n e d  a  g r e a t e r  a m ou n t  o f  
s i l i c o n  t h a n  t h e  l a y e r e d  p a r t i c l e s ,  a n d  t h e s e  w e r e  p r o b a b l y  q u a r t z  
i m p u r i t i e s  i n  t h e  c l a y .  The SEM m i c r o g r a p h  o f  P e r c h e m  46 2  ( F i g u r e  
5 . 4 ( H ) )  wa s  r e p r e s e n t a t i v e  o f  t h e  w h o l e  s a m p l e  a n d  sho wed  s m a l l  
f l a k y  p a r t i c l e s  w i t h  s i m i l a r  EDS s p e c t r a  t o  t h o s e  o f  t h e  c l a y  
p a r t i c l e s  i n  Wyoming b e n t o n i t e .

5 .3 .2  E ffect of Organic Compounds on Cement Hydration

3 - C h l o r o p h e n o l  and  c h l o r o n a p h t h a l e n e  w e r e  m i x e d  w i t h  c e m e n t  
p a s t e  i n  a  r a n g e  o f  c o n c e n t r a t i o n s  a n d  e x a m i n e d  t o  d e t e r m i n e  t h e  
e f f e c t  o f  t h e s e  o r g a n i c  co m p o u n d s  on  c e m e n t  h y d r a t i o n ,  a n d  t o  f i n d  
w h i c h  o f  t h e  h y d r a t i o n  p r o d u c t s  w e r e  m o s t  a f f e c t e d  by  t h e i r  p r e s e n c e .  
F o r  XRD a n a l y s i s  3 - c h l o r o p h e n o l  a n d  c h l o r o n a p h t h a l e n e  a t  " h i g h "  
( 0 . 1  m o l )  a n d  " l o w "  ( 0 . 0 2  m o l )  c o n c e n t r a t i o n s  w e r e  m ix e d  w i t h  OPC 
(50  g )  a n d  w a t e r  ( 1 7 . 5  m l)  a n d  c u r e d  f o r  7 o r  28  d a y s .  The  " l o w "  
c o n c e n t r a t i o n  was  c h o s e n  b e c a u s e  i t  c o r r e s p o n d e d  t o  t h e  c o n c e n t r a t i o n  
o f  3 - c h l o r o p h e n o l  u s e d  i n  t h e  l e a c h  t e s t s  ( S e c t i o n  4 . 2 . 3 ) ,  t h e  " h i g h "  
c o n c e n t r a t i o n  was  f i v e  t i m e s  t h e  " l o w "  c o n c e n t r a t i o n .  F o r  SEM



INT
EN

SIT
Y 

(CP
S)

F i g u r e  5 . 3 :  XRD P a t t e r n  o f  ( I )  P e r c h e m  462 a n d  ( I I )  P e r c h e m  462 w i t h  
A d s o r b e d  C h l o r o n a p h t h a l e n e .
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(I)

i

(II)

Figure 5.4: SEM of (I) Wyoming Bentonite and (II) Perchem 462 
Exchanged Clay Showing the "Flaky" Clay Particles and 
Smooth Silica Impurities.
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a n a l y s i s  a  r a n g e  o f  3 - c h l o r o p h e n o l  c o n c e n t r a t i o n s  f r o m  0 . 0 0 1  M t o  
0 . 1  M w e r e  m i x e d  w i t h  50  g  OPC a n d  1 7 . 5  ml w a t e r  Cw/c 0 . 3 5 ) .

The XRD p a t t e r n s  o f  t h e  3 - c h l o r o p h e n o l  d o s e d  s a m p l e s  w e r e  v e r y  
d i f f e r e n t  f r o m  t h e  u n d o s e d  c e m e n t  s a m p l e ,  e s p e c i a l l y '  a t  t h e  h i g h e r  
c h l o r o p h e n o l  c o n c e n t r a t i o n s  ( F i g u r e  5 . 5 ( 1 ) ,  7 d a y  o l d  s a m p l e s  and
5 . 5 ( 1 1 ) ,  28  d a y  o l d  s a m p l e s ) .  T he  s p e c t r a  o f  t h e  3 - c h l o r o p h e n o l
d o s e d  s a m p l e s  s h o w e d  g r e a t  i n c r e a s e s  i n  t h e  C3 S a n d  e t t r i n g i t e  p e a k s  
c o m p a r e d  t o  t h e  u n d o s e d  s a m p l e s ,  a n d  weak r e f l e c t i o n s  n o t  p r e v i o u s l y  
d i s c e r n a b l e  be c a m e  d i s t i n c t  p e a k s .  C3 S was  p r e s e n t  i n  u n h y d r a t e d  
c e m e n t ,  a n d  a s  h y d r a t i o n  c o n t i n u e d  was  c o n v e r t e d  p r i n c i p a l l y  t o  C-S-H 
g e l .  E t t r i n g i t e ,  a  h y d r a t i o n  p r o d u c t  w h i c h  f o r m s  i n  t h e  e a r l y  s t a g e s  
o f  h y d r a t i o n ,  s l o w l y  c o n v e r t s  t o  m o n o s u l p h a t e  o v e r  t h e  c u r i n g  p e r i o d .  
The  h e i g h t s  o f  t h e  C3 S p e a k s  i n  t h e  c e m e n t  s a m p l e s  ( F i g u r e  5 . 5 )  w e r e  
m e a s u r e d  t o  g i v e  a n  i n d i c a t i o n  o f  how f a r  h y d r a t i o n  h a d  p r o g r e s s e d  
c o m p a r e d  t o  t h e  u n h y d r a t e d  s a m p l e  ( F i g u r e  5 . 6 ) .  M e a s u r e m e n t  o f  t h e  
p r o g r e s s  o f  h y d r a t i o n  i s  c o n v e n t i o n a l l y  c a r r i e d  o u t  by  m e a s u r i n g  t h e  
f o r m a t i o n  o f  CH, h o w e v e r  i n  t h e  XRD s p e c t r a  o b t a i n e d  t h e  CH p e a k s  
w e r e  t o o  s m a l l  t o  b e  m e a s u r e d .  C a l c u l a t i o n  o f  t h e  r e l a t i v e  p eak  
h e i g h t s  h a s  b e e n  c a r r i e d  o u t  a n d  t h e  r e s u l t s ,  e x p r e s s e d  a s  t h e  
p e r c e n t a g e  o f  C3 S r e m a i n i n g  c o m p a r e d  t o  t h e  u n h y d r a t e d  s a m p l e ,  a r e  
shown i n  T a b l e  5 . 1

T a b l e  5 . 1 :  P e r c e n t a g e  o f  C3 S r e m a i n i n g  i n  t h e  s a m p l e  a f t e r  7 a n d  28 
d a y s

S a m p le
P e r c e n t a g e  o f C3 S R e m a i n i n g

7 D a y s  C u r i n g 28 D ay s  C u r i n g

OPC O n ly 53 50
OPC + C h l o r o p h e n o l  (Low) 68 41
OPC + C h l o r o p h e n o l  ( H ig h ) 100 92



F i g u r e  5 . 5 :  XRD P a t t e r n  t o  Show t h e  E f f e c t  o f  3 * ~C h lo rop hen o l  on 
Cement  H y d r a t i o n  a f t e r  <I> 7 D ay s  a n d  ( I I )  28  Days  o f  
C u r i n g .
a  = E t t r i n g i t e ;  b = T r i c a l c i u m  S i l i c a t e  (C3 S>; 
c = C a l c i u m  H y d r o x i d e  a n d  d = 3 - C h l o r o p h e n o l
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F i g u r e  5 . 6 :  XRD P a t t e r n  o f  <I )  U n h y d r a t e d  Ce m en t  S h o w in g  
( I I )  T r l c a l c l u m  S i l i c a t e  R e f l e c t i o n s .
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E t t r l n g i t e  was  p r e s e n t  i n  t h e  c h l o r o p h e n o l  d o s e d  s a m p l e s  i n  
l a r g e r  a m o u n t s  t h a n  i n  t h e  u n h y d r a t e d  s a m p l e s .  F o r  t h e  lo w d o s e d  
s a m p l e s  a p p r o x i m a t e l y  1207# m ore  e t t r i n g i t e  was p r e s e n t  a t  7 d a y s  and  
313% m ore  a t  28  d a y s  t h a n  i n  t h e  OPC o n l y  s a m p l e s .  I n  t h e  h i g h  d o s e d  
s a m p l e s  a p p r o x i m a t e l y  533% m ore  e t t r i n g i t e  was  p r e s e n t  a t  7 d a y s  a n d  
1433% a t  28 d a y s .

T h e s e  r e s u l t s  s u g g e s t  t h a t  h i g h  c o n c e n t r a t i o n s  o f  3 - c h l o r o p h e n o l  
i n h i b i t  t h e  h y d r a t i o n  o f  c e m e n t  o v e r  t h e  28 d a y  p e r i o d  a s  h i g h e r  
p e r c e n t a g e s  o f  C3 S r e m a i n  i n  t h e  s a m p l e .  T h i s  i n h i b i t i n g  e f f e c t  was  
b o r n e  o u t  by  e v i d e n c e  o f  a  d e c r e a s e  i n  t h e  c a l c i u m  h y d r o x i d e  p e a k s  
i n  t h e  c h l o r o p h e n o l  d o s e d  s a m p l e s ,  c a l c i u m  h y d r o x i d e  b e i n g  a  f i n a l  
h y d r a t i o n  p r o d u c t .  At low c h l o r o p h e n o l  c o n c e n t r a t i o n s  t h e  p e r c e n t a g e  
o f  C3 S a t  7 d a y s  was  c o n s i d e r a b l y  h i g h e r  t h a n  t h e  u n d o s e d  s a m p l e  
s u g g e s t i n g ,  o n c e  a g a i n ,  i n h i b i t i o n  o f  h y d r a t i o n .  A f t e r  28 d a y s ,  
h o w e v e r ,  t h e  C3 S h a d  b e e n  r e d u c e d  t o  b e l o w  t h e  l e v e l  i n  t h e  u n d o s e d  
s a m p l e  w h i c h  s u g g e s t e d  t h a t  t h e  c h l o r o p h e n o l  h a d  e i t h e r  c a u s e d  t h e  
h y d r a t i o n  t o  b e  a c c e l e r a t e d  i n  t h e  l a t e r  s t a g e s  o r  a l l o w e d  h y d r a t i o n  
t o  p r o c e e d  f u r t h e r  t o w a r d s  c o m p l e t i o n  by m a k i n g  t h e  C3 S i n  t h e  
u n h y d r a t e d  c o r e s  o f  t h e  c e m e n t  p a r t i c l e s  a v a i l a b l e .  T he  l a r g e  
a m o u n t s  o f  e t t r i n g i t e  p r e s e n t  i n  t h e  s a m p l e s  a t  28  d a y s  n o t  o n l y  
s u g g e s t  i n h i b i t i o n  o f  h y d r a t i o n ,  b u t  a l s o  t h e  p o s s i b i l i t y  o f  an  
i n t e r a c t i o n  b e t w e e n  t h e  c h l o r o p h e n o l  a n d  e t t r i n g i t e  w h i c h  s t a b i l i s e d  
t h e  e t t r i n g i t e  and  s l o w e d ,  o r  s t o p p e d ,  i t s  c o n v e r s i o n  t o  
m o n o s u l p h a t e .

The  SEM m i c r o g r a p h s  o f  7 d a y  o l d  c e m e n t  p a s t e ,  d o s e d  w i t h  3 -  
c h l o r o p h e n o l , a r e  shown i n  F i g u r e  5 . 7 ( 1 ) .  The  m i c r o g r a p h s  sho w t h a t  
a s  t h e  c o n c e n t r a t i o n  o f  3 - c h l o r o p h e n o l  i n c r e a s e d ,  t h e  a m o r p h o u s  
n a t u r e  o f  t h e  c e m e n t  p a s t e  c h a n g e d  t o  a  m ore  c r y s t a l l i n e  fo rm .  The  
" r o d - s h a p e d "  c r y s t a l s  p r e s e n t  a t  t h e  h i g h e r  3 - c h l o r o p h e n o l  
c o n c e n t r a t i o n  w e r e  shown ,  by  EDS, t o  c o n t a i n  c h l o r i n e  a n d  c a l c i u m  o r  
a  m i x t u r e  o f  c a l c i u m ,  s u l p h u r  a n d  a l u m i n i u m .  T he  c r y s t a l s  w e r e  
m a i n l y  c o m p o s e d  o f  t h e  c a l c i u m  s a l t  o f  3 - c h l o r o p h e n o l  o r  o f  
e t t r i n g i t e .  The  28  d a y  o l d  s a m p l e s  ( F i g u r e  5 . 7 ( H ) )  c l o s e l y  
r e s e m b l e d  t h e  7 d a y  o l d  s a m p l e s ,  s h o w i n g  t h e  s am e  d i s t i n c t i v e  
c r y s t a l l i n i t y  a t  h i g h  3 - c h l o r o p h e n o l  c o n c e n t r a t i o n s .
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Figure 5.7(1): SEM of Cement Containing 3-Chlorophenol after 7 

a= 0.001 mol, b = 0.05 mol, c = 0.02 mol, d = 0

Days 

05 mol
and e = 0.1 mol.
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Figure 5.7(11): SEM of Cement Containing 3-Chlorophenol after 28 Days 
(III) Shows the EDS Spectrum of (e)

c = 0.02 mol and e = 0.1 mol
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The a d d i t i o n  o f  c h l o r o n a p h t h a l e n e  t o  c e m e n t  p a s t e  h a d  l i t t l e  
e f f e c t  u p o n  t h e  m i c r o s t r u c t u r e  o f  t h e  c e m e n t .  The  XRD p a t t e r n s
showed  t h a t  e v e n  a t  v e r y  h i g h  c o n c e n t r a t i o n s  t h e r e  wa s  o n l y  a  s l i g h t  
I n c r e a s e  i n  t h e  C3 S a n d  e t t r i n g i t e  p e a k s  c o m p a r e d  w i t h  t h e  u n d o s e d  
s a m p l e s  ( F i g u r e  5 . 8 ) .  S i m i l a r l y  t h e  SEM m i c r o g r a p h s  ( F i g u r e  5 . 9 )  
showe d t h a t  t h e  c e m e n t  h a d  an  a m o r p h o u s  s t r u c t u r e  c h a r a c t e r i s t i c  o f  
t h e  u n d o s e d  c e m e n t  p a s t e  s a m p l e s .

The  m a j o r  d i f f e r e n c e  i n  t h e  way 3 - c h l o r o p h e n o l  and
c h l o r o n a p h t h a l e n e  a f f e c t  t h e  h y d r a t i o n  o f  c e m e n t  was  d u e  t o  t h e  
d i f f e r e n c e s  i n  m i s c i b i l i t y  o f  t h e  two o r g a n i c  c om p oun ds  w i t h  t h e  
c e m e n t  p a s t e  a n d  t h e i r  d i f f e r e n t  s t r u c t u r e s .  3 - c h l o r o p h e n o l  wa s  w e l l  
m i s c i b l e  w i t h  t h e  c e m e n t  p a s t e  e v e n  a t  t h e  h i g h e r  c o n c e n t r a t i o n s ,  
w h e r e a s  c h l o r o n a p h t h a l e n e  f o r m e d  a  l a y e r  on t h e  s u r f a c e  o f  t h e  
s p e c i m e n ,  s o  t h a t l i t t l e  o f  t h e  c h l o r o n a p h t h a l e n e  w o u l d  h a v e  b e e n  i n  
c o n t a c t  w i t h  t h e  c e m e n t  i t s e l f .  S t r u c t u r a l l y  t h e  o r g a n i c  com p oun ds  
a r e  d i f f e r e n t  a s  3 - c h l o r o p h e n o l  i s  a  p o l a r  m o l e c u l e  c o n t a i n i n g  a 
h y d r o x y l  g r o u p  w h i c h  c a n  be  i o n i s e d  t o  f o r m  t h e  p h e n o l a t e  i o n .  
C h l o r o n a p h t h a l e n e ,  on  t h e  o t h e r  h a n d ,  i s  n o n - p o l a r  a n d  s o  i s  
h y d r o p h o b i c  i n  n a t u r e .

5 .3 .3  E ffect of Cement on the Exchanged Clay

When t h e  e x c h a n g e d  c l a y  wa s  m ix e d  w i t h  c e m e n t  t h e r e  was  a  c h a n g e  
i n  t h e  XRD p a t t e r n  o f  t h e  c l a y  a t  low a n g l e s  ( F i g u r e  5 . 1 0 ) .  The 
c e m e n t / c l a y  mix  h a d  a  b r o a d e r  a s y m m e t r i c  p e a k  w h i c h  c o r r e s p o n d e d  t o  
a n  i n t e r l a m e l l a r  s p a c i n g  o f  1 . 9 8 8  ± 0 . 0 1 4  nm, c o m p a r e d  t o  t h e  
e x c h a n g e d  c l a y  a l o n e  ( 1 . 9 8 7  ± 0 . 0 0 2  nm) .  The b r o a d n e s s  o f  t h e  pe a k  
i n d i c a t e s  t h a t  e i t h e r  t h e r e  was  a  g r e a t  v a r i a t i o n  i n  t h e  
i n t e r l a m e l l a r  s p a c i n g s  o r  t h a t  t h e  c l a y  p a r t i c l e s  h a d  b r o k e n  down 
i n t o  much s m a l l e r  c r y s t a l l i t e s .

I n  t h e  c e m e n t / c l a y  m i x e s  t h e  c l a y  p a r t i c l e s  c o u l d  n o t  be  i d e n t i f i e d  
by SEM. To a i d  r e c o g n i t i o n  o f  t h e  c l a y  i n  t h e  c e m e n t  m a t r i x  a  s m a l l  
am ou nt  o f  c l a y  p a s t e  ( w / c l a y  1 . 0 )  was  p o o r l y  m ix ed  w i t h  c e m e n t  p a s t e
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F i g u r e  5 . 8 :  XRD P a t t e r n  o f  Cem en t  S a m p l e s  C o n t a i n i n g  C h l o r o n a p h t h a l e n e  
a f t e r  28  Da ys  o f  C u r i n g .
a  = E t t r i n g i t e ;  b = T r i c a l c i u m  S i l i c a t e  <C3 S>; c  = C a l c i u m  H y d r o x i d e
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Figure 5.9: SEM of Cement Paste Containing a High Concentration of 
Chloronaphthalene, after 28 Days Curing.

i

Figure 5.11: SEM of the Exchanged Clay in Contact with the Cement 
Paste.
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F i g u r e  5 . 1 0 :  XRD p a t t e r n  t o  Show t h e  E f f e c t  o f  I n c o r p o r a t i n g  
E x c h a n g e d  C l a y  i n t o  a  Cem en t  M a t r i x .  <I )  P e r c h e m  462 
o n l y  a n d  ( I I )  P e r c h e m  462 i n  Cem en t  M a t r i x .
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( w /c  0 . 3 5 ) .  T h i s  g a v e  a  " m a r b l e d ” s o l i d  I n  w h i c h  t h e  a r e a s  o f  c l a y  
c o u l d  r e a d i l y  be  i d e n t i f i e d .  The  SEM m i c r o g r a p h s  o f  t h e  e x c h a n g e d  
c l a y  w h i c h  h a d  b e e n  i n  c o n t a c t  w i t h  c e m e n t  p a s t e  sho w ed  t h a t  t h e  
c l a y ,  p r e v i o u s l y  i n  t h e  f o r m  o f  d i s c r e t e  p a r t i c l e s  a p p r o x i m a t e l y  
10 pm a c r o s s ,  h a d  b e e n  b r o k e n  down t o  f o r m  s m a l l e r  f l a k y  p a r t i c l e s  
( F i g u r e  5 . 1 1 ) .  The  c a u s e  o f  t h e  b r e a k d o w n  o f  t h e  c l a y  wa s  t h o u g h t  t o  
b e  t h e  h i g h l y  a l k a l i n e  n a t u r e  o f  t h e  c e m e n t  p a s t e .  To t e s t  w h e t h e r  
t h i s  was  t h e  c a s e  t h e  e x c h a n g e d  c l a y  wa s  t r e a t e d  w i t h  0 .  1 M p o t a s s i u m  
h y d r o x i d e .  T he  XRD p a t t e r n s  o f  t h e  t r e a t e d  c l a y  a t  f i v e  d i f f e r e n t  
a g e s  a r e  shown i n  F i g u r e  5 .  12 a n d  t h e  SEM o f  t h e  c l a y s  i n  F i g u r e  
5 . 1 3 .  The  p o t a s s i u m  h y d r o x i d e  t r e a t m e n t  p r o d u c e d  c l a y  w h i c h  was  
s i m i l a r  t o  t h e  u n t r e a t e d  c l a y ,  b u t  w i t h  a  l e s s  s h a r p  p e a k  a n d  a  
s l i g h t l y  h i g h e r  i n t e r l a r a e l l a r  s p a c i n g  t h a n  t h e  u n t r e a t e d  c l a y .  
T r e a t m e n t  o f  t h e  e x c h a n g e d  c l a y  w i t h  a s a t u r a t e d  s o l u t i o n  o f  c a l c i u m  
h y d r o x i d e  h a d  a  s i m i l a r  e f f e c t  u p o n  t h e  w i d t h  a n d  p o s i t i o n  o f  t h e  
p e a k s  ( F i g u r e  5 . 1 4 )  i n  t h e  XRD s p e c t r a .  T h i s  wa s  p r o b a b l y  b e c a u s e  
a l t h o u g h  t h e  c a l c i u m  h y d r o x i d e ,  a l t h o u g h  o n l y  s p a r i n g l y  s o l u b l e  i n  
a q u e o u s  s o l u t i o n ,  f o r m s  a s o l u t i o n  o f  a p p r o x i m a t e l y  pH 12. C a l c i u m  
h y d r o x i d e  w o u l d  b e  l e s s  s o l u b l e  i n  a  m ix e d  s o l u t i o n  s u c h  a s  a  p o r e  
s o l u t i o n  i n  c e m e n t  p a s t e .

5 .3 .4  E ffect o f the Exchanged Clay on Cement Hydration

The XRD p a t t e r n  o f  p u r e  c e m e n t  p a s t e  a s  i t  c u r e d  f r o m  7 t o  28 
d a y s  i s  shown i n  F i g u r e  5 .  15.  T h e r e  w e r e  no  m a j o r  c h a n g e s  i n  t h e  
d i f f r a c t i o n  p a t t e r n s  o v e r  t h i s  p e r i o d ,  a l l  o f  t h e  c e m e n t  p h a s e s  b e i n g  
p r e s e n t  t h r o u g h o u t  t h e  h y d r a t i o n  p e r i o d .  T h e r e  w as ,  h o w e v e r ,  a  
s t e a d y  d e c r e a s e  i n  t h e  p e a k s  w h i c h  c o r r e s p o n d  t o  e t t r i n g i t e  a s  t h e  
c e m e n t  p a s t e  a g e d .  F i g u r e  5 . 1 6  sh o w s  t h e  same c u r i n g  t i m e  p a t t e r n  
f o r  t h e  P e r c h e m  4 6 2 /0 P C  s a m p l e s .  The  e t t r i n g i t e  p e a k s ,  u n l i k e  i n  t h e  
p u r e  c e m e n t  s a m p l e s ,  w e r e  v e r y  weak o r  n o t  v i s i b l e  a t  7 d a y s  b u t  g r e w  
s t e a d i l y  up  t o  28  d a y s .  The  d i f f r a c t i o n  p a t t e r n  o f  t h e  e x c h a n g e d  
c l a y  a l o n e  i s  shown a t  t h e  b o t t o m  o f  F i g u r e  5 . 1 6 .  F i g u r e  5 . 1 7 ( 1 )  a n d
( I I )  s h o w s  a  d i r e c t  c o m p a r i s o n  b e t w e e n  t h e  P e r c h e m  462/OPC an d  
c e m e n t - o n l y  s a m p l e s  a f t e r  7 a n d  28  d a y s  o f  c u r i n g  r e s p e c t i v e l y .



F i g u r e  5 . 1 2 :  XRD p a t t e r n  o f  P e r c h e m  46 2  t r e a t e d  w i t h  1 . 0  M p o t a s s i u m  
h y d r o x i d e  f o r  ( I )  0  d a y s ,  < I I )  1 d a y ,  ( I I I )  7 d a y s ,  ( IV )  
14 d a y s ,  (V) 21 d a y s  a n d  ( IV )  26  d a y s .

F i g u r e  5 . 1 4 :  XRD P a t t e r n  o f  P e rc h e ro  462 T r e a t e d  w i t h  C a l c i u m  
H y d r o x i d e  f o r  ( I )  0  D ay s ,  ( I I )  7 D a y s ,  ( I I I )
14 D ay s ,  (V) 21 D ay s  a n d  (V) P e r c h e m  462 I n  t h e  Cement  
M a t r i x  f o r  7 D ay s .
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Figure 5.13: SEM Pattern of Perchem 462 Treated with 1.0 M Potassium 
Hydroxide for (I) 1 Day, (II) 7 Days, (III) 14 Days,
(IV) 21 Days and (V) 28 Days.
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F i g u r e  5 . 1 5 :  XRD P a t t e r n  o f  OPC P a s t e  a f t e r  C u r i n g  f o r  ( I )  7 D ay s ,  
( I I )  14 D ay s ,  ( I I I )  21 D ay s  a n d  ( IV )  28  D ay s .

F i g u r e  5 . 1 6 :  XRD P a t t e r n  o f  P e r c h e m  462/OPC ( I )  P e r c h e m  4 6 2 ,  ( I I )  7 
D ay s ,  ( I I I )  14 D ay s ,  ( IV )  21 D ay s  a n d  (V) 28  Da ys  o f
C u r i n g .

a  = E t t r l n g i t e ;  b = T r i c a l c i u m  S i l i c a t e  (C3 S ) ;  
c  = C a l c i u m  H y d r o x i d e  a n d  d = 3 - C h l o r o p h e n o l
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F i g u r e  5 . 1 7 :  XRD P a t t e r n  t o  C om par e  P e r c h e m  4 6 2 ,  OPC a n d  P e r c h e m  4 6 2 /  
OPC a f t e r  ( I )  7 D ay s  a n d  ( I I )  28  Da ys  o f  C u r i n g .

a  = E t t r i n g i t e ;  b = T r i c a l c i u m  S i l i c a t e  (C3 S ) ;  
c = C a l c i u m  H y d r o x i d e  a n d  d = 3 - C h l o r o p h e n o l
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A f t e r  7 d a y s  t h e  c e m e n t - o n l y  s a m p l e s  showe d p e a k s ,  a b s e n t  i n  t h e  
P e r c h e m  462/OPC s a m p l e ,  w h i c h  c o r r e s p o n d e d  t o  t h e  e t t r i n g i t e  
d i f f r a c t i o n  p a t t e r n .  A f t e r  28  d a y s  t h e  P e r c h e m  462/OPC s a m p l e  h a d  
d e v e l o p e d  t h e  e t t r i n g i t e  p a t t e r n .  I n  t h e  c e m e n t - o n l y  s a m p l e s  t h e  
e t t r i n g i t e  p e a k s  h a d  g r e a t l y  r e d u c e d  i n t e n s i t i e s  a t  28  d a y s ,  and  was  
c o n s i s t e n t  w i t h  c o n v e n t i o n a l  c e m e n t  p a s t e  c u r i n g .  T a b l e  5 . 2  sho w s  
t h e  p e r c e n t a g e s  o f  e t t r i n g i t e  p r e s e n t  i n  t h e  P e r c h e m  462/OPC s a m p l e s  
e x p r e s s e d  a s  a  p e r c e n t a g e  o f  t h a t  i n  t h e  OPC p a s t e  a t  t h e  same  a g e .  
The  t a b l e  s h o w s  t h a t  a f t e r  7 d a y s  o f  c u r i n g  t h e r e  was  much l e s s  
e t t r i n g i t e  i n  t h e  c l a y  s a m p l e s  t h a n  i n  t h e  OPC p a s t e ,  h o w e v e r  by  14 
d a y s  t h e r e  was  119% m ore  e t t r i n g i t e  p r e s e n t  i n  t h e  P e r c h e m  462/OPC 
s a m p l e s .  The  p r e s e n c e  o f  C3 S i n  b o t h  s e t s  o f  s a m p l e s  r e m a i n e d  
r e l a t i v e l y  c o n s t a n t  o v e r  t h e  28 d a y  p e r i o d  ( T a b l e  5 . 2 ) ,  b u t  i n  t h e  
P e r c h e m  462/OPC s a m p l e s  a l m o s t  90% o f  t h e  C3 S o r i g i n a l l y  p r e s e n t  i n  
t h e  u n h y d r a t e d  s a m p l e s  r e m a i n s .

T a b l e  5 . 2 :  P e r c e n t a g e  o f  E t t r i n g i t e  a n d  C3S i n  OPC a n d  P e r c h e m
462/OPC s a m p l e s .

P e r c e n t a g e  o f E t t r i n g i t e

7 Days 14 Days 21 D a y s 28 Days

P e r c h e m  462/OPC 3 119 104 144

P e r c e n t a g e  o f  (;3 S R e m a i n i n g

OPC O n ly 53 48 47 48

P e r c h e m  462/OPC 89 86 92 88
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The  a b o v e  e f f e c t s  s u g g e s t  t h a t  t h e  p r e s e n c e  o f  t h e  e x c h a n g e d  
c l a y  r e t a r d s  t h e  c e m e n t  h y d r a t i o n  p r o c e s s ,  s i n c e  t h e  28  d a y  o l d  
O P C /P e rc h e m  462 s a m p l e  m ore  c l o s e l y  r e s e m b l e d  t h e  7 d a y  o l d  c e m e n t -  
o n l y  s a m p l e  t h a n  a  s a m p l e  o f  c o m p a r a b l e  a g e .  To t e s t  w h e t h e r  t h e  
e f f e c t s  on  t h e  c e m e n t  h y d r a t i o n  w e r e  d u e  t o  t h e  c l a y  a l o n e  o r  w e r e  a  
c o n s e q u e n c e  o f  t h e  p r e s e n c e  o f  t h e  QAS i n  t h e  e x c h a n g e d  c l a y ,  t h e  XRD 
p a t t e r n  o f  Wyoming b e n t o n i t e  m ix e d  w i t h  c e m e n t  was  d e t e r m i n e d  ( F i g u r e  
5 . 1 8 ) .  T h i s  s p e c t r u m  h a d  a  v e r y  s i m i l a r  p a t t e r n  t o  t h e  OPC/Perchera  
462 s a m p l e  o f  t h e  sam e a g e ,  s h o w i n g  t h a t  t h e  QAS h a d  n o  s i g n i f i c a n t  
e f f e c t  on  t h e  c e m e n t  h y d r a t i o n  r e a c t i o n s .

The  SEM m i c r o g r a p h s  o f  c e m e n t  a t  7,  14, 21 a n d  28  d a y s  a r e  shown 
i n  F i g u r e  5 . 1 9 .  F i g u r e  5 . 1 9 ( 1 )  s h o w n s  t h e  c e m e n t  p a s t e  a f t e r  7 d a y s  
o f  c u r i n g .  The  g r o w t h  o f  t h e  h y d r a t i o n  p r o d u c t s  t y p i c a l  o f  t h e  
m i d d l e  a n d  l a t e  h y d r a t i o n  p e r i o d s ,  s u c h  a s  c a l c i u m  h y d r o x i d e  an d  
c a l c i u m  s i l i c a t e  h y d r a t e ,  c a n  be  s e e n  a s  w e l l  a s  t h e  u n h y d r a t e d  c o r e .  
As h y d r a t i o n  c o n t i n u e d ,  a  g r a d u a l  d e c r e a s e  i n  t h e  u n h y d r a t e d  c e m e n t  
c a n  b e  s e e n  a t  14 a n d  21 d a y s  r e s p e c t i v e l y  ( F i g u r e s  5 . 1 9 ( 1 1 )  an d  
5 . 1 9 ( 1 1 1 ) ) .  The  28  d a y  o l d  s a m p l e  ( F i g u r e  5 . 1 9 ( V I ) )  showed  t h e  
t y p i c a l  m o r p h o l o g y  o f  m a t u r e  c e m e n t  p a s t e ,  e . g .  f e a t u r e l e s s  T y p e  I I I  
c a l c i u m  s i l i c a t e  h y d r a t e  a n d  a  f e w  c a l c i u m  h y d r o x i d e  c r y s t a l s .  SEM 
o f  t h e  O P C /P e rch em  462 s a m p l e s  s ho w ed  a s t r i k i n g l y  d i f f e r e n t  
a p p e a r a n c e  t o  t h e  c e m e n t - o n l y  s a m p l e s .  The  m i c r o g r a p h s  a f t e r  7 ,  14, 
21 a n d  28  d a y s  ( F i g u r e  5 . 2 0 )  sh o w ed  t h a t  t h e  w h o l e  c e m e n t  s u r f a c e  was  
c o v e r e d  w i t h  s h o r t  " n e e d l e - 1 i k e "  c r y s t a l s  i n t e r s p e r s e d  w i t h  l a r g e r  
t h i c k e r  " r o d - l i k e "  c r y s t a l s .  I s o l a t e d  a r e a s  o f  t h e  s a m p l e s  c o n t a i n e d  
g r o u p s  o f  h e x a g o n a l  c r y s t a l s  o r  p l a t e l e t s .  The  Wyoming b e n t o n i t e / O P C  
s a m p l e s  ( F i g u r e  5 . 2 1 )  sho w t h e  sam e p r e v a l e n c e  o f  " n e e d l e - l i k e "  
c r y s t a l s  a n d  h e x a g o n a l  p l a t e s .  A n a l y s i s  o f  t h e  l a r g e r  c r y s t a l s  by 
EDS i n d i c a t e d  t h a t  t h e y  w e r e  m a i n l y  e t t r i n g i t e ,  w h i l e  t h e  h e x a g o n a l  
P 1 a t e s  w e r e  m o n o s u l p h a t e .  A n a l y s i s  o f  t h e  s m a l l e r  c r y s t a l s  c o u l d  n o t  
b e  c a r r i e d  o u t  b e c a u s e  o f  beam p e n e t r a t i o n  p r o b l e m s .  The  s m a l l  
c r y s t a l s  s h o u l d  h a v e  b e e n  i d e n t i f i a b l e  f r o m  t h e  XRD s p e c t r a ,  b u t  t h e  
s p e c t r a  i n d i c a t e d  o n l y  an  i n c r e a s e  i n  e t t r i n g i t e  c o m p a r e d  t o  t h e  
c e m e n t - o n l y  s a m p l e s .  The  c r y s t a l s  a r e  p r o b a b l y  c a l c i u m  s i l i c a t e  
h y d r a t e ,  e t t r i n g i t e  o r  t h e  e x c h a n g e d  c l a y .
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F i g u r e  5 . 1 8 :  XRD P a t t e r n  t o  C o m p are  <I> OPC, ( I I )  P e r c h e m  462/OPC 
w i t h  ( I I I )  Wyoming B e n t o n i t e  a f t e r  28  Da ys  o f  C u r i n g .
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Figure 5.19: SEM Pattern of Cement Paste (I) 7 Days, (II) 14 Days,
(III) 21 Days and (IV) 28 Days of Curing.
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Figure 5.20: SEM of Perchem 462/0PC after (I) 7 Days, (II) 14 
Days, (III) 21 Days and (IV) 28 Days of Curing.
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i

Figure 5.21: SEM of Wyoming Bentonite/OPC after (I) 7 Days and 
(II) 28 Days of Curing.
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5 . 3 . 5  S t a b l l l s a t l o n / S o l i d i f i c a t i o n  o f  3 - C h l o r o p h e n o l  a n d  
C h l o r o n a p h t h a l e n e

The  XRD s p e c t r a  o f  3 - c h l o r o p h e n o l  a t  low a n d  h i g h  c o n c e n t r a t i o n s  
s o l i d i f i e d  i n  a  P e r c h e m  462/OPC mix  a t  7 and  28  d a y s  a r e  shown i n  
F i g u r e  5 . 2 2 .  The  e x c h a n g e d  c l a y  c o n t a i n i n g  a d s o r b e d  3 - c h l o r o p h e n o l  
a t  lo w c o n c e n t r a t i o n s  h a d  no  e f f e c t  up on  t h e  XRD s p e c t r a  a t  7 o r  28  
d a y s  c o m p a r e d  w i t h  t h e  P e r c h e m  462/OPC s a m p l e s .  T h i s  s u g g e s t s  t h a t  
3 - c h l o r o p h e n o l  w as  a d s o r b e d  i n t o  t h e  c l a y  a n d  d i d  n o t  come i n t o  
c o n t a c t  w i t h  t h e  c e m e n t  d u r i n g  h y d r a t i o n ,  o t h e r w i s e  a  s i m i l a r  e f f e c t  
w o u l d  h a v e  b e e n  n o t e d  t o  t h e  e f f e c t  o f  3 - c h l o r o p h e n o l  on  OPC ( F i g u r e
5 . 6 ) .  At  v e r y  h i g h  3 - c h l o r o p h e n o l  c o n c e n t r a t i o n s ,  w e l l  i n  e x c e s s  o f  
t h e  c a p a c i t y  o f  t h e  e x c h a n g e d  c l a y ,  t h e  3 - c h l o r o p h e n o l  i n h i b i t e d  
c e m e n t  h y d r a t i o n  i n  t h e  same way a s  t h e  h i g h  3 - c h l o r o p h e n o l / O P C  mix  
( F i g u r e  5 . 6 ) .

S o l i d i f i c a t i o n  o f  c h l o r o n a p h t h a l e n e  w i t h  e x c h a n g e d  c l a y  a n d  
c e m e n t  p r o d u c e d  a  s o l i d  s a m p l e  w i t h  no  i m m i s c i b l e  l a y e r  o f  
c h l o r o n a p h t h a l e n e  on t h e  s u r f a c e  e v e n  a t  t h e  h i g h  c o n c e n t r a t i o n s .  
The  XRD s p e c t r a  o f  t h e  s o l i d i f i e d  c h l o r o n a p h t h a l e n e  a t  t h e  two 
c o n c e n t r a t i o n s  a r e  shown i n  F i g u r e  5 . 2 3 .  A l l  t h r e e  s p e c t r a  w e r e  v e r y  
s i m i l a r ,  i n d i c a t i n g  t h a t  t h e  c h l o r o n a p h t h a l e n e  h a d  no  e f f e c t  on  
c e m e n t  h y d r a t i o n ,  e v e n  when i t  w as  p r e s e n t  i n  e x c e s s  o f  t h e  known 
e x c h a n g e  c a p a c i t y  o f  t h e  c l a y .

5 . 4  SUMMARY

U s i n g  XRD a n a l y s i s ,  t h e  c h a n g e  i n  i n t e r l a m e l l a r  s p a c i n g  o f  t h e  
m o n tm o r i  1 I o n i t e  c l a y  was o b s e r v e d  up on  t h e  i n t r o d u c t i o n  o f  t h e  QAS. 
F u r t h e r  s w e l l i n g  was  c a u s e d  by  t h e  i n t r o d u c t i o n  o f  c h l o r o n a p h t h a l e n e  
b u t  n o t  by  c h l o r o p h e n o l .

C h l o r o p h e n o l  r e t a r d s  t h e  h y d r a t i o n  o f  c e m e n t  p a s t e  and  
s t a b i l i s e s  t h e  e t t r i n g i t e  p h a s e ,  s l o w i n g  i t s  c o n v e r s i o n  t o  
m o n o s u l p h a t e .  C h l o r o p h e n o l  was  f o u n d  t o  c r y s t a l l i s e  i n  t h e  c e m e n t



F i g u r e  5 . 2 2 :  XRD P a t t e r n  t o  Show t h e  E f f e c t  o f  3 - C h l o r o p h e n o l  
A d s o r b e d  o n t o  P e r c h e m  4-62, o r  Cement  a f t e r  ( I )  7 
D ay s  a n d  < I I )  28  D a y s  o f  C u r i n g .
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p a s t e  a s  i t s  c a l c i u m  s a l t .  C h l o r o n a p h t h a l e n e  was  I m m i s c i b l e  w i t h  t h e  
i n o r g a n i c  c e m e n t  m a t r i x  a n d  h a d  n o  e f f e c t  on  h y d r a t i o n .

The  i n t r o d u c t i o n  o f  t h e  e x c h a n g e d  c l a y  i n t o  t h e  c e m e n t  m a t r i x  
s l o w e d  t h e  f o r m a t i o n  o f  t h e  e t t r i n g i t e  a n d  i n c r e a s e d *  i t s  s t a b i l i t y .  
S m a l l  c r y s t a l s  w e r e  o b s e r v e d  by  SEM c o v e r i n g  t h e  c e m e n t  s u r f a c e ,  
t h e s e  w e r e  e i t h e r  c a u s e d  by  t h e  c l a y  o r  w e r e  e t t r i n g i t e .  The h i g h  
a l k a l i n i t y  o f  t h e  c e m e n t  c a u s e d  p e p t i z a t i o n  o f  t h e  c l a y ,  b u t  d i d  n o t  
i n t e r f e r e  w i t h  t h e  a d s o r b e d  q u a t e r n a r y  ammonium c a t i o n s .

C h l o r o p h e n o l  s o l i d i f i e d  w i t h  an  e x c h a n g e d  c l a y / c e m e n t  mix 
s ho w ed  t h a t  up  t o  t h e  a d s o r p t i o n  c a p a c i t y  o f  t h e  e x c h a n g e d  c l a y  t h e  
c h l o r o p h e n o l  h a d  n o  e f f e c t  up on  c e m e n t  h y d r a t i o n .  Above t h e  
a d s o r p t i o n  c a p a c i t y ,  t h e  e x c e s s  c h l o r o p h e n o l  i n h i b i t e d  h y d r a t i o n .

C h l o r o n a p h t h a l e n e ,  w h i c h  was i m m i s c i b l e  w i t h  c e m e n t  p a s t e ,  c o u l d  
b e  i n c o r p o r a t e d  i n t o  t h e  e x c h a n g e d  c l a y / c e m e n t  mix .  The  
c h l o r o n a p h t h a l e n e  h a d  no  e f f e c t  up on  c e m e n t  h y d r a t i o n .
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6. SOLIDIFICATION OF INDUSTRIAL WASTES

6.1 INTRODUCTION

The work  d e s c r i b e d  In  p r e c e d i n g  c h a p t e r s  h a s  s t u d i e d  t h e  
a d s o r p t i o n  a n d  s o l i d i f i c a t i o n  o f  o r g a n i c  " m o d e l ” s o l u t i o n s  t h a t  
c o n t a i n e d  o n l y  t h e  com p oun ds  u n d e r  I n v e s t i g a t i o n .  I t  was  now t h o u g h t  
t o  b e  i m p o r t a n t  t o  s t u d y  t h e  u s e  o f  t h e  e x c h a n g e d  c l a y s  f o r  t h e  
a d s o r p t i o n  o f  r e a l  i n d u s t r i a l  o r g a n i c  c o n t a m i n a t e d  w a s t e s ,  a n d  t o  u s e  
a  c e m e n t - b a s e d  s o l i d i f i c a t i o n  p r o c e s s  s i m i l a r  t o  t h e  p r o c e s s e s  u s e d  
c o m m e r c i a l l y  t o  t r e a t  t h e  w a s t e .

T h r e e  i n d u s t r i a l  w a s t e s  w e r e  s t u d i e d ,  w h i c h  c o u l d  n o t  b e  
s o l i d i f i e d  by c o n v e n t i o n a l  c e m e n t - b a s e d  p r o c e s s e s  b e c a u s e  t h e  o r g a n i c  
c o n t e n t  o f  t h e  w a s t e s  w o u l d  i n h i b i t  c e m e n t  h y d r a t i o n  and  w o u l d  b e  
r a p i d l y  l e a c h e d  f r o m  t h e  m a t r i x .  The  a d s o r p t i o n  o f  t h e  m e t a l s  a n d  
o r g a n i c s  by t h e  e x c h a n g e d  c l a y ,  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  
s a m p l e s  and  t h e  c h e m i c a l  s t a b i l i t y  o f  t h e  w a s t e s  i n  t h e  s o l i d i f i e d  
m i x e s  w e r e  i n v e s t i g a t e d .

6 .2  MATERIALS AND METHODS

6 .2 .1  M aterials

(a) Waste

T h r e e  l i q u i d  i n d u s t r i a l  w a s t e s  w e r e  c h o s e n  f o r  u s e  i n  t h i s  
s t u d y .  Two o f  t h e  w a s t e s  came f r o m  s i n g l e  c h e m i c a l  p r o c e s s e s  an d  
o n e ,  W as t e  C, wa s  a  m i x t u r e  o f  e f f l u e n t s  f r o m  a  nu m b e r  o f  o r i g i n a l  
s o u r c e s .  The  w a s t e s  c o n t a i n e d  up  t o  12% by w e i g h t  o r g a n i c  co m p oun ds  
w i t h  t r a c e s  o f  h e a v y  m e t a l s  a n d  i n o r g a n i c  a n i o n s .  T he  m a in  
c h a r a c t e r i s t i c s  o f  t h e  w a s t e s  a r e  shown i n  T a b l e  6 . 1 .



Table 6.1: Properties of Industrial Wastes

W a s t e  A W a s t e  B W a s t e  C

O r i g i n P r o c e s s  e f f l u e n t  
f r o m  d i a z o t i z a -  
t i o n  p r o c e s s

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

Mi xed i n o r g a n i c /  
o r g a n i c  e f f l u e n t

A p p e a r e n c e /
Comments

T h e r m a l l y  u n s t a b l e  
o r g a n i c  l i q u i d .  
D e c o m p o se s  o v e r  
7 d a y s  g i v i n g  o f f  
BF3 a n d  s u l p h a t e s  
p r e c i p i t a t e .

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

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

s l u d g e
s o l v e n t s ,
l a t e x

pH 0.  15 9 . 9 1 7 . 6 4

TOC (rag/1) 18060
1322 7*

37 1 4 0 1 2 3 , 2 0 0

I n o r g a n i c  
C a r b o n ( m g / 1)

0 81 68

Z i n c ( m g / 1) 4 3 . 6 4 8 . 3 216

C o p p e r ( m g / 1) 6 . 8 2 4 . 3 8

N i c k e l ( m g / 1 ) 1 3 . 2 1 5 . 4 < 0 . 2

C ad m ium (m g /1) < 0 . 0 5 2 . 0 < 0 . 0 5

L e a d ( r a g / 1 ) < 0 . 5 < 0 . 5 < 0 . 5

* A f t e r  7 d a y s
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(b) S o lid if ic a t io n  M aterials

The work u t i l i s e d  t h e  c o m m e r c i a l l y  a v a i l a b l e  e x c h a n g e d  c l a y ,  
P e r c h e m  46 2 ,  f o r  s o l i d i f i c a t i o n  w h e r e  t h e  q u a n t i t i e s  r e q u i r e d  made 
l a b o r a t o r y  p r o d u c t i o n  o f  t h e  e x c h a n g e d  c l a y  b o t h  t i m e  c o n s u m i n g  a n d  
un ec on om i  c .

The  o t h e r  m a t e r i a l s  u s e d  f o r  s o l i d i f i c a t i o n  w e r e  Typ e  1 o r d i n a r y  
P o r t l a n d  c e m e n t  ( B l u e  C i r c l e ,  UK) a n d  "GPR" g r a d e  c a l c i u m  c a r b o n a t e ,  
mesh s i z e  <200 pm (BDH L t d . ,  UK). The  r o l e  o f  t h e  c a l c i u m  c a r b o n a t e  
i n  t h e  s o l i d i f i c a t i o n  mix  was t o  a c t  a s  an  a g g r e g a t e  t o  d e c r e a s e  t h e  
am ou nt  o f  OPC n e e d e d  t o  p r o d u c e  a  b u l k  m ix ,  s i m i l a r  t o  t h e  r o l e  o f  
s a n d  i n  m o r t a r ,  t h u s  m a k i n g  t h e  p r o c e s s  m o r e  c o m m e r c i a l l y  r e a l i s t i c .

6 .2 .2  Adsorption Experiments

A d s o r p t i o n  i s o t h e r m s  f o r  t h e  o r g a n i c  a n d  m e t a l  c o m p o n e n t s  o f  t h e  
w a s t e s  w e r e  d e t e r m i n e d  t o  f i n d  t h e  maximum c o n c e n t r a t i o n  o f  e a c h  
w a s t e  t h a t  c o u l d  b e  a d s o r b e d  o n t o  t h e  e x c h a n g e d  c l a y .  The  e x c h a n g e d  
c l a y  wa s  f i r s t  w a s h e d  by  m i x i n g  20 0  g  w i t h  2 1 o f  d i s t i l l e d  w a t e r  f o r  
24  h o u r s .  T h i s  was  d o n e  t o  r e m o v e  a n y  e x c e s s  QAS a r i s i n g  f r o m  t h e  
m a n u f a c t u r i n g  p r o c e s s  f r o m  t h e  s u r f a c e  o f  t h e  c l a y .  A f t e r  t h i s  
p e r i o d  t h e  c l a y  was a l l o w e d  t o  s e t t l e ,  t h e  s u p e r n a t a n t  a n d  a n y  
s u r f a c e  foam  r e m o v e d  a n d  t h e  s u s p e n s i o n  f i l t e r e d  u n d e r  vacu um  t h r o u g h  
a Whatman No. 1 f i l t e r  p a p e r .  The  f i l t e r  c a k e  r e c o v e r e d  was  d r i e d  
( 1 0 5 ° C / 1 2  h )  a n d  t h e n  g r o u n d  t o  < 0 . 5  mm. Any l o s s  o f  t h e  QAS f r o m  
t h e  c l a y  d u r i n g  t h e  a d s o r p t i o n  s t u d i e s  was m o n i t o r e d  by  t h e  u s e  o f  
e x c h a n g e d  c l a y / d i s t i 1 l e d  w a t e r  c o n t r o l s .

A d s o r p t i o n  i s o t h e r m s  w e r e  d e t e r m i n e d  by  t h e  a d d i t i o n  o f  1 . 0  g  o f  
t h e  e x c h a n g e d  c l a y  t o  100 ml o f  w a s t e  w h i c h  h a d  b e e n  d i l u t e d  t o  g i v e  
a  r a n g e  o f  o r g a n i c /  m e t a l  c o n c e n t r a t i o n s .  The  e x c h a n g e d  c l a y  and  
w a s t e  w e r e  m i x e d  by e n d - o v e r - e n d  r o t a t i o n  f o r  24  h o u r s  a n d  t h e n  
f i l t e r e d .  The  f i l t r a t e  was  a n a l y s e d  f o r  t o t a l  o r g a n i c  c a r b o n  
c o n c e n t r a t i o n  a n d  f o r  t h e  m e t a l  c o n c e n t r a t i o n s  by  a t o m i c  a b s o r p t i o n
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s p e c t r o m e t r y .  C o n t r o l  s a m p l e s  c o n t a i n i n g  w a s t e  o n l y  a n d  e x c h a n g e d  
c l a y  o n l y  w e r e  a l s o  r u n .

A s e c o n d  t y p e  o f  a d s o r p t i o n  e x p e r i m e n t  was  c a r r i e d  o u t  t o  
d e t e r m i n e  i f  a l l  o f  t h e  TOC c o n t e n t  o f  t h e  w a s t e  c o u l d  b e  a d s o r b e d  by 
t h e  e x c h a n g e d  c l a y .  The  e x c h a n g e d  c l a y  (10  g )  was  s u s p e n d e d  i n  100 
ml o f  w a s t e  a n d  s h a k e n  f o r  24  h o u r s .  The  s u s p e n s i o n  wa s  f i l t e r e d  t o  
r e m o v e  t h e  e x c h a n g e d  c l a y  a n d  a  s e c o n d  s a m p l e  o f  e x c h a n g e d  c l a y  (10 
g )  a d d e d  t o  t h e  f i l t r a t e .  The  a d s o r p t i o n s  w e r e  r e p e a t e d  on f i v e  
s u c c e s s i v e  d a y s ,  t h e  f i l t r a t e  b e i n g  a n a l y s e d  f o r  TOC on  e a c h  d a y  a n d  
t h e  v o lu m e  c h a n g e  n o t e d .

The  t h i r d  a d s o r p t i o n  e x p e r i m e n t  was c a r r i e d  o u t  w i t h  a  v i e w  t o  
a s s e s s i n g  t h e  p r a c t i c a l i t y  o f  s c a l i n g  up  t h e  a d s o r p t i o n  work t o  
p r o d u c e  an  e x c h a n g e d  c l a y  f i l t e r  c a k e  w i t h  a d s o r b e d  w a s t e  i n  
s u f f i c i e n t  q u a n t i t i e s  t o  p e r m i t  c e m e n t - b a s e d  s o l i d i f i c a t i o n .  The  
a d s o r p t i o n  e x p e r i m e n t s  w e r e  r e p e a t e d  u s i n g  b e t w e e n  1 . 0  g  t o  20 g  o f  
e x c h a n g e d  c l a y  i n  100 ml s a m p l e s  o f  t h e  w a s t e .  T h e s e  s a m p l e s  w e r e  
m ix e d ,  f i l t e r e d  a n d  a n a l y s e d  a s  d e s c r i b e d  a b o v e .

6 .2 .3  Mix Development

Mix d e v e l o p m e n t  was  u n d e r t a k e n  t o  o p t i m i s e  t h e  p a r a m e t e r  f o r  a  
c o m m e r c i a l  t y p e  mix  p r i o r  t o  u s e  o f  t h e  r e a l  w a s t e s .  T he  a im  o f  t h i s  
e x p e r i m e n t  was  t o  m i n i m i s e  t h e  OPC c o n t e n t  o f  t h e  mix  a n d  m a x i m i s e  
t h e  a m o u n t s  o f  c l a y  w i t h  a d s o r b e d  w a s t e  a n d  i n e r t  f i l l e r .  At  t h i s  
s t a g e ,  p h y s i c a l  i n t e g r i t y ,  a s  m e a s u r e d  by u n c o n f i n e d  c o m p r e s s i v e  
s t r e n g t h ,  was  u s e d  t o  a s s e s s  t h e  s u c c e s s  o f  t h e  o p t i m i s a t i o n  
e x p e r i m e n t s .

To d e t e r m i n e  t h e  minimum r a t i o  o f  OPC t o  w a t e r ,  e x c h a n g e d  c l a y  
a n d  f i l l e r  n e e d e d  t o  m e e t  t h e s e  c r i t e r i a ,  a  s e r i e s  o f  t e s t  m i x e s  w e r e  
p r e p a r e d ,  a s  shown i n  F i g u r e  6 . 1 .  M i x e s  1 t o  4 a n d  13 t o  16 
i n v e s t i g a t e  t h e  e f f e c t  o f  t o t a l  i n s o l u b l e  s o l i d s  ( T I S )  on  t h e  
s t r e n g t h  o f  t h e  m ix  a t  a f i x e d  p e r c e n t a g e  o f  OPC, i n  t h e  a b s e n c e  a n d
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6 . 1 :  C o m p o s i t i o n  o f  Mix D e v e l o p m e n t  S a m p l e s .
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p r e s e n c e  o f  t h e  e x c h a n g e d  c l a y .  M i x e s  2 ,  5 ,  6 a n d  7 c o n t a i n  v a r i a b l e  
a m o u n t s  o f  OPC, a t  a  c o n s t a n t  T I S  s o  t h a t  t h e  o p t i m u m  OPC c o n t e n t  
c o u l d  b e  d e t e r m i n e d .  M i x e s  8 t o  12 sho w t h e  e f f e c t  o f  i n c r e a s i n g  t h e  
p e r c e n t a g e  o f  e x c h a n g e d  c l a y  a t  c o n s t a n t  p e r c e n t a g e s  o f  T I S  a n d  OPC.

The e x c h a n g e d  c l a y  u s e d  was  p r e w a s h e d ,  d r i e d  a n d  r e g r o u n d  p r i o r  
t o  u s e ,  t o  m i n i m i s e  t h e  e f f e c t  o f  foam  i n  t h e  c e m e n t  m a t r i x  c a u s e d  by 
e x c e s s  QAS, a s  d e s c r i b e d  i n  S e c t i o n  4 . 3 . 2 .  The  s o l i d s  w e r e  m ix e d  i n  
a d o m e s t i c  m i x e r  a n d  t h e n  t h e  w a t e r  a d d e d .  M i x i n g  was  c o n t i n u e d  f o r  
a p p r o x i m a t e l y  3 m i n u t e s  u n t i l  a  h o m o g e n e o u s  m ix  h a d  b e e n  o b t a i n e d .  
The  s a m p l e s  w e r e  c a s t  i n  p o l y s t y r e n e  c y l i n d r i c a l  m o u l d s  (54  x 62 
mm), w h i c h  h a d  p r e v o u s l y  b e e n  c o a t e d  w i t h  PTFE t o  p r e v e n t  t h e  s a m p l e s  
a d h e r i n g  t o  t h e  i n t e r n a l  s u r f a c e s  a n d  a l s o  t o  p r e v e n t  i n t e r a c t i o n  o f  
t h e  w a s t e  w i t h  t h e  p o l y s t y r e n e  i t s e l f .  C a r e  was  t a k e n  t o  e x c l u d e  a i r  
d u r i n g  c a s t i n g .  The  s a m p l e s  w e r e  a l l o w e d  t o  c u r e  f o r  3 d a y s ,  t h e  
m o u l d s  w e r e  t h e n  r e m o v e d  a n d  t h e  s a m p l e s  p l a c e d  i n  s e a l e d  p o l y t h e n e  
b a g s  t o  f i n i s h  c u r i n g .  Any b l e e d  w a t e r  on t h e  s u r f a c e  o f  t h e  m o u l d s  
was  m e a s u r e d  b e f o r e  u n m o u l d i n g  a n d  t h e  am ou nt  u s e d  t o  c a l c u l a t e  t h e  
t r u e  T I S  o f  t h e  s o l i d i f i e d  s a m p l e s .  F o u r  r e p l i c a t e s  o f  e a c h  m ix  w e r e  
p r e p a r e d .  Two w e r e  a l l o w e d  t o  c u r e  f o r  7 d a y s  a n d  two f o r  28 d a y s  
p r i o r  t o  t e s t i n g .

The  UCS o f  t h e  s a m p l e s  was d e t e r m i n e d  u s i n g  a  c o m p r e s s i v e  
s t r e n g t h  m a c h i n e  m a n u f a c t u r e d  by  W y k e h a m - F a r r e n c e ,  S l o u g h ,  UK. P r i o r  
t o  t e s t i n g  t h e  t o p s  o f  t h e  c y l i n d e r s  w e r e  g r o u n d  t o  p r o v i d e  s m o o t h  
p a r a l l e l  s u r f a c e s  t o  p r e v e n t  p o i n t  l o a d i n g .  The  l o a d i n g  r a t e  was  
c o n t r o l l e d  m a n u a l l y  a n d  f a i l u r e  o f  t h e  s a m p l e s  t a k e n  t o  o c c u r  when no  
f u r t h e r  l o a d  c o u l d  be  a p p l i e d .

6 .2 .4  S ta b ilisa t io n /S o lid if ic a t io n

E ach  o f  t h e  w a s t e s  d e s c r i b e d  i n  T a b l e  6 . 1  w e r e  s t a b i l i s e d  by 
m i x i n g  200 g  o f  t h e  e x c h a n g e d  c l a y  w i t h  2 1 o f  w a s t e  f o r  e i t h e r  24  o r  
48 h o u r s .  The  two t i m e  p e r i o d s  w e r e  u s e d  a n d  t h e  r e s u l t s  c o m p a r e d  t o  
c h e c k  t h a t  t h e  s h o r t e r ,  24  h o u r s ,  a d s o r p t i o n  t i m e  was  s u f f i c i e n t  t o  
a l l o w  maximum a d s o r p t i o n  o f  t h e  o r g a n i c s .  A f t e r  t h e  r e q u i r e d  t i m e



208.

t h e  e x c h a n g e d  c l a y  s u s p e n s i o n s  w e r e  f i l t e r e d  u n d e r  vac uum  u n t i l  no  
f r e e  l i q u i d  was  v i s i b l e  on  t h e  f i l t e r  c a k e .  The  f i l t e r  c a k e  was  
w e i g h e d  a n d  t h e  w a s t e : e x c h a n g e d  c l a y  r a t i o  c a l c u l a t e d  t o  b e  1 . 2 5 : 1  i n  
e a c h  c a s e ,  i n d i c a t i n g  t h a t  e x c e s s  w a s t e ,  a b o v e  t h e  a d s o r p t i v e  
c a p a c i t y  o f  t h e  e x c h a n g e d  c l a y  ( a s  d e t e r m i n e d  i n  t h e  p r e v i o u s  
a d s o r p t i o n  e x p e r i m e n t s ) ,  was  p r e s e n t .  T h i s  e x c e s s  l i q u i d  was ,  i n  
p r e l i m i n a r y  work w i t h  W a s t e  A, a s s u m e d  t o  t a k e  p a r t  i n  t h e  h y d r a t i o n  
o f  t h e  OPC. The  m i x e s  p r o d u c e d  w e r e  u n s a t i s f a c t o r y ,  h o w e v e r ,  
p r e s u m a b l y  d u e  t o  i n t e r f e r e n c e  b e t w e e n  t h e  u n s t a b i l i s e d  w a s t e  p r e s e n t  
i n  t h e  e x c e s s  l i q u i d  a n d  t h e  OPC s e t t i n g  p r o c e s s .  I n  o r d e r  t o  r e m o v e  
t h i s  e x c e s s  n o n - a d s o r b e d  w a s t e  f r o m  t h e  f i l t e r  c a k e ,  t h e  e x c h a n g e d  
c l a y  was  w a s h e d  w i t h  2 1 o f  d i s t i l l e d  w a t e r  a n d  r e f i l t e r e d ,  t h e  
l i q u i d  t o  e x c h a n g e d  c l a y  r a t i o  b e i n g  m a i n t a i n e d  a t  1 . 2 5 : 1  by t h e  
a d d i t i o n  o f  d i s t i l l e d  w a t e r ,  i f  n e c e s s a r y .  The  f i l t r a t e  o b t a i n e d  
f r o m  t h e  24- h o u r s  a d s o r p t i o n  o f  t h e  w a s t e  by t h e  e x c h a n g e d  c l a y  
m i x t u r e s  was  u s e d  a s  a s e c o n d  low c o n c e n t r a t i o n  w a s t e  s a m p l e .  F r e s h  
s a m p l e s  o f  e x c h a n g e d  c l a y  w e r e  a d d e d ,  t h e  vo lu m e  b e i n g  made up  t o  2 1 
by t h e  a d d i t i o n  o f  s m a l l  quanfc*t ies  o f  t h e  w a s h i n g s .  The  r e g i m e  o f  
m i x i n g ,  f i l t r a t i o n  a n d  w a s h i n g  w e r e  c a r r i e d  o u t  a s  d e s c r i b e d  a b o v e .

The  t h r e e  w a s t e s  w e r e  s o l i d i f i e d  u s i n g  t h e  m i x e s  sho wn i n  T a b l e  
6 . 2 .  The  m i x e s  w e r e  b a s e d  on t h e  r e s u l t s  o f  t h e  m ix  d e v e l o p m e n t  
work ,  b u t  h i g h e r  w e i g h t s  o f  OPC h a d  t o  b e  a d d e d  t o  t h e  e x c h a n g e d  
c l a y / w a s t e  m ix  t o  g i v e  t h e  n e c e s s a r y  s t r e n g t h .  The  f i l t e r  c a k e ,  p l u s  
a d d i t i o n a l  w a t e r  f o r  h y d r a t i o n  o f  t h e  OPC, was  m ix e d  t o  a s m o o th  
p a s t e  i n  a  d o m e s t i c  m i x e r  a n d  t h e n  a d d e d  t o  p r e m i x e d  d r y  OPC an d  
f i l l e r .  When t h e  p a s t e  was  h o m o g e n e o u s ,  s u b s a m p l e s  w e r e  t r a n s f e r r e d  
t o  c y l i n d r i c a l  m o u l d s .

T h r e e  s e t s  o f  c o n t r o l  s a m p l e s  w e r e  p r e p a r e d ,  f o l l o w i n g  t h e  
p r o t o c o l  o u t l i n e d  a b o v e .  One s e t  o f  c o n t r o l  s a m p l e s  c o n t a i n e d  w a s t e  
w h i c h  h a d  b e e n  m ix e d  w i t h  t h e  e x c h a n g e d  c l a y  f o l l o w e d  by  i m m e d i a t e  
a d d i t i o n  o f  t h e  OPC ( m i x e s  C4 a n d  C5,  T a b l e  6 . 2 ) .  T h i s  wa s  d o n e  t o  
a s s e s s  t h e  e f f e c t  o f  t h e  a b s e n c e  o f  a  p r e - m i x i n g  a d s o r p t i o n  s t a g e  on 
p r o d u c t  i n t e g r i t y .  The  s e c o n d  s e t  o f  c o n t r o l  s a m p l e s  c o n t a i n e d  
e x c h a n g e d  c l a y  a n d  OPC m ix e d  w i t h  d i s t i l l e d  w a t e r  r e p l a c i n g  t h e  w a s t e  
( m i x e s  D1 t o  D5, T a b l e  6 . 2 ) .  The  t h i r d  s e t  o f  c o n t r o l  s a m p l e s
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c o n t a i n e d  c e m e n t ,  f i l l e r  a n d  w a s t e  o n l y  (A4, B4 a n d  C7>, t o  sho w  t h e  
e f f e c t  o f  t h e  w a s t e s  on  m i x e s  s i m i l a r  t o  c o n v e n t i o n a l  c e m e n t - b a s e d  
s o l i d i f i c a t i o n  p r o c e s s e s .

T a b l e  6 . 2 :  S o l i d i f i c a t i o n  M i x e s

S a m p le C l a y 1

%

OPC

%

F i 1 l e r  

%

T o t a l
L i q u i d
C o n t e n t

%

T I S

%

F r e e  L i q u i d  
t o  OPC 

R a t i o  
%

WASTE A
Al* 11 12 26 52 49 3.  7
A2 7 26 17 50 50 1 . 7
A3 7 26 17 50 50 1 . 7
A4 0 26 24 50 50 1 . 9

WASTE B
B1 9 26 20 45 55 1 . 5
B22 9 26 20 45 55 1 . 5
B33 9 26 20 45 55 1 . 5
B4 0 26 29 45 55 1 . 7

WASTE C
Cl 9 26 20 45 55 1 . 5
C22 9 26 20 45 55 1 . 5
C33 9 26 20 45 55 1 . 5
C4* 9 12 34 45 55 3 . 2
C5* 9 26 - 20 45 55 1 . 5
06* 9 12 34 45 55 3 . 2
C7 0 26 29 45 55 1 . 7

CONTROLS
D1 11 12 26 52 49 3 . 7
D2 7 26 17 50 50 1 . 7
D3 9 26 20 45 55 1 . 5
D4 9 12 33 50 50 3 . 2
D5 0 26 29 45 55 1 . 5

1 As d r y  s o l i d s
2 W a s t e  a d s o r b e d  f o r  48 h o u r s
3 F i l t r a t e  and  w a s h i n g s  a d s o r b e d  o n t o  c l a y  
A W a s t e  a l o n e  u s e d  f o r  h y d r a t i o n
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(a) Unconfined Conpressive Strength T esting

A f t e r  7 d a y s  t h e  s a m p l e s  w e r e  u n m o u l d e d ,  a n d  a l l o w e d  t o  c u r e  a t  
18 ± 2°C a n d  100% r e l a t i v e  h u m i d i t y .  The  s e t t i n g  r a t e s  o f  t h e  m i x e s  
w e r e  m e a s u r e d  u s i n g  a  p o c k e t  c o n c r e t e  p e n e t r o m e t e r  on  a s u b s a m p l e  o f  
e a c h  mix  ( S e c t i o n  4 . 2 . 4 ( a ) ) .  U n c o n f i n e d  c o m p r e s s i v e  s t r e n g t h  t e s t s  
w e r e  c a r r i e d  o u t  on  t h e  s a m p l e s  a f t e r  7 a n d  28 d a y s  c u r i n g  a s  
d e s c r i b e d  i n  S e c t i o n  4 . 2 . 4 ( b ) .

(b) Leach T esting

A f t e r  t e s t i n g  f o r  UCS t h e  s a m p l e s  w e r e  g r o u n d  i n  a  p e s t l e  a n d  
m o r t a r  a n d  s i e v e d  t o  a c h i e v e  a  p a r t i c l e  s i z e  b e t w e e n  0 . 5  a n d  2 mm. 
S u b s a m p l e s  (40  g )  w e r e  p l a c e d  i n  p o l y p r o p y l e n e  s c r e w  c a p p e d  
c o n t a i n e r s  a n d  e x a c t l y  f o u r  t i m e s  t h e  w e i g h t  o f  d i s t i l l e d  w a t e r  
a d d e d .  The  c o n t a i n e r s  w e r e  s h a k e n  by r o t a t i o n  f o r  7 d a y s ,  f i l t e r e d  
a n d  t h e  f i l t r a t e  a n a l y s e d  f o r  TOC a n d  m e t a l  c o n c e n t r a t i o n s .

6 .3  RESULTS

6 .3 .1  Adsorption Experiments

I s o t h e r m s  s h o w i n g  t h e  a d s o r p t i o n  o f  TOC f r o m  t h e  t h r e e  w a s t e s  by 
t h e  e x c h a n g e d  c l a y  a r e  shown i n  F i g u r e  6 . 2 .  The  i s o t h e r m s  r e p r e s e n t  
t h e  am ou n t  o f  TOC a d s o r b e d  by  1 g  o f  e x c h a n g e d  c l a y  f r o m  100 ml o f  
a q u e o u s  w a s t e  s o l u t i o n .  The  r e s u l t s  sho w t h a t  a s  t h e  c o n c e n t r a t i o n  
o f  t h e  w a s t e  i n c r e a s e d ,  t h e  a m o u n t  o f  TOC a d s o r b e d  a l s o  i n c r e a s e d  and  
no  maximum c a p a c i t y  was r e a c h e d  e v e n  when u s i n g  u n d i l u t e d  w a s t e .  
T h i s  s u g g e s t s  t h a t  a  c o n c e n t r a t i o n  e f f e c t  was  o p e r a t i n g ,  and  a l t h o u g h  
t h e  a d s o r p t i o n  c a p a c i t y  o f  t h e  e x c h a n g e d  c l a y  may h a v e  b e e n
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(I)
Adsorption (m g/g)

Adsorption (m g/g) 
16000 r—

12000

8000

4000

00

Equilibrium Cone. |l0*mg Jll 33

F i g u r e  6.2: A d s o r p t i o n  I s o t h e r m s  f o r  ( I )  W a s t e s  A & B a n d  Cl I )  W a s t e  C.
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s a t i s f i e d ,  a s  t h e  c o n c e n t r a t i o n  o f  t h e  s o l u t i o n  i n c r e a s e d  some o f  t h e  
o r g a n i c  co m p o u n d s  w e r e  a b l e  t o  a d h e r e  t o  t h e  o u t e r  s u r f a c e  o f  t h e  
e x c h a n g e d  c l a y .  The  a d s o r p t i o n  i s o t h e r m s  s u g g e s t  t h a t ,  e v e n  a t  t h e  
l o w e s t  c o n c e n t r a t i o n s  o f  w a s t e  t e s t e d ,  some o f  t h e  TOC was  n o t  
a d s o r b e d  by t h e  e x c h a n g e d  c l a y .

To i n v e s t i g a t e  w h e t h e r  t h e  e x c h a n g e d  c l a y  c o u l d  a d s o r b  a l l  o f  
t h e  TOC f r o m  t h e  w a s t e s  two d i f f e r e n t  e x p e r i m e n t s  w e r e  c a r r i e d  o u t .  
The  f i r s t  e x p e r i m e n t ,  t o  d i s c o v e r  i f  a l l  o f  t h e  TOC c o u l d  b e  
a d s o r b e d ,  i n v o l v e d  u s i n g  10 g  o f  t h e  e x c h a n g e d  c l a y  i n  100 ml o f  
W a s t e  B a n d  r e p l a c i n g  t h e  e x c h a n g e d  c l a y  on  e a c h  d a y  f o r  f i v e  
s u c c e s s i v e  d a y s .  The  r e s u l t s  o f  t h i s  e x p e r i m e n t  a r e  shown i n  F i g u r e
6 . 3  w h i c h  s h o w s  t h a t  up  t o  80% o f  t h e  TOC c o u l d  be  a d s o r b e d  by t h e  
e x c h a n g e d  c l a y  f r o m  W a s t e  B, a l t h o u g h  t h e  r e s u l t s  a g a i n  s u g g e s t  t h a t  
some o r g a n i c  co m p o u n d s  w e r e  a d s o r b e d  p o o r l y  o r  n o t  a t  a l l .  I n  t h e  
s e c o n d  e x p e r i m e n t ,  i n c r e a s i n g  w e i g h t s  o f  e x c h a n g e d  c l a y  w e r e  a d d e d  t o  
a c o n s t a n t  c o n c e n t r a t i o n  o f  w a s t e  s o l u t i o n  a n d  t h e  a d s o r p t i o n  o f  TOC 
m o n i t o r e d .  The  r e s u l t s  o f  t h e  e x p e r i m e n t  a r e  shown i n  F i g u r e  6 . 4 .  
The  r e s u l t s  f o r  b o t h  w a s t e s  sho w t h a t  a s  t h e  w e i g h t  o f  e x c h a n g e d  
c l a y  was i n c r e a s e d  t h e  r e m o v a l  o f  TOC i n c r e a s e d ,  a l t h o u g h  t h e  
c o n c e n t r a t i o n  r e m a i n i n g  i n  s o l u t i o n  n e v e r  r e a c h e d  z e r o  b u t  t e n d e d  
t o w a r d s  a  c o n s t a n t  v a l u e  o f  TOC. T h i s  TOC c o n c e n t r a t i o n  made up 
a p p r o x i m a t e l y  2% o f  t h e  o r i g i n a l  TOC o f  t h e  s o l u t i o n .  At  h i g h e r  
e x c h a n g e d  c l a y  m a s s e s ,  t h e  s a m p l e s  d i d  n o t  f o r m  h o m o g e n e o u s  c o l l o i d a l  
s u s p e n s i o n s  b u t  i n s t e a d  t h e  c l a y  a g g l o m e r a t e d ,  t h u s  g r e a t l y  r e d u c i n g  
i t s  s u r f a c e  a r e a .  The  TOC a d s o r b e d  by h i g h e r  w e i g h t s  o f  e x c h a n g e d  
c l a y  (10  g ,  f o r  e x a m p l e )  was  n o t  t h e r e f o r e  t e n  t i m e s  t h a t  a d s o r b e d  by 
1 g  o f  t h e  e x c h a n g e d  c l a y .

The  a d s o r p t i o n  o f  m e t a l s  by t h e  e x c h a n g e d  c l a y  was  m e a s u r e d  f o r  
W a s t e s  B a n d  C. F i v e  m e t a l s  w e r e  d e t e r m i n e d ,  b u t  cadm iu m  and  l e a d  
w e r e  f o u n d  t o  be  b e l o w  t h e  d e t e c t i o n  l i m i t  o f  t h e  a n a l y t i c a l  m e th o d  
f o r  b o t h  w a s t e s  a n d  n i c k e l  was  a l s o  b e l o w  t h e  d e t e c t i o n  l i m i t  i n  
W a s t e  C. The  a m o u n t s  o f  t h e  z i n c ,  c o p p e r  a n d  n i c k e l  a d s o r b e d  f r o m  
W a s t e  B by t h e  e x c h a n g e d  c l a y  a r e  shown i n  F i g u r e  6 . 5  a n d  f r o m  WasteC 
i n  T a b l e  6 . 3 .  A d s o r p t i o n  o f  t h e  m e t a l s  f r o m  t h e  w a s t e s  was  go od
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TOC (mg/l)

Number of Adsorptions

F i g u r e  6 , 3 :  A d s o r p t i o n  o f  I n d u s t r i a l  W a s t e  B by E x c h a n g e d  C l a y  
( C o n s t a n t  W e i g h t ) .
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TOC (mg/l)
(0

(II)
TOC (mg/l)

F i g u r e  6 . 4 :  A d s o r p t i o n  o f  I n d u s t r i a l  W a s t e s  by I n c r e a s i n g  W e i g h t s  o f  
E x c h a n g e d  C l a y ,  ( I )  W a s t e  B a n d  ( I I )  W a s t e  C.
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F i g u r e  6 . 5 : A d s o r p t i o n  o f  ( I )  Z i n c ,  
W a s t e  B.

( I I )  C o p p e r  a n d  ( I I I )  N i c k e l  f r o m
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f o r  z i n c  a n d  c o p p e r  a t  low m e t a l  c o n c e n t r a t i o n s  b u t  t h e  p e r c e n t a g e  
a d s o r b e d  d e c r e a s e d  a s  t h e  m e t a l  c o n c e n t r a t i o n  i n c r e a s e d .  N i c k e l ,  
f r o m  W a s t e  B, was w e l l  a d s o r b e d  a t  h i g h e r  c o n c e n t r a t i o n s  b u t  showed a  
p o o r  a f f i n i t y  f o r  a d s o r p t i o n  a t  l o w e r  w a s t e  c o n c e n t r a t i o n s .

T a b l e  6 . 3 :  A d s o r p t i o n  o f  M e t a l s  f r o m  W a s t e  C

I n i t i a l  
Cone.  

( m g / 1 )

F i n a l  
Cone ,  
( m g / 1)

Amount
A d s o r b e d

( m g /g )

%
A d s o r b e d

ZINC
2 . 1 0 . 5 0 .  16 7 6 . 0

1 0 . 8 2 . 7 0 . 8 1 7 5 . 0
2 1 6 . 0 2 1 . 0 1 9 . 5 0 9 0 . 0

COPPER
0 . 8 <0.  1 0 . 0 7 > 8 7 . 5
1 . 6 <0. 1 0 .  15 > 9 4 . 0
2 . 0 <0. 1 0 .  19 > 9 5 . 0
8 . 0 2 . 2 0 . 5 8 7 2 . 5

6 . 3 . 2  Mix D e v e l o p m e n t

The  a im  o f  t h i s  work was  t o  o p t i m i s e  t h e  OPC: f  i 1 l e r :  e x c h a n g e d  
c l a y :  l i q u i d  r a t i o s  t o  g i v e  a  g o o d  s o l i d i f i c a t i o n  m ix  w i t h  an  UCS i n  
e x c e s s  o f  350 kNm- 2 . At  p r e s e n t ,  no  s t a t u t o r y  l i m i t  f o r  u n c o n f i n e d  
c o m p r e s s i v e  s t r e n g t h  o f  s o l i d i f i e d  m a t e r i a l s  e x i s t s ,  a l t h o u g h  
d i s c u s s i o n s  on f i x i n g  g u i d e l i n e  v a l u e s  a r e  i n  p r o g r e s s  b o t h  i n  t h e  UK 
a n d  USA. N e v e r t h e l e s s  a  " r u l e  o f  thum b"  v a l u e  o f  35 0  kNm- 2  (50 l b  
i n s - 2 ) h a s  b e e n  u s e d  by  c o m m e r c i a l  s o l i d i f i c a t i o n  o p e r a t o r s  
( W i l k i n s o n ,  1 9 8 8 ) ,  a n d  a l t h o u g h  som ew ha t  a r b i t r a r y ,  t h i s  F i g u r e  h a s  
t h e r e f o r e  b e e n  u s e d  i n  t h e  p r e s e n t  work  t o  a s s e s s  t h e  s t r e n g t h  o f  t h e  
m i x e s  p r o d u c e d .
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The a i m  o f  m ix  d e v e l o p m e n t  f o r  s o l i d i f i c a t i o n  o f  i n d u s t r i a l  
w a s t e s  r e q u i r e s  t h a t  t h e  OPC a n d  e x c h a n g e d  c l a y  c o n t e n t  b e  m i n i m i s e d  
w i t h  r e s p e c t  t o  t h e  w a s t e s ,  i . e .  t h e  f i l l e r  and  l i q u i d ,  t o  p r e v e n t  a  
l a r g e  i n c r e a s e  i n  t h e  f i n a l  b u l k  o f  t h e  p r o d u c t  a n d  t o  g i v e  a  c o s t -  
e f f e c t i v e  p r o c e s s .

The  e f f e c t  o f  v a r y i n g  t h e  T I S  o f  t h e  m i x e s  w as  i n v e s t i g a t e d  i n  
M ixes  1 t o  4.  The  r e s u l t s  o f  t h i s  work a r e  shown i n  F i g u r e  6 . 6 ( 1 ) .  
G e n e r a l l y ,  a s  t h e  T I S  c o n t e n t  o f  t h e  m i x e s  was  i n c r e a s e d  t h e r e  was  an  
i n c r e a s e  i n  s t r e n g t h  o v e r  b o t h  t h e  7 d a y  a n d  t h e  28  d a y  c u r i n g  
p e r i o d .  The  e x c e p t i o n  t o  t h i s  w as  t h e  60% T IS  (Mix 2)  w h i c h  sho wed  
t h e  h i g h e s t  s t r e n g t h  of ,  a l l  o f  t h e  m i x e s .  T h i s  h i g h  s t r e n g t h  was  
c o n s i d e r e d  t o  b e  d u e  t o ^ s u f  f  i c  l e n t  w a t e r  b e i n g  p r e s e n t  i n  t h e  mix  t o  
f u l l y  h y d r a t e  t h e  OPC w h i l s t  n o t  c a u s i n g  e x c e s s i v e  b l e e d .

The e f f e c t  o f  v a r y i n g  t h e  OPC c o n t e n t  o f  t h e  m ix  i s  shown i n  
F i g u r e  6 . 6 ( i i > .  The  T I S  o f  t h e s e  m i x e s  was  k e p t  a s  c l o s e  t o  60% a s  
p o s s i b l e  a n d  t h e  o n l y  f i l l e r  u s e d  w as  c a l c i u m  c a r b o n a t e .  The  UCS o f  
t h e  s a m p l e s  a f t e r  7 d a y s  o f  c u r i n g  sho wed  t h a t  t h e  m i x e s  w i t h  10% and  
25% OPC ( M ix e s  2 a n d  7)  sho w ed  s i m i l a r  and  c o n s i d e r a b l y  h i g h e r  
s t r e n g t h s  t h a n  t h e  m i x e s  w i t h  l o w e r  OPC c o n t e n t s .  A f t e r  28  d a y s  
c u r i n g  t h e  UCS o f  t h e  25% OPC mix  wa s  g r e a t e s t ,  a l t h o u g h  t h e  10% OPC 
a l s o  r e a c h e d  a  v e r y  s a t i s f a c t o r y  s t r e n g t h .  Mix 6 ,  w h i c h  c o n t a i n e d  
7 .2% OPC, r e a c h e d  a  s t r e n g t h  i n  e x c e s s  o f  350 k N n r 2 a f t e r  28  d a y s ,  
b u t  i t  was  d e c i d e d  t h a t  a  10% OPC c o n t e n t  w o u l d  be  u s e d  f o r  t h e  
r e m a i n i n g  m i x e s  t o  e n s u r e  t h e  r e q u i r e d  s t r e n g t h  d e v e l o p m e n t .  F o r  
some o f  t h e  w a s t e  s o l i d i f i c a t i o n  m i x e s  t h e  h i g h e s t  OPC c o n t e n t  was  
n e c e s s a r y  (Mix 7)  t o  p r o d u c e  s a m p l e s  o f  t h e  r e q u i r e d  s t r e n g t h .

The  i n t r o d u c t i o n  o f  e x c h a n g e d  c l a y  i n t o  t h e  mix  r e d u c e d  t h e  
o v e r a l l  s t r e n g t h  o f  t h e  m i x e s  ( F i g u r e  6 . 6 ( i i i > ) .  The  T I S  o f  t h e  
m i x e s  was  k e p t  c o n s t a n t  a t  50%. T h i s  low T IS  was  c h o s e n  b e c a u s e  a t  
h i g h  e x c h a n g e d  c l a y : f i l l e r  r a t i o s ,  t h e  w a t e r  was  a b s o r b e d  by t h e  c l a y  
an d  h i g h e r  T I S  c o n t e n t s  w e r e  t o o  s t i f f  t o  b e  w o r k a b l e .  The  r e s u l t s  
show t h a t  a s  t h e  e x c h a n g e d  c l a y : f i l l e r  r a t i o  wa s  d e c r e a s e d ,  i . e .  a s  
t h e  am ou n t  o f  t h e  e x c h a n g e d  c l a y  i n  t h e  mix i n c r e a s e d ,  t h e  s t r e n g t h  
o f  t h e  m i x e s  f e l l .  The  p r e s e n c e  o f  t h e  e x c h a n g e d  c l a y  i n  t h e  mix
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Compressive Strength (x10 Nm-2) 
4.50 I—

3.75 —

3.00 —

2.25 —

0.00

m 7 Day Curing 
E 3 2 8  Day Curing

(IV)
Compressive Strength (x10 Nm-2) 
4.50 r—

3.75 ___ 7 Day Curing
— nHHD28 Day Curing

1.50

0.75 — Mix 8

Mix 12

Mix 9 M|x. ,!? Mix 11

3.00 —

2.25 ~

1.50 —

0.75 —

0.00

Mix 16

Mix 9
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:::::: ::::::

2.5 5 10 ,2 0  30Percentage Clay {%) 50 55 60 65 70•ns (%)

F i g u r e  6 . 6 :  U n c o n f i n e d  C o m p r e s s i v e  S t r e n g t h s  o f  Mix D e v e l o p m e n t  
s t u d i e s .

<I> V a r i a t i o n  o f  T I S  f o r  O P C / F i l l e r  m i x e s ,
( I I )  D e t e r m i n a t i o n  o f  Opt imum P e r c e n t a g e  o f  OPC
( I I I )  V a r i a t i o n  o f  E x c h a n g e d  C l a y i F i l l e r  R a t i o
( IV )  V a r i a t i o n  o f  T I S  a t  C o n s t a n t  C l a y : F i l l e r  R a t i o .
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a p p e a r e d  t o  a c t  a s  a w a t e r  - s t o r e ,  a n d  t h e  s a m p l e s  w i t h  t h e  m o s t  
e x c h a n g e d  c l a y  r e a c h e d  t h e i r  f i n a l  s t r e n g t h  m o r e  s l o w l y  t h a n  t h e  
s a m p l e s  w i t h  o n l y  a  l i t t l e  e x c h a n g e d  c l a y .  The  f i n a l  mix  (Mix 12) 
h a d  a  v e r y  h i g h  s t r e n g t h  c o m p a r e d  t o  t h e  o t h e r  s a m p l e s ,  a n d  t h e  7 d a y  
s t r e n g t h  was  c o m p a r a b l e  i n  s t r e n g t h  t o  t h a t  o f  t h e  mix  w i t h  v e r y  
s m a l l  q u a n t i t i e s  o f  e x c h a n g e d  c l a y  p r e s e n t  (Mix 8 ) .  The  28 d a y  
s t r e n g t h  e x c e e d s  t h a t  o f  Mix 8  by  a  f a c t o r  o f  two.

The  e f f e c t  o f  T I S  on  t h e  m i x e s  i n  t h e  p r e s e n c e  o f  a  s m a l l  
c o n s t a n t  p e r c e n t a g e  o f  e x c h a n g e d  c l a y  ( F i g u r e  6 . 6 ( i v ) )  was  v e r y  
s i m i l a r  t o  t h a t  f o u n d  i n  t h e  n o n - c l a y  m i x e s  e x c e p t  t h a t  t h e  f i n a l  
s t r e n g t h s  w e r e  s l i g h t l y  l o w e r  ( F i g u r e  6 . 6 ( D ) .

6.3.3 Stabilisation/Solldificatlon

The  c o m p o s i t i o n  o f  t h e  s t a b i 1 i s a t i o n / s o l i d i f i c a t i o n  m i x e s  a r e  
g i v e n  i n  T a b l e  6 . 2 .  The  s e t t i n g  r a t e s  o f  t h e s e  m i x e s ,  a s  m e a s u r e d  by 
t h e  p e n e t r o m e t e r  r e s u l t s  a r e  g i v e n  i n  T a b l e  6 . 4 .  The  r e s u l t s  sho w 
t h a t  t h e  m i x e s  u s i n g  e x c h a n g e d  c l a y  w i t h  t h e  e x c e s s  w a s t e  r e m o v e d  by 
w a s h i n g  s e t  s a t i s f a c t o r i l y  (A2, B l ,  B2, C l ,  C2, C 4 ) ,  w h i l s t  t h e  
u n w a s h e d  e x c h a n g e d  c l a y  (Mix A l )  s h o w s  a  much r e d u c e d  r a t e  o f  s e t t i n g  
c o m p a r e d  t o  t h e  c o r r e s p o n d i n g  c o n t r o l  s a m p l e s  ( D l ) .  T h i s  r e t a r d i n g  
o f  t h e  s e t t i n g  r a t e  i s  a l s o  e v i d e n t  w i t h  t h e  " w a s h e d "  s a m p l e s  (A2 and  
A 3 ) ,  b u t  a f t e r  7 d a y s  t h e s e  s a m p l e s  d i s p l a y e d  a s t r e n g t h  s i m i l a r  o r  
e q u i v a l e n t  t o  t h a t  o f  t h e i r  c o n t r o l s  (D2) .  F o r  W a s t e s  B a n d  C t h e  
e x c h a n g e d  c l a y  s a m p l e s  s e t  a t  a  h i g h e r  r a t e  t h a n  t h e  e q u i v a l e n t  
c o n t r o l s  (D3 a n d  4)  a n d  t h i s  e f f e c t  was  r e f l e c t e d  i n  t h e  UCS d a t a .  
M i x e s  C5 a n d  C6 c o n t a i n e d  O P C , w a s t e  ( w h i c h  h a d  n o t  b e e n  p r e - a d s o r b e d  
on t o  t h e  e x c h a n g e d  c l a y )  and  e x c h a n g e d  c l a y .  U n l i k e  t h e  m i x e s  t h a t  
h a d  t h e  w a s t e s  a d s o r b e d  on t o  t h e  e x c h a n g e d  c l a y  p r i o r  t o  
s o l i d i f i c a t i o n ,  t h e s e  s a m p l e s  d i d  n o t  s e t  e v e n  a f t e r  28  d a y s  c u r i n g ,  
p r e s u m a b l y  d u e  t o  t h e  i n h i b i t i o n  o f  t h e  OPC h y d r a t i o n  by t h e  o r g a n i c  
c o n t e n t  o f  t h e  w a s t e .  The  c o n t r o l  s a m p l e s  w h i c h  c o n t a i n e d  t h e  
u n s t a b i l i s e d  w a s t e s ,  OPC a n d  f i l l e r  (A4, B4 a n d  C7)  a l s o  d i d  n o t  s e t ,  
e v e n  a f t e r  28  d a y s  c u r i n g  ( T a b l e  6 . 4 ) .  T h i s  s h o w s  t h e  i n h i b i t i n g
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T a b l e  6 . 4 :  P e n e t r o m e t e r  M e a s u r e m e n t s  ( 1 . 2 7  cm d e p t h )

P e n e t r o m e t e r  R e s u l t s  CKNm'^)
1 Day 3 Days  7 Days

W a s t e  A
A1 0 0 0
A2 550 1930 4140
A3 830 26 20 >4820
A4 0 0 0

W a s t e  B
B1 27 60 >4820 >4820
B2 2760 >4820 >4820
B3 2890 >4820 >4820
B4 0 0 0

W a s t e  C
Cl 2620 >4820 >4820
C2 2760 >4820 >4820
C3 2760 >4820 >4820
C4 2290 >4820 >4820
C5 0 0 0
C6 0 0 0
C7 0 0 0

C o n t r o l s
D1 0 550 1580
D2 2620 >4820 >4820
D3 2620 3310 >4820
D4 2200 4820 >4820
D5 >4820 >4820 >4820
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e f f e c t  o f  t h e  w a s t e s  on t h e  c e m e n t  h y d r a t i o n .  U n c o n f l n e d  c o m p r e s s i v e  
s t r e n g t h  t e s t s  a n d  l e a c h  t e s t s  c o u l d  n o t  be  r u n  on  t h e s e  s a m p l e s  a s  
t h e y  w e r e  s e m i - l i q u i d .

The  UCS o f  t h e  c y l i n d r i c a l  s a m p l e s  a r e  shown i n  F i g u r e  6 . 7 .  A l l  
o f  t h e  e x c h a n g e d  c l a y / O P C  m i x e s  r e a c h e d  t h e  r e q u i r e d  s t r e n g t h  a f t e r  
28 d a y s  a l t h o u g h  Mix A2, w h i c h  u s e d  t h e  e x c e s s  w a s t e  on t h e  e x c h a n g e d  
c l a y  t o  h y d r a t e  t h e  c e m e n t ,  a n d  Mix C4 w h i c h  c o n t a i n e d  o n l y  a  s m a l l  
p e r c e n t a g e  o f  OPC, b a r e l y  met  t h e  c r i t e r i o n .  Mix B3 was  f o u n d  t o  
f o r m  two d e f i n i t e  l a y e r s  w h i c h  s e p a r a t e d  when t h e  s a m p l e  was  
d e m o u l d e d .  B o t h  o f  t h e  l a y e r s  h a s  s i m i l a r  s t r e n g t h s  and 
c o m p o s i t i o n s ,  b u t  t h e  r e a s o n  f o r  t h e  s e p a r a t i o n  i s  n o t  known.

The  l e a c h  t e s t s  c a r r i e d  o u t  on t h e  c r u s h e d  s o l i d i f i e d  s a m p l e s  
sho wed  t h e  a b i l i t y  o f  t h e  e x c h a n g e d  c l a y  t o  s t a b i l i s e  t h e  o r g a n i c  
c o n t a m i n a n t s  o f  t h e  w a s t e .  The  r e t e n t i o n  o f  TOC d u r i n g  t h e  l e a c h  
t e s t s  on  7 a n d  28  d a y  o l d  s a m p l e s  a r e  shown i n  F i g u r e  6 . 8 .  The  
r e t e n t i o n  o f  TOC by t h e  s o l i d i f i c a t i o n  m i x e s  was  g r e a t e r  t h a n  70% f o r  
a l l  t h e  m i x e s  o f  W a s t e  A a n d  B a n d  w e l l  i n  e x c e s s  o f  80% f o r  W a s t e  C. 
F o r  W a s t e  A t h e  c o n c e n t r a t i o n  o f  TOC l e a c h e d  f r o m  t h e  s o l i d i f i e d  
s a m p l e s  was c o m p a r e d  w i t h  t h e  c o n c e n t r a t i o n  o f  t h e  w a s t e  o f  t h e  same 
a g e  t o  a c c o u n t  f o r  t h e  d e c o m p o s i t i o n  o f  t h e  w a s t e  w i t h  t i m e .

A l l  o f  t h e  w a s t e s  sho w ed  a n  i n c r e a s e  i n  r e t e n t i o n  a f t e r  28  d a y s  
o f  c u r i n g  c o m p a r e d  t o  7 d a y s ,  p a r t i c u l a r l y  i n  t h o s e  s a m p l e s  w h e r e  t h e  
m ai n  s t r e n g t h  d e v e l o p m e n t  h a d  o c c u r r e d  b e t w e e n  t h o s e  t i m e s .  T h i s  
s u g g e s t s  t h a t  t h e  s e t t i n g  o f  t h e  s a m p l e s  was c o n t r i b u t i n g  t o  t h e  
r e t e n t i o n .  The  i n t e r a c t i o n  o f  t h e  OPC a n d  e x c h a n g e d  c l a y  l e a d s  t o  a  
d e c r e a s e  i n  t h e  p e r m e a b i l i t y  o f  t h e  m a t r i x  w i t h  t i m e  s o  m a k i n g  t h e  
a d s o r b e d  w a s t e  l e s s  a c c e s s i b l e  t o  t h e  l e a c h i n g  f l u i d .

A n a l y s i s  o f  t h e  l e a c h a t e  o f  b o t h  t h e  7 and  28  d a y  c u r e d  s a m p l e s  
f o r  z i n c ,  c o p p e r ,  n i c k e l ,  ca dm iu m  a n d  l e a d  on  a l l  o f  t h e  w a s t e  
s a m p l e s  sho w ed  t h a t  t h e  m e t a l s  w e r e  b e l o w  t h e  d e t e c t i o n  l i m i t  o f  t h e  
a n a l y t i c a l  m e t h o d .  The  two e x c e p t i o n s  t o  t h i s  w e r e  t h e  two m i x e s  
t h a t  c o n t a i n e d  t h e  u n s t a b i l i s e d  w a s t e  (C5 a n d  C 6 ) .  T h e s e  s a m p l e s
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F i g u r e  6 . 7 : Unconfined Compressive Strength for Solidified Industrial
Wastes, (I) Waste A & B, (II) Waste C and (III)
C o n t r o l  (D) .



F i g u r e  6 . 8 :  TOC L e a c h i n g  f r o m  Raw W a s t e  a n d  S o l i d i f i e d  M i x e s
( I )  W a s t e s  A & B a n d  ( I I )  W a s t e  C. ( F o r  e a c h  s a m p l  
d a t a  r e f e r s  t o  t h e  same w e i g h t  o f  w a s t e . )
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w e r e  f o u n d  t o  r e l e a s e  a p p r o x i m a t e l y  0 . 5  mg/1 o f  c o p p e r  i n t o  t h e  
l e a c h a t e  f r o m  b o t h  t h e  7 a n d  28  d a y  c u r e d  s a m p l e s .

6 . 3 . 4  I n d u s t r i a l  A p p l i c a t i o n

An a p p r e c i a t i o n  o f  t h e  p o t e n t i a l  e c o n o m i c  a d v a n t a g e s  o f  t h e  
e x c h a n g e d  c l a y / O P C  s t a b i 1 i s a t i o n / s o l i d i f i c a t i o n  o f  o r g a n i c  
c o n t a m i n a t e d  w a s t e s  c a n  b e  g a i n e d  f r o m  c o m p a r i n g  some p r e l i m i n a r y  
e s t i m a t e s  o f  m a t e r i a l  c o s t s  ( t h e  m ai n  c o s t  f a c t o r  i n  
s t a b i l i s a t i o n / s o l i d i f i c a t i o n )  w i t h  t h e  l i k e l y  r a n g e  o f  i n c i n e r a t i o n  
c o s t s  f o r  t h e  sam e m a t e r i a l s .  The f o l l o w i n g  c a l c u l a t i o n s  g i v e  an  
a p p r o x i m a t e  c o s t i n g  o f  t h e  S / S  o f  two o f  t h e  w a s t e s  s t u d i e d  i n  t h i s  
w o rk ,  b a s e d  up o n  t h e  s u c c e s s f u l  m i x e s  d e v e l o p e d .

P r i o r  t o  t r e a t m e n t  e a c h  b a t c h  o f  w a s t e  m u s t  b e  s a m p l e d  a n d  t h e  
p e r c e n t a g e  o f  o r g a n i c  c a r b o n  d e t e r m i n e d .  A s i m p l e  a d s o r p t i o n  
e x p e r i m e n t  w o u l d  b e  p e r f o r m e d  on  t h e  w a s t e  t o  d e t e r m i n e  t h e  a m ou n t  o f  
e x c h a n g e d  c l a y  r e q u i r e d  t o  a d s o r b  t h e  o r g a n i c  compound a n d  t h e  t i m e  
t o  r e a c h  e q u i l i b r i u m .  B a s e d  u p o n  t h e s e  r e s u l t s  t h e  r e q u i r e d  
q u a n t i t i e s  o f  e x c h a n g e d  c l a y  w o u l d  b e  a d d e d  t o  t h e  w a s t e .  The  
w a s t e / e x c h a n g e d  c l a y  s l u r r y  w o u l d  b e  s t i r r e d  f o r  t h e  p r e d e t e r m i n e d  
t i m e  t o  a l l o w  c o m p l e t e  a d s o r p t i o n .  When t h e  a d s o r p t i o n  o f  t h e  
o r g a n i c  c om p oun ds  i s  c o m p l e t e  t h e  s l u r r y  c o u l d  b e  s o l i d i f i e d  by a n y  
c o m m e r c i a l  c e m e n t - b a s e d  s o l i d i f i c a t i o n  p r o c e s s .

E x a m p l e  1: T r e a t m e n t  o f  W a s t e  B 

TOC o f  W a s t e  = 3 7 1 4 0  mg/1
1 g  o f  e x c h a n g e d  c l a y  r e m o v e s  1 4 1 8 . 9  rag T0C/1 w a s t e ,  t h e r e f o r e  1 1 o f  
w a s t e  r e q u i r e s  2 6 . 2  g  e x c h a n g e d  c l a y .

To s o l i d i f y  1 t o n n e  o f  l i q u i d  w a s t e  a n d  775 kg  s o l i d  w a s t e  r e q u i r e d  
a p p r o x i m a t e l y : -
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26 kg  E x c h a n g e d  C l a y  <9 £ 2 0 0 0 / T  = £ 5 2 . 0 0  
200 kg  OPC/PFA <9 £  6 0 / T  = £  1 2 . 0 0

T o t a l  m a t e r i a l  c o s t  = £  6 4 . 0 0

E xam ple  2:  T r e a t m e n t  o f  W as t e  C 

TOC o f  W a s t e  = 1232 00  mg/1
1 g o f  e x c h a n g e d  c l a y  r e m o v e s  2 7 0 5 . 0  mg T0C/1  w a s t e ,  t h e r e f o r e  1 1 o f  
w a s t e  r e q u i r e s  4 5 . 5  g  e x c h a n g e d  c l a y .

To s o l i d i f y  1 t o n n e  o f  l i q u i d  w a s t e  a n d  755 k g  s o l i d  w a s t e  r e q u i r e d  
a p p r o x i m a t e l y : -

4 5 . 5  kg  E x c h a n g e d  C l a y  (9 £ 2 0 0 0 / T  = £  9 1 . 0 0  
200 k g  OPC/PFA <9 £ 6 0 / T  = £ 1 2 . 0 0

T o t a l  m a t e r i a l  c o s t  = £  1 0 3 . 0 0

From t h e  c a l c u l a t i o n s  a b o v e  i t  h a s  b e e n  shown t h a t  m ix e d  
i n d u s t r i a l  w a s t e s  c o u l d  be  s t a b i l i s e d  f o r  a s  l i t t l e  a s  £ 1 0 0  t o  £2 00  
p e r  t o n n e  u s i n g  c o n v e n t i o n a l  s t a b i 1 i s a t i o n / s o l i d i f i c a t i o n  t e c h n o l o g y .  
A d d i t i o n a l l y ,  i t  i s  e n v i s a g e d  t h a t ,  i f  e x c h a n g e d  c l a y  be ca m e  w i d e l y  
u s e d  i n  w a s t e  t r e a t m e n t  i n  t h i s  way t h e i r  c o s t s  w o u l d  f a l l  a s  demand 
i n c r e a s e d  a n d  t h e  m a r k e t  be ca m e  m ore  c o m p e t i t i v e .  I n c i n e r a t i o n  o f  
s i m i l a r  w a s t e s  w i t h  a  low c a l o r i f i c  v a l u e  c o u l d  c o s t  up  t o  £ 1 0 0 0  p e r  
t o n n e  (Ryan,  1 9 8 9 ) .

The  c a l c u l a t i o n  d o e s  n o t  t a k e  i n t o  a c c o u n t  f a c t o r s  s u c h  a s  t h e  
n e e d  t o  t r e a t  a n y  w a s t e  f i l t r a t e  o r  c l a y  w a s h i n g s ,  w h i c h  t h e m s e l v e s  
w o u ld  c o n t a i n  some o r g a n i c  a n d  m e t a l  c o n s t i t u e n t s .  The  c o s t  a l s o  
d o e s  n o t  i n c l u d e  t r a n s p o r t ,  l a b o u r  o r  t h e  c o s t  o f  d e p o s i t i n g  t h e  S / S  
p r o d u c t .  C l e a r l y ,  h o w e v e r  t h e r e  i s  some e c o n o m i c  a d v a n t a g e  i n  
s t a b i 1 i s a t i o n / s o l i d i f i c a t i o n  w h i c h  w o u l d  w a r r a n t  i t s  f u r t h e r  
d e v e l o p m e n t  f o r  p i l o t  p l a n t  t e s t i n g .
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6 . 4  SUMMARY

T h i s  work  u s e d  P e r c h e m  462 t o  a d s o r b  t h e  o r g a n i c  c o m p o n e n t  o f  
t h r e e  o r g a n i c a l l y - c o n t a m i n a t e d  i n d u s t r i a l  w a s t e s .  I n  t h e  m i x e s  w h i c h  
w e r e  s u b s e q u e n t l y  made up ,  a n  I n e r t  f i l l e r  ( c a l c i u m  c a r b o n a t e )  was  
u s e d  t o  r e d u c e  t h e  c e m e n t  c o n t e n t  t o  a s  low a s  12% a n d  t h e r e b y  more  
a c c u r a t e l y  s i m u l a t e  a  c o m m e r c i a l  s o l i d i f i c a t i o n  mix .

The  m o s t  s u c c e s s f u l  S / S  m i x e s  w e r e  a c h i e v e d  by  ( i )  p r e - a d s o r b i n g  
t h e  w a s t e  o n t o  t h e  c l a y  a n d  < i i )  w a s h i n g  t h e  c l a y  f o l l o w i n g  t h i s  t o  
r e m o v e  r e s i d u e  o f  t h e  w a s t e  r e m a i n i n g  when t h e  a d s o r p t i o n  c a p a c i t y  o f  
t h e  c l a y  h a d  b e e n  s a t u r a t e d .  I f  t h i s  w e r e  n o t  d o n e ,  h y d r a t i o n  o f  t h e  
m i x e s  was f o u n d  t o  b e  i n h i b i t e d  a n d  s e t t i n g  d e l a y e d .  The  work w i t h  
t h e  t h r e e  w a s t e s  i n d i c a t e d  t h a t  t h e r e  was ,  i n  a l l  c a s e s ,  a  r e s i d u a l  
o r g a n i c  e l e m e n t  w h i c h  was n o t  a d s o r b e d ,  a n d  t h i s  wa s  p r e s u m e d  t o  be  
t h e  c a u s e  o f  d e l a y e d  h y d r a t i o n  w i t h  t h e  u n w a sh e d  c l a y .  N o n e t h e l e s s ,  
a l l  t h e  m i x e s  w h i c h  w e r e  p r o d u c e d  u s i n g  w a s h e d  c l a y  e x h i b i t e d  
c o m p r e s s i v e  s t r e n g t h s  w h i c h  w e r e  g r e a t e r  t h a n  t h e  v a l u e  o f  350 kN/m2 
w h i c h  i s  a t  p r e s e n t  u s e d  a s  a  " b e n c h  m ark "  v a l u e  i n  a t  l e a s t  o n e  
c o m m e r c i a l  o p e r a t i o n  i n  t h e  UK. L e a c h i n g  t e s t s  i n d i c a t e d  t h a t  t h e  
a m ou n t  o f  TOC l e a c h e d  f r o m  a  u n i t  w e i g h t  o f  s o l i d i f i e d  w a s t e  c o u l d  i n  
some c a s e s  be  a s  lo w  a s  1% o r  l e s s  o f  t h a t  p r e s e n t  i n  an  e q u i v a l e n t  
w e i g h t  o f  u n s o l i d i f i e d  r a w  w a s t e .  T h i s  was  c o n s i d e r e d  t o  be  an  
e x t r e m e l y  e n c o u r a g i n g  r e s u l t  f o r  t h e  w a s t e s  t e s t e d ,  w h i c h  w o u l d  
o t h e r w i s e  b e  i m p o s s i b l e  t o  s o l i d i f y  s a t i s f a c t o r i l y  u s i n g  p r e s e n t  
c o m m e r c i a l  f o r m u l a t i o n s .
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7 .  CONTAMINATED SOIL TREATMENT

7 . 1  INTRODUCTION

The  p r o b l e m s  o f  c o n t a m i n a t e d  l a n d ,  how t o  d e a l  w i t h  i t  an d  t h e  
l i m i t a t i o n s  i t  p l a c e s  on new d e v e l o p m e n t s  h a v e  bec om e i n c r e a s i n g l y  
i m p o r t a n t  i s s u e s  i n  r e c e n t  y e a r s  ( I n s t i t u t e  o f  E n v i r o n m e n t a l  H e a l t h  
O f f i c e r s ,  1 9 8 8 ) .  C o n t a m i n a t e d  l a n d  c o n s i s t s  o f  l a n d  f o r m e r l y  u s e d  
f o r  i n d u s t r y ,  m i n i n g  o r  w a s t e  d i s p o s a l  w h i c h  h a s  b e e n  shown t o  
c o n t a i n  s u f f i c i e n t  q u a n t i t i e s  o r  c o n c e n t r a t i o n s  o f  a  s u b s t a n c e  o r  
s u b s t a n c e s  s u c h  a s  t o  p o s e  a  d i r e c t  h a z a r d  t o  a  s p e c i f i e d  t a r g e t  o r  
t a r g e t s  ( I . E . H . O .  , 1 9 8 8 ) .  As t h e  r e q u i r e m e n t  f o r  l a n d  i n  c i t i e s  a n d  
t o w n s  i n c r e a s e s  i t  h a s  become n e c e s s a r y  t o  d e v e l o p  s u c h  s i t e s  f o r  
c o m m e r c i a l  a n d  i n d u s t r i a l  u s e s  o r  f o r  d o m e s t i c  h o u s i n g .  One o f  t h e  
m a j o r  s o u r c e s  o f  c o n t a m i n a t e d  l a n d  i n  u r b a n  a r e a s  i s  d u e  t o  t h e  
r e d e v e l o p m e n t  o f  f o r m e r  town  g a s  p r o d u c t i o n  s i t e s  w h i c h  f e l l  i n t o  
d i s u s e  a f t e r  t h e  i n t r o d u c t i o n  o f  n a t u r a l  g a s  (DoE, 1 9 8 5 ) .

Town g a s  w o r k s  w e r e  o f t e n  s i t e d  c l o s e  t o  r i v e r s  o r  r a i l w a y s  t o  
f a c i l i t a t e  d e l i v e r y  o f  t h e  r a w  m a t e r i a l ,  c o a l  a n d  t h e  e x p o r t  o f ,  f o r  
e x a m p l e ,  c o k e .  A l t h o u g h  t h e  g a s  w o r k s  s i t e s  w e r e  o r i g i n a l l y  s i t u a t e d  
on t h e  e d g e  o f  t o w n s ,  t h e y  h a v e  u s u a l l y  b e e n  e n g u l f e d  a s  t h e  t o w n s  
e x p a n d e d  a n d  now o c c u p y  p r i m e  p o s i t i o n s  i n ,  o r  n e a r ,  town c e n t r e s .  
Hen ce  t h e r e  i s  c o n s i d e r a b l e  i n t e r e s t  i n  t h e i r  r e d e v e l o p m e n t .  The  
m a j o r  p r o b l e m  w h i c h  f a c e s  p o t e n t i a l  d e v e l o p e r s  o f  g a s  w o r k s  s i t e s  a r e  
t h e  p r e s e n c e  o f  c h e m i c a l  c o n t a m i n a n t s  w h i c h  c o u l d  p o s e  a  h e a l t h  
h a z a r d  t o  p e r m a n e n t  o c c u p a n t s  o f  t h e  s i t e  a n d  t h e  w o r k e r s  e m p l o y e d  
d u r i n g  r e d e v e l o p m e n t  ( B e c k e t t  & Simms, 1 9 8 5 ) .  The  g a s  m a k i n g  p r o c e s s  
p r o d u c e d  a  w i d e  r a n g e  o f  b y - p r o d u c t s  s u c h  a s  t a r ,  a m m o n i a c a l  l i q u o r s ,  
c o k e  a n d  a r o m a t i c  o r g a n i c  c o m p o u n d s .  D u r i n g  t h e  c o u r s e  o f  t h e  g a s  
w o r k s  o p e r a t i o n  t h e s e  m a t e r i a l s  t e n d e d  t o  be  d i s p e r s e d  a r o u n d  t h e  
s i t e .  The  a r o m a t i c  c om p oun ds  p r e s e n t  i n  t h e  s o i l  c o n t a i n ,  
p r e d o m i n a n t l y ,  p o l y a r o m a t i c  h y d r o c a r b o n s  (PAH), many o f  w h ic h  a r e  
known c a r c i n o g e n s  a n d  a r e  a d s o r b e d  i n t o  t h e  human bo d y  t h r o u g h  s k i n  
c o n t a c t ,  d r i n k i n g  c o n t a m i n a t e d  w a t e r  o r  i n h a l a t i o n  o f  c o n t a m i n a t e d
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d u s t  ( Lee  e t  a l . ,  1 9 8 1 ) .  To c l e a n  up  a  g a s  w o r k s  s i t e  I t  i s  
n e c e s s a r y  t o  e i t h e r  r e m o v e  o r  c o n t a i n  t h e  h a z a r d o u s  c h e m i c a l s ,  s u c h  
a s  t h e  PAH, t o  p r e v e n t  c o n t a m i n a t i o n  o f  g r o u n d  a n d  s u r f a c e  w a t e r s ,  
and  t o  a v o i d  d u s t  h a z a r d s  o r  a d s o r p t i o n  I n t o  t h e  v e g e t a t i o n  t o  be  
p l a n t e d .

E x c h a n g e d  c l a y s  h a v e  b e e n  shown ,  In  t h e  p r e v o u s  c h a p t e r s ,  t o  be  
a b l e  t o  a d s o r b  many o r g a n i c  c o m p o u n d s  f r o m  i n d u s t r i a l  w a s t e s .  In  
t h i s  work  i t  was  h o p e d  t h a t  t h e  c l a y s  c o u l d  be  u s e d  t o  s t a b i l i s e  
h a z a r d o u s  c o n s t i t u e n t s  o f  c o n t a m i n a t e d  s o i l s ,  e i t h e r  p r i o r  t o  c e m e n t -  
b a s e d  s o l i d i f i c a t i o n  o f  t h e  c o n t a m i n a t e d  s o i l  o r  a s  a  s t a b i l i s i n g  
a d d i t i v e .  The  i n i t i a l  work u s e d  s o i l  s a m p l e s  d o s e d  w i t h  p h e n o l ,  3 -  
c h l o r o p h e n o l  a n d  2 , 3 - d i c h l o r o p h e n o l . P h e n o l s  a n d  t h e  s u b s t i t u t e d  
p h e n o l s  h a v e  b e e n  shown t o  b e  a d s o r b e d  by s o i l s  w i t h  h i g h  c l a y  
c o n t e n t s  (Boyd,  1982;  S e l v a k u m a r  e t  a l . ,  1987)  a n d  m o d e l s  f o r  t h e  
a d s o r p t i o n s  h a v e  b e e n  d e r i v e d  ( L a g a s ,  1988; 01 l i n g e r  & A h l e r t ,  1 9 8 7 ) .  
I t  was  h o p e d  t h a t ,  by  u s i n g  t h e  e x c h a n g e d  c l a y  m i x e d  w i t h  t h e  
c o n t a m i n a t e d  s o i l ,  t h e  s o r p t i v e  p r o p e r t i e s  o f  t h e  c l a y  w o u l d  p r e v e n t  
r e l e a s e  o f  t h e  p h e n o l s  f r o m  t h e  s o i l  a n d  w o u ld  a l s o  a c t  t o  r e d u c e  t h e  
p e r m e a b i l i t y  o f  t h e  s o i l ,  s o  r e d u c i n g  t h e  r a t e  o f  t r a n s p o r t  t h r o u g h  
t h e  s o i l .  The  p h e n o l  d o s e d  s o i l s  w e r e  s o l i d i f i e d  u s i n g  t h e  e x c h a n g e d  
c l a y  a n d  t h e  c e m e n t - b a s e d  s o l i d i f i c a t i o n  m i x e s  d e v e l o p e d  i n  S e c t i o n  
6 . 3 . 2 .

The  s t u d y  was  t h e n  e x t e n d e d  t o  l o o k  a t  t h e  s t a b i l i s a t i o n  o f  a  
s o i l  f r o m  a  d e r e l i c t  g a s  w o r k s  s i t e  c o n t a m i n a t e d  w i t h  PAH, u s i n g  t h e  
e x c h a n g e d  c l a y .  Dozombak & L u t h y  ( 1 9 8 4 )  sho wed  t h a t  PAH c o u l d  be  
a d s o r b e d  by c l a y  s o i l s ,  b u t  t h e i r  a d s o r p t i o n  c o n t r i b u t e s  t o  t h e  
t r a n s p o r t  o f  t h e s e  h y d r o p h o b i c  m o l e c u l e s  t h r o u g h  t h e  s i t e .  H o s i e r  e t  
a l .  ( 1 9 8 8 )  showed  t h a t  s m a l l  PAH, s u c h  a s  n a p h t h a l e n e  a n d  a n t h r a c e n e ,  
c o u l d  be  b i o d e g r a d e d  i n  t h e  s o i l .  L a r g e r  PAH s u c h  a s  t h e  h i g h l y  
c a r c i n o g e n i c  b e n z o ( a ) p y r e n e ,  h o w e v e r ,  r e m a i n  l a r g e l y  u n c h a n g e d ,  h e n c e  
m e t h o d s  f o r  c o n t a i n i n g  s u c h  c o m p o u n d s  a r e  r e q u i r e d .
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7 . 2  MATERIALS AND METHODS

7 . 2 . 1  M a t e r i a l s

The  s o l v e n t s  u s e d  w e r e  "HPLC" g r a d e  f r o m  R a t h b u r n  C h e m i c a l s ,  
W a l k e r b u r n ,  P e e b l e s h l r e ,  UK. R e a g e n t s  w e r e  A n a l a r  g r a d e  o b t a i n e d  
f r o m  BDH L t d ,  P o o l e ,  UK, u n l e s s  o t h e r w i s e  s t a t e d .

( a )  S o i l s

U n c o n t a m i n a t e d  s o i l  was  o b t a i n e d  f r o m  S i l w o o d  P a r k ,  S u r r e y ,  UK. 
C o n t a m i n a t e d  s o i l  wa s  o b t a i n e d  f r o m  t h e  s i t e  o f  a  d e r e l i c t  g a s  w o r k s ,  
w h i c h  was  b e i n g  r e d e v e l o p e d ,  n e a r  S t  A l b a n s ,  U.K. T h i s  s o i l  was  
c o n t a m i n a t e d  w i t h  c o a l  t a r  a n d  o t h e r  w a s t e  p r o d u c t s  f r o m  g a s  
p r o d u c t i o n  a n d  c o n t a i n e d ,  f o r  e x a m p l e ,  PAH i n  c o n c e n t r a t i o n s  i n  
e x c e s s  o f  1 . 8 8  g  k g -1 d r y  s o i l .  The  s o i l  s a m p l e  was  t a k e n  f r o m  an  
a r e a  u s e d  f o r  c o a l  t a r  s t o r a g e  and  s o  c o n t a i n e d  l a r g e  a m o u n t s  o f  c o a l  
t a r  t h a t  h a d  l e a k e d  f r o m  t h e  s t o r a g e  t a n k s .

B o t h  o f  t h e  s o i l  s a m p l e s  w e r e  d r i e d  < 1 0 5 °C /2 4  h>,  c r u s h e d  
m a n u a l l y  i n  a  p e s t l e  and  m o r t a r  a n d  s i e v e d  t o  b e t w e e n  0 . 5  a n d  2 mm. 
The  u n c o n t a m i n a t e d  s o i l  was  d i v i d e d  i n t o  f o u r  s u b s a m p l e s ,  t h r e e  o f  
w h i c h  w e r e  d o s e d  w i t h  a  r a n g e  o f  p h e n o l i c  com p oun ds  a t  c o n c e n t r a t i o n s  
w e l l  i n  e x c e s s  o f  t h e  G r e a t e r  Lon do n  C o u n c i l ' s  d e f i n i t i o n  o f  
u n u s u a l l y  h e a v i l y  c o n t a m i n a t e d  s o i l s  ( G . L . C . ,  1979 )  a s  f o l l o w s .  
S o l u t i o n s  ( 0 . 1  M) o f  p h e n o l ,  3 - c h l o r o p h e n o l , a n d  2 , 3 - d i c h l o r o p h e n o l  
i n  h e x a n e  w e r e  p r e p a r e d .  A l i q u o t s  o f  t h e  s t o c k  s o l u t i o n s  (125 ml)  
w e r e  m i x e d  w i t h  50 0  g  o f  t h e  u n c o n t a m i n a t e d  s o i l  a n d  a d d i t i o n a l  p u r e  
h e x a n e  a d d e d  t o  a l l o w  t h e  s o i l s  t o  b e  s t i r r e d  by  m a g n e t i c  s t i r r e r s .  
A f t e r  24 h o u r s  t h e  h e x a n e  was e v a p o r a t e d  by  g e n t l y  h e a t i n g  t h e  s o i l ,  
l e a v i n g  t h e  p h e n o l s  a s  r e s i d u e s  on  t h e  s o i l  a t  c o n c e n t r a t i o n s  o f  25 
m m o l / k g .  The  s o i l  s a m p l e s  w e r e  r e c r u s h e d  t o  l e s s  t h a n  2 mm a n d  
d r i e d  i n  a  d e s s i c a t o r .
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7 . 2 . 2  C h a r a c t e r i s a t i o n  o f  t h e  S o i l s

The  pH v a l u e s  o f  t h e  d o s e d ,  u n d o s e d  and  g a s w o r k s  c o n t a m i n a t e d  
s o i l s  w e r e  m e a s u r e d  a f t e r  10 g  o f  e a c h  s o i l  was  s t i r r e d  f o r  24  h o u r s  
i n  100 ml o f  d i s t i l l e d  w a t e r .  The  m e t a l  c o n c e n t r a t i o n s  i n  t h e  s o i l s  
w e r e  d e t e r m i n e d  by i n d u c t i v e l y  c o u p l e d  p l a s m a  s p e c t r o m e t r y  ( I C P ) .  
The  s o i l  s a m p l e s  w e r e  p r e p a r e d  by  ma nu al  g r i n d i n g  t o  < 0 . 7 5  pm, 
d i g e s t i n g  i n  a  m i x t u r e  o f  c o n c e n t r a t e d  p e r c h l o r i c  a n d  n i t r i c  a c i d s ,  
f i l t e r i n g  a n d  d i l u t i n g  t h e  f i l t r a t e  t o  t h e  a p p r o p r i a t e  c o n c e n t r a t i o n  
f o r  a n a l y s i s .

The  c o n c e n t r a t i o n  o f  PAH i n  t h e  c o n t a m i n a t e d  g a s w o r k s  s o i l  w e r e  
d e t e r m i n e d  by a  m e th o d  a d a p t e d  f r o m  t h a t  u s e d  by Baek ( 1 9 8 8 )  f o r  PAH 
a n a l y s i s  o f  s o l i d  p a r t i c u l a t e  s a m p l e s .  S o i l  ( 1 . 0  g )  was  e x t r a c t e d  
f o r  16 h o u r s  w i t h  120 ml o f  d i c h l o r o m e t h a n e  i n  a  S o x h l e t  a p p e r a t u s .  
The c y c l e  t i m e  was  a p p r o x i m a t e l y  10 m i n u t e s .  T he  e x t r a c t ,  a  c l e a r  
d e e p  y e l l o w  s o l u t i o n ,  was  c o n c e n t r a t e d  t o  a b o u t  3 ml u s i n g  a  r o t a r y  
e v a p o r a t o r  a t  30°C,  a n d  f i n a l l y  e v a p o r a t e d  t o  n e a r  d r y n e s s  w i t h  a  
s t r e a m  o f  o x y g e n - f r e e  n i t r o g e n .  The  r e s i d u e  was  t h e n  r e - d i s s o l v e d  i n  
a b o u t  3 ml o f  h e x a n e  a n d  s t o r e d  a t  - 1 8 ° C  p r i o r  t o  c l e a n - u p  a n d  
a n a l y s i s  by  r e v e r s e - p h a s e  h i g h  p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a p h y  
(HPLC).

7 . 2 . 3  A n a l y t i c a l  P r o c e d u r e  f o r  P o l y a r o m a t l c  H y d r o c a r b o n s

The a n a l y t i c a l  p r o c e d u r e  f o r  t h e  PAH was  a d a p t e d  f r o m  t h e  m e th o d  
d e v e l o p e d  by  S. Baek ( 1 9 8 8 )  f o r  e i g h t e e n  i n d i v i d u a l  lo w a n d  medium 
m o l e c u l a r  w e i g h t  PAH r a n g i n g  f r o m  p h e n a n t h r e n e  t o  c o r o n e n e .  The  
m e th o d  i n v o l v e d  a  c l e a n - u p  s t a g e  u s i n g  SEP-PAK s i l i c a  c a r t r i d g e s  
( W a t e r s  A s s o c i a t e s  L t d . ,  H e r t f o r d ,  UK) p r i o r  t o  a n a l y s i s  by HPLC w i t h  
f l u o r e s c e n c e  a n d  u l t r a v i o l e t  (UV) d e t e c t i o n .  T he  n o m e n c l a t u r e s ,
a b b r e v i a t i o n s ,  f o r m u l a e  and  w a t e r  s o l u b i l i t i e s  ( w h e r e  known)  o f  t h e  
18 PAH d e t e r m i n e d  a r e  shown i n  T a b l e  7 . 1 .

The  e x t r a c t i o n  o f  t h e  s o i l  t o  d e t e r m i n e  t h e  t o t a l  PAH p r e s e n t  
was c a r r i e d  o u t  i n  s t a n d a r d  S o x h l e t  a p p a r a t u s  u s i n g  d i c h l o r o m e t h a n e



T a b l e  7 . 1 :  F o r m u l a e ,  A b b r e v i a t i o n s  and  W a t e r  S o l u b i l i t y  ( w h e r e  
known)  o f  t h e  PAH A n a l y s e d  In  t h i s  S t u d y .

N o m e n c l a t u r e
(IUPAC)

A b b r e v i a t i o n F o r m u l a M o l e c u l a r  
W e i g h t  •

S o l u b i 11 t y  
W a t e r * ( p g / 1 )

P h e n a n t h r e n e PHEN Cl * H , o 178 1 2 9 0 . 0 “

A n t h r a c e n e ANTHR C i a.H-1 o 178 7 3 . 0 “

F l u o r a n t h e n e FLUR C l  g . H i  o 202 2 6 0 . 0 “

P y r e n e PYR C i e H i o 202 1 3 5 . 0 “

B e n z o ( c ) p h e n a n t h r e n e  BcPH Ci©Hi 2 228 -

C y c l o p e n t a ( c d ) p y r e n e  CcdP Ci©Hio 226 -

B e n z ( a ) a n t h r a c e n e BaA Cl©Hi2 228 1 4 . 0 “

C h r y s e n e CHRY Ci ©Hi2 228 2 . 0 “

B e n z o ( b ) n a p h t h o  
- ( 2 , 1 - d ) t h i o p h e n e

BNTH C i©Hi0 S 234 -

B e n z o ( e ) p y r e n e BeP C20H12 252 5 . 5 b

B e n z o ( b ) f l u o r a n t h e n e  BbF Ci o H1 2 252 -

B e n z o ( k ) f l u o r a n t h e n e  BkF C20H12 252 -

Ben zo  ( a ) p y r e n e BaP C ^oH i 2 252 3 . 8 “

D l b e n z ( a , h )  
- a n t h r a c e n e

DahA c z s H1A 278 2.49*=

B e n z o ( g h i ) p e r y l e n e B g h iP Ca a H ia 276 0 . 2 6 “

I n d e n o d , 2 , 3 - c d )  
- p y r e n e

I 123 P C=2 Hi2 276 -

A n t h a n t h r e n e ANTHN C=ZHi2 276 -

C o r o n e n e Cor Ca*H, 2 300 0.  14“

* = a t  25°C
a = Mackay a n d  S h l u  ( 1 9 7 7 )  
b = S c h w a r z  ( 1 9 7 7 )  
c = Means  e t  a l .  ( 1 9 8 0 )
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a s  t h e  s o l v e n t  ( S e c t i o n  7 . 2 . 2 ) .  E x t r a c t i o n  o f  t h e  a q u e o u s  s a m p l e s ,  
f r o m  b o t h  b a t c h  a n d  co l u m n  t e s t s ,  was  c a r r i e d  o u t  a t  pH 2 u s i n g  
d i e t h y l  e t h e r .  T h i s  s o l v e n t  was  c h o s e n  a f t e r  p r e l i m i n a r y  s t u d i e s  h a d  
b e e n  c a r r i e d  o u t  t o  s e l e c t  t h e  b e s t  s o l v e n t  by e x t r a c t i n g  PAH-dosed 
a q u e o u s  s a m p l e s .  P r i o r  t o  c l e a n - u p  t h e  d i e t h y l  e t h e r / p e n t a n e  mix was  
e v a p o r a t e d  o f f  a n d  t h e  s a m p l e  r e - s u s p e n d e d  i n  h e x a n e ,  a  n o n - p o l a r  
s o l v e n t  s u i t a b l e  f o r  u s e  a s  a n  e l u e n t  i n  s i l i c a  m l n l c o l u m n  
c h r o m a t o g r a p h y  ( S e c t i o n  7 . 2 . 3 ( a ) ) .  A f t e r  c l e a n - u p  t h e  PAH f r a c t i o n  
was  c o l l e c t e d ,  r e d u c e d  t o  d r y n e s s  i n  a  s t r e a m  o f  o x y g e n - f r e e  n i t r o g e n  
a n d  r e - s u s p e n d e d  i n  1ml a c e t o n i t r i l e  f o r  a n a l y s i s .

A c e t o n i t r i l e  a n d  w a t e r ,  u s e d  a s  t h e  m o b i l e  p h a s e  i n  t h e  HPLC 
a n a l y s i s ,  w e r e  p r e f i l t e r e d  t h r o u g h  a  0 . 2 2  pm h y d r o p h i l i c  o r g a n i c  
membrane  f i l t e r  ( M i l l i p o r e  ' t y p e  G V ' , M i l l i p o r e  L t d ,  H a r r o w ,  UK) 
u s i n g  a  M i l l i p o r e  s o l v e n t  f i l t r a t i o n  k i t ,  and  t h e n  a l l  t r a p p e d  a i r  
was  r e m o v e d  by u l t r a s o n i c a t i o n  f o r  15 m i n u t e s .

G l a s s w a r e  u s e d  f o r  a l l  a n a l y t i c a l  work  was made o f  b o r o s i 1 i c a t e .  
B e f o r e  u s e  t h e  g l a s s w a r e  was  c l e a n e d  by  s o a k i n g  i n  10% ( v / v )  Deco n 90  
d e t e r g e n t  f o r  2 4  h o u r s ,  r i n s i n g  w i t h  d i s t i l l e d  w a t e r  a n d  t h e n  s o a k i n g  
i n  10% c h r o m i c  a c i d  f o r  24  h o u r s ,  a n d  f i n a l l y  r i n s i n g  a t  l e a s t  t w i c e  
i n  d i s t i l l e d  w a t e r .  E x p o s u r e  t o  a i r  was  a v o i d e d  when t h e  g l a s s w a r e  
was  s t o r e d  b e f o r e  u s e .

( a )  C l e a n - u p

The c l e a n - u p  a n d  f r a c t i o n a t i o n  o f  e x t r a c t e d  s a m p l e s  was  c a r r i e d  
o u t  u s i n g  W a t e r s  SEP-PAK c a r t r i d g e s  ( W a t e r s  A s s o c i a t e s  L t d . ,  
H a r t f o r d ,  UK). The  s i l i c a  SEP-PAK c a r t r i d g e ,  a r a d i a l l y  c o m p r e s s e d  
m i n i  c o l u m n ,  was  u s e d  a s  an  a l t e r n a t i v e  t o  a  c o n v e n t i o n a l  
p u r i f i c a t i o n  m e t h o d s  s u c h  a s  t h i n  l a y e r  c h r o m a t o g r a p h y  (TLC) c l e a n - u p  
o r  a  s i l i c a  g e l  o p e n  co l u m n .

P r i o r  t o  u s e ,  e a c h  SEP-PAK c a r t r i d g e  was  r i n s e d  w i t h  10 ml o f  
h e x a n e ,  a  n o n - p o l a r  s o l v e n t .  The  c o n c e n t r a t e d  e x t r a c t  was  t h e n  
l o a d e d  o n t o  t h e  c a r t r i d g e ,  a n d  t h e  v i a l  c o n t a i n i n g  t h e  r e s i d u e  r i n s e d
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t w i c e  w i t h  1 ml h e x a n e .  T h e s e  r i n s i n g s  w e r e  a l s o  l o a d e d  o n t o  t h e  
c a r t r i d g e .  A f t e r  d i s c a r d i n g  t h e  h e x a n e  e l u e n t ,  t h e  c a r t r i d g e  was  
e l u t e d  w i t h  5 ml o f  15% d i c h l o r o m e t h a n e  i n  h e x a n e ,  a  m o r e  p o l a r  
s o l v e n t ,  a n d  t h e  e l u e n t  c o l l e c t e d  i n  a  10 ml t e s t  t u b e .  The  
c a r t r i d g e  e l u e n t  was  e v a p o r a t e d  s l o w l y  t o  n e a r  d r y n e s s  u n d e r  a  s t r e a m  
o f  o x y g e n  f r e e  n i t r o g e n ,  a n d  r e - d i s s o l v e d  i n  1 ml o f  a c e t o n i t r i l e .  
The s a m p l e  was  t h e n  r e a d y  f o r  HPLC a n a l y s i s .

(b) Preparation of Standard Solu tions

PAH s t a n d a r d  m a t e r i a l s  (more  t h a n  99% p u r i t y )  w e r e  o b t a i n e d  f r o m  
t h e  f o l l o w i n g  s u p p l i e r s  a n d  w e r e  u s e d  w i t h o u t  p u r i f i c a t i o n :  PHEN, 
BeP,  DahA, B g h iP  a n d  COR f r o m  A l d r i c h  C h e m i c a l  Co. ( G i l l i n g h a m ,  
U . K . ) ;  BkF a n d  I 1 2 3 P  f r o m  P h a s e  S e p a r a t i o n  L t d  (Clwyd,  UK); ANTHR, 
FLUR, PYR, BaA, CHRY a n d  BaP f r o m  R a l p h  N. Emmanuel L t d .  (Wembley,  
UK); BcPH, Ccdp,  BNTH, Bbf  a n d  ANTHN f r o m  t h e  Communi ty  B u r e a u  o f  
R e f e r e n c e  o f  t h e  C o m m i s s i o n  o f  t h e  E u r o p e a n  C o m m u n i t i e s  ( B r u s s e l s ,  
B e l g i u m ) .

T h e s e  s t a n d a r d s ,  w h i c h  w e r e  a v a i l a b l e  a s  p o w d e r s ,  w e r e  d i s s o l v e d  
i n  a c e t o n i t r i l e  a t  a  r a n g e  o f  2 t o  50  p g  m l " 1 . A m i x t u r e  o f  PAH 
s t a n d a r d s  w e r e  made up  f r o m  t h e  i n d i v i d u a l  s t o c k  s o l u t i o n s .  T a b l e
7 . 2  sh o w s  t h e  c o n c e n t r a t i o n s  o f  PAH i n  s t o c k  s o l u t i o n s  a n d  i n  t h e  
m ix e d  s t a n d a r d .  The  c o n c e n t r a t i o n s  o f  i n d i v i d u a l  PAH i n  t h e  m ix e d  
s t a n d a r d s  w e r e  c h o s e n  t o  b e  c o m p a r a b l e  w i t h  t h o s e  u s e d  by S.  Baek 
( 1 9 8 8 )  w h i c h  g a v e  s i m i l a r  f l u o r e s c e n c e  a n d  UV r e s p o n s e s  w i t h  s e l e c t e d  
c h r o m a t o g r a p h i c  c o n d i t i o n s  a n d  w a v e l e n g t h  p r o g r a m m e s .  P o r t i o n s  o f  
t h e  s t o c k  m i x t u r e  o f  s t a n d a r d s  w e r e  d i l u t e d  1 : 2 ,  1 : 5 ,  1 : 1 0  a n d  1 : 2 0
w i t h  a c e t o n i t r i l e  f o r  a p p r o p r i a t e  u s e  a s  s t a n d a r d s .

(c) HPLC Analysis

The c h r o m a t o g r a p h i c  a n a l y s i s  was  c a r r i e d  o u t  by  r e v e r s e - p h a s e  
HPLC u s i n g  a  g r a d i e n t  e l u t i o n .  The  d e t a i l s  o f  i n s t r u m e n t a l
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s p e c i f i c a t i o n s  and  c h r o m a t o g r a p h i c  c o n d i t i o n s  u s e d  a r e  p r e s e n t e d  i n  
T a b l e  7 . 3 .

T a b l e  7 . 2 :  
S o l u t i o n s .

C o n c e n t r a t i o n s (p g  m l " 1 ) o f  PAH i n  S t o c k  S t a n d a r d

PAH PAH Number S t o c k  S o l u t i o n  

(p g  m l- 1 )

M i x t u r e  o f  
S t a n d a r d s  
(pg  m l " 1)

PHEN* 1. 4 . 0 0 .  101
ANTHR 2. 1 0 . 9 0 .  136
FLUR 3. 1 5 . 0 0 .  188
PYR 4. 2 4 . 0 0 . 6 0 0
BcPH 5. 9 . 3 0 .  116
CcdP* 6. 1 4 . 6 0 . 3 6 5
BaA 7. 6.  1 0 . 0 7 6
CHRY 8. 9 . 0 0 . 2 3 0
BNTH 9. 1 8 . 4 0 . 4 6 0
BeP 10. 5 . 0 0 . 0 6 3
BbF* 11. 1 0 . 0 0 . 2 5 0
BkF 12. 2 . 0 0 . 0 2 5
BaP 13. 8 . 6 0 .  110
DahA* 14. 5 . 0 0 .  125
B g h iP * 15. 6 . 2 0 .  160
I1 2 3 P * 16. 2 1 . 6 1 . 3 5 0
ANTHN 17. 5.  4 0 . 0 6 8
COR 18. 3 . 0 0 . 3 0 0

* = D e t e r m i n e d  by UV.
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T a b l e  7 . 3 :  I n s t r u m e n t a l  S p e c i f i c a t i o n s  a n d  C h r o m a t o g r a p h i c  c o n d i t i o n s  
u s e d  f o r  t h e  HPLC a n a l y s i s .

HPLC S v s t e m  

Pumps : ^ W a t e r s  6000A LC Pump 
W a t e r s  M45 LC Pump

C o n t r o l l e r : W a t e r s  m odel  6 8 0  A u t o m a t e d  G r a d i e n t  C o n t r o l l e r

I n j e c t o r : W a t e r s  Model  U6K U n i v e r s a l  I n j e c t o r  w i t h  2 ml 
S a m p le  Loop

A n a l y t i c a l  Column : W a t e r s  PAH A n a l y s i s  R a d i a l - P A K  C a r t r i d g e ,
5 mm x 10 cm, 10 pm p a r t i c l e  s i z e  C1I3 P a c k i n g ,  
i n s t a l l e d  i n  Z - m o d u l e  R a d i a l  C o m p r e s s i o n  
S e p a r a t i o n  S y s t e m

G u a r d  Column : W a t e r s  Guard-PAK w i t h  C1Q I n s e r t s

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

M o b i l e  P h a s e : A c e t o n i t r i l e  i n  W a te r

G r a d i e n t  E l u t i o n : 35% t o  92% f o r  42 m i n s  ( N o n - l i n e a r  G r a d i e n t * )  
92% t o  92% f o r  6  m in s

E q u i 1 i b r a t i o n : 100% t o  100% f o r  5 m i n s  
35% t o  35% f o r  7  m i n s

F l o w  R a t e : 2 ml m i n -1

T e m p e r a t u r e : 18 ± 2°C

D e t e c t o r s : P e r k  i n - E l m e r  L S -4  P r o g r a m m a b l e  F l u o r e s c e n c e  
S p e c t r o m e t e r  ( P e r k i n - E l m e r  L t d .  ,
B e a c o n s f i e l d ,  U . K . )  w i t h  a P h i l l i p s  PM8251 
R e c o r d e r  ( P h i l l i p s ,  N e t h e r l a n d s )

: W a t e r s  480 U V - V i s i b l e  S p e c t r o p h o t o m e t e r  w i t h  a 
p o n t e n t i o r a e t r i c  R e c o r d e r  ( L a b d a t a  I n s t r u m e n t  
L t d . ,  C r o y d o n ,  U . K . )

* W a t e r s  ( M i l l i p o r e  L t d . ,  H a r r o w ,  U . K . )
* P ro gr am m e No. 5 on  t h e  W a t e r s  A u t o m a t e d  G r a d i e n t  C o n t r o l l e r
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The  HPLC s y s t e m  c o n s i s t e d  o f  two s o l v e n t  d e l i v e r y  pumps, an  
a u t o m a t i c  g r a d i e n t  c o n t r o l l e r ,  an  i n j e c t o r  w i t h  a  2 ml s a m p l e  l o o p ,  
an  a n a l y t i c a l  c o l u m n  w i t h  a g u a r d  c o l u m n  a n d  two d e t e c t o r s .  A W a t e r s  
R a d i a l - P A K  PAH a n a l y s i s  c a r t r i d g e  (5 mm x 10 cm),  10 pm p a r t i c l e  s i z e  
C1Q p a c k i n g  ( M i l l i p o r e  L t d . ,  H a r r o w ,  UK) was  u s e d  f o r  t h e  a n a l y t i c a l  
c o l u m n ,  w h i l e  t h e  m o b i l e  p h a s e  c o n s i s t e d  o f  a c e t o n i t r i l e  a n d  w a t e r ,  
w h i c h  w e r e  d e l i v e r e d  i n t o  a  m i x i n g  c h a m b e r  by  s e p a r a t e  pumps.  A 
g u a r d  co l u m n  c o n t a i n i n g  a  C1Q i n s e r t  ( M i l l i p o r e  L t d . ,  H a r r o w ,  UK) was  
i n s t a l l e d  b e t w e e n  t h e  i n j e c t o r  a n d  t h e  a n a l y t i c a l  c o l u m n  i n  o r d e r  t o  
p r e v e n t  t h e  d e t e r i o r a t i o n  o f  t h e  a n a l y t i c a l  co l u m n  r e s u l t i n g  f r o m  t h e  
a c c u m u l a t i o n  o f  c h e m i c a l s  o r  p a r t i c l e s  f r o m  t h e  i n j e c t e d  s a m p l e s .

The  m o b i l e  p h a s e  was r u n  f r o m  35% t o  95% a c e t o n i t r i l e  i n  w a t e r  
o v e r  42 m i n u t e s ,  u s i n g  a  n o n - l i n e a r  g r a d i e n t  ( c u r v e  5 on  t h e  W a t e r s  
A u t o m a t i c  G r a d i e n t  C o n t r o l l e r ) ,  f o l l o w e d  by  92% a c e t o n i t r i l e  f r o m  42 
t o  48 m i n u t e s .  I n  o r d e r  t o  e q u i l i b r a t e  t h e  co l u m n  f o r  t h e  n e x t  r u n ,  
t h e  m o b i l e  p h a s e  was  r u n  w i t h  100% a c e t o n i t r i l e  f o r  5 m i n u t e s ,  
f o l l o w e d  by  35% a c e t o n i t r i l e  f o r  7 m i n u t e s  i s o c r a t i c a l l y . I d e n t i c a l  
e q u i l i b r a t i o n  t i m e s  b e t w e e n  i n j e c t i o n s  w e r e  m a i n t a i n e d  t o  o b t a i n  
r e p r o d u c i b l e  r e t e n t i o n  t i m e s .  The  f l o w  r a t e  was  2 m l / m i n  a n d  t h e  
co l u m n  p r e s s u r e  wa s  t y p i c a l l y  62 0  kNm- 2 , r a n g i n g  f r o m  330 kNm- 2  t o  
1000 k N n r 2 .

(d) D etection

The s p e c t r a  o f  f l u o r e s c e n c e  e m i s s i o n  and UV a b s o r p t i o n  f r o m  t h e  
e l u t i n g  f r a c t i o n s  w e r e  m o n i t o r e d  by  two d e t e c t o r s  c o n n e c t e d  t o  t h e  
a n a l y t i c a l  c o l u m n  i n  s e r i e s :  a  w a v e l e n g t h  p r o g r a m m a b l e  f l u o r e s c e n c e  
s p e c t r o m e t e r  a n d  a  U V - v i s i b l e  s p e c t r o p h o t o m e t e r .  The  f l u o r e s c e n c e  
d e t e c t o r  was p ro g ra m m e d  i n t o  4 p a i r s  o f  w a v e l e n g t h  c o n d i t i o n s  i n  
o r d e r  t o  g i v e  a  g o o d  r e s p o n s e  t o  e a c h  PAH o f  i n t e r e s t  a s  i t  e l u t e d ,  
w h i l e  t h e  UV d e t e c t o r  was s e t  a t  29 0  nm. The f l u o r e s c e n c e  an d  UV 
s p e c t r a l  c h a r a c t e r i s t i c s  o f  a  n u m ber  o f  PAH w e r e  o b t a i n e d  f r o m  t h e  
l i t e r a t u r e  ( Bae k,  1988 an d W ise ,  1 9 8 3 ) .  The  s p e c i f i c  e x c i t a t i o n  a n d
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e m i s s i o n  w a v e l e n g t h  c o n d i t i o n s  u s e d  f o r  t h e  f l u o r e s c e n c e  d e t e c t i o n  o f  
e a c h  PAH a r e  sho wn  i n  T a b l e  7 . 4 ,  w h e r e  t h e  PAH a r e  l i s t e d  i n  t h e i r  
o r d e r  o f  e l u t i o n .

T a b l e  7 . 4 :  W a v e l e n g t h  C o n d i t i o n s  u s e d  f o r  t h e  D e t e c t i o n  o f  PAH

W a v e l e n g t h
E x c i t a t i o n

(nm)
E m i s s i o n

PAH

260 430 PHEN, ANTHR, FLUR, PYR
285 385 BcPH, CcdP, BaA, CHRY, BNTH,

BeP, BbF
295 410 BkF, BaP
300 455 DahA, B g h iP , I 1 2 3 P ,  ANTHN, COR

(e) Id e n tifica tio n  and Q uantification

The c h r o m a t o g r a p h i c  p e a k s  o f  t h e  s a m p l e s  w e r e  i d e n t i f i e d  by two 
m e t h o d s .  F i r s t l y ,  i n d i v i d u a l  PAH w e r e  t e n t a t i v e l y  i d e n t i f i e d  on  t h e  
b a s i s  o f  t h e i r  r e t e n t i o n  t i m e s  by  r e f e r r i n g  t o  t h o s e  o f  s t a n d a r d s .  
S e c o n d l y ,  t h e  r a t i o s  b e t w e e n  f l u o r e s c e n c e  a n d  UV r e s p o n s e  w e r e  u s e d  
t o  c o n f i r m  t h e  i d e n t i f i c a t i o n  by  c o m p a r i s o n  w i t h  t h o s e  o f  
c o r r e s p o n d i n g  s t a n d a r d s .

The  q u a n t i f i c a t i o n  o f  t h e  PAH i n  t h e  s a m p l e s  was  a l s o  made by  
c o m p a r i n g  t h e  m e a s u r e d  p e a k  h e i g h t s  w i t h  t h o s e  o f  t h e  s t a n d a r d s  o f  
known c o n c e n t r a t i o n s .  The c o n c e n t r a t i o n  o f  a  PAH p e r  kg  d r y  s o i l  was  
c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  f o r m u l a :

Ct = h .  x r , 
f  x m
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w h e r e ,  C4 was  t h e  c o n c e n t r a t i o n  i n  n g  k g -1 o f  1 th  PAH i n  d r y  s o i l  o r  
n g / v o l  o f  l e a c h a t e ,  h 4 was t h e  p e a k  h e i g h t  i n  mm o f  t h e  i * h PAH, r 4 
was t h e  r e s p o n s e  f a c t o r  o f  t h e  i * *  PAH i n  n g ,  f  was  t h e  r a t i o  o f  t h e  
i n j e c t e d  v o l u m e  t o  t h e  v o lu m e  o f  f i n a l  s o l u t i o n  a n d  m was  t h e  r a t i o  
o f  t h e  w e i g h t  o f  s o i l  e x t r a c t e d  t o  t h e  w e i g h t  o f  d r y  s o i l  i n  kg .

The  r e s p o n s e  f a c t o r ,  d e f i n e d  a s  t h e  r a t i o  o f  t h e  known am ou n t  
o f  a  s t a n d a r d  PAH i n j e c t e d  t o  t h e  c o r r e s p o n d i n g  p e a k  h e i g h t ,  was  
a p p l i e d  t o  c a l c u l a t e  t h e  c o n c e n t r a t i o n  o f  e a c h  PAH. The  r e s p o n s e  
f a c t o r s  f o r  e a c h  PAH w e r e  d e t e r m i n e d  e a c h  d a y  by i n j e c t i n g  100 p i  o f  
a m i x t u r e  o f  s t a n d a r d s .  The  r e s p o n s e  f a c t o r  was  c a l c u l a t e d  by 
m e a s u r i n g  t h e  r a t i o  o f  t h e  h e i g h t  o f  t h e  UV a n d  f l u o r e s c e n c e  p e a k s  
m u l t i p l i e d  by  t h e  known c o n c e n t r a t i o n  o f  t h e  i * *  i n  t h e  s t a n d a r d ,

( f)  Quality Control of the A nalytica l Methods

C a r e f u l l y  p r e p a r e d  m i x t u r e s  o f  PAH s t a n d a r d s  a n d  a  b l a n k  w e r e  
r o u t i n e l y  i n j e c t e d  t o  c h e c k  c o l u m n  p e r f o r m a n c e  and  t o  o p t i m i z e  
o p e r a t i n g  c o n d i t i o n s  f o r  e a c h  b a t c h  o f  a n a l y s e s .  T h e  d a y - t o - d a y  
p r e c i s i o n ,  t h e  r e p r o d u c i b i l i t i e s  o f  r e t e n t i o n  t i m e s  a n d  t h e  r e s p o n s e  
f a c t o r s  w e r e  d e t e r m i n e d  by a n a l y s i n g  t h e  same s t a n d a r d  m i x t u r e  on 
c o n s e c u t i v e  d a y s .  In  o r d e r  t o  e v a l u a t e  l o s s e s  o f  PAH d u r i n g  
e x t r a c t i o n  a n d  c l e a n - u p  p r o c e d u r e s  f o r  t h e  a q u e o u s  s a m p l e s ,  r e c o v e r y  
t e s t s  w e r e  p e r f o r m e d  w i t h  w a t e r  s a m p l e s  s p i k e d  w i t h  known a m o u n t s  o f  
t h e  m ix e d  PAH s t a n d a r d ,  b e l o w  t h e  e s t i m a t e d  maximum s o l u b i l i t y  o f  
e a c h  i n d i v i d u a l  PAH. The  s p i k e d  s a m p l e s  w e r e  s u b j e c t e d  t o  t h e  e n t i r e  
a n a l y t i c a l  p r o c e d u r e  i d e n t i c a l  t o  t h e  a c t u a l  s a m p l e s  a n d  t h e  
c h r o m a t o g r a p h s  c o m p a r e d  d i r e c t l y  w i t h  t h e  i n j e c t e d  s t a n d a r d s .  W a t e r  
b l a n k s  w e r e  a l s o  t e s t e d  t o  a s c e r t a i n  w h e t h e r  t h e r e  was  a n y  
c o n t a m i n a t i o n  d u r i n g  t h e  c l e a n - u p  a n d  t e s t i n g  p r o c e d u r e .  The  r e s u l t s  
o f  t h e  b l a n k  r u n s  w e r e  s u b t r a c t e d  f r o m  e a c h  o f  t h e  s a m p l e s .
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7 .2 .4  Batch T ests

S u b s a m p l e s  ( 1 0 . 0  g> o f  e a c h  o f  t h e  p h e n o l  d o s e d  s o i l s  w e r e  m ix ed  
w i t h  BODDMAM (0 ,  0 . 5 ,  1 . 0 ,  2 . 0  a n d  5 . 0  g )  o r  P e r c h e m . 4 6 2  ( 1 . 0  g)  i n  
p o l y p r o p y l e n e  s c r e w - c a p p e d  c o n t a i n e r s .  To e a c h  c o n t a i n e r  was  a d d e d  
t e n  t i m e s  t h e  c o m b i n e d  s o i l  a n d  c l a y ' s  w e i g h t  o f  w a t e r .  The  
c o n t a i n e r s  w e r e  r o t a t e d ,  e n d - o v e r - e n d ,  f o r  24  h o u r s ,  f i l t e r e d  t h r o u g h  
Whatman No. 1 p a p e r  a n d  t h e  f i l t r a t e  a n a l y s e d  c o l o u r i m e t r i c a l l y  f o r  
p h e n o l  c o n c e n t r a t i o n .  The  e f f e c t  o f  m i x i n g  a  c l a y  s l u r r y  w i t h  t h e  
s o i l  a n d  a l l o w i n g  t i m e  f o r  a d s o r p t i o n  o f  t h e  p h e n o l s  p r i o r  t o  l e a c h  
t e s t i n g  was  a l s o  i n v e s t i g a t e d .  BODDMAM ( 1 . 0  g )  w as  m i x e d  w i t h  10 ml 
w a t e r  t o  f o r m  a  s m o o t h  p a s t e ,  t h e  p a s t e  wa s  c o m b i n e d  w i t h  1 0 . 0  g  o f  
d r y  d o s e d  s o i l ,  m i x e d  w e l l  a n d  l e f t  t o  s t a n d  f o r  24  h o u r s .  A f t e r  
24  h o u r s  110 ml d i s t i l l e d  w a t e r  was  a d d e d  a n d  t h e  s a m p l e s  s h a k e n  f o r  
24  h o u r s ,  f i l t e r e d  a n d  a n a l y s e d  f o r  p h e n o l  c o n c e n t r a t i o n .

S u b s a m p l e s  ( 1 0 . 0  g )  o f  t h e  g a s w o r k s  s o i l  w e r e  m i x e d  w i t h  P e r c h e m  
462 ( 0 . 0 ,  0 . 5 ,  1 . 0 ,  2 . 0  a n d  5 . 0  g> i n  c o n i c a l  f l a s k s .  To e a c h  f l a s k  
was  a d d e d  t w e n t y  t i m e s  t h e  w e i g h t  o f  w a t e r ,  t h e  f l a s k s  s e a l e d  a n d  
t h e n  s t i r r e d  by  m a g n e t i c  s t i r r e r s .  A f t e r  24  h o u r s  t h e  s a m p l e s  w e r e  
f i l t e r e d  t h r o u g h  0 . 4 5  pm me mbrane  f i l t e r s  and  t h e  f i l t r a t e  e x t r a c t e d  
f o r  PAH.

(a) Extraction of PAH from Aqueous Solution

The  a q u e o u s  s a m p l e s  w e r e  t r a n s f e r e d ,  w i t h  e t h e r  w a s h i n g s  (2 x 10 
m l)  t o  s e p a r a t i n g  f u n n e l s  a n d  t h e  pH a d j u s t e d  t o  2 by  t h e  a d d i t i o n  o f  
a p p r o x i m a t e l y  2 ml o f  20% p h o s p h o r i c  a c i d .  A t o t a l  v o lu m e  o f  60  ml 
e t h e r  was  a d d e d  a n d  t h e  s a m p l e s  s h a k e n  f o r  a p p r o x i m a t e l y  3 m i n u t e s .  
F o l l o w i n g  s e p a r a t i o n  o f  t h e  p h a s e s ,  t h e  a q u e o u s  p h a s e  wa s  r e t u r n e d  t o  
t h e  o r i g i n a l  v e s s e l  a n d  s u b s e q u e n t l y  r e - e x t r a c t e d  w i t h  2 x 30  ml 
e t h e r .  The  e x t r a c t s  w e r e  c o m b i n e d  a n d  d i l u t e d  w i t h  a p p r o x i m a t e l y  60  
ml p e n t a n e .  The  w a t e r  was  r e m o v e d  f r o m  t h e  e x t r a c t s  by f r e e z i n g  o u t  
a t  - 1 8 ° C  o v e r n i g h t .  The  o r g a n i c  f r a c t i o n  was  d e c a n t e d  i n t o  a  
K u d e r n a / D a n i s h  e v a p o r a t o r  a n d  c o n c e n t r a t e d  u s i n g  m a c r o  a n d  m i c r o  3 -  
b a l l  S n y d e r  c o l u m n s  t o  a p p r o x i m a t e l y  5 0 0  p i  ( A l l t e c h  ( A s s o c i a t e s )
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A p p l i e d  S c i e n c e ,  L a n c s . ,  U . K . ) .  F u r t h e r  e v a p o r a t i o n ,  t o  n e a r  
d r y n e s s ,  was a c h i e v e d  u s i n g  a  s t r e a m  o f  o x y g e n - f r e e  n i t r o g e n .  The  
r e s i d u e  was  t h e n  r e - d i s s o l v e d  i n  a b o u t  3 ml h e x a n e  a n d  s t o r e d  a t  
- 1 8 ° C  p r i o r  t o  c l e a n  up  and  HPLC a n a l y s i s .

7 . 2 . 5  Column T e s t s

The  r e s u l t s  o f  t h e  b a t c h  t e s t s  sho w ed  t h a t  t h e  minimum r a t i o  o f  
e x c h a n g e d  c l a y  t o  s o i l  t h a t  r e t a i n e d  >98% o f  t h r e e  p h e n o l s  was  a  1 : 1 0  
r a t i o .  To s c a l e  up  t h e  e x p e r i m e n t  t o  make i t  c l o s e r  t o  a  r e a l  s i t e  
s i t u a t i o n ,  s o i l  c o l u m n s  w e r e  u s e d  t o  t e s t  t h e  r e t e n t i o n  o f  t h e  
o r g a n i c s .  F o r  t h e  g a s w o r k s  s o i l s  a  r a n g e  o f  c l a y : s o i l  r a t i o s  w e r e  
i n v e s t i g a t e d  b e c a u s e  g r e a t e r  v o l u m e s  o f  w a t e r  p a s s i n g  t h r o u g h  t h e  
s o i l  w o u ld  a l l o w  g r e a t e r  s o l u t i o n  o f  t h e  s p a r i n g l y  s o l u b l e  PAH i f  
t h e y  w e r e  n o t  s t a b i l i s e d .  The  c o l u m n s  w e r e  p a c k e d  w i t h  g l a s s w o o l  and  
s a n d  t o  p r o v i d e  a  f i r m  b a s e  f o r  t h e  s o i l  a n d  p r e v e n t  p a r t i c l e s  
f l o w i n g  i n t o  t h e  l e a c h a t e .  T w e l v e  d i f f e r e n t  s o i l  s a m p l e s  w e r e  
i n t r o d u c e d  i n t o  t h e  c o l u m n s  ( T a b l e  7 . 5 ) .  A f u r t h e r  50  g  o f  s a n d  was  
p o u r e d  on  t o p  o f  e a c h  s o i l  co l u m n  a n d  t h e  co lum n  c o m p a c t e d  by  g e n t l e  
a g i t a t i o n .  G l a s s w o o l  was p l a c e d  i n  t h e  t o p  o f  t h e  c o l u m n  t o  p r e v e n t  
t h e  w a t e r  f o r m i n g  c h a n n e l s  a n d  t h e  c o l u m n s  w e r e  f i l l e d  w i t h  w a t e r .  
I n  o r d e r  t o  m a i n t a i n  a  c o n s t a n t  h y d r a u l i c  h e a d  wa s  a c h i e v e d  i n  e a c h  
co l u m n  t h e  w a t e r  l e v e l  was  k e p t  a s  c o n s t a n t  a s  p o s s i b l e  t h r o u g h o u t  
t h e  e x p e r i m e n t .

F o r  t h e  p h e n o l  d o s e d  s o i l s ,  c o n s e c u t i v e  100 ml a l i q u o t s  o f  t h e  
l e a c h a t e  w e r e  c o l l e c t e d  a n d  a n a l y s e d  f o r  p h e n o l  c o n c e n t r a t i o n  
( S e c t i o n  3 . 2 . 3 ) .  A f t e r  500 ml o f  l e a c h a t e  h a d  b e e n  c o l l e c t e d ,  t h e  
co l u m n  was  e l u t e d  w i t h  0 . 1  M s o d i u m  h y d r o x i d e .  The  f i r s t  a l k a l i n e  
f r a c t i o n  was  c o l l e c t e d  when t h e  pH o f  t h e  l e a c h a t e  i n c r e a s e d  a b o v e  7.  
Two s u b s e q u e n t  a l k a l i n e  f r a c t i o n s  w e r e  c o l l e c t e d  a n d  a n a l y s e d  f o r  
p h e n o l  c o n c e n t r a t i o n .

The  g a s w o r k s  s o i l s  w e r e  e l u t e d  w i t h  d i s t i l l e d  w a t e r  o n l y .  F i v e
2 . 5  1 f r a c t i o n s  w e r e  c o l l e c t e d  o v e r  a  p e r i o d  o f  5 d a y s  f r o m  e a c h
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co l u m n .  The  c o n c e n t r a t i o n  o f  PAH i n  t h e  l e a c h a t e  wa s  d e t e r m i n e d  by 
HPLC a n a l y s i s  a s  p r e v i o u s l y  d e s c r i b e d .

T a b l e  7 . 5 i  C o m p o s i t i o n  o f  S o i l  C o lum ns

Column S o i l  Typ e  W e i g h t  P . 4 6 2  W e ig h t  o f  S o i l  Volume o f
P e r lOg S o i l  

<8>
i n  Column 

<S>
E l u e n t

(ml)

1 P h e n o l  d o s e d * 0 . 0 200 700
2 P h e n o l  d o s e d 1 .0 200 700
3 3 - C h l o r o p h e n o l  d o s e d 0 . 0 200 700
4 3 - C h l o r o p h e n o l  d o s e d 1.0 200 700
5 2 , 3 - D i c h l o r o p h e n o l  d o s e d 0 . 0 200 700
6 2 , 3 - D i c h l o r o p h e n o l  d o s e d 1.0 200 700
7 U n c o n t a m i n a t e d 0 . 0 200 700

8 G a s w o r k s 0 . 0 100 2500
9 G a s w o r k s 0 . 1 100 25 00

10 G a s w o r k s 0 . 5 100 2500
11 G a s w o r k s 1 .0 100 2500
12 G a s w o r k s 2 . 0 100 2500

* = D o sed  s o i l  e q u a l  t o  25 m m o l / k g  f o r  e a c h  p h e n o l .

7 .2 .6  S ta b llisa t io n /S o lid lf ic a t io n  of Phenol-Dosed S o ils

C e m e n t - b a s e d  s o l i d i f i c a t i o n  o f  t h e  p h e n o l - d o s e d  s o i l s  was 
p e r f o r m e d  u s i n g  t h e  m i x e s  sho wn i n  T a b l e  7 . 6 .  The  d r y  s o i l  was  m ix e d  
w i t h  t h e  e x c h a n g e d  c l a y  o r  f i l l e r  a n d  w a t e r  a d d e d .  The  s o i l  s l u r r y  
was m ix e d  w e l l ,  t h e  OPC a d d e d  a n d  m i x e d  a g a i n .  E a c h  s o l i d i f i c a t i o n  
mix  was  t r a n s f e r e d  t o  c y l i n d r i c a l  m o u l d s  u s e d  i n  t h e  d y n a m ic  l e a c h
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t e s t s  a n d  c o m p r e s s i v e  s t r e n g t h  t e s t s  ( S e c t i o n s  4 . 2 . 5  a n d  4 . 2 . 4  
r e s p e c t i v e l y ) .  The  r e s i d u e  wa s  p l a c e d  i n  a  b e a k e r  f o r  p e n e t r o m e t r y  
t e s t s  a n d  e q u i l i b r i u m  l e a c h  t e s t s .  A l l  o f  t h e  s a m p l e s  w e r e  a l l o w e d  
t o  c u r e  f o r  28  d a y s  i n  p o l y t h e n e  b a g s  t o  m a i n t a i n  t h e  h u m i d i t y  a n d  a t  
20±2 °C.

T a b l e  7 . 6 :  S t a b i 1 i s a t i o n / S o l i d i f i c a t i o n  M i x e s  f o r  C o n t a m i n a t e d  S o i l s

Mix S o i l D o s e d  O r g a n i c C l a y
%

F i l l e r
%

Ce m en t
%

T IS
%

1 5 0 . 0 P h e n o l 0. 0 5 . 0 10 65
2 5 0 . 0 3 - C h l o r o p h e n o l 0.0 5 . 0 10 65
3 5 0 . 0 2 , 3 - D i c h l o r o p h e n o l 0. 0 5 . 0 10 65
4 5 0 . 0 P h e n o l 5 . 0 0.0 10 65
5 5 0 . 0 3 - C h l o r o p h e n o l 5 . 0 0.0 10 65
6 5 0 . 0 2 , 3 - D i c h l o r o p h e n o l 5 . 0 0.0 10 65
7 3 7 . 5 P h e n o l 1 2 . 5 0.0 10 60
8 5 0 . 0 U n c o n t a m i n a t e d 5 . 0 0.0 10 65
9 5 0 . 0 U n c o n t a m i n a t e d 0.0 5 . 0 10 65

(a) Strength T esting

A f t e r  28  d a y s  c u r i n g  t h e  s a m p l e s  w e r e  d e r a o u ld e d  a n d  t h e  UCS o f  
t h e  c y l i n d e r s  m e a s u r e d  a s  p r e v i o u s l y  d e s c r i b e d  ( S e c t i o n  4 . 2 . 4 ( b ) ) .  
The  p e n e t r o m e t r y  m e a s u r e m e n t s  w e r e  a l s o  t a k e n  u s i n g  a  p o c k e t  c o n c r e t e  
p e n e t r o m e t e r ,  a t  2 . 7  cm p e n e t r a t i o n ,  a f t e r  28  d a y s  ( S e c t i o n  
4 . 2 . 4 ( a ) ) .
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(b) Leach Tests

Dynamic  l e a c h  t e s t s  ( S e c t i o n  4 . 2 . 5 ( a ) )  w e r e  c a r r i e d  o u t  on t h e  
s a m p l e s  a f t e r  28  d a y s  c u r i n g .  The  l e a c h a t e  i n  t h e  t e s t  was  a n a l y s e d  
and  r e p l a c e d  w i t h  f r e s h  d i s t i l l e d  w a t e r  s e v e n  t i m e s  i n  t h e  28 
d a y t e s t  p e r i o d .  The  e q u i l i b r i u m  l e a c h  t e s t s  ( S e c t i o n  4 . 2 . 5 ( b ) )  w e r e  
c a r r i e d  o u t  on 28  a n d  56  d a y  o l d  s a m p l e s .

7.3 RESULTS

7 .3 .1  Phenol Dosed S o il

The u n c o n t a m i n a t e d  s o i l  w as  d o s e d  w i t h  s o l u t i o n s  o f  t h e  p h e n o l s  
d i s s o l v e d  i n  h e x a n e .  The  h e x a n e  was e v a p o r a t e d  o f f  and  t h e  s o i l  
t e s t e d  t o  d e t e r m i n e  t h e  c o n c e n t r a t i o n  o f  p h e n o l  r e m a i n i n g  ( T a b l e
7 . 7 ) .

T a b l e  7 . 7 :  P h e n o l  C o n c e n t r a t i o n  a n d  pH o f  Do sed S o i l

W e igh t  p h e n o l  
(m m o l / k g )

pH

P h e n o l  d o s e d  s o i l 249 4.  75
3 - C h l o r o p h e n o l  d o s e d  s o i l 235 5.  16
2 , 3 - D i c h l o r o p h e n o l  d o s e d  s o i l 282 5 . 8 7
S o i l  O n ly 95 5.  87
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The pH o f  t h e  u n c o n t a m l n a t e d  s o i l  was  m e a s u r e d  t o  be  5 . 8 7 .  
D o s i n g  w i t h  t h e  a c i d i c  p h e n o l s  d e c r e a s e d  t h e  pH a s  shown i n  T a b l e  
7 . 7 .

The  s o i l  was  a n a l y s e d  by  ICP f o r  t h e  p r i n c i p l e  m e t a l  
c o n c e n t r a t i o n s .  The  r e s u l t s  a r e  g i v e n  i n  m g /k g  d r y  s o i l : -

L i 8 . 5 Na 2 3 1 . 0 K 3 4 6 6 . 0 Rb 4 0 . 0 Be 1 . 0
Mg 1 5 3 8 . 0 Ca 4 7 1 8 . 0 S r 3 3 . 4 Ba 1 0 8 . 0 A1 1 8 1 5 0 . 0
La 2 4 . 8 T i 7 5 2 . 0 V 5 5 . 5 Cr 6 9 . 9 Mo <0. 4
Mn 2 8 0 . 5 F e 2 3 1 2 . 0 Co 7 . 6 Ni 1 7 . 6 Cu 4 1 . 6
Ag 0 . 6 Zn 20 4 .  4 Cd < 0 . 2 Pb 1 5 3 . 0 P 1 1 8 7 . 0

The r e s u l t s  sho wed  t h e r e  was  n o  s i g n i f i c a n t  c o n t a m i n a t i o n  o f  t h e  
s o i l ,  s i n c e  t h e  m e t a l  c o n c e n t r a t i o n s  a r e  t y p i c a l  o f  t h o s e  f o u n d  i n  
u n c o n t a m i n a t e d  s o i l s  ( G . L . C . ,  1 9 7 9 ) .

(a) Batch T ests

B a t c h  e x t r a c t i o n  t e s t s  w e r e  p e r f o r m e d  on t h e  p h e n o l  d o s e d  s o i l s  
t o  d e t e r m i n e  t h e  am ou nt  o f  t h e  p h e n o l s  t h a t  c o u l d  be  a d s o r b e d  f r o m  
t h e  s o i l s  by  BODDMAM. The  r e s u l t s  o f  t h e s e  e x p e r i m e n t s  f o r  t h e
a d s o r p t i o n  o f  p h e n o l ,  3 - c h l o r o p h e n o l  a n d  2 , 3 - d i c h l o r o p h e n o l  f r o m  1 0 . 0  
g s o i l  by v a r y i n g  w e i g h t s  o f  BODDMAM ( 0 . 0 ,  0 . 5 ,  1 . 0 ,  2 . 0  a n d  5 . 0  g )
a r e  shown i n  F i g u r e  7 . 1 .  The  r e l e a s e s  o f  p h e n o l s  a r e  e x p r e s s e d  a s  a  
p e r c e n t a g e  o f  t h e  r e l e a s e  f r o m  t h e  u n s t a b i l i s e d  s a m p l e .  The r e s u l t s  
i n d i c a t e  t h a t  2 , 3 - d i c h l o r o p h e n o l , w h i c h  h a s  b e e n  shown t o  b e  t h e  b e s t  
a d s o r b e d  o f  t h e  t h r e e  p h e n o l s ,  r e q u i r e d  f a r  l e s s  e x c h a n g e d  c l a y  t o  
s t a b i l i s e  i t  c o m p a r e d  t o  t h e  s m a l l e r ,  m ore  s o l u b l e  p h e n o l s .  I n  t h e  
b a t c h  t e s t ,  i t  was  c o n s i d e r e d  m o s t  l i k e l y  t h a t  t h e  p h e n o l s  d i s s o l v e d  
o f f  t h e  s o i l  i n t o  t h e  l e a c h a t e  a n d  w e r e  t h e n  r e a d s o r b e d  by t h e  
e x c h a n g e d  c l a y .  A l l  o f  t h e  c o n c e n t r a t i o n s  m e a s u r e d  w e r e  f o u n d  t o  b e  
w e l l  b e l o w  t h e  maximum s o l u b i l i t y  o f  t h e  p h e n o l s  i n  w a t e r  s o  t h e  
r e l a t i v e  i n s o l u b i l i t y  o f  2 , 3 - d i c h l o r o p h e n o l  c o m p a r e d  t o  p h e n o l  d o e s  
n o t  se e m  t o  b e  d i r e c t l y  r e s p o n s i b l e  f o r  t h i s  e f f e c t .  P e r c h e m  462
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Percentage Released (%)

Weight of Clay (g)

F i g u r e  7 . 1 :  R e s u l t s  o f  B a t c h  T e s t  on  P h e n o l  D osed  S o i l  u s i n g  BODDMAM 
( e x c e p t  1* w h i c h  u s e s  P e r c h e m  4 6 2 ) .
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a d s o r b s  a l l  t h r e e  p h e n o l s  i n  v e r y  s i m i l a r  q u a n t i t i e s  t o  BODDMAM 
( F i g u r e  7 . 1 ) ,  s o  P e r c h e m  462 was  o n c e  a g a i n  u s e d  f o r  t h e  l a r g e  s c a l e  
c o lum n  w o rk .  M i x i n g  t h e  c l a y  a s  a  w e t  s l u r r y  w i t h  t h e  s o i l  h a d  no  
e f f e c t  on  t h e  p e r c e n t a g e  o f  p h e n o l  a d s o r b e d ,  i n d i c a t e d  t h a t  
a d s o r p t i o n  t a k e s  p l a c e  r a p i d l y .

(b) Column T ests

The r e s u l t s  o f  t h e  co l u m n  l e a c h  t e s t s  on t h e  p h e n o l  d o s e d  s o i l s  
a r e  shown i n  F i g u r e  7 . 2 ( 1 ) .  The r e t e n t i o n  o f  a l l  t h r e e  p h e n o l s  by  
t h e  e x c h a n g e d  c l a y s  i n  t h e  s o i l  a r e  i n  e x c e s s  o f  95% o f  t h a t  r e l e a s e d  
by t h e  u n s t a b i l i s e d  s o i l  c o l u m n s .  The  p a t t e r n  o f  r e l e a s e  f r o m  t h e  
u n s t a b i l i s e d  s o i l  ( F i g u r e  7 . 2 ( 1 )  a n d  ( I I ) )  sho wed  a  h i g h
c o n c e n t r a t i o n  o f  p h e n o l s  i n  t h e  f i r s t  f e w  e l u t i o n s ,  t h e  c o n c e n t r a t i o n  
t a i l i n g  o f f  a s  t h e  t e s t  p r o g r e s s e d  a n d  m o s t  o f  t h e  p h e n o l  h a d  b e e n  
r e m o v e d  f r o m  t h e  s o i l .  The  p a t t e r n  o f  r e l e a s e  f r o m  t h e  s t a b i l i s e d  
s o i l  d i d  n o t  sho w t h e  h i g h  maximum i n i t i a l  r e l e a s e  o f  t h e  
u n s t a b i l i s e d  s o i l  b u t  a  v e r y  g r a d u a l ,  a l m o s t  c o n s t a n t ,  r e l e a s e  o f  t h e  
p h e n o l s  i n t o  t h e  l e a c h a t e .  The  s l o w  r e l e a s e  o f  t h e  p h e n o l  by t h e  
s t a b i l i s e d  s a m p l e s  w o u l d  p r o v i d e  a n  o p p o r t u n i t y  f o r  d i l u t i o n  o f  t h e  
l e a c h a t e  when t h e  s t a b i l i s e d  s a m p l e s  w e r e  f i n a l l y  d i s p o s e d  o f .

7 .3 .2  Cement-based S ta b i1isa t io n /S o lid if ic a t io n

The  s o i l s  w e r e  s o l i d i f i e d  w i t h  t h e  e x c h a n g e d  c l a y ,  OPC and  
w a t e r .  The  m i x e s  c h o s e n  w e r e  b a s e d  up on  t h e  r e s u l t s  o f  t h e  mix 
d e v e l o p m e n t  work ( S e c t i o n  6 . 3 . 2 ) ,  t h e  s o i l  b e i n g  s u b s t i t u t e d  f o r  d r y  
f i l l e r .

(a) Unconfined Compressive Strength T ests

The r e s u l t s  o f  t h e  p e n e t r o m e t r y  a n d  UCS t e s t s  a r e  shown i n  T a b l e  
7 . 8 .  The  r e s u l t s  sho w t h a t  f o r  t h e  u n d o s e d  s o i l  t h e  p r e s e n c e  o f  t h e  
e x c h a n g e d  c l a y  i n  t h e  mix  (Mix 8)  g a v e  a  l o w e r  UCS t h a n  t h e  mix w i t h
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0)
Weight Released (m mol/kg Soil)

F i g u r e  7 . 2 ;  R e l e a s e  o f  P h e n o l s  f r o m  S o i l  C o lu m ns .
( I )  T o t a l  R e l e a s e  f r o m  S o i l  a n d  P e r c h e m  4 6 2 / S o i l  Co lum ns
( I I )  P a t t e r n  o f  R e l e a s e  f r o m  S o i l  Column
( I I I )  P a t t e r n  o f  R e l e a s e  f r o m  P e r c h e m  4 6 2 / S o i l  Co lum s
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Table 7 .8 : S trength  T est R esu lts  fo r  S o l id i f ie d  S o il

Mix D o sed  O r g a n i c P e n e t r a t i o n  
( 2 . 5 c m )  a t  

28  Days  
( 1 0 s  N n r2 )

•Unconf  i n e d  
C o m p r e s s i v e  

S t r e n g t h  
( 1 0 s  N n r 2 )

1 P h e n o l 0 . 3 4 ND*
2 3 - C h l o r o p h e n o l 0 . 4 8 ND
3 2 , 3 - D i c h l o r o p h e n o l 0 . 5 1 ND
4 P h e n o l 4 . 0 8 0 . 6 0
5 3 - C h l o r o p h e n o l > 4 . 7 6 0 . 2 7
6 2 , 3 - D i c h l o r o p h e n o l > 4 . 7 6 0 . 6 6
7 P h e n o l 2 . 9 9 0 . 5 8
8 U n c o n t a m i n a t e d > 4 . 7 6 0 . 5 9
9 U n c o n t a m i n a t e d > 4 . 7 6 0 . 7 7

* N o t  d e t e r m i n e d  a s  s a m p l e s  b e l o w  minimum s t r e n g t h  m e a s u r a b l e  on  UCS 
m a c h i n e .

i n e r t  f i l l e r  (CaC03 ) (Mix 9 ) .  T h i s  i s  p r o b a b l y  d u e  t o  t h e
d e t r i m e n t a l  e f f e c t  o f  e i t h e r  t h e  s o i l  o r  t h e  e x c h a n g e d  c l a y  on  c e m e n t  
h y d r a t i o n .  The  d o s e d  s o i l s  w i t h  n o  c l a y  h a d  v e r y  lo w  p e n e t r a t i o n  
s t r e n g t h  e v e n  a f t e r  28 d a y s  ( M ix e s  1 , 2  and  3 ) ,  d e m o n s t r a t i n g  t h e
e f f e c t  o f  t h e  p h e n o l s  on t h e  c e m e n t  h y d r a t i o n .  The  UCS o f  t h e  d o s e d
c o n t r o l  c o u l d  n o t  b e  m e a s u r e d  a s  t h e  s a m p l e s  c r u m b l e d  a s  t h e y  w e r e
d e m o u l d e d .  The  d o s e d  s o i l  s a m p l e s  w i t h  e x c h a n g e d  c l a y  (M ix es  4 ,  5 
a n d  6)  sh o w ed  a  much g r e a t e r  s t r e n g t h  t h a n  t h e  c o n t r o l s  a n d  t h e  
s a m p l e s  w e r e  d e m o u l d e d  s u c c e s s f u l l y  t o  g i v e  s a t i s f a c t o r y  UCS v a l u e s  
w h i c h  w e r e  , e x c e p t  f o r  t h e  3 - c h l o r o p h e n o l  s a m p l e s ,  i n  e x c e s s  o f  t h e  
" 3 5 0  kNm~2M r u l e - o f - t h u m b .  The  UCS o f  M i x e s  4 a n d  7 ,  b o t h  o f  w h ic h  
c o n t a i n  p h e n o l  d o s e d  s o i l  b u t  w i t h  d i f f e r e n t  a m o u n t s  o f  c l a y  sho wed 
t h a t  Mix 4,  w i t h  a  l o w e r  w e i g h t  o f  e x c h a n g e d  c l a y ,  g a v e  a  h i g h e r
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s t r e n g t h  t h a n  Mix 7.  T h i s  r e s u l t  was  c o n s l s t a n t  w i t h  t h e  r e s u l t s  o f  
t h e  mix  d e v e l o p m e n t  work ( S e c t i o n  6 . 3 . 2 )  w h i c h  f o u n d  t h a t  i n c r e a s i n g  
a m o u n t s  o f  c l a y  d e c r e a s e d  t h e  s t r e n g t h  o f  t h e  m ix ,  a l t h o u g h  t h e r e  
m u s t  be  a  b a l a n c e  b e t w e e n  t h e  m a x i m i s i n g  p h e n o l  a d s o r p t i o n  a n d  
m i n i m i s i n g  t h e  a m ou n t  o f  c l a y  r e q u i r e d .

(b) Dynamic Leach Test

The r e s u l t s  o f  t h e  d y n a m i c  l e a c h  t e s t  a r e  sho wn i n  F i g u r e  7 . 3 .  
The  F i g u r e  s h o w s  t h e  am ou nt  o f  e a c h  p h e n o l  r e l e a s e d  f r o m  t h e  c o n t r o l  
s a m p l e s  ( M ix e s  1, 2 a n d  3,  T a b l e  7 . 6 )  c o m p a r e d  w i t h  t h e  am ou n t
r e l e a s e d  by  t h e  s t a b i l i s e d  s a m p l e s  ( M ix es  5 ,  6 a n d  7 ) ,  i n  a 28 d a y
p e r i o d .  T he  r e s u l t s  g i v e n  a r e  f o r  e q u a l  w e i g h t s  o f  s o i l  i n  a l l  o f
t h e  s t a b i l i s e d  s a m p l e s .  The  r e s u l t s  a r e  c o n s i s t e n t  w i t h  a l l  p r e v i o u s  
e x p e r i m e n t s  on  t h e  t h r e e  p h e n o l i c  co m p o u n d s ,  2 , 3 - d i c h l o r o p h e n o l  b e i n g  
t h e  b e s t  a n d  p h e n o l  t h e  l e a s t  w e l l  s t a b i l i s e d  (84% a n d  23% r e t a i n e d  
r e s p e c t i v e l y  c o m p a r e d  t o  t h e  c o n t r o l s ) .  The  a d d i t i o n  o f  m ore  
e x c h a n g e d  c l a y  t o  t h e  p h e n o l  d o s e d  s o i l  g a v e  a s l i g h t l y  i m p r o v e d  
r e t e n t i o n  (38%),  t h i s  was  d u e  t o  t h e  a d d i t i o n a l  c l a y  a d s o r b i n g  t h e  
e x c e s s  p h e n o l  p r e s e n t  i n  t h e  s o i l ,  a b o v e  t h e  maximum c a p a c i t y  o f  t h e  
c l a y .  The  c o n t r o l  s a m p l e s ,  u n l i k e  t h e  s t a b i l i s e d  s a m p l e s ,  b r o k e  down 
a f t e r  a  f e w  d a y s  o f  t h e  t e s t  g i v i n g  q u a s i - e q u i l i b r i u m  c o n d i t i o n s ,
w i t h  t h e  c o n s e q u e n t  i n c r e a s e  i n  s u r f a c e  a r e a  v u l n e r a b l e  t o  l e a c h i n g .

(c) Equilibrium Leach T ests

E q u i l i b r i u m  l e a c h  t e s t s  w e r e  c a r r i e d  o u t  a f t e r  28  and  56  d a y s  o f  
c u r i n g  ( F i g u r e  7 . 4 ( 1 )  & ( I I )  r e s p e c t i v e l y ) .  The  am ou nt  o f  e a c h
p h e n o l  r e l e a s e d  a f t e r  56  d a y s  o f  c u r i n g  i s  l e s s  t h a n  a f t e r  28 d a y s .  
T h i s  e f f e c t  was ,  p r e s u m a b l y ,  d u e  t o  c o n t i n u e d  h a r d e n i n g  o f  t h e  OPC 
m a t r i x .  The  p e r c e n t a g e  o f  p h e n o l  and  3 - c h l o r o p h e n o l  r e l e a s e d  f r o m  
t h e  s a m p l e s  was  h i g h e r  t h a n  i n  t h e  d y n a m ic  l e a c h  t e s t  d u e  t o  t h e  t e s t  
r e q u i r e m e n t  w h i c h  e n s u r e d  c o m p l e t e  b r e a k d o w n  o f  t h e  m a t r i x .  
C o n v e r s e l y  m ore  2 , 3 - d i c h l o r o p h e n o l  was r e l e a s e d  d u r i n g  t h e  d y n a m ic  
l e a c h  t e s t  t h a n  f r o m  e i t h e r  o f  t h e  e q u i l i b r i u m  l e a c h  t e s t s .  T h i s
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Organic Released (m mol)

Phenol 3 — Chloro 2,3 —Dichloro Blank
phenol phenol

F i g u r e  7 . 3 :  Dy namic  L e a c h  T e s t  R e s u l t s  f o r  S o l i d i f i e d  P h e n o l  D o sed  S o i l .
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Figure 7
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e f f e c t  wa s  d u e  t o  t h e  low s o l u b i l i t y  o f  t h e  2 , 3 - d l c h l o r o p h e n o l  In  t h e  
l i m i t e d  am o u n t  o f  w a t e r  u s e d  I n  t h e  e q u i l i b r i u m  l e a c h  t e s t s  c o m p a r e d  
t o  t h e  d y n a m ic  l e a c h  t e s t s .

7 . 3 . 3  G a s w o r k s  S o i l

( a )  E v a l u a t i o n  o f  A n a l y t i c a l  M e t h o d s  f o r  PAH

U s i n g  t h e  m e t h o d  d e v i s e d  by S.  Baek ( 1 9 8 8 )  e i g h t e e n  PAH w e r e  
c h a r a c t e r i s e d  a n d  t h e  am ou nt  p r e s e n t  q u a n t i f i e d .  A n a l y s i s  sho wed  
t h a t  o n l y  16 PAH c o u l d  be  d e t e c t e d  i n  t h e  a q u e o u s  s a m p l e s  t h e  two 
f i n a l  PAH h a v i n g  a q u e o u s  s o l u b i l i t i e s  w h i c h  w e r e  t o o  low.

The  r e c o v e r y  e f f i c i e n c i e s  o f  t h e  18 PAH a r e  shown i n  T a b l e  7 . 9 .  
The o v e r a l l  r e c o v e r y  was  8 5 . 5  ± 5 .0%.  T a b l e  7 . 9  a l s o  sho w s  t h e  
c o n c e n t r a t i o n  o f  PAH f o u n d  i n  t h e  b l a n k s  f r o m  b a t c h  a n d  co l u m n  t e s t s .  
The b l a n k  was  o b t a i n e d  by  e x t r a c t i n g  d i s t i l l e d  w a t e r  i n  t h e  v o l u m e s  
o f  l e a c h a t e  o b t a i n e d  f r o m  t h e  b a t c h  a n d  c o lum n  e x p e r i m e n t s  by t h e  
s t a n d a r d  m e t h o d .  The  c l e a n - u p  a n d  a n a l y s i s  o f  t h e  b l a n k  s a m p l e s  was  
i d e n t i c a l  t o  t h a t  o f  t h e  s a m p l e s .  The  r e p r o d u c i b i l i t y  o f  t h e  
a n a l y s i s  was  c h e c k e d  by  a n a l y s i n g  t h e  s t a n d a r d  on  f o u r  c o n s e c u t i v e  
d a y s .  The  r e s u l t s  a r e  shown i n  T a b l e  7 . 9  a s  t h e  p e r c e n t a g e  v a r i a t i o n  
i n  p e a k  h e i g h t s .

( b )  S o i l  A n a l y s i s

The  c o n t a m i n a t e d  g a s w o r k s  s o i l  was  a n a l y s e d  f o r  pH, t h e  
c o n c e n t r a t i o n  o f  m e t a l s ,  t h e  p e r c e n t a g e  o f  c y c l o h e x a n e  e x t r a c t a b l e  
m a t e r i a l  a n d  t h e  c o n c e n t r a t i o n  o f  t h e  18 PAH. T he  r e s u l t s  o f  t h i s  
a n a l y s i s  a r e  shown i n  T a b l e  7 . 1 0 .  The  e x t r e m e l y  h i g h  c o n c e n t r a t i o n s  
o f  PAH i n  t h e  s o i l  s a m p l e  w e r e  p r o b a b l y  d u e  t o  c o a l  t a r  c o n t a m i n a t i o n  
f r o m  t h e  s t o r a g e  t a n k s  a t  t h e  g a s w o r k s .  F o u r  m e t a l s  w e r e  p r e s e n t  i n
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Table 7 .9 : E valuation  of A n a ly tica l Method for PAH

PAH R e c o v e r y  
f r o m  1L 

W a t e r  (7.) B a t c h  T e s t

B l a n k

Column T e s t

R e p r o d u c l  1 
o v e r  4 i

PHEN 5 3 . 4 1 . 5 0 3.  75 9 0 . 5
ANTHR 7 1 . 4 0.  75 0.  76 87 .  7
FLUR 8 8 . 9 7. 75 3. 13 8 4 . 8
PYR 78 .  1 0 . 0 0 7 . 5 0 8 1 . 1
BcPH 8 4 . 2 0.  40 1 . 0 5 9 9 . 6
CcdP 7 5 . 8 1 1 . 0 6 15 .5 1 7 8 . 6
BaA 1 0 0 . 3 0 . 3 5 3 . 6 4 82 .  2
CHRY 1 0 2 . 0 0 . 0 0 3 . 1 1 8 7 . 5
BNTH 6 6 . 7 0 . 0 0 1 1 . 5 0 9 0 . 5
BeP 9 8 . 6 0 . 3 7 1 . 3 2 8 1 . 8
BbF 9 7 . 8 0 . 0 0 0.  70 8 5 . 4
BkF 6 4 . 3 1. 10 0.  70 9 6 . 5
BaP 1 0 1 .1 3 . 4 5 0.  00 9 1 . 2
DahA 9 9 . 5 0 . 0 0 0 . 0 0 7 7 . 9
Bg h iP 9 0 . 0 0 . 0 0 0 . 0 0 9 2 . 7
I1 23 P 1 0 7 . 2 0 . 0 0 0 . 0 0 7 9 . 4
ANTHN 7 0 . 3 0 . 0 0 0 . 0 0 8 6 . 7
Cor 5 1 . 8 0 . 0 0 0 . 0 0 89 .  3

T o t a l  PAH R e l e a s e d 2 6 . 7 3 5 2 . 6 7

A v e r a g e  R e c o v e r y  = 8 3 . 4  ± 4 .  1 % 
Mean R e p r o d u c i b i l i t y  = 8 6 . 9  %
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Table 7 .10: A n a lysis  o f Contaminated Gasworks S o li

pH 8 . 5 9

C o n c e n t r a t i o n  o f  M e t a l s  In  S o i l  (mg k g -1 d r v  s o i l )

M e t a l s  i n  c o n c e n t r a t i o n s  a s  " c o n t a m i n a n t s "  -  Cu 2 1 8 . 7 ;  Ni 9 5 . 8 ;  
Zn 5 5 3 . 0 ;  Pb 1 3 7 3 . 0

M e t a l s  i n  s o i l  a t  " t y p i c a l "  c o n c e n t r a t i o n s  -  L i  2 8 . 8 ;  Na 1 5 9 1 . 0 ;  
K 2 8 0 8 . 0 ;  Rb 1 6 . 0 ;  Be 2 . 8 ;  Mg 2 3 2 6 . 0 ;  Ca 1 0 8 2 0 . 0 ;  S r  9 2 . 9 ;  Ba 8 5 . 8 ;  
A1 2 1 3 3 0 . 0 ;  La 1 8 . 8 ;  Ti  6 6 1 . 0 ;  V 8 6 . 9 ;  Cr  5 2 . 5 ;  Mo 6 . 0 ;  Mn 7 3 4 . 0 ;  
Fe  6 2 3 0 0 . 0 ;  Co 2 8 . 0 ;  Ag 0 . 8 ;  Cd 0 . 6 ;  P 8 8 0 . 0 .

O r g a n i c  C o n s t i t u e n t s  o f  S o i l  

C y c l o h e x a n e  E x t r a c t  (%) 9 . 4 6

T o t a l  PAH ( m g /k g )  1 8 8 2 . 3 9

S t a n d a r d  " 6 "  PAH* A n a l y s i s  ( m g /k g )  6 9 4 . 9 8

C o n c e n t r a t i o n  o f  I n d i v i d u a l  PAH (m g /k g  d r y  s o i l )  -  PHEN 8 . 3 6 ;  ANTHR 
8 9 . 4 0 ;  FLUR* 1 1 1 . 2 8 ;  PYR 1 0 4 . 0 8 ;  BcPH 1 3 . 4 6 ;  CcdP 6 3 . 2 8 ;  BaA 1 9 7 . 1 8 ;  
CHRY 1 4 2 . 3 6 ;  BNTH 3 4 2 . 2 0 ;  BeP 3 5 . 8 6 ;  BbF* 8 0 . 9 8 ;  BkF* 6 1 . 7 0 ;  BaP* 
2 0 8 . 5 0 ;  DahA 7 . 3 6 ;  B g h iP *  3 0 . 3 8 ;  I1 2 3 P *  2 0 2 . 5 0 ;  ANTHN 2 7 . 8 8 ;  COR
1 7 4 . 0 0 .

PAH* = PAH d e f i n e d  by  EEC D i r e c t i v e  ( 1 9 8 0 )  f o r  a n a l y s i s  t o  g i v e  i d e a  
o f  t o t a l  PAH c o n c e n t r a t i o n .
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c o n c e n t r a t i o n s  w h i c h  w o u l d  c a u s e  t h e  s o i l  t o  b e  c l a s s e d  a s  
c o n t a m i n a t e d "  by  t h e  GLC d e f i n i t i o n s ,  i . e .  n i c k e l ,  c o p p e r ,  z i n c  a n d  
l e a d .  T h e s e  m e t a l s  w e r e  a s s o c i a t e d  w i t h  c o a l  t a r  s t o r a g e  (Rump e t  
a l . ,  1 9 8 8 ) .

<c> B a t c h  T e s t

The  t o t a l  r e l e a s e  o f  t h e  PAH f r o m  t h e  s o i l  i n t o  t h e  l e a c h a t e  i s  
shown i n  F i g u r e  7 . 5 .  The  F i g u r e  g i v e s  t h e  t o t a l  w e i g h t  o f  t h e  PAH 
a n a l y s e d  a n d  s h o w s  t h e  d r a m a t i c  e f f e c t  o f  t h e  e x c h a n g e d  c l a y  on t h e  
PAH c o n c e n t r a t i o n ,  90% o f  t h e  PAH b e i n g  r e t a i n e d  w i t h  10% c l a y  ( 1 . 0  
g / 1 0  g  s o i l ) .  The  EEC d i r e c t i v e  on  PAH (1 9 8 0 )  d e f i n e s  s i x  PAH a s  
" m a r k e r "  c o m p o u n d s ,  a n d  t h e  c o n c e n t r a t i o n  o f  e a c h  o f  t h e s e  i n  t h e  
l e a c h a t e  a r e  sho wn i n  F i g u r e  7 . 5 ( 1 1 )  f r o m  t h e  s o i l  a l o n e  a n d  w i t h  t h e  
e x c h a n g e d  c l a y .  The  a d d i t i o n  o f  l a r g e r  q u a n t i t i e s  o f  e x c h a n g e d  c l a y  
i . e .  up  t o  50% by w e i g h t ,  o n l y  s l i g h t l y  i n c r e a s e d  t h e  p e r c e n t a g e  o f  
PAH a d s o r b e d  f r o m  90% t o  94%

( d )  Column T e s t s

The  t o t a l  r e l e a s e  o f  PAH f r o m  t h e  s o i l  c o l u m n s  a r e  shown i n  
F i g u r e  7 . 6 ( 1 ) .  The  F i g u r e  s h o w s  t h e  sum o f  t h e  PAH c o n c e n t r a t i o n s  
r e l e a s e d  i n t o  t h e  l e a c h a t e  o v e r  t h e  f i v e  e x t r a c t i o n s  a n d  a l s o  g i v e s  
t h e  PAH r e l e a s e d  by  t h e  e x c h a n g e d  c l a y / s t a b i l i s e d  s o i l  a s  a 
p e r c e n t a g e  o f  t h e  am ou n t  r e l e a s e d  by  t h e  u n s t a b i l i s e d  c o n t r o l .  I n  
g e n e r a l ,  a s  t h e  c l a y  t o  s o i l  r a t i o  i n c r e a s e d ,  t h e  r e l e a s e  o f  PAH 
d e c r e a s e d  up  t o  a  1 : 1 0  r a t i o ,  a b o v e  w h i c h  t h e  a d d i t i o n a l  c l a y  s e e m s  
t o  h a v e  o n l y  a  v e r y  l i m i t e d  e f f e c t .  A l l  18 PAH w e r e  f o u n d  i n  t h e  
l e a c h a t e  f r o m  t h e  f i r s t  e x t r a c t i o n s  o f  t h e  c o n t r o l  s a m p l e s  and  t h e  
f i r s t  16 f o u n d  f o r  a l l  o f  t h e  s t a b i l i s e d  s a m p l e s .  As t h e  e x t r a c t i o n s  
p r o g r e s s e d  t h e  h i g h e r  PAH (14  -  18)  w e r e  r a r e l y  f o u n d  i n  t h e  l e a c h a t e  
i n  c o n c e n t r a t i o n s  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h e  b a c k g r o u n d  l e v e l s .  
T h i s  s u g g e s t s  t h a t  t h e  h i g h e r  m o l e c u l a r  w e i g h t  PAH w e r e  
p r e f e r e n t i a l l y  a d s o r b e d  c o m p a r e d  t o  t h e  s m a l l e r  PAH.
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F i g u r e  7 . 5 :  R e l e a s e  o f  PAH f r o m  S o i l  D u r i n g  B a t c h  T e s t s  s h o w i n g  
( 1 )  T o t a l  R e l e a s e  a n d  ( I I )  " S t a n d a r d "  S i x  PAH
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F i g u r e  7 . 6 :  R e l e a s e  o f  PAH f r o m  S o i l  C o lu m n s  s h o w i n g  ( I )  T o t a l
C o n c e n t r a t i o n  o f  PAH R e l e a s e d  a n d  ( I I )  " S t a n d a r d "  S i x  PAH.
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The  r e l e a s e  o f  i n d i v i d u a l  PAH o v e r  t h e  f i v e  e x t r a c t i o n s  s eem ed  
i r r e g u l a r  a l t h o u g h  t h e  mean c o n c e n t r a t i o n s  g a v e  a  c o n s t a n t  o r d e r  i . e .  
t h e  c o n t r o l  r e l e a s e s  t h e  m o s t  a n d  t h e  2 g P e r c h e m  4 6 2 / 1 0  g s o i l  t h e  
l e a s t .  F i g u r e  7 . 6 ( 1 1 )  s h o w s  t h e  c o n c e n t r a t i o n  o f  e a c h  o f  t h e  6 PAH, 
d e f i n e d  i n  t h e  EEC d i r e c t i v e  ( 1 9 8 0 ) ,  i n  t h e  l e a c h a t e .  A l t h o u g h  t h e  
i n d i v i d u a l  c o n c e n t r a t i o n s  v a r y  t h e r e  w e r e  d e f i n i t e  t r e n d s  i n  r e l e a s e  
v i s i b l e .  T h e s e  t r e n d s  r e f l e c t  t h o s e  f o u n d  f o r  a l l  18 PAH and  t h e  
o r d e r  o f  r e t e n t i o n  r e m a i n s  t h e  sam e.

7 . 4  SUMMARY

P h e n o l - d o s e d  s o i l s  w e r e  s t a b i l i s e d  u s i n g  t h e  q u a t e r n a r y  ammonium 
e x c h a n g e d  c l a y .  B a t c h  t e s t s  showe d t h a t  t h e  r e l e a s e  o f  t h e  p h e n o l s  
was  r e d u c e d  t o  l e s s  t h a n  15% f o r  a l l  t h r e e  p h e n o l s .  Column t e s t s  
show t h a t  t h e  a d s o r p t i o n  o f  p h e n o l s  by  t h e  c l a y  wa s  v e r y  h i g h  0 9 5 %  
r e t a i n e d ) .  S t a b i 1 i s a t i o n / s o l i d i f i c a t i o n  o f  t h e  p h e n o l - d o s e d  s o i l s  
g a v e  s t r e n g t h s  h i g h e r  t h a n  t h o s e  w i t h  t h e  s o i l  a l o n e ,  s u g g e s t i n g  t h a t  
t h e  c l a y  h a d  a  b e n e f i c i a l  e f f e c t  on t h e  m a t r i x .  L e a c h  t e s t s  on t h e  
s o l i d i f i e d  s a m p l e s  sho w ed  a r e d u c t i o n  i n  t h e  r e l e a s e  o f  t h e  p h e n o l s  
u n d e r  b o t h  d y n a m ic  a n d  e q u i l i b r i u m  l e a c h i n g  c o n d i t i o n s .

The  s o i l  f r o m  t h e  g a s  w o r k s  s i t e  showed c o n s i d e r a b l e  c o a l  t a r  
and  PAH c o n t a m i n a t i o n .  S t a b i l i s a t i o n  o f  t h e  s o i l  w i t h  t h e  e x c h a n g e d  
c l a y  was  s u c c e s s f u l ,  a n d  t h e  r e l e a s e  o f  PAH i n  b o t h  b a t c h  a n d  c o lum n  
l e a c h  t e s t s  was  v e r y  low.



8.0 DISCUSSION

I n o r g a n i c  i n d u s t r i a l  w a s t e s  w h i c h  a r e  c o n t a m i n a t e d  w i t h  o r g a n i c  
co m pounds  c a n  p o s e  d i f f i c u l t  a n d  e x p e n s i v e  t r e a t m e n t  a n d  d i s p o s a l  
p r o b l e m s .  T h i s  i s  p a r t i c u l a r l y  t r u e  i n  c o u n t r i e s  s u c h  a s  t h e  U n i t e d  
S t a t e s  w h e r e  l a n d  d i s p o s a l  o f  u n t r e a t e d  l i q u i d  w a s t e s  h a s  b e e n  b a n n e d  
( W i l e s ,  1 9 8 7 ) .  I n  s u c h  c i r c u m s t a n c e s ,  c h e a p  a n d  e n v i r o n m e n t a l l y  
s o u n d  p r o c e s s e s  f o r  s t a b i l i s i n g  a n d  s o l i d i f y i n g  s u c h  w a s t e s  c l e a r l y  
h a v e  a  m a j o r  r o l e  t o  p l a y  i n  w a s t e  m anag em en t  s t r a t e g i e s  o f  t h e  
f u t u r e .

T h i s  work  h a s  shown t h a t  a  c a r e f u l l y  s e l e c t e d ,  n a t u r a l  a d s o r b e n t  
c a n  b e  c h e m i c a l l y  m o d i f i e d  t o  a d s o r b  a  w i d e  r a n g e  o f  o r g a n i c  
co m p oun ds  f r o m  a q u e o u s  a n d  w a s t e  s o l u t i o n s .  P r o m i s i n g  
s t a b i 1 i s a t i o n / s o l i d i f i c a t i o n  m a t e r i a l s  c a n  be  p r o d u c e d  by t h e  u s e  o f  
t h e  a d s o r b e n t s ,  t o g e t h e r  w i t h  c e m e n t ,  t o  t r e a t  w a s t e s  w h i c h  wo u ld  
o t h e r w i s e  be  u n a c c e p t a b l e  f o r  t r e a t m e n t  by  c o n v e n t i o n a l  c e m e n t - b a s e d  
s t a b i 1 i s a t i o n / s o l i d i f  i c a t i o n  p r o c e s s e s .

The  s o l i d i f i e d  o r g a n i c  c om p oun ds  w e r e  shown ,  by r a i c r o s t r u c t u r a l  
a n a l y s i s ,  t o  b e  w e l l  bo u n d  i n  t h e  c e m e n t  m a t r i x .  M i c r o s t r u c t r u a 1 
t e c h n i q u e s  w e r e  a l s o  u s e d  t o  c h a r a c t e r i s e  t h e  c e m e n t  p h a s e s  a n d  sho w 
how t h e  a d d i t i v e s  s u c h  a s  p h e n o l s  a n d  t h e  c l a y  a f f e c t  t h e  h y d r a t i o n  
o f  c e m e n t .

The  m o d i f i e d  c l a y ,  w h i c h  h a d  b e e n  d e v e l o p e d  f o r  t h e  
s o l i d i f i c a t i o n  p r o c e s s ,  was  a l s o  u s e d  t o  t r e a t  c o n t a m i n a t e d  s o i l s ,  
w i t h  a  v i e w  t o  t h e  d e v e l o p m e n t  o f  an  i n - s i t u  s o i l  t r e a t m e n t  p r o c e s s .  
The c l a y / s o i l  m i x e s  c o n t a i n e d  t h e  h a z a r d o u s  c o n t a m i n a n t s  w e l l  a n d  t h e  
c l a y  r e d u c e d  t h e  p e r m e a b i l i t y  o f  t h e  s o i l ,  s l o w i n g  t h e  f l o w  o f  w a t e r .  
The  u s e  o f  t h e  c l a y  i n  t h e  t r e a t m e n t  o f  c o n t a m i n a t e d  s o i l  h a s  g r e a t  
p o t e n t i a l ,  p a r t i c u l a r l y  f o r  l a r g e  s i t e s  w i t h  m i n o r  c o n t a m i n a t i o n  
p r o b l e m s .
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8 . 1  ADSORPTION OF ORGANIC COMPOUNDS BY EXCHANGED CLAYS

Work by  M a c B r i d e  e t  a ] . <1977)  and M o r t l a n d  e t  a l . ( 198 6)  h a s  
shown t h a t  c l a y - o r g a n i c  c o m p l e x e s  h a v e  w i d e l y  v a r y i n g  a d s o r p t i o n  
p r o p e r t i e s  f o r  o r g a n i c  c o m p o u n d s .  M o r t l a n d  e t  a l .  s u g g e s t e d  t h a t  
o r g a n o p h i l i c  c l a y s  w o u l d  make I d e a l  a d s o r b e n t s  f o r  u s e  i n ,  f o r  
e x a m p l e ,  c h r o m a t o g r a p h i c  s e p a r a t i o n  f r o m  s o l v e n t s  o r  f r o m  t h e  g a s  
p h a s e .  T h i s  s t u d y  h a s  I n v e s t i g a t e d  t h e  p r o p e r t i e s  o f  o r g a n o p h i l i c  
c l a y s  a s  p o t e n t i a l  a d s o r b e n t s  f o r  t h e  s e p a r a t i o n  o f  o r g a n i c  co m p oun ds  
f r o m  w a s t e  s t r e a m s  a n d  a s  a n  i n t e r f a c e  b e t w e e n  t h e  o r g a n i c  c o m p o n e n t s  
o f  t h e  w a s t e  a n d  t h e  c e m e n t  i n  t h e  S / S  p r o c e s s .

S o d iu m  m o n t m o r 1 1 l o n i t e ,  when e x c h a n g e d  w i t h  q u a t e r n a r y  ammonium 
co m p o u n d s ,  h a s  shown t h e  a b i l i t y  t o  a d s o r b  a  w i d e  r a n g e  o f  o r g a n i c  
co m p oun ds  f r o m  a q u e o u s  s o l u t i o n  a n d  m o r e  i m p o r t a n t l y ,  t h e  o r g a n i c  
c o m p o n e n t s  o f  i n d u s t r i a l  w a s t e  s t r e a m s .

Q u a t e r n a r y  ammonium co m p o u n d s  c a n  d i s p l a c e  m e t a l  i o n s  f r o m  t h e  
i n t e r l a m e l l a r  s p a c e  o f  t h e  c l a y ,  r e s u l t i n g  i n  t h e  e x p a n s i o n  o f  t h e  
s i l i c a t e  l a y e r s  (T h eng ,  1974 )  a n d  t h e r e b y  p r o v i d i n g  s i t e s  f o r  t h e  
a d s o r p t i o n  o f  o r g a n i c  c o m p o u n d s .  The  a d s o r p t i o n  o f  o r g a n i c  c om p oun ds  
by  t h e s e  e x c h a n g e d  c l a y s  h a s  b e e n  f o u n d  t o  b e  c o n t r o l l e d  by t h r e e  
m a j o r  f a c t o r s :

( 1 )  The  p r o p e r t i e s  o f  t h e  q u a t e r n a r y  ammonium c a t i o n ,  i n  p a r t i c u l a r  
i t s  s i z e .

( i i )  T he  i n t e r a c t i o n  o f  t h e  e x c h a n g e d  c l a y  w i t h  o r g a n i c  m o l e c u l e s  
( t h e  a d s o r b e n t - a d s o r b a t e  i n t e r a c t i o n ) .

( i i i )  The  i n t e r a c t i o n  o f  t h e  o r g a n i c  m o l e c u l e s  w i t h  t h e  s o l v e n t  u s e d  
( t h e  a d s o r b a t e - s o l v e n t  i n t e r a c t i o n ) .

The  s i z e  o f  t h e  q u a t e r n a r y  ammonium c a t i o n  i s  i m p o r t a n t ,  n o t  
o n l y  f o r  p r o d u c i n g  a  h y d r o p h o b i c  i n t e r l a m e l l a r  e n v i r o n m e n t ,  b u t  a l s o  
f o r  e x p a n d i n g  t h e  l a m e l l a e  o f  t h e  c l a y  t o  p e r m i t  t h e  p e n e t r a t i  on ( an d  
h e n c e  a d s o r p t i o n )  o f  o r g a n i c  c om p oun ds .  T h u s ,  i n  g e n e r a l ,  t h e
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a d s o r p t i o n  o f  o r g a n i c  m o l e c u l e s  was  i n c r e a s e d  by  u s i n g  e x c h a n g e d  c l a y  
w i t h  l o n g e r - c h a i n e d  q u a t e r n a r y  ammonium c o m p oun ds .  T h e s e  r e s u l t s  a r e  
c o n s i s t e n t  w i t h  t h e  work  by Cowans  and W h i t e  ( 1 9 6 2 )  who f o u n d  t h a t  
f o r  a r a n g e  o f  a l k y l a m m o n i u m  c l a y s ,  do d e c y l a m m o n i u m  b e n t o n i t e  b e s t  
a d s o r b e d  p h e n o l  f r o m  a q u e o u s  s o l u t i o n .  The  p r e s e n c e  o f  a  b e n z y l  
g r o u p  i n  t h e  q u a t e r n a r y  ammonium c a t i o n  i n c r e a s e d  t h e  h y d r o p h o b i c i t y  
o f  t h e  q u a t e r n a r y  ammonium c om p oun ds  and  t h i s  c a u s e d  a s l i g h t  
i m p r o v e m e n t  i n  t h e  a d s o r p t i o n  o f  o r g a n i c  com p oun ds .

The  work  e x a m i n e d  t h e  a d s o r p t i o n  o f  t h r e e  p h e n o l s  by a r a n g e  
o f  f o u r t e e n  Q A S - e x c h a n g e d  c l a y s  u n d e r  v a r y i n g  c o n d i t i o n s .  The  
p h e n o l s  c h o s e n  w e r e  p h e n o l ,  3 - c h l o r o p h e n o l  a n d  2 , 3 - d i c h l o r o p h e n o l , 
w h i c h  i n c r e a s e  i n  a c i d i t y  a n d  h y d r o p h o b i c i t y  a s  t h e  m o l e c u l a r  w e i g h t  
i n c r e a s e s .  P h e n o l s  a r e  common o r g a n i c  p o l l u t a n t s  i n  w a s t e w a t e r s  
f ro m ,  f o r  e x a m p l e ,  s t e e l w o r k s ,  t h e  p h a r m a c e u t i c a l  i n d u s t r y  a n d  t h e  
e l e c t r o p l a t i n g  i n d u s t r y  ( P a t t e r s o n  & K a d u d a l a ,  1 9 8 1 ) .

The  Q A S 's  c h o s e n  t o  be  e x c h a n g e d  w i t h  t h e  Wyoming b e n t o n i t e  
v a r i e d  i n  a l i p h a t i c  c h a i n  l e n g t h  f r o m  C, t o  C1Q. T e t r a m e t h y l a m m o n i u m  
m o n t m o r i 1 I o n i t e  ( C , )  a d s o r b e d  t h e  l e a s t  o f  a l l  t h r e e  p h e n o l s ,  and  
u n l i k e  t h e  o t h e r  Q A S -e x c h a n g e d  c l a y s  a d s o r b e d  a  s i m i l a r  number  o f  
m o l e s  o f  e a c h  p h e n o l  ( F i g u r e s  3 . 1  t o  3 . 3 ) .

M o r t l a n d  e t  a l .  ( 1 9 8 6 )  f o u n d  t h a t  t h e  t e t r a m e t h y l a m m o n i u m  c a t i o n  
was  n o t  s u f f i c i e n t l y  l a r g e  t o  c o v e r  a l l  o f  t h e  s i l i c a t e  s u r f a c e .  
C o n s e q u e n t l y ,  s u c h  a  s u r f a c e  w i l l  p o s s e s s  b o t h  h y d r o p h o b i c  a n d  
h y d r o p h i l i c  p r o p e r t i e s ,  b e s t o w e d  up o n  i t  by  t h e  ammonium c a t i o n  and  
t h e  s i l i c a t e  s u r f a c e  r e s p e c t i v e l y .  S u c h  a  s u r f a c e  w o u l d  p r o v i d e  an  
a d d i t i o n a l  s o u r c e  o f  a t t r a c t i o n  f o r  s m a l l ,  p o l a r  m o l e c u l e s  l i k e  
p h e n o l  a n d  g i v e  r i s e  t o  i t s  l a r g e r  t h a n  e x p e c t e d  a d s o r p t i o n .

As t h e  a l i p h a t i c  c h a i n  l e n g t h  o f  t h e  QAS was  i n c r e a s e d  f r o m  C, 
t o  C1Q. t h e r e  was o n l y  a  s l i g h t  i n c r e a s e  i n  t h e  a d s o r p t i o n  o f  p h e n o l  
i t s e l f  ( F i g u r e  3 . 1 ) .  3 - C h l o r o p h e n o l  showe d a  g r e a t l y  i n c r e a s e d  
a d s o r p t i o n  a t  l o n g e r  c h a i n  l e n g t h s  a n d  was  a d s o r b e d  b e s t  by TDTMAM 
w h i c h  c o n t a i n e d  a C14 c a r b o n  c h a i n  ( F i g u r e  3 . 2 ) .  2 , 3 - D i c h l o r o p h e n o l  
was a d s o r b e d  w e l l  a n d  i n  s i m i l a r  a m o u n t s  by  TDTMAM a n d  HDTMAM (C1G.) ,
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w i t h  t h e  g r e a t e s t  a d s o r p t i o n  o c c u r r i n g  o n t o  ODTMAM (C1ei) ( F i g u r e  
3 . 3 ) .  The  d i f f e r e n t  a m o u n t s  o f  3 - c h l o r o p h e n o l  a n d  2 , 3 - d l c h l o r o p h e n o l  
a d s o r b e d  by t h e  l o n g e r  c h a i n  QAS c a n  b e  u n d e r s t o o d  by  c o r r e l a t i n g  t h e  
a l i p h a t i c  c h a i n  l e n g t h  o f  t h e  QAS w i t h  t h e  i n c r e a s e d  i n t e r l a m e l l a r  
s p a c i n g  c r e a t e d  by  t h e  QAS up o n  e x c h a n g e .  2 , 3 - D i c h l o r o p h e n o l , t h e  
l a r g e s t  m o l e c u l e  o f  t h e  t h r e e  p h e n o l s  t e s t e d ,  r e q u i r e d  t h e  g r e a t e s t  
i n t e r l a m e l l a r  s p a c e  f o r  maximum a d s o r p t i o n .  3 - C h l o r o p h e n o l  r e q u i r e d  
s l i g h t l y  l e s s .  W o l f e  ( 1 9 8 5 )  f o u n d  t h a t  lo w c o n c e n t r a t i o n s  o f  p h e n o l  
f o r m e d  m o n o - l a y e r  c o m p l e x e s  w i t h  t h e  p h e n o l  p a r a l l e l  t o  t h e  s i l i c a t e  
s u r f a c e  on  d o d ec y l a m m o n i u m  m o n t m o r i 1 l o n i t e .  At  h i g h e r  c o n c e n t r a t i o n s  
t h e  p h e n o l  was f o u n d  t o  c r o w d  t h e  i n t e r l a m e l l a r  s p a c e  c a u s i n g  t h e  
d o d e c y l a m m o n i u m  c a t i o n  t o  s t a n d  e r e c t ,  p e r p e n d i c u l a r  t o  t h e  c l a y  
s u r f a c e  c a u s i n g  an  i n t e r l a m e l l a r  e x p a n s i o n .  M o r t l a n d  & P i n n a v i a  
( 1 9 7 1 )  s u g g e s t e d  t h a t  t h e  p h e n o l s  w o u l d  be  t i l t e d  i n  t h e  c l a y s  s o  
g i v i n g  l a r g e r  b a s a l  s p a c i n g s  t h a n  e x p e c t e d .

The  p r e s e n c e  o f  a b e n z y l  g r o u p  i n  t h e  QAS s l i g h t l y  e n h a n c e d  t h e  
a d s o r p t i o n  by t h e  l o n g  c h a i n  QAS, by  i n c r e a s i n g  h y d r o p h o b i c ! t y .  At 
s h o r t e r  c h a i n  l e n g t h s  t h e  s i z e  o f  t h e  b e n z y l  g r o u p  ( a n d  i n  t h e  c a s e  
o f  TMPAM ( C , )  t h e  b e n z e n e  r i n g )  bec ame t h e  d o m i n a n t  f e a t u r e ,  
p a r t i c u l a r l y  i n  t h e  a d s o r p t i o n  o f  2 , 3 - d i c h l o r o p h e n o l  ( F i g u r e  3 . 3 ) .  
The  s i z e  o f  t h e  QAS a n d  t h e i r  a b i l i t y  t o  i n c r e a s e  t h e  i n t e r  la m e l  1 a r  
s p a c e  was  o f  g r e a t  i m p o r t a n c e  i n  m a x i m i s i n g  t h e  a d s o r p t i o n  o f  l a r g e r  
m o l e c u l e s .  F o r  e x a m p l e ,  DODDMA-Br, a QAS w i t h  two C1Q a l i p h a t i c  
c h a i n s ,  was  t h o u g h t  t o  b e  a b l e  t o  f o r m  p i l l a r s  b e t w e e n  t h e  s i l i c a t e  
l a y e r s ,  s o  h o l d i n g  th e m  a p a r t  ( W e i s s  A, 1963 )  a n d  i n c r e a s i n g  t h e  
i n t e r l a m e l l a r  s p a c e .  A d s o r p t i o n  by  DODDMAM o f  2 , 3 - d i c h l o r o p h e n o l  and  
p h e n o l  was  c o n s i d e r a b l y  r e d u c e d  c o m p a r e d  t o  t h e  s i n g l e  c h a i n  QAS 
a d s o r p t i o n .  I n  t h e  c a s e  o f  p h e n o l  t h i s  was d u e  t o  t h e  l a y e r s  b e i n g  
t o o  f a r  a p a r t ,  t h e r e b y  a l l o w i n g  t h e  f r e e  movement o f  t h e  p h e n o l  i n  
a n d  o u t  o f  t h e  i n t e r l a m e l l a r  s p a c e .  F o r  2 , 3 - d i c h l o r o p h e n o l , t h e  QAS 
may c r o w d  t h e  i n t e r l a m e l l a r  s p a c e  s o  p r e v e n t i n g  t h e  d i c h l o r o p h e n o l  
f r o m  b e i n g  a d s o r b e d .  T h i s  e f f e c t  was  m a g n i f i e d  by  t h e  u s e  o f  TODAM 
w h i c h  h a d  f o u r  C i e  a l i p h a t i c  c h a i n s  w h i c h  f i l l e d  t h e  i n t e r l a m e l l a r  
s p a c e  a n d  p r e v e n t e d  a n y  o f  t h e  p h e n o l s  f r o m  b e i n g  a d s o r b e d  t o  a n y  
a p p r e c i a b l e  d e g r e e .
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A d s o r p t i o n  o f  a  r a n g e  o f  common o r g a n i c  p o l l u t a n t s ,  c h l o r o f o r m ,  
a c e t o n e ,  b e n z e n e ,  t o l u e n e ,  n a p h t h a l e n e ,  a n i l i n e  a n d  p h t h a l i c  a c i d  by  
t h e  e x c h a n g e d  c l a y  sho w ed  a  w i d e  r a n g e  o f  v a r i a t i o n  i n  t h e  a m o u n t s  
a d s o r b e d  ( F i g u r e  3 . 1 5 ) . ,  A c e t o n e ,  a d j u s t e d  f o r  l o s s e s  by  e v a p o r a t i o n ,  
was  w e l l  a d s o r b e d .  C a t i o n - d i p o l e  i n t e r a c t i o n s  o f  an  e l e c t r o s t a t i c  
n a t u r e  w e r e  s u g g e s t e d  by  B i s s a d a  e t  a l .  ( 1 9 6 7 )  a s  p l a y i n g  an  
i m p o r t a n t  r o l e  i n  t h e  a d s o r p t i o n  o f  p o l a r  o r g a n i c  m o l e c u l e s .  B i s s a d a  
e t  a l .  f o u n d  t h a t  a c e t o n e  f o r m e d  a  d o u b l e - l a y e r  c o m p l e x  w i t h  
m o n t m o r i 1 I o n i t e .  W o l f e  e t  a l .  ( 1 9 8 6 )  f o u n d  t h a t  g r e a t e r  t h a n  50% 
a c e t o n e  a d s o r p t i o n  c a u s e d  s i g n i f i c a n t  c r o w d i n g  i n  t h e  i n t e r l a m e l 1a r  
s p a c e  w h i c h  f o r c e d  t h e  QAS c a t i o n s  p e r p e n d i c u l a r  t o  t h e  c l a y  s u r f a c e  
an d  s o  i n c r e a s e d  t h e  i n t e r l a m e l l a r  s p a c i n g .

B e n z e n e ,  t o l u e n e  a n d  n a p h t h a l e n e  w e r e  a d s o r b e d  f r o m  a q u e o u s  
s o l u t i o n  b u t  t o  a  l e s s e r  e x t e n t  t h a n  p h e n o l .  W o l f e  e t  a l .  ( 1 9 8 6 )  
f o u n d  t h a t  b e n z e n e  a n d  t o l u e n e  a d s o r b e d  by  d o d e c y l a m m o n i u m  
m o n t m o r i 1 I o n i t e  f r o m  w a t e r  f o r m e d  a  s i n g l e  l a y e r  i n  t h e  c l a y .  The  
i n t e r l a m e l l a r  s p a c i n g  s u g g e s t e d  t h a t  c r o w d i n g  by  t h e  a r o m a t i c  
m o l e c u l e s  c a u s e d  t h e  c a t i o n s  t o  t i l t  a t  an  a n g l e  t o  t h e  s i l i c a t e  
s u f a c e .  C a d e n a  ( 1 9 8 9 )  f o u n d  t h a t  b e n z e n e  was  a d s o r b e d  t o  a much 
g r e a t e r  e x t e n t  t h a n  t o l u e n e  o n t o  T M A - b e n t o n i t e .  He c o n c l u d e d  t h a t  
t h e  i n t e r l a m e l l a r  s p a c e  c r e a t e d  by  TMA-*- p r o v i d e d  p r e f e r r e d  a c c e s s  t o  
b e n z e n e  o v e r  t o l u e n e .

The  p r e s e n c e  o f  an  h y d r o x y  g r o u p  on t h e  o r g a n i c  a d s o r b a t e s  
s e e m e d  t o  e n h a n c e  a d s o r p t i o n  f r o m  w a t e r .  F o r  e x a m p l e ,  p h e n o l  wa s  
a d s o r b e d  m o r e  s t r o n g l y  t h a n  b e n z e n e .  I t  was t h o u g h t  t h a t  t h e  h y d r o x y  
g r o u p  m i g h t  e n h a n c e  a d s o r p t i o n  o f  o r g a n i c s  by  f o r m i n g  h y d r o g e n  b o n d s  
w i t h  t h e  a l i p h a t i c  c h a i n  o f  t h e  QAS a n d  a l s o  by i n t e r a c t i o n  w i t h  t h e  
s i l i c a t e  s u r f a c e .  Do ne r  a n d  M o r t l a n d  ( 1 9 6 9 )  d e m o n s t r a t e d  t h e  
e x i s t e n c e  o f  h y d r o g e n  b o n d i n g  b e t w e e n  t h e  a d s o r b e d  o r g a n i c  a n d  QAS 
by o b s e r v i n g  t h e  s h i f t s  o f  t h e  c a r b o n - o x y g e n  a n d  n i t r o g e n - h y d r o g e n  
s t r e t c h i n g  f r e q u e n c i e s  i n  t h e  i n f r a r e d  s p e c t r u m  o f  t h e  a m i d e  a n d  
a l k y l a m m o n i u m  i o n s .  F o u r  QAS e x c h a n g e d  c l a y s  w e r e  p r e p a r e d  u s i n g  QAS 
w h i c h  c o n t a i n e d  h y d r o x y  a n d  e t h o x y  g r o u p s  a t t a c h e d  t o  t h e  a l i p h a t i c  
c h a i n s  o f  t h e  QAS i n  t h e  h o p e  t h a t  t h e s e  c o m p o u n d s  w o u ld  p r o v i d e  
a d d i t i o n a l  s i t e s  f o r  h y d r o g e n  b o n d i n g ,  p a r t i c u l a r l y  f o r  m o l e c u l e s
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w h i c h  c o n t a i n  n o  e l e c t r o n e g a t i v e  g r o u p  c a p a b l e  o f  h y d r o g e n  b o n d i n g  t o  
t h e  a l i p h a t i c  c h a i n s  o f  t h e  QAS. A d s o r p t i o n  o f  t h e  p h e n o l s ,  
c h l o r o b e n z e n e *  a n d  c h l o r o n a p h t h e l e n e  by t h e s e  m o d i f i e d  Q A S -e x c h a n g e d  
c l a y s  was ,  h o w e v e r  f o u n d  t o  b e  n o  g r e a t e r  t h a n  w i t h  t h e  n o n ­
h y d r o x y  l a t e d  Q A S -e x c h a n g e d  c l a y s .  T h i s  s u g g e s t s  t h a t  e i t h e r  h y d r o g e n  
b o n d i n g  d i d  n o t  o c c u r  o r  wa s  u n a b l e  t o  e n h a n c e  a d s o r p t i o n  o f  t h e  
o r g a n i c  co m p o u n d s .

E x c h a n g e d  c l a y - a d s o r b a t e  a n d  a d s o r b a t e - s o l v e n t  i n t e r a c t i o n s  w e r e  
f o u n d  t o  b e  two e x t r e m e l y  i m p o r t a n t  i n t e r r e l a t e d  f a c t o r s  c o n t r o l l i n g  
t h e  a d s o r p t i o n  o f  a  p a r t i c u l a r  o r g a n i c  m o l u c u l e .  I f  t h e  i n t e r a c t i o n  
o f  a  p a r t i c u l a r  m o l e c u l e  w i t h  t h e  s o l v e n t  wa s  weak ( e g  2 , 3 -  
d i c h l o r o p h e n o l  o r  b e n z e n e  w i t h  w a t e r ,  o r  p h e n o l  w i t h  h e x a n e )  t h e n  
t h e r e  was  a  l a r g e  p a r t i t i o n  i n  f a v o u r  o f  t h e  e x c h a n g e d  c l a y  s u r f a c e ,  
w i t h  t h e  am ou nt  a d s o r b e d  b e i n g  l a r g e l y  d e t e r m i n e d  by  t h e  
h y d r o p h o b i c i t y  o f  t h e  c l a y  s u r f a c e .  On t h e  o t h e r  h a n d ,  w h e r e  
a d s o r b a t e - s o l v e n t  i n t e r a c t i o n s  w e r e  s t r o n g  ( e . g .  p h e n o l  i n  w a t e r ,  o r
2 , 3 - d i c h l o r o p h e n o l  o r  b e n z e n e  i n  h e x a n e )  t h e n  a d s o r b a t e - s o l v e n t  
i n t e r a c t i o n s  p r e d o m i n a t e d  a n d  a d s o r p t i o n  was  f o u n d  t o  be  p o o r .  T h u s  
e x c h a n g e d  c l a y s  w o u l d  b e  m o s t  I d e a l l y  s u i t e d  t o  a  s i t u a t i o n  i n  w h i c h  
o r g a n i c  c o m p o u n d s  w e r e  p r e s e n t  i n  a  s o l v e n t  i n  w h i c h  t h e y  w e r e  o n l y  
s p a r i n g l y  s o l u b l e .

W o l f e  e t  a l .  ( 1 9 8 6 )  e x a m i n e d  t h e  a d s o r p t i o n  o f  e l e v e n  common 
o r g a n i c  p o l l u t a n t s  f r o m  a q u e o u s  s o l u t i o n  by a lk y l a m m o n iu m  
m o n t m o r i 1 I o n i t e s .  He f o u n d  t h a t  t h e  c l a y s  e x h i b i t e d  r e m o v a l  
e f f i c i e n c i e s  f r o m  10 t o  50% o f  t h e  e f f i c i e n c y  e x p e c t e d  f o r  t h e  
a d s o r p t i o n  on a c t i v a t e d  c a r b o n .  T h i s  work h a s  shown t h a t  t h e  
a d s o r p t i o n  o f  t h e  a q u e o u s  p h e n o l s  by a c t i v a t e d  c a r b o n ,  s p e c i f i c a l l y  
d e v e l o p e d  f o r  w a s t e w a t e r  t r e a t m e n t ,  was o f  a  s i m i l a r  o r d e r  o f  
m a g n i t u d e  t o  t h e  a d s o r p t i o n  by  BODDMAM a t  t h e  c o n c e n t r a t i o n s  t e s t e d .  
At  h i g h e r  p h e n o l  c o n c e n t r a t i o n s  a c t i v a t e d  c a r b o n  p e r f o r m e d  b e t t e r  
t h a n  t h e  c l a y .  The  a d s o r p t i o n  c a p a c i t y  o f  a c t i v a t e d  c a r b o n  i s  
d e p e n d e n t  up on  t h e  s p e c i f i c  m i c r o p o r o s i t y  and  s u r f a c e  a c t i v i t y  o f  
e a c h  a c t i v a t e d  c a r b o n  ( B a n s a l  e t  a l . ,  1 9 8 8 ) .
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S p e c t r o s c o p i c  s t u d i e s  o f  t h e  Q A S -e x c h a n g e d  c l a y s  sho wed  t h e  
p r e s e n c e  o f  t h e  QAS on  t h e  c l a y ,  b u t  t h e  i n t e r a c t i o n s  o f  t h e  t e r m i n a l  
m e t h y l  g r o u p s  w i t h  t h e  c l a y  s u r f a c e ,  r e p o r t e d  by G o n z a l e s - C a r r e f i o  e t  
a l .  ( 1 9 7 7 ) ,  c o u l d  n o t  b e  o b s e r v e d  ( F i g u r e  3 . 1 0 ) .

A d s o r p t i o n  o f  t h e  p h e n o l s  o c c u r r e d  r a p i d l y ,  a n d  t h e  e q u i l i b r i u m  
o f  p h e n o l  b e t w e e n  t h e  c l a y  a n d  s o l u t i o n  was  r e a c h e d  i n  u n d e r  30 
m i n u t e s .  The  v e r y  s l o w  p a r t i a l  d e s o r p t i o n  o f  t h e  p h e n o l s  a f t e r  56 
h o u r s  wa s  p r o b a b l y  d u e  t o  t h e  r e l e a s e  o f  a n y  p h e n o l  a d h e r i n g  t o  t h e  
o u t e r  s u r f a c e  o f  t h e  c l a y ,  o r  t o  t h e  l o s s  o f  t h e  l o o s e l y  boun d QAS 
a d s o r b e d  i n  e x c e s s  o f  t h e  c a t i o n  e x c h a n g e  c a p a c i t y  o f  t h e  c l a y  
( F i g u r e  3 . 5 ) .  A d s o r p t i o n  o f  QAS by c l a y s  i n  e x c e s s  o f  t h e i r  e x c h a n g e  
c a p a c i t i e s  h a s  b e e n  shown by s e v e r a l  w o r k e r s  (Cowans a n d  W h i t e ,  1958; 
W e i s s ,  1963;  T h e n g  e t  a l . ,  1967;  J o h n s  a n d  Sen G u p t a ,  1 9 6 7 ) .  F o r  t h e  
l a r g e r  c a t i o n s ,  F u r u k a w a  a n d  B r i n d l e y  ( 1 9 7 3 )  f o u n d  t h a t  t h e  e x c e s s  
QAS was  r e s i s t a n t  t o  r e m o v a l  by  w a s h i n g  w i t h  w a t e r  o r  o r g a n i c  
s o l v e n t s .

As t h e  t h r e e  o r g a n i c s  c h o s e n  w e r e  a c i d i c ,  t h e  pH o f  a d s o r p t i o n  
was  e x p e c t e d  t o  h a v e  a  s i g n i f i c a n t  e f f e c t  upon t h e  a m o u n t  o f  p h e n o l  
a d s o r b e d  ( F i g u r e  3 . 7 ) .  2 , 3 - D i c h l o r o p h e n o l  and  3 - c h l o r o p h e n o l  w e r e  
a d s o r b e d  i n  h i g h  c o n c e n t r a t i o n s  a t  p H ' s  a b o v e  4 a n d  b e l o w  9 .  Above 
pH 4 t h e  p h e n o l s  w o u ld  be  p a r t i a l l y  i o n i z e d ,  i n d i c a t i n g  t h a t  t h e  
p h e n o x i d e  i o n  was  w e l l  a d s o r b e d  o n t o  t h e  c l a y .  Above pH 9 t h e  b a s e  
s t a r t e d  t o  a t t a c k  t h e  QAS on t h e  c l a y ,  c a u s i n g  i t  t o  be  d i s p l a c e d  
f r o m  t h e  c l a y  s u r f a c e  a n d  s o  r e d u c i n g  t h e  u p t a k e  o f  t h e  p h e n o l s .  
P h e n o l  b e h a v e d  i n  a  v e r y  d i f f e r e n t  way f r o m  3 - c h l o r o p h e n o l  a n d  2 , 3 -  
d i c h l o r o p h e n o l , r e a c h i n g  i t s  maximum a d s o r p t i o n  a t  pH 10. T h i s  
e f f e c t  was  d u e  t o  t h e  c o m p l e t e  i o n i z a t i o n  o f  p h e n o l  o n l y  a t  h i g h  pH 
v a l u e s  (pk«  = 1 . 2 8  x  10 ~ 1 0 ) .  T h i s  i n c r e a s e s  a d s o r p t i o n  was  d u e  t o  
t h e  mor e  r e a c t i v e  p h e n o l a t e  i o n s  ( J o n e s  1 9 8 8 ) ,  t h e  o p p o s i n g  e f f e c t  
b e i n g  t h e  a t t a c k  on  t h e  a d s o r b e d  QAS by t h e  b a s e  c a u s i n g  d e s o r p t i o n .

Z i n c ,  cadmium a n d  m e r c u r y  w e r e  a d s o r b e d  t o  a  l i m i t e d  e x t e n t  by 
BODDMAM a n d  t h e  r e s u l t s  i n d i c a t e d  t h a t  a t  h i g h  c o n c e n t r a t i o n s  t h e s e  
m e t a l s  m i g h t  d i s p l a c e  t h e  q u a t e r n a r y  ammonium com pound,  s o  r e d u c i n g  
t h e  a d s o r p t i o n  o f  3 - c h l o r o p h e n o l  ( F i g u r e  3 . 9 ) .  N e t z e r  & Ghanayem
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( 1 9 8 4 )  s u g g e s t e d  t h a t  t h e  m e t a l s  w e r e  f i r s t  p r e c i p i t a t e d  by  t h e  
I n c r e a s e  I n  pH a s  t h e  c l a y  wa s  I n t r o d u c e d  I n t o  t h e  s o l u t i o n .  The  
s e c o n d  p r o c e s s  was t h e  a d s o r p t i o n  o f  m e t a l s  on  t h e  m o n t m o r i 1 I o n i t e .  
I n s k e e p  & Bahan ( 1 9 8 3 )  sh o w e d  t h a t  t h e  i n c r e a s e d  pH I n c r e a s e d  t h e  
n e g a t i v e  s u r f a c e  c h a r g e  o f  t h e  c l a y ,  a n d  f o r  u n e x c h a n g e d  b e n t o n i t e s  
l e s s  c o m p e t i t i o n  b e t w e e n  t h e  h y d r o x o n i u m  i o n s  a t  h i g h  pH a n d  t h e  
m e t a l  i o n s ,  i n c r e a s e d  m e t a l  s o r p t i o n  ( G a r c i a - M i r a g a j a  & P a g e ,  1 9 7 8 ) .  
T h i s  e f f e c t ,  a l t h o u g h  i m p o r t a n t ,  was f o u n d  t o  h a v e  l i t t l e  e f f e c t  on 
t h e  a d s o r p t i o n  o f  o r g a n i c s  f r o m  t h e  r e a l  m ix ed  w a s t e  s t r e a m s  w h i c h  
c o n t a i n e d  h i g h  m e t a l  c o n c e n t r a t i o n s .

Wyoming b e n t o n i t e  e x c h a n g e d  w i t h  t h e  BODDMA c a t i o n  was  f o u n d  t o  
be  t h e  m o s t  e f f e c t i v e  o v e r a l l  a d s o r b e n t .  A s e r i e s  o f  c o m m e r c i a l  
e x c h a n g e d  c l a y s  o f  s i m i l a r  s t r u c t u r e s  t o  BODDMAM w e r e  s u r v e y e d  f o r  
t h e i r  a b i l i t y  t o  a d s o r b  t h e  p h e n o l s  a n d  P e r c h e m  462 was  f o u n d  t o  b e  
t h e  b e s t .  The  c o m m e r c i a l  e x c h a n g e d  c l a y ,  P e r c h e m  46 2 ,  was  u s e d  i n  
t h e  s o l i d i f i c a t i o n  work b e c a u s e  o f  t h e  l i m i t a t i o n s  o f  p r o d u c i n g  
BODDMAM on  a  l a r g e r  s c a l e  i n  t h e  l a b o r a t o r y ,  a n d  w i t h  a  l o n g  t e r r a  
v i e w  t o  p o t e n t i a l  f u t u r e  s c a l e  i n d u s t r i a l  a p p l i c a t i o n .

8.2 PHYSICAL AND LEACHING CHARACTERISTICS OF SOLIDIFIED MATERIALS

P r e l i m i n a r y  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  t o  d e t e r m i n e  t h e  am ou nt  
o f  c e m e n t  a n d  w a t e r  t h a t  n e e d e d  t o  b e  a d d e d  t o  t h e  e x c h a n g e d  c l a y  t o  
g i v e  a  s a m p l e  w i t h  g o o d  s t r u c t u r a l  i n t e g r i t y  a n d  h i g h  s e t t i n g  r a t e .  
The  r a t i o s  o f  c l a y  t o  OPC c h o s e n  w e r e  0 . 5 ,  w i t h  a  0 . 3 5  w a t e r / c e m e n t  
( w / c )  r a t i o .  C o m p a r a t i v e  s t u d i e s  o f  t h e  c e m e n t  a n d  c e m e n t / c l a y  m i x e s  
sho w ed  t h a t  t h e  e x c h a n g e d  c l a y  m i x e s  h a d  a l o w e r  c o m p r e s s i v e  s t r e n g t h  
t h a n  t h e  c e m e n t  p a s t e s  a l o n e .  The  e x c h a n g e d  c l a y  m ix e d  w e l l  w i t h  
c e m e n t ,  p r o d u c i n g  an  h o m o g e n e o u s  s o l i d .  U n e x c h a n g e d  c l a y s  d i d  n o t  
mix w e l l  w i t h  c e m e n t  a n d  g r e a t l y  a f f e c t e d  t h e  s t r e n g t h  o f  t h e  m a t r i x ,  
b e c a u s e  t h e  w a t e r  g e l l i n g  p r o p e r t i e s  o f  t h e  c l a y  c a u s e d  i t  t o  f o r m  
lumps  o f  c l a y  i n  t h e  c e m e n t  m ix .  The  d e t r i m e n t a l  e f f e c t  o f  c l a y s  on 
c e m e n t  i s  w e l l  d o c u m e n t e d ,  b u t  t h e  r e a s o n  f o r  s t r e n g t h  l o s s  i s  
unknown. M i c r o s t r u c t u r a l  s t u d i e s  o f  t h e  c e m e n t / c l a y  m i x e s  ( d i s c u s s e d
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i n  S e c t i o n  8 . 3  f o l l o w i n g )  sho w ed  how t h e  c l a y  a l t e r s  t h e  c e m e n t  
h y d r a t i o n  r e a c t i o n .

The  p h e n o l s  w e r e  a d s o r b e d  o n t o  t h e  e x c h a n g e d  c l a y s  f r o m  d i l u t e  
a q u e o u s  s o l u t i o n s .  The  l a t t e r  a c t e d  i n  a  d u a l  r o l e ,  a s  a  s o l v e n t  f o r  
t h e  p h e n o l s  a l l o w i n g  f r e e  a c c e s s  t o  t h e  c l a y  s u r f a c e  a n d  a l s o  a s  a 
s o l v e n t  t o  r e m o v e  t h e  e x c e s s  QAS f r o m  t h e  s u r f a c e  o f  t h e  e x c h a n g e d  
c l a y .  The p r e s e n c e  o f  p h e n o l ,  a d s o r b e d  o n t o  t h e  e x c h a n g e d  c l a y ,  h a d  
no  e f f e c t  up o n  t h e  s t r e n g t h  o f  t h e  c e m e n t / c l a y  m a t r i x .  T h e  s e t t i n g  
r a t e s  o f  t h e  p h e n o l - l o a d e d  e x c h a n g e d  c l a y / c e m e n t  s a m p l e s  w e r e  r a p i d
0 4 . 8  x 103 kN/m2 i n  24  h o u r s )  a n d  t h e  u n c o n f i n e d  c o m p r e s s i v e  
s t r e n g t h s  e x c e e d e d  4 . 0  x 103 kN/m2 a f t e r  28 d a y s  ( F i g u r e  4 . 4 ) ;  t h i s  
v a l u e  i s  t w e l v e  t i m e s  a  v a l u e  commonly u s e d  f o r  r e g u l a t o r y  p u r p o s e s  
f o r  s o l i d i f i c a t i o n  p r o d u c t s  ( W i l k i n s o n ,  1 9 8 8 ) .  The  s e t t i n g  r a t e  
a n d  s t r e n g t h s  g r e a t l y  e x c e e d e d  t h o s e  o f  t h e  WB/OPC s a m p l e s ,  w h i c h  d i d  
n o t  r e a c h  t h e  r e q u i r e d  s t r e n g t h  d u r i n g  t h e  28  d a y  c u r i n g  p e r i o d ,  
a l t h o u g h  t h e  s e t t i n g  r a t e  was  s l o w e r  t h a n  t h e  O P C / p h e n o l i c  c o n t r o l s .

The m a j o r  p r o b l e m  w i t h  t h e  u s e  o f  t h e  e x c h a n g e d  c l a y s  was  t h a t  t h e y  
h a d  e x c e s s  QAS a d h e r i n g  t o  t h e  o u t e r  s u r f a c e  o f  t h e  c l a y .  T h i s  
e x c e s s  QAS, d u e  t o  i t s  s u r f a c t a n t  p r o p e r t i e s ,  c a u s e d  f o a m i n g  o f  t h e  
OPC m ix  when w a t e r  f o r  t h e  h y d r a t i o n  o f  t h e  OPC was  a d d e d ,  
p a r t i c u l a r l y  a t  h i g h  W/C r a t i o s .  The  a d d i t i o n  o f  a n t i f o a m  t o  t h e  mix  
h a d  l i t t l e  e f f e c t  up on  t h e  foam .  The  m o s t  e f f e c t i v e  m e th o d  o f  
c o n t r o l l i n g  t h e  p r o b l e m  was f o u n d  t o  b e  w a s h i n g  t h e  e x c h a n g e d  c l a y  
p r i o r  t o  s o l i d i f i c a t i o n .  The  e f f e c t  o f  w a s h i n g  t h e  c l a y s  was  shown 
by t h e  i n c r e a s e d  s t r e n g t h  o f  t h e  m a t r i c e s  ( F i g u r e  4 . 3 )  a n d  t h e  
r e d u c t i o n  i n  w a t e r  a b s o r p t i o n  ( F i g u r e  4 . 6 ) .

Two s e p a r a t e  e q u i l i b r i u m  l e a c h  t e s t s  w e r e  c a r r i e d  o u t  on t h e  
s o l i d i f i e d  s a m p l e s ,  e a c h  u s e d  g r o u n d  s a m p l e s  a n d  s e v e n  d a y  
e x t r a c t i o n  t i m e s .  The  e q u i l i b r i u m  l e a c h  t e s t  d i d  n o t  a t t e m p t  t o  
d e t e r m i n e  t h e  p a t t e r n  o f  l e a c h i n g ,  a s  i t s  s o l e  a i m  was  t o  p r e d i c t  t h e  
c o n c e n t r a t i o n  o f  t h e  s o l i d i f i e d  o r g a n i c  t h a t  c o u l d  b e  r e l e a s e d  f r o m  
t h e  s a m p l e .  The  e q u i l i b r i u m  l e a c h  t e s t  was  c a r r i e d  o u t  a f t e r  t h e  
s a m p l e s  h a d  c u r e d  f o r  28 d a y s  a n d  t h e n  r e p e a t e d  on a  d u p l i c a t e  s e t  o f  
s a m p l e s  a f t e r  56 d a y s .  The  l o n g e r  c u r i n g  t i m e  g r e a t l y  r e d u c e d  t h e
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r e l e a s e  o f  t h e  p h e n o l s  f r o m  a l l  o f  t h e  s a m p l e s ,  s u g g e s t i n g  t h a t  t h e  
c o n t i n u e d  h a r d e n i n g  o f  t h e  OPC i m p r o v e s  t h e  s t a b i l i t y  o f  t h e  mix .

The  d y n a m i c  l e a c h  t e s t  w as  c a r r i e d  o u t  on w h o l e  s a m p l e s ,  s o  m o r e  
a c c u r a t e l y  r e p r e s e n t s  t h e  b e h a v i o u r  o f  t h e  s o l i d i f i e d  s a m p l e .  
L e a c h i n g ,  i n  t h e  s a m p l e ,  i s  d e p e n d e n t  up on  f a c t o r s  s u c h  a s  t h e  r a t e  
o f  w a t e r  p e n e t r a t i o n  i n t o  t h e  s a m p l e  a n d  upon t h e  d u r a b i l i t y  o f  t h e  
m a t r i x .  The  d y n a m i c  l e a c h  t e s t  was  c a r r i e d  o u t  on  28  d a y - o l d  s o l i d  
s a m p l e s ,  w h i c h  d u r i n g  t h e  c o u r s e  o f  t h e  t e s t  a g e  o v e r  a  f u r t h e r  28  
d a y s .  The  t e s t  r e s u l t s  r e f l e c t e d  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  
s a m p l e s  s u c h  a s  t h e  p e r m e a b i l i t y ,  a s  w e l l  a s  s h o w i n g  t h e  p a t t e r n  o f  
r e l e a s e .  The  l e a c h a t e  c h o s e n  f o r  b o t h  o f  t h e  l e a c h  t e s t s  was  
d i s t i l l e d  w a t e r ,  s i n c e  t h e  u s e  o f  commonly  u s e d  i n o r g a n i c  l e a c h a t e s  
s u c h  a s  b u f f e r e d  a c e t i c  a c i d  was  c o n s i d e r e d  i n a p p r o p r i a t e  when 
s t u d y i n g  t h e  l e a c h i n g  o f  o r g a n i c  m o l e c u l e s .

Long t e r m  d y n a m i c  l e a c h  t e s t s  w e r e  c a r r i e d  o u t  on  t h e  e x c h a n g e d  
c l a y  s o l i d i f i e d  w i t h  c e m e n t .  The  e x p e r i m e n t  sh o w e d  t h e  l o n g  t e r r a  
s t a b i l i t y  o f  t h e  QAS i n  t h e  c l a y  i n  t h e  h i g h l y  a l k a l i n e  e n v i r o n m e n t  
o f  t h e  c e m e n t .  T he  r e s u l t s  sho wed  t h a t  t h e  r e l e a s e  o f  QAS f e l l  
r a p i d l y  a f t e r  a  h i g h  i n i t i a l  l o s s ,  d u e  t o  e x c e s s  QAS s t i l l  r e t a i n e d  
on t h e  c l a y .  QAS a r e  b i o c i d e s  ( S p o o n e r ,  1984)  s o  a  s l i g h t  l o s s  f r o m  
t h e  s o l i d i f i e d  s a m p l e  w o u l d  a c t  t o  r e d u c e  t h e  p o t e n t i a l l y  h a r m f u l  
b i o d e g r e d a t i o n  o f  t h e  s o l i d i f i e d  m a t e r i a l .

The  p e r c e n t a g e  o f  p h e n o l s  r e l e a s e d  by t h e  e x c h a n g e d  c l a y  s a m p l e s  
i n  t h e  d y n a m ic  l e a c h  t e s t  wa s  s i m i l a r  t o  t h a t  r e l e a s e d  i n  t h e  
e q u i l i b r i u m  l e a c h  t e s t s ,  s u g g e s t i n g  t h a t  t h e  e x c h a n g e d  c l a y s  
s t a b i l i s e d  t h e  p h e n o l s  w e l l  ( F i g u r e s  4 . 1 0  t o  4 . 1 2 ) .  I f  t h e  p h e n o l s  
h a d  n o t  b e e n  s t a b i l i s e d  by t h e  p r e s e n c e  o f  t h e  e x c h a n g e d  c l a y ,  a  h i g h  
r e l e a s e  o f  t h e  p h e n o l  f r o m  b o t h  l e a c h  t e s t s ,  o r  f r o m  t h e  e q u i l i b r i u m  
l e a c h  t e s t  c o m p a r e d  t o  t h e  d y n a m ic  l e a c h  t e s t  w o u l d  b e  e x p e c t e d .  The  
r e l e a s e  o f  p h e n o l  f r o m  b o t h  l e a c h  t e s t s  was  o b s e r v e d  f r o m  t h e  
Wyoming b e n t o n i t e / O P C  s a m p l e s .  T h e s e  s a m p l e s  g a v e  v e r y  low s t r e n g t h  
s o l i d s  t h a t  r e l e a s e d  h i g h  p e r c e n t a g e s  o f  t h e  p h e n o l s  f r o m  b o t h  o f  t h e  
l e a c h  t e s t s .  The  e f f e c t  o f  t h e  p e r m e a b i l i t y  o f  t h e  m a t r i x  was 
d e m o n s t r a t e d  by  t h e  OPC c o n t r o l ,  s i n c e  d u r i n g  t h e  d y n a m i c  l e a c h  t e s t
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o n l y  low p e r c e n t a g e s  o f  p h e n o l s  w e r e  r e l e a s e d .  T h e  e q u i l i b r i u m  l e a c h  
t e s t s  h o w e v e r ,  g a v e  s i g n i f i c a n t l y  h i g h e r  r e l e a s e s .  The  e x c h a n g e d  
c l a y  s a m p l e s  r e l e a s e d  v e r y  low p e r c e n t a g e s  o f  t h e  p h e n o l s  d u r i n g  b o t h  
l e a c h  t e s t s ,  o n l y  s l i g h t l y  h i g h e r  r e l e a s e s  o c c u r r i n g  a t  t h e  h i g h  
p h e n o l  l o a d i n g s .  The  e x c e s s  p h e n o l s  r e l e a s e d  a t  t h e  h i g h e r  l o a d i n g  
h a d  n o t  b e e n  a d s o r b e d  i n t o  t h e  c l a y  and s o  w e r e  n o t  s o  w e l l  
s t a b i l i s e d .  The  p r e s e n c e  o f  t h e  e x c h a n g e d  c l a y  g r e a t l y  i n c r e a s e d  t h e  
s t a b i l i s a t i o n  o f  t h e  p h e n o l s  c o m p a r e d  t o  b o t h  t h e  OPC o n l y  and  t h e  
WB/OPC m i x e s .  Of t h e  two e x c h a n g e  c l a y s  t e s t e d ,  P e r c h e m  462 sh o w ed  
s l i g h t l y  e n h a n c e d  s t a b i l i s a t i o n  o f  a l l  t h r e e  p h e n o l s  c o m p a re d  t o  
P e rch e ra  97 ,  a  r e s u l t  p r e d i c t e d  f r o m  t h e  a d s o r p t i o n  s t u d i e s .

At t h e  e n d  o f  t h e  d y n a m i c  l e a c h  t e s t s ,  t h e  c o m p r e s s i v e  
s t r e n g t h s  o f  t h e  s a m p l e s  w e r e  d e t e r m i n e d  i n  o r d e r  t o  s t u d y  t h e  e f f e c t  
o f  t h e  p h e n o l s  a n d  t h e  l e a c h i n g  on  t h e i r  s t r e n g t h  ( T a b l e  4 . 9 ) .  The  
e x c h a n g e d  c l a y  s a m p l e s  w e r e  w e a k e r  t h a n  t h e  c e m e n t - o n l y  s a m p l e s  b u t  
h a d  a  much h i g h e r  s t r e n g t h  t h a n  t h e  u n e x c h a n g e d  Wyoming b e n t o n i t e  a n d  
t h e  u n w a s h e d  e x c h a n g e d  c l a y  s a m p l e s .  I n  g e n e r a l ,  t h e r e  was  l i t t l e  
d i f f e r e n c e  i n  s t r e n g t h  b e t w e e n  t h e  s a m p l e s  c o n t a i n i n g  e a c h  o f  t h e  
p h e n o l s  o r  b e t w e e n  t h e  two d i f f e r e n t  e x c h a n g e d  c l a y s .

S o l i d i f i c a t i o n  o f  a q u e o u s  3 - c h l o r o p h e n o l / z i n c  s o l u t i o n  w i t h  OPC 
a n d  t h e  e x c h a n g e d  c l a y  p r o d u c e d  g o o d  s t r e n g t h  s o l i d s  w h i c h  p e r f o r m e d  
w e l l  i n  l e a c h  t e s t s  ( F i g u r e s  4 . 1 4  t o  4 . 1 6 ) .  I n  t h e  l e a c h  t e s t s  t h e  
h i g h e s t  r e l e a s e  o f  3 - c h l o r o p h e n o l  was  f r o m  t h e  s a m p l e s  c o n t a i n i n g  
h i g h  c o n c e n t r a t i o n s  o f  z i n c .  T h i s  wa s  c o n s i s t e n t  w i t h  t h e  e f f e c t s  
f o u n d  i n  t h e  a d s o r p t i o n  e x p e r i m e n t s ,  w h i c h  s u g g e s t e d  t h a t  t h e  z i n c  
was  a b l e  t o  d i s p l a c e  t h e  c h l o r o p h e n o l  f r o m  t h e  c l a y  t o  a  s m a l l  
e x t e n t .  T he  p e r c e n t a g e  r e l e a s e  o f  z i n c ,  h i g h e s t  f r o m  t h e  low d o s e d  
s a m p l e ,  sho w ed  t h a t  c h l o r o p h e n o l  wa s  u n a b l e  t o  h a v e  t h e  sam e 
d i s p l a c i n g  e f f e c t  on  t h e  z i n c .  The  a d s o r p t i o n  o f  z i n c  se e m e d  t o  sho w 
a c o n c e n t r a t i o n  e f f e c t ,  m o s t  z i n c  b e i n g  a d s o r b e d  f r o m  t h e  h i g h e r  
c o n c e n t r a t i o n  s o l u t i o n s .

S o l i d i f i c a t i o n  o f  t h e  p u r e  o r g a n i c  l i q u i d s ,  c h l o r o b e n z e n e  a n d  
c h l o r o n a p h t h a l e n e ,  u s i n g  t h e  e x c h a n g e  c l a y  a n d  c e m e n t  was  v e r y  
s u c c e s s f u l  ( F i g u r e  4 . 1 7 ) .  The  o r g a n i c  l i q u i d s  c o u l d  n o t  b e
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s o l i d i f i e d  by  t h e  c e m e n t  p a s t e  a l o n e  b e c a u s e  o f  t h e i r  i m m i s c i b i 1 i t y  
w i t h  t h e  a q u e o u s  i n o r g a n i c  m a t r i x ,  b u t  w i t h  t h e  c l a y  t o  a c t  a s  a n  
i n t e r f a c e  s o l i d i f i c a t i o n  was  a c h i e v e d .  L e a c h i n g  f r o m  t h e  s o l i d i f i e d  
s a m p l e s  was  l e s s  t h e  57, o f  t h e  t o t a l  p r e s e n t ,  i n d i c a t i n g  s u c e s s f u l  
s t a b i l i s a t i o n  o f  t h e  o r g a n i c  c o m p o u n d s .

8 .3  MICROSTRUCTURAL ASPECTS OF THE S/S PROCESS

The p h y s i c a l  m a c r o s t r u c t u r a l  t e s t s  o f  t h e  s e t t i n g  r a t e ,  
p e r m e a b i l i t y  a n d  s t r e n g t h  o f  t h e  S / S  s a m p l e s  g a v e  an  i n d i c a t i o n  o f  
t h e  e f f e c t  o f  t h e  c l a y  a d d i t i v e s  on  t h e  c e m e n t  h y d r a t i o n  p r o c e s s .  
M i c r o s t r u c t u r a l  s t u d i e s  sh o w e d  how t h e  d i f f e r e n t  p h a s e s  o f  c e m e n t  
w e r e  I n f l u e n c e d  by  t h e  e x c h a n g e d  c l a y  a n d ,  i n d e e d ,  how t h e  e x c h a n g e d  
c l a y  was  i n f l u e n c e d  by  t h e  h i g h l y  a l k a l i n e  c e m e n t .

X - r a y  d i f f r a c t i o n  a n a l y s i s  was  u s e d  t o  d e t e r m i n e  t h e  c r y s t a l  
p h a s e s  p r e s e n t  i n  t h e  S / S  s a m p l e s ,  t o  c h a r a c t e r i s e  c e m e n t  h y d r a t i o n  
r e a c t i o n s  a n d  t o  m e a s u r e  t h e  i n t e r a c t i o n  o f  m o n t m o r i l I o n i t e  w i t h  t h e  
QAS a n d  o t h e r  o r g a n i c  c o m p o u n d s .  SEM was  u s e d ,  i n  c o n j u n c t i o n  w i t h  
XRD, t o  o b s e r v e  t h e  d i s t r i b u t i o n  o f  t h e  c r y s t a l  p h a s e s  t h r o u g h o u t  t h e  
s a m p l e  a n d  t o  show t h e  n o n - c r y s t a l l i n e  p r o d u c t s .  EDS was  u s e d  t o  
a n a l y s e  i n d i v i d u a l  c r y s t a l s  i n  t h e  SEM s a m p l e s .

A n a l y s i s  o f  Wyoming b e n t o n i t e  sho wed  t h a t  t h e  c l a y  was  c o m p o se d  
o f  f l a k y  p a r t i c l e s  o f  3 t o  10 pm d i a m e t e r .  J e n n i n g e n  & McAtee  ( 1 9 7 5 )  
s u g g e s t e d  t h a t  m o n t m o r i 1 I o n i t e  c l a y ,  when im m e rs e d  i n  a n  a q u e o u s  QAS 
s o l u t i o n ,  a g g r e g a t e d  w i t h  o v e r l a p p i n g  s h e e t s  i n  o r d e r  t o  r e d u c e  t h e  
s u r f a c e  a r e a  e x p o s e d  t o  t h e  s o l v e n t .  W o l f e  ( 1 9 8 5 )  n o t i c e d  s i m i l a r  
f l o c c u l a t i o n  o f  t h e  s u s p e n s i o n  w i t h  s o d i u m  m o n t m o r i 1 I o n i t e  im m e rs e d  
i n  do d e c y l a m m o n i u m  c h l o r i d e  s o l u t i o n .  I n  t h i s  work  t h e  e x c h a n g e d  
c l a y  c l o s e l y  r e s e m b l e d  t h e  Wyoming b e n t o n i t e ,  w i t h  i n d i v i d u a l  f l a k y  
p a r t i c l e s  a n d  no  s i g n s  o f  c u r l i n g  o r  a g g r e g a t i o n  ( F i g u r e  5 . 4 ) .

X - r a y  a n a l y s i s  showed  t h a t  t h e  u n e x c h a n g e d  c l a y ' s  d ( 0 0 i } 
r e f l e c t i o n ,  i . e .  t h e  i n t e r l a m e l l a r  s p a c e  was  a p p r o x i m a t e l y  0 . 9 9 4  nm. 
E x c h a n g e  o f  t h e  i n t e r l a m e l l a r  c a t i o n s  f o r  QAS c a t i o n s  i n c r e a s e d  t h e
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i n t e r l a m e l l a r  d i s t a n c e  t o  1 . 9 6 9  nra f o r  BODDMAM. The  i n t e r l a m e l l a r  
s p a c i n g  was  r e l a t e d  t o  t h e  l e n g t h  o f  t h e  c a r b o n  c h a i n  a n d  q u a l i t a t i v e  
r e l a t i o n s h i p s  h a v e  b e e n  f o u n d  t o  e x i s t  b e t w e e n  t h e  l a y e r  c h a r g e  o f  
t h e  s i l i c a t e ,  t h e  s h a p e  a n d  c r o s s - s e c t i o n a l  a r e a  o f  t h e  m o l e c u l e s  and  
t h e  i n t e r l a m e l l a r  s p a c i n g  ( W e i s s ,  1 9 6 3 ) .

A d s o r p t i o n  o f  some o r g a n i c  m o l e c u l e s  by  t h e  e x c h a n g e d  c l a y  
c a u s e d  s w e l l i n g .  F o r  e x a m p l e ,  t h e  a d s o r p t i o n  o f  c h l o r o n a p h t h a l e n e  
by t h e  c l a y  i n c r e a s e d  t h e  i n t e r l a m e l l a r  s p a c i n g  t o  2 . 5 0 6  nm, 
c o n v e r s e l y  c h l o r o p h e n o l  a d s o r p t i o n  d i d  n o t  i n c r e a s e  t h e  s p a c i n g .  
When t h e  i n t e r l a m e l l a r  o r g a n i c  c a t i o n s  a r e  c a p a b l e  o f  s o l v a t i o n ,  v a n  
d e r  W a a l ' s  i n t e r a c t i o n s  a r e  e x h i b i t e d  b e t w e e n  t h e  o r g a n o p h i l i c  
r e s i d u e s  o f  t h e s e  a n d  t h e  a d s o r b e d  m o l e c u l e s .  A cc o m m o d a t io n  o f  t h e  
a d s o r b e d  m o l e c u l e s  i n  t h e  i n t e r l a m e l l a r  s p a c e  may a f f e c t  t h e  
o r i e n t a t i o n  o f  t h e  o r g a n i c  c a t i o n  s u c h  t h a t  s w e l l i n g  o c c u r s  ( F a r m e r  & 
M o r t l a n d ,  1 9 6 6 ) .  F o r  a r o m a t i c  h y d r o c a r b o n s  s u c h  a s  
c h l o r o n a p h t h a l e n e ,  t h e  m o l e c u l e s  becom e c l o s e l y  p a c k e d  i n  t h e  
i n t e r l a m e l l a r  s p a c e ,  f o r m i n g  q u a s i - c r y s t a l l i n e  s t r u c t u r e s  ( L a g a l y  e t  
a l . ,  1 9 7 3 ) .  The  ammonium n u c l e i  o f  t h e  o r g a n i c  c a t i o n s  r e m a i n  i n  
c o n t a c t  w i t h  t h e  c l a y  s u r f a c e s  a n d  t h e  a l k y l  r e s i d u e s  a d a p t  
t h e m s e l v e s  t o  t h e  m o l e c u l e s  o f  t h e  c h l o r o n a p h t h a l e n e  by 
c o n f o r m a t i o n a l  c h a n g e s  a r o u n d  t h e  C-C b o n d s  ( R a u s s e l 1 - C o l o m  & 
S e r r a t o s a ,  1 9 8 7 ) .  I n  h i g h  c o n c e n t r a t i o n s  o f  o r g a n i c  l i q u i d s  s u c h  a s  
c h l o r o n a p h t h a l e n e ,  l o n g  c h a i n  a l k y l a m m o n i u m  d e r i v a t i v e s  o f  
m o n t m o r i 1 I o n i t e  f o r m  t h i x o t r o p i c  g e l  s t r u c t u r e s  w i t h  h i g h  l i q u i d  
c o n t e n t s  ( W e i s s ,  1963 and Gr im ,  1 9 6 8 ) .  S w e l l i n g  o f  t h e  e x c h a n g e d  
c l a y  d i d  n o t  o c c u r  i n  t h e  p r e s e n c e  o f  c h l o r o p h e n o l ,  p o s s i b l y  b e c a u s e  
t h e  n a t u r e  o f  t h e  c h l o r o p h e n o l  e n a b l e d  t h e  m o l e c u l e  t o  f i t  i n  b e t w e e n  
t h e  QAS c h a i n s  w i t h o u t  c a u s i n g  s i g n i f i c a n t  d i s r u p t i o n .

When t h e  e x c h a n g e d  c l a y  was  i n c o r p o r a t e d  i n t o  t h e  c e m e n t  p a s t e  
t h e  c l a y  wa s  f o u n d  t o  b r e a k  down i n t o  s m a l l  f l a k y  p a r t i c l e s  a n d  
c l u m p s  o f  f l o c c u l a t e d  p a r t i c l e s  much s m a l l e r  t h a n  1 pm ( F i g u r e  5 . 1 1 ) .  
XRD a n a l y s i s  o f  t h e  c l a y  sho w ed  a  r e d u c t i o n  i n  i n t e n s i t y ,  w h i c h  w o u l d  
c o r r e s p o n d  t o  t h e  o b s e r v e d  r e d u c t i o n  i n  c r y s t a l  s i z e  ( F i g u r e  5 . 1 0 ) .  
The  XRD s p e c t r u m  s u g g e s t e d  t h a t  t h e r e  was  a  s l i g h t  i n c r e a s e  i n  t h e  
i n t e r l a m e l l a r  s p a c i n g .  A d s o r p t i o n  by  t h e  e x c h a n g e d  c l a y  a t  h i g h  pH
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s e e n  i n  S e c t i o n  3 . 6  i n d i c a t e d  t h a t  b r e a k d o w n  o f  t h e  c l a y  p r o b a b l y  
o c c u r r e d  a r o u n d  pH 9 w h e r e  t h e  maximum r e l e a s e  o f  QAS o c c u r r e d .  The  
SEM d i d  n o t  c o n f i r m  t h e  b r e a k d o w n  o f  t h e  c l a y  ( F i g u r e  5 . 1 3 ) .  
A n a l y s i s  o f  t h e  c l a y  showed  t h e  QAS was  s t i l l  p r e s e n t  up  t o  i t s  
maximum e x c h a n g e  c a p a c i t y  up  t o  pH 11 ( T a b l e  3 . 5 ) .  A d s o r p t i o n  o f  
o r g a n i c  s p e c i e s  o c c u r r e d  up  t o  pH 12, a l t h o u g h  t h e  e f f e c t  o f  t h e  h i g h  
PH on t h e  o r g a n i c  m o l e c u l e s  t h e m s e l v e s  h a d  a n  e f f e c t  up on  t h e  
m a g n i t u d e  o f  a d s o r p t i o n  ( F i g u r e  3 . 7 ) .

Many o r g a n i c  c o m p o u n d s  a r e  w i d e l y  known t o  h a v e  r e t a r d i n g  
e f f e c t s  u p o n  c e m e n t  h y d r a t i o n  a n d  t o  c a u s e  s i g n i f i c a n t  w e a k e n i n g  o f  
t h e  c e m e n t  m a t r i x  ( S e c t i o n  1 . 5 . 2 ( a ) ) .  T h i s  work  h a s  s t u d i e d  two 
c o n t r a s t i n g  o r g a n i c  c o m p o u n d s ,  3 - c h l o r o p h e n o l , a  lo w  m e l t i n g  p o i n t ,  
p o l a r  o r g a n i c  s o l i d  a n d  c h l o r o n a p h t h a l e n e ,  a  h y d r o p h o b i c  a r o m a t i c  
l i q u i d .

The  h y d r a t i o n  o f  c h l o r o p h e n o l  d o s e d  c e m e n t  p a s t e  wa s  shown ,  by 
XRD a n a l y s i s ,  t o  be  i n h i b i t e d  c o m p a r e d  t o  t h e  u n d o s e d  p a s t e s  a f t e r  28  
d a y s  ( F i g u r e  5 . 5 ) .  The  p e r c e n t a g e  o f  C3 S,  o r i g i n a l l y  p r e s e n t  i n  t h e  
c e m e n t , w h i c h  h y d r a t e s  t o  g i v e  C- S -H  g e l  a n d  c a l c i u m  h y d r o x i d e ,  was  
42% g r e a t e r  i n  t h e  h i g h  c h l o r o p h e n o l - d o s e d  s a m p l e s  t h a n  i n  t h e  
u n d o s e d  p a s t e .  E t t r i n g i t e ,  a  h y d r a t i o n  p r o d u c t  w h i c h  f o r m s  i n  t h e  
e a r l y  s t a g e s  o f  h y d r a t i o n ,  s l o w l y  c o n v e r t s  t o  m o n o s u l p h a t e  a s  t h e  
p a s t e  a g e s .  I n  t h e  c h l o r o p h e n o l  d o s e d  s a m p l e s  t h e  e t t r i n g i t e  was  
p r e s e n t  i n  f a r  h i g h e r  a m o u n t s  t h a n  i n  t h e  u n d o s e d  s a m p l e .  By 28  d a y s  
t h e r e  a p p e a r e d  t o  be  l i t t l e  c o n v e r s i o n  o f  e t t r i n g i t e  t o  m o n o s u l p h a t e ,  
w h i l s t  i n  t h e  u n d o s e d  p a s t e  v i r t u a l l y  n o  e t t r i n g i t e  r e m a i n e d .  The  
l a r g e  am o u n t  o f  C3 S and  t h e  p e r s i s t e n c e  o f  e t t r i n g i t e  showed  t h a t  t h e  
c h l o r o p h e n o l  was  i n t e r f e r i n g  w i t h  c e m e n t  h y d r a t i o n .

The  m e c h a n i s m  o f  s e t  r e t a r d a t i o n  i n  P o r t l a n d  c e m e n t  p a s t e  
c o n t a i n i n g  o r g a n i c  a d m i x t u r e s  was  m o s t  e x t e n s i v e l y  r e v i e w e d  by Young 
( 1 9 7 2 )  a n d  J o n e s  ( 1 9 8 8 ) .  T h e i r  o b s e r v a t i o n s  a g r e e  w e l l  w i t h  t h e  
r e s u l t s  o f  t h i s  work .  Young c o n c l u d e d  t h a t ,  a l t h o u g h  e x p e r i m e n t a l  
d a t a  wa s  s c a r c e ,  t h e  p r o b a b l e  m e c h a n i s m s  o f  r e t a r d a t i o n  w o u l d  i n c l u d e  
two d i s t i n c t  p h a s e s .  I n i t i a l l y ,  t h e  o r g a n i c  a d m i x t u r e  w o u l d  be  
c o n c e n t r a t e d  on  t o  t h e  a l u m i n a t e  c o m p o n e n t ,  w h i c h  w o u l d  i n c r e a s e  t h e
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r e a c t i v i t y  a n d  h e n c e  t h e  f o r m a t i o n  o f  a l u m i n a t e  p r o d u c t s  ( e . g .  
e t t r i n g i t e ) .  S u b s e q u e n t l y ,  a f t e r  t h e  p e r i o d  o f  i n i t i a l  r e a c t i v i t y ,  
r e t a r d a t i o n  o f  C3 S h y d r a t i o n  o c c u r r e d  w h i c h  w o u l d  l e a d  t o  a  d o r m a n t  
p e r i o d ,  t h e  l e n g t h  o f  w h i c h  w o u l d  be  d e t e r m i n e d  by t h e  e f f e c t  o f  t h e  
a d m i x t u r e s  on  t h e  n u c l e a t i o n  o f  c a l c i u m  h y d r o x i d e .

The  SEM m i c r o g r a p h s  o f  OPC p a s t e  sho wed t h e  e f f e c t s  o f  
i n c r e a s i n g  c h l o r o p h e n o l  c o n c e n t r a t i o n s  on  h y d r a t i o n .  At  t h e  h i g h e s t  
c h l o r o p h e n o l  c o n c e n t r a t i o n s  l a r g e  n e e d l e - c r y s t a l s ,  o v e r  30  pm l o n g ,  
a p p e a r e d  i n  t h e  p a s t e .  EDS a n a l y s i s  sho w ed  t h e s e  c r y s t a l s  w e r e  
c om p osed  o f  t h e  c a l c i u m  s a l t  o f  c h l o r o p h e n o l  ( F i g u r e  5 . 7 ) .  Roy e t  
a l .  ( 1 9 8 6 )  a n d  S k i p p e r  e t  a l .  ( 1 9 8 7 )  h a v e  e x a m i n e d  t h e  e f f e c t  o f  
p a r a c h l o r o p h e n o l  a n d  p a r a b r o r a o p h e n o l  on  c e m e n t  p a s t e s .  U s i n g  SEM and  
b a c k s c a t t e r  i m a g i n g  t h e y  sho w ed  t h a t  p a r a c h l o r o p h e n o l  was  e v e n l y  
d i s t r i b u t e d  t h r o u g h o u t  t h e  c e m e n t  m a t r i x ,  w h i l s t  p a r a b r o m o p h e n o l  was 
i n h o m o g e n e o u s .  I t  i s  p o s s i b l e  t h a t  t h e  p a r a c h l o r o p h e n o l  wa s  a b l e  t o  
f o r m  p h e n o l a t e  s a l t s  i n  a  s i m i l a r  way t o  t h e  o b s e r v a t i o n s  i n  t h i s  
work ,  a n d  s o  be ca m e  s p r e a d  t h r o u g h o u t  t h e  m a t r i x ,  w h i l s t  
p a r a b r o m o p h e n o l  r e m a i n e d  c o n c e n t r a t e d  i n  t h e  p o r e  s o l u t i o n s .

C h l o r o n a p h t h a l e n e  d i d  n o t  mix  w i t h  c e m e n t  p a s t e  b u t  f o r m e d  a 
l a y e r  on  t o p  o f  t h e  s a m p l e .  The  c h l o r o n a p h t h a l e n e  h a d  no  o b s e r v a b l e  
e f f e c t  on  c e m e n t  h y d r a t i o n .

The  a d d i t i o n  o f  t h e  e x c h a n g e d  c l a y  t o  t h e  c e m e n t  p a s t e  h a d  a  
w e a k e n i n g  e f f e c t  up o n  t h e  m a c r o s t r u c t r u a l  s t r e n g t h  o f  t h e  m a t r i x  
c o m p a r e d  t o  t h e  c e m e n t - o n l y  p a s t e  ( S e c t i o n  4 . 3 . 2 ( a ) ) .  The  u s e  o f  
u n e x c h a n g e d  Wyoming b e n t o n i t e  w i t h  c e m e n t  h a d  an  e v e n  g r e a t e r  e f f e c t  
on t h e  s t r e n g t h  o f  t h e  m ix .  T h i s  was  p a r t i a l l y  d u e  t o  t h e  s w e l l i n g  
p r o p e r t i e s  o f  t h e  c l a y  i n  w a t e r ,  w h i c h  r e m o v e d  t h e  w a t e r  r e q u i r e d  f o r  
h y d r a t i o n  o f  t h e  c e m e n t ,  a n d  p a r t i a l l y  d u e  t o  t h e  e f f e c t  on  t h e  c l a y  
i t s e l f  on c e m e n t  h y d r a t i o n .  M i c r o s t r u c t u r a l  l y  t h e  c l a y  s t r o n g l y  
a f f e c t e d  t h e  h y d r a t i o n  p h a s e s  o f  t h e  c e m e n t  m o d i f y i n g  t h e  f i n a l  
h y d r a t i o n  p r o d u c t s .

O v er  a  c u r i n g  p e r i o d  o f  7 t o  28  d a y s ,  c e m e n t  p a s t e  sh o w ed  t h e  
e x p e c t e d  d e c r e a s e  i n  t h e  e t t r i n g i t e  p e a k s  a n d  i n c r e a s e  i n  t h e  f i n a l
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h y d r a t i o n  p r o d u c t ,  c a l c i u m  h y d r o x i d e .  The  c e m e n t / e x c h a n g e d  c l a y  mix  
h a d  a l m o s t  d o u b l e  t h e  p e r c e n t a g e  o f  C3 S r e m a i n i n g  a f t e r  28 d a y s  
c o m p a r e d  t o  t h e  OPC p a s t e .  The  e t t r i n g i t e  pe a k  wa s  i n i t i a l l y  a b s e n t  
i n  t h e  c e m e n t / c l a y  mix ,  b u t  d e v e l o p e d  b e t w e e n  7 a n d  14 d a y s ,  t o  
e v e n t u a l l y  b e  144% l a r g e r  t h a n  t h e  c o r r e s p o n d i n g  p e a k s  i n  t h e  c e m e n t  
p a s t e  a f t e r  28 d a y s  ( F i g u r e  5 . 1 7 ) .  The  i n c r e a s e d  e t t r i n g i t e  l e v e l s ,  
f o r m e d  b e t w e e n  7 a n d  14 d a y s ,  w e r e  p r o b a b l y  o n e  o f  t h e  m a in  c a u s e s  o f  
t h e  r e d u c t i o n  i n  t h e  s t r e n g t h  o f  t h e  c e r a e n t / c l a y  p a s t e ;  W iel d em an  
( 1 9 8 2 )  s u g g e s t e d  t h a t  t h e  l a t e  f o r m a t i o n  o f  e t t r i n g i t e  w o u ld  d i s r u p t  
t h e  c e m e n t  m a t r i x  i f  i t  f o r m e d  a f t e r  t h e  i n i t i a l  s e t  o f  t h e  mix  h a d  
t a k e n  p l a c e .

The  SEM m i c r o g r a p h s  o f  t h e  e x c h a n g e d  c l a y / c e m e n t  m ix  sho wed t h a t  
t h e  s u r f a c e  o f  t h e  c e m e n t  p a s t e  was  c o v e r e d  w i t h  f i n e  n e e d l e - c r y s t a l s  
l e s s  t h a n  1 pm l o n g  ( F i g u r e  5 . 2 0 ) .  The  c o m p o s i t i o n  o f  t h e  c r y s t a l s  
i s  unknown, b u t  i t  i s  p o s s i b l e  t h a t  t h e y  e i t h e r  c o n s i s t  o f  ( i )  t h e  
e x c e s s  e t t r i n g i t e ,  ( i i )  t h e  c l a y ,  a f t e r  i t  h a d  b e e n  p e p t i z e d  i n  t h e  
a l k a l i n e  c e m e n t  p a s t e  a n d  r e c r y s t a l i s e d  a s  t h e  p a s t e  c u r e d , o r  ( i i i )  
d u e  t o  t h e  i n t e r a c t i o n  o f  t h e  c l a y  a n d  e t t r i n g i t e  p h a s e s .

S t a b i l i s a t i o n  o f  a q u e o u s  c h l o r o p h e n o l  s o l u t i o n s  by e x c h a n g e d  
c l a y s  a n d  s o l i d i f i c a t i o n  o f  t h e  c l a y / o r g a n i c  m i x e s  w i t h  c e m e n t  
p r o d u c e d  a  s o l i d  w h i c h  p e r f o r m e d  w e l l  i n  m a c r o s t r u c t u r a l  t e s t s .  
M i c r o s t r u c t u r a l l y  t h e  s o l i d i f i e d  c l a y  s a m p l e s ,  w i t h  c h l o r o p h e n o l  
a d s o r b e d  up  t o  t h e  maximum e x c h a n g e  c a p a c i t y  o f  t h e  c l a y ,  h a d  n o  
e f f e c t  up on  t h e  h y d r a t i o n  o f  t h e  c e m e n t  c o m p a r e d  t o  t h e  u n d o s e d  
e x c h a n g e d  c l a y / c e m e n t  s a m p l e s  ( F i g u r e  5 . 2 2 ) .  H i g h  c h l o r o p h e n o l  
c o n c e n t r a t i o n s ,  a b o v e  t h e  e x c h a n g e d  c a p a c i t y  o f  t h e  c l a y ,  s t r o n g l y  
i n h i b i t e d  t h e  h y d r a t i o n  o f  t h e  c e m e n t .  The  s a m p l e  h a d  a  low 
s t r e n g t h ,  s i m i l a r  t o  t h e  c h l o r o p h e n o l / c e m e n t  m ix .  T h e s e  r e s u l t s  
sho wed  t h a t ,  o n c e  t h e  c l a y  h a d  becom e s a t u r a t e d  w i t h  t h e  o r g a n i c  
compound,  i t  was  u n a b l e  t o  a d s o r b  f u r t h e r  c h l o r o p h e n o l ,  b u t  b e f o r e  
t h a t  p o i n t  t h e  c l a y  was a b l e  t o  p r e v e n t  t h e  c h l o r o p h e n o l  f r o m  
i n t e r f e r i n g  w i t h  t h e  c e m e n t  h y d r a t i o n .

C h l o r o n a p h t h a l e n e  c o u l d  n o t  b e  i n c o r p o r a t e d  i n t o  t h e  c e m e n t  m a t r i x  
a l o n e ,  b u t  f o r m e d  a  l a y e r  on  t h e  s u r f a c e .  Mixed w i t h  c l a y  h o w e v e r ,
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i t  f o r m e d  a  t h i x o t r o p i c  g e l  w h i c h  c o u l d  be  d i s p e r s e d  i n  t h e  c e m e n t  
m a t r i x .  The  m i c r o s t r u c t u r a l  s t u d i e s  o f  t h e  c h l o r o n a p h t h a l e n e  
s o l i d i f i e d  p r o d u c t  showed  t h a t ,  e v e n  a t  c o n c e n t r a t i o n s  i n  e x c e s s  o f  
t h e  e x c h a n g e  c a p a c i t y  o f  t h e  c l a y ,  t h e  c h l o r o n a p h t h a l e n e  was  
i n c o r p o r a t e d  i n t o  t h e  c e m e n t  m a t r i x  and d i d  n o t  ' i n h i b i t  c e m e n t  
h y d r a t i o n .

T h e s e  r e s u l t s  w e r e  p a r t i c u l a r l y  e n c o u r a g i n g  f o r  f u t u r e  work on 
d e v e l o p m e n t  o f  c l a y s  a s  a d s o r b e n t s  o f  o r g a n i c  c o m p o u n d s  f r o m  m ix e d  
i n o r g a n i c / o r g a n i c  w a s t e s .  T h e  c l a y s  e n a b l e  t h e  o r g a n i c  c o n s t i t u e n t s  
t o  be  i n c o r p o r a t e d  i n t o  t h e  c e m e n t  S / S  mix  a n d  a d s o r p t i o n  o f  t h e  
o r g a n i c  c o n s t i t u e n t s  p r e v e n t s  i n h i b i t i o n  o f  c e m e n t  h y d r a t i o n  and  
h e n c e  a l l o w s  t h e  s e t t i n g  o f  t h e  c e m e n t  m a t r i x .

8 .4  THE ABILITY OF EXCHANGED CLAYS TO TREAT INDUSTRIAL WASTES

The u s e  o f  P e r c h e m  462 h a s  b e e n  f o u n d  t o  b e  a  v e r y  e f f e c t i v e  
p r e - s o l i d i f i c a t i o n  a d s o r b e n t  f o r  t h e  o r g a n i c  c o m p o n e n t s  o f  t h r e e  
m ix e d  i n d u s t r i a l  w a s t e s .  T he  i n d u s t r i a l  w a s t e s  c o n t a i n e d  o r g a n i c  
c o m p o n e n t s  i n  e x c e s s  o f  4% a n d  f o r  t h i s  r e a s o n  c o u l d  n o t  b e  t r e a t e d  
by c o n v e n t i o n a l  c e m e n t - b a s e d  s t a b i 1 i s a t i o n / s o l i d i f i c a t i o n  p r o c e s s e s .

I n  t h e  m i x e s  w h i c h  w e r e  made up ,  an  i n e r t  f i l l e r  ( c a l c i u m  
c a r b o n a t e )  wa s  u s e d  t o  r e d u c e  t h e  c e m e n t  c o n t e n t  t o  a s  low a s  12% a n d  
t h e r e b y  m ore  a c c u r a t e l y  s i m u l a t e  a  c o m m e r c i a l  s o l i d i f i c a t i o n  m ix .  
T h i s  c o u l d  o n l y  b e  a c h i e v e d ,  h o w e v e r ,  by  ( i )  p r e - a d s o r b i n g  t h e  w a s t e  
o n t o  t h e  c l a y  a n d  ( i i )  w a s h i n g  t h e  c l a y  t o  r e m o v e  r e s i d u e s  o f  t h e  
w a s t e  r e m a i n i n g  when t h e  a d s o r p t i o n  c a p a c i t y  o f  t h e  c l a y  h a d  b e e n  
s a t u r a t e d .  I f  t h i s  was  n o t  d o n e ,  h y d r a t i o n  o f  t h e  m i x e s  was  f o u n d  t o  
be  i n h i b i t e d  a n d  s e t t i n g  d e l a y e d  o r  p r e v e n t e d  a l t o g e t h e r .  The work 
w i t h  t h e  t h r e e  w a s t e s  i n d i c a t e d  t h a t  t h e r e  was ,  i n  a l l  c a s e s ,  a  
r e s i d u a l  o r g a n i c  e l e m e n t  w h i c h  was  n o t  a d s o r b e d ,  a n d  t h i s  was  
p r e s u m e d  t o  be  t h e  c a u s e  o f  d e l a y e d  h y d r a t i o n  i n  t h e  m i x e s  w i t h  
u n w a sh e d  c l a y s .  T h e s e  co m p o u n d s  w o u l d  p r o b a b l y  c o m p r i s e  t h e  m o r e  
h y d r o p h i l i c ,  w a t e r  s o l u b l e ,  w a s t e  c o m p o n e n t s .
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The  s e t t i n g  r a t e s  a n d  u n c o n f i n e d  c o m p r e s s i v e  s t r e n g t h s  o b s e r v e d  
w e r e  e n c o u r a g i n g  ( T a b l e s  6 . 4  & 6 . 7 ) .  I n  a l l  c a s e s ,  w h e r e  t h e  w a s t e  
was  p r o p e r l y  s o l i d i f i e d  a n d  w a t e r  a l o n e  was  u s e d  f o r  c e m e n t  
h y d r a t i o n ,  a  p e n e t r a t i o n  s t r e n g t h  i n  e x c e s s  o f  4 . 8  x 103 kN/m2 was  
o b t a i n e d  a f t e r  7 d a y s  a n d  a  c o m p r e s s i v e  s t r e n g t h  ( a f t e r  28 d a y s )  o f  
>540 kN/m2 . The  s t r e n g t h s  w e r e ,  i n  f a c t ,  h i g h e r  t h a n  c u r r e n t  w o r k i n g  
v a l u e s  a n d  t h e r e f o r e  t h e r e  e x i s t s  some s c o p e  f o r  t h e  r e d u c t i o n  i n  t h e  
am ou n t  o f  c e m e n t  (26% i n  m o s t  m i x e s )  u s e d .  L e a c h i n g  t e s t s  i n d i c a t e d  
t h a t  t h e  a m ou n t  o f  TOC l e a c h e d  f r o m  a  u n i t  w e i g h t  o f  s o l i d i f i e d  w a s t e  
c o u l d  i n  some c a s e s  b e  a s  low a s  1% o f  t h a t  p r e s e n t  i n  an  e q u i v a l e n t  
w e i g h t  o f  u n s o l i d i f i e d  r a w  w a s t e  ( F i g u r e  6 . 8 ) .  T h i s  was  c o n s i d e r e d  
t o  be  a n  e x t r e m e l y  e n c o u r a g i n g  r e s u l t  f o r  t h e  t h r e e  w a s t e s ,  w h i c h  
w o u l d  b e  i m p o s s i b l e  t o  s o l i d i f y  s a t i s f a c t o r i l y  u s i n g  p r e s e n t  
c o m m e r c i a l  f o r m u l a t i o n s .

The  p o r o s i m e t r y  s t u d i e s  d e s c r i b e d  i n  S e c t i o n  4 . 3 . 2  sho wed  t h a t  
t h e  s o l i d i f i e d  m a t r i x  c o n t a i n e d  s m a l l  a m o u n t s  o f  e n t r a p p e d  a i r .  
J o n e s  ( 1 9 8 8 )  f o u n d  t h a t  0 . 0 5  t o  1% e n t r a p p e d  a i r  s i g n i f i c a n t l y  
r e d u c e d  t h e  d e g r e d a t i o n  o f  t h e  c e m e n t  m a t r i c  a f t e r  f r e e z e / t h a w  
t e s t i n g .  T h i s  s u g g e s t s  t h a t  t h e  p r e s e n c e  o f  a i r  c a u s e d  by t h e  e x c e s s  
QAS may h a v e  an  a d v a n t a g e o u s  e f f e c t  up on  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  s a m p l e s .

The  u s e  o f  a d s o r b e n t s  f o r  t h e  o r g a n i c  c o m p o n e n t s  i n  m ix e d  
i n d u s t r i a l  w a s t e  s t r e a m s  e x t e n d s  t h e  p o t e n t i a l  u s e  o f  c e m e n t - b a s e d  
s t a b i 1 i s a t i o n / s o l i d i f i c a t i o n  p r o c e s s e s  t o  a  w i d e r  r a n g e  o f  i n d u s t r i a l  
w a s t e s .  F a c t o r s  i n f l u e n c i n g  t h e  u s e  o f  e x c h a n g e d  c l a y s  i n  a  c e m e n t -  
b a s e d  p r o c e s s  w o u l d  i n c l u d e  t h e  c o s t  o f  t h e  r a w  m a t e r i a l s ,  
e s p e c i a l  11y t h e  e x c h a n g e d  c l a y  a d s o r b e n t  a n d  t h e  c o n t e n t  o f  t h e  w a s t e  
e g .  pH. A d d i t i o n a l l y ,  some m o d i f i c a t i o n s  i n  t h e  p r e s e n t  m e t h o d s  o f  
s o l i d i f y i n g  i n o r g a n i c  w a s t e s  w o u l d  b e  r e q u i r e d ,  w h i c h  w o u ld  i n c l u d e  
m i x i n g  t h e  e x c h a n g e d  c l a y s  w i t h  t h e  w a s t e  t o  a l l o w  t h e  a d s o r p t i o n  o f  
w a s t e  c o m p o n e n t s .  The  c l a y  p l u s  a d s o r b e d  w a s t e  w o u l d  t h e n  be  
a m e n a b l e  t o  r e c o v e r y  by f i l t e r i n g  a n d  w a s h i n g  t o  r e m o v e  p o o r l y  
a d s o r b e d  w a s t e  c o m p o n e n t s .  T h e  w a s h e d  c l a y  p l u s  a d s o r b e d  w a s t e  c o u l d  
t h e n ,  p r o b a b l y ,  b e  c o m b i n e d  w i t h  c e m e n t ,  i n o r g a n i c  i n e r t  w a s t e s  a n d  
w a t e r  ( o r  i n o r g a n i c  a q u e o u s  w a s t e s )  t o  f o r m  t h e  f i n a l  mix .
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Of t h e  l i m i t e d  nu m ber  o f  a l t e r n a t i v e  t r e a t m e n t  o p t i o n s  f o r  t h i s  
k i n d  o f  w a s t e ,  i n c i n e r a t i o n  w o u l d  p r o b a b l y  r e p r e s e n t  t h e  m o s t  l i k e l y  
c o m p e t i t o r  t o  s t a b i 1 i s a t i o n / s o l i d i f i c a t i o n .  F o r  t h e  i n d u s t r i a l  
w a s t e s  c o n t a i n i n g  low o r g a n i c  c o n t e n t ,  t e c h n i c a l  f a c t o r s  w o u l d  
r e q u i r e  t h a t  t h e  c a l o r i f i c  v a l u e  o f  t h e  w a s t e  s t r e a m  e n t e r i n g  t h e  
i n c i n e r a t o r  be  i n c r e a s e d  by  t h e  a d d i t i o n  o f  f u e l s  e t c . ,  w h i c h  
i n e v i t a b l y  i n c r e a s e s  c o s t s .  I n  g e n e r a l  t e r m s ,  t h e  c o s t  o f  
i n c i n e r a t i o n  c o u l d  b e  up  t o  t e n  t i m e s  g r e a t e r  t h a n  t h e  S / S  m e t h o d s  
d e s c r i b e d  i n  t h i s  t h e s i s  a n d ,  w h i l e  u n d e r  p r o p e r  c o n d i t i o n s  i t  c a n  b e  
shown t h a t  i n c i n e r a t i o n  w i l l  c o m p l e t e l y  d e s t r o y  o r g a n i c  c o m p o n e n t s ,  
t h e  f l y a s h  p r o d u c e d  by  t h i s  p r o c e s s  may r e q u i r e  f u r t h e r  t r e a t m e n t  
b e f o r e  d i s p o s a l .  T h u s ,  w h i l e  i n c i n e r a t i o n  h a s  an  a d v a n t a g e  o v e r  
s t a b i l i s a t i o n / s o l i d i f i c a t i o n  i n  t h a t  o r g a n i c  co m p o u n d s  a r e  u s u a l l y  
c o m p l e t e l y  d e s t r o y e d ,  t h e  h i g h  c o s t s  o f  i n c i n e r a t i o n  a n d  t o x i c  
i n o r g a n i c  b y - p r o d u c t s  w o u l d  s u g g e s t  t h a t  s t a b i l i s a t i o n / s o l i d i f i c a t i o n  
c o u l d  b e  an  i n e x p e n s i v e  a n d  e f f e c t i v e  a l t e r n a t i v e .  S i n c e  t h e  t o x i c  
c o m p o n e n t s  w i t h i n  a  c e m e n t i t i o u s  m a t r i x  i n  a  s t a b i l i s a t i o n  
/ s o l i d i f i c a t i o n  p r o c e s s  a r e  n o t  d e s t r o y e d ,  h o w e v e r ,  v a l i d a t i o n  
t h r o u g h ,  f o r  e x a m p l e ,  f i e l d  t r i a l s ,  a r e  r e q u i r e d  s o  t h a t  t h e  l o n g  
t e r m  e f f e c t s  o f  w e a t h e r i n g  c a n  be  a d d e s s e d .

8 .5  TREATMENT OF CONTAMINATED SOIL BY EXCHANGED CLAY

The t r e a t m e n t  o f  c o n t a m i n a t e d  l a n d  h a s  bec om e an  i m p o r t a n t  
e n v i r o n m e n t a l  p r o b l e m ,  a s  t h e  p o t e n t i a l l y  h a r m f u l  c o n s e q u e n c e s  f o r  
man, p l a n t s ,  a n i m a l s  a n d  t h e  a b i o t i c  e n v i r o n m e n t  a r e  r e a l i s e d  
CRttrsch,  1 9 8 5 ) .  C o n t a m i n a t e d  s o i l s  o c c u r  a t  m i n i n g ,  i n d u s t r i a l  o r  
w a s t e  d i s p o s a l  s i t e s ;  f o r  e x a m p l e ,  d i s u s e d  town g a s  p r o d u c t i o n  s i t e s ,  
r a i l w a y  s i d i n g s ,  o i l  r e f i n e r i e s  a n d  l a n d f i l l  s i t e s .  The  t y p e  o f  
c o n t a m i n a t i o n  i n  t h e  s o i l  v a r i e s  w i d e l y  d e p e n d i n g  up on  t h e  p r e v i o u s  
u s e s  o f  t h e  s i t e .  T r e a t m e n t  o f  c o n t a m i n a t e d  s o i l  u s u a l l y  i n v o l v e s  
e i t h e r  i n c i n e r a t i o n  o f  t h e  s o i l ,  s o l v e n t  o r  s t e a m  e x t r a c t i o n  o r  
r e m o v a l  t o  a  h a z a r d o u s  w a s t e  l a n d f i l l  s i t e .  T h e s e  t r e a t m e n t s  a r e  
e x p e n s i v e  a n d  o n l y  s u i t a b l e  f o r  h i g h l y  c o n t a m i n a t e d  s o i l s  w h i c h  o c c u r  
on v a l u a b l e  s i t e s .  The  d e v e l o p m e n t  o f  c h e a p e r ,  i n - s i t u  t r e a t m e n t  
m e t h o d s  f o r  c o n t a m i n a t e d  s o i l s  w o u l d  a l l o w  t h e  d e v e l o p m e n t  o f  l e s s
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v a l u a b l e  d e r e l i c t  s i t e s  a n d  t h e  t r e a t m e n t  o f  s o i l s ,  r a t h e r  t h a n  t h e  
r e m o v a l  o f  t h e  p r o b l e m s  t o  a  l a n d f i l l  s i t e  e l s e w h e r e .

E x c h a n g e d  c l a y s  h a v e  b e e n  shown t o  a d s o r b  a  w i d e  r a n g e  o f  
o r g a n i c  m o l e c u l e s  f r o m  a q u e o u s  s o l u t i o n  a n d  f r o m  I n d u s t r i a l  w a s t e s .  
T h e i r  p o s s i b l e  a p p l i c a t i o n  t o  s t a b i l i s e  s o i l s  a n d  t h e i r  p o t e n t i a l  u s e  
I n  t h e  S / S  p r o c e s s  a s  d r y  f i l l e r s  w e r e  t h e r e f o r e  e x a m i n e d .

The  f i r s t  s o i l s  t h a t  w e r e  t e s t e d  w e r e  s o i l s  w h i c h  h a d  b e e n  d o s e d  
w i t h  p h e n o l ,  3 - c h l o r o p h e n o l  and  2 , 3 - d i c h l o r o p h e n o l . B a t c h  t e s t s  on 
t h e  s o l  1/ e x c h a n g e d  c l a y  m i x e s  i n d i c a t e d  t h a t  t h e  p h e n o l s  w e r e  w e l l  
r e t a i n e d  by  t h e  c l a y s  a n d ,  a s  shown by Boyd ( 1 9 8 2 )  f o r  n a t u r a l  c l a y  
s o i l s ,  t h e  i n c r e a s i n g  d e g r e e  o f  c h l o r i n a t i o n  i n c r e a s e d  t h e  
a d s o r p t i o n .  Boyd a l s o  sho wed  t h a t  t h e  i n t r o d u c t i o n  o f  a  s u b s t i t u e n t  
on t o  t h e  p h e n o l  i n c r e a s e d  t h e  a d s o r p t i o n  by t h e  c l a y  s o i l s .  M e t a -  
o r  p a r a  s u b s t i t u t e d  p h e n o l s  w e r e  b e t t e r  a d s o r b e d  t h a n  t h e  o r t h o -  
s u b s t i t u t e d ,  d u e  t o  s t e r i c  h i n d r a n c e  o f  p o t e n t i a l  h y d r o g e n  b o n d i n g  
b e t w e e n  t h e  p h e n o l  a n d  t h e  c l a y  i n  t h e  l a t t e r .  T h e s e  r e s u l t s  w e r e  
r e f l e c t e d  i n  t h e  t r e n d s  f r o m  t h e  b a t c h  and  co l u m n  t e s t s  f o r  t h e  
p h e n o l  d o s e d  s o i l ,  i n  w h i c h  p h e n o l s  w e r e  a d s o r b e d  i n  t h e  o r d e r  2 , 3 -  
d i c h l o r o p h e n o l  > 3 - c h l o r o p h e n o l  > p h e n o l  ( F i g u r e s  7 . 1  a n d  7 . 2 ) .  The  
co l u m n  t e s t s  g a v e  g r e a t e r  t h a n  95% r e t e n t i o n  f o r  a l l  t h r e e  p h e n o l s  
o v e r  t h e  e x t r a c t i o n  p e r i o d .  T h i s  was  v e r y  e n c o u r a g i n g  a s  t h e  
l e a c h a t e  was  made s t r o n g l y  a l k a l i n e  t o  f a c i l i t a t e  maximum r e l e a s e  
f r o m  t h e  a c i d i c  p h e n o l s . .

S t a b i l i s a t i o n  a n d  s o l i d i f i c a t i o n  o f  t h e  p h e n o l  d o s e d  s o i l  by t h e  
e x c h a n g e d  c l a y / c e m e n t  mix  p r o d u c e d  a c c e p t a b l e  s o l i d  p r o d u c t s ,  u n l i k e  
t h e  s o i l / c e m e n t  c o n t r o l s  w h i c h  h a d  no  s t r e n g t h  a f t e r  28  d a y s  ( T a b l e
7 . 8 ) .  L e a c h  t e s t s  on  t h e  d o s e d  s o i l s  sho wed t h a t  c h l o r o p h e n o l  and
2 , 3 - d i c h l o r o p h e n o l  w e r e  w e l l  s t a b i l i s e d  ( F i g u r e s  7 . 3  a n d  7 . 4 ) .  
P h e n o l  r e q u i r e d  t w i c e  t h e  am ou n t  o f  c l a y  i n  t h e  s o l i d i f i c a t i o n  mix t o  
p r o d u c e  r e a s o n a b l e  r e t e n t i o n  v a l u e s .

The  r e s u l t s  f r o m  t h e  p h e n o l  d o s e d  s o i l s  s u g g e s t e d  t h a t  
s t a b i l i s a t i o n  o f  c o n t a m i n a t e d  s o i l s  by  t h e  e x c h a n g e d  c l a y  may p r o v i d e  
a  s u i t a b l e  m e th o d  f o r  c o n t a i n m e n t  o f  t h e  h a z a r d o u s  c o n s t i t u e n t s .  The
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p o t e n t i a l  o f  t h e  c l a y s  f o r  t h e  t r e a t m e n t  o f  common c o n t a m i n a n t s  In  
s o i l s  was c o n f i r m e d  by  t h e  u s e  o f  t h e  c l a y s  t o  s t a b i l i s e  s o i l  f r o m  a  
d e r e l i c t  g a s  w o r k s  s i t e .  The  s o i l  was  h e a v i l y  c o n t a m i n a t e d  w i t h  c o a l  
t a r  a n d  h a d  PAH c o n c e n t r a t i o n s  i n  e x c e s s  o f  1 . 8  g / k g  d r y  s o i l .

B a t c h  t e s t s  on t h e  g a s w o r k s  s o i l  s t a b i l i s e d  w i t h  t h e  e x c h a n g e d  
c l a y  showe d t h a t  1 g  o f  t h e  e x c h a n g e d  c l a y  p e r  10 g  s o i l  c o u l d  r e d u c e  
t h e  r e l e a s e  o f  PAH t o  10% o f  t h a t  o f  t h e  u n s t a b i l i s e d  s o i l  ( F i g u r e  
7 . 5 ) .  The  r e l e a s e  o f  i n d i v i d u a l  PAH wa s  h a l v e d  by  t h e  u s e  o f  10% 
e x c h a n g e d  c l a y  i n  t h e  s o i l .  T h i s  i s  p a r t i c u l a r l y  i m p o r t a n t  f o r  PAH's  
s u c h  a s  B e n z o ( a ) p y r e n e  w h i c h  a r e  h i g h l y  c a r c i n o g e n i c  a n d  h a v e  b e e n  
shown by H o s i e r  e t  a l .  ( 1 9 8 8 )  t o  b e  p o o r l y  r e m o v e d  f r o m  t h e  s o i l  by 
b i o d e g r e d a t i o n .  Column t e s t s  on  t h e  s o i l  showe d t h a t  t h e  p r e s e n c e  o f  
t h e  c l a y  s i g n i f i c a n t l y  r e d u c e d  t h e  r e l e a s e  o f  PAH ( F i g u r e  7 . 6 ) .

T h i s  e x p l o r a t o r y  s t u d y  i n t o  t h e  u s e  o f  t h e  e x c h a n g e d  c l a y s  f o r  
t h e  i n - s i t u  t r e a t m e n t  o f  c o n t a m i n a t e d  s o i l s  h a s  shown t h a t  t h e  c l a y s  
a r e  w e l l  a b l e  t o  a d s o r b  t h e  h a z a r d o u s  c o n s t i t u e n t s  f r o m  t h e  s o i l .  
The  c l a y s  a r e  a l s o  a b l e  t o  p h y s i c a l l y  s t a b i l i s e  t h e  s o i l ,  e s p e c i a l l y  
i f  i t  h a s  a  h i g h  f r a c t i o n  o f  s a n d ,  a n d  t o  r e d u c e  t h e  p e r c o l a t i o n  o f  
w a t e r  t h r o u g h  t h e  s o i l .

8 .6  FUTURE WORK

T h i s  s t u d y  h a s  shown t h a t  Q A S - e x c h a n g e d  c l a y s  a r e  a b l e  t o  a d s o r b  
a w i d e  r a n g e  o f  o r g a n i c  co m p o u n d s  f r o m  a q u e o u s  s o l u t i o n  o r  p u r e  
l i q u i d s .  C e m e n t - b a s e d  S / S  o f  o r g a n i c  co m p oun ds  u s i n g  t h e  e x c h a n g e d  
c l a y  h a s  b e e n  shown t o  p r o d u c e  a  d u r a b l e  s o l i d  p r o d u c t  w i t h  low 
r e l e a s e s  o f  t h e  o r g a n i c  co m p o u n d s  d u r i n g  l e a c h  t e s t i n g .
M i c r o s t r u c t u r a l  s t u d i e s  o f  t h e  S / S  p r o d u c t s  h a v e  shown t h a t  t h e  
p r e s e n c e  o f  t h e  c l a y  r e d u c e d  t h e  d e t r i m e n t a l  e f f e c t s  o f  3 -  
c h l o r o p h e n o l  on  c e m e n t  h y d r a t i o n ,  h o w e v e r  t h e  c l a y  i t s e l f  a l t e r e d  t h e  
c e m e n t  h y d r a t i o n  r e a c t i o n .  S t u d i e s  on  w a s t e s  h a v e  shown t h a t  t h e  
c l a y s  a d s o r b e d  m o s t  o f  t h e  o r g a n i c  c o m p o n e n t s  o f  t h e  w a s t e  a n d  a f t e r  
w a s h i n g  c o u l d  b e  s o l i d i f i e d  t o  p r o d u c e  s o l i d  p r o d u c t s .  The  
a p p l i c a t i o n  o f  t h e  e x c h a n g e d  c l a y s  t o  s t a b i l i s a t i o n  o f  c o n t a m i n a t e d
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s o i l s  h a s  shown t h a t  t h e r e  i s  p o t e n t i a l  f o r  t h e i r  u s e ,  e i t h e r  a s  
s t a b i l i s a t i o n  a d d i t i v e s  on t h e i r  own, o r  a s  p a r t  o f  a  c e m e n t - b a s e d  
S / S  p r o c e s s .

D u r i n g  t h e  c o u r s e  o f  t h e s e  s t u d i e s  i t  h a s  bec om e c l e a r  t h a t  t h e  
w h o l e  a r e a  o f  c e m e n t - b a s e d  s t a b i 1 i s a t i o n / s o l i d i f i c a t i o n  o f  h a z a r d o u s  
w a s t e s  r e q u i r e s  c o n t i n u e d  s c i e n t i f i c  i n v e s t i g a t i o n  i n  o r d e r  t o  f u l l y  
o p t i m i s e  t h e  p r o c e s s e s  f o r  a  w i d e  r a n g e  o f  h a z a r d o u s  w a s t e s  and  t o  
e n a b l e  t h e  p r e d i c t i o n  o f  t h e  l o n g - t e r m  b e h a v i o u r  o f  t h e  p r o d u c t  i n  
t h e  e n v i r o n m e n t .

A r e a s  w h i c h  w a r r a n t  i n v e s t i g a t i o n  i n  t h e  f u t u r e  i n c l u d e : -

1. An i n - d e p t h  s t u d y  i n t o  t h e  c h a r a c t e r i s t i c s  o f  o r g a n i c  
c o n t a m i n a n t s  i n  i n d u s t r i a l  w a s t e s ,  w h i c h  w o u l d  i n c l u d e  a  s u r v e y  
o f  t h e  f r e q u e n c y  o f  o c c u r r e n c e  o f  t h e  i n d i v i d u a l  o r g a n i c  
co m p oun ds  a n d  t h e  i n o r g a n i c  com p oun ds  commonly  a s s o c i a t e d  w i t h  
them.

2 .  To e x t e n d  t h e  d e v e l o p m e n t  work  f o r  i n d u s t r i a l  w a s t e s  t o  p r o d u c e  
a  b r o a d - s p e c t r u m  c l a y - b a s e d  o r  m ix e d  c l a y / a c t i v a t e d  c a r b o n  
a d s o r b e n t  f o r  t r e a t m e n t  o f  o r g a n i c - c o n t a m i n a t e d  w a s t e s  w i t h o u t  
t h e  n e e d  f o r  a  f i l t e r i n g  o r  p o s t - a d s o r p t i o n  w a s h i n g  s t a g e .

3 .  D e t a i l e d  m a c r o -  a n d  m i c r o s t r u c t u r a l  s t u d i e s  o f  t h e  e f f e c t s  o f  
m ix e d  m e t a l / o r g a n i c  s o l u t i o n s  on c e m e n t  h y d r a t i o n  a n d  t h e  e f f e c t  
o f  t h e s e  c o - a d s o r b e d  o n t o  c l a y s  a n d  o t h e r  a d s o r b e n t s .

4.  Work i s  r e q u i r e d  t o  d e v e l o p  t e s t i n g  p r o c e d u r e s  f o r  S / S  p r o c e s s e s  
t o  g i v e  a  c l e a r  i d e a  o f  t h e i r  b e h a v i o u r  o v e r  l o n g  t i m e  p e r i o d s  
i n  t h e  f i e l d .  T e s t s  w h i c h  r e q u i r e  d e v e l o p m e n t  i n c l u d e : -
( a )  S t r e n g t h  t e s t s ,  w h i c h  m ore  a c c u r a t e l y  r e f l e c t  t h e  c o n f i n e d  
p r e s s u r e  e x e r t e d  on t h e  S / S  p r o d u c t  i n  t h e  f i e l d .
(b)  L e a c h i n g  t e s t s  w h i c h  w o u l d  g i v e  a r e a l i s t i c  i d e a  o f  t h e  
p o t e n t i a l  r e l e a s e  o f  s t a b i l i s e d  c o n t a m i n a n t s ,  and  f r o m  t h e s e  
r e s u l t s  t h e  d e v e l o p m e n t  o f  a  model  t o  p r e d i c t  r e l e a s e  o v e r  a  
l o n g e r  t i m e  p e r i o d .
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( c )  C o r r e l a t i o n  b e t w e e n  g a s  a n d  w a t e r  p e r m e a b i l i t y  s o  t h a t  g a s  
p e r m e a b i l i t y  c o u l d  be  u s e d  t o  a s s e s s  p e r m e a b i l i t y  o f  S / S  s a m p l e s  
r a p i d l y  a n d  w i t h  g r e a t  a c c u r a c y .

5 .  P i l o t  s c a l e  s t u d i e s  o f  t h e  e x c h a n g e d  c l a y / c e m e n t  S / S  p r o c e s s  t o  
f u l l y  a s s e s s  t h e  t e c h n i c a l  a n d  e c o n o m i c  a s p e c t s  o f  t h e  p r o c e s s  
on a  l a r g e r  s c a l e .

6 .  L o n g - t e r m  f i e l d  t r i a l s  o f  S / S  p r o c e s s e s  t o  a s s e s s  t h e  b e h a v i o u r  
o f  a  nu m be r  o f  a d s o r b e n t s  w i t h  h a z a r d o u s  w a s t e s  .

7 .  P i l o t  s c a l e  s t u d i e s  a n d  f i e l d  t r i a l s  on  t h e  u s e  o f  t h e  e x c h a n g e d  
c l a y  f o r  t h e  i n - s i t u  t r e a t m e n t  o f  c o n t a m i n a t e d  s o i l s .
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9. SUMMARY AND CONCLUSIONS

1. The  m a j o r  d e f i c i e n c i e s  o f  c e m e n t - b a s e d  s t a b i l i s a t i o n  
/ s o l i d i f i c a t i o n  <S/S)  p r o c e s s e s  a r e  t h e i r  i n a b i l i t y  t o  t r e a t  
i n o r g a n i c  w a s t e s  c o n t a m i n a t e d  w i t h  o r g a n i c  m a t e r i a l  o r  o r g a n i c  
w a s t e s .  T h i s  work h a s  shown t h a t  t h i s  d e f i c i e n c y  c a n  be  
s u c c e s s f u l l y  r e m e d i e d  by  t h e  u s e  o f  o r g a n o p h i l i c  c l a y s  a s  
a d s o r b e n t s  p r i o r  t o  c e m e n t - b a s e d  S / S .

2 .  A r a n g e  o f  o r g a n o p h i l i c  c l a y s  w e r e  p r o d u c e d  by t h e  e x c h a n g e  o f
q u a t e r n a r y  ammonium c a t i o n s  w i t h  t h e  i n t e r l a m e l l a r  s o d i u m  
c a t i o n s  o f  Wyoming b e n t o n i t e .  T h i s  c a u s e d  a n  e x p a n s i o n  o f  t h e  
c l a y ' s  s i l i c a t e  l a y e r s .  F o r  e x a m p l e ,  e x c h a n g e  o f  
b e n z y l o c t a d e c y l d i m e t h y l a m m o n i u r a  c a t i o n  l e d  t o  a n  e x p a n s i o n  o f  
0 . 9 7 5  nm. T h i s  c r e a t e d  a  h y d r o p h o b i c  e n v i r o n m e n t  i n  t h e  
i n t e r l a m e l l a r  s p a c e  w h i c h  f a c i l i t a t e d  t h e  a d s o r p t i o n  o f  o r g a n i c  
m o l e c u l e s  a n d  d e c r e a s e d  t h e  i n f l u e n c e  o f  t h e  c h a r g e d  s i l i c a t e  
l a y e r s .  I n  g e n e r a l ,  t h e  l o n g e r - c h a i n  Q A S - e x c h a n g e d  c l a y s
a d s o r b e d  t h e  o r g a n i c  co m p oun ds  b e s t ,  d u e  t o  t h e  c h a i n s  
i n c r e a s i n g  t h e  i n t e r l a m e l l a r  s p a c i n g .  The  e x c h a n g e d  c l a y s
p r e p a r e d  by  t h i s  p r o c e s s  w e r e  shown t o  a d s o r b  a  w i d e  r a n g e  o f  
o r g a n i c  co m p oun ds  f r o m  a  nu m be r  o f  s o l v e n t s .  The  co m p o u n d s  
c h o s e n  f o r  t h i s  work  w e r e  t y p i c a l  o f  t h o s e  w h i c h  commonly  o c c u r  
i n  i n d u s t r i a l  w a s t e  s t r e a m s .

3.  From t h e  f o u r t e e n  Q A S - e x c h a n g e d  c l a y s  e x a m i n e d  Wyoming b e n t o n i t e
e x c h a n g e d  w i t h  t h e  b e n z y l o c t a d e c y l a m m o n i u m  c a t i o n  wa s  t h e  b e s t  
o v e r a l l  a d s o r b e n t .  I n  c o n t r a s t ,  t e t r a o c t a d e c y l a m m o n i u m
m o n t m o r i 1 I o n i t e  (TODAM), w i t h  f o u r  C1Q a l i p h a t i c  c h a i n s ,  was  a  
p o o r  a d s o r b e n t ,  p r o b a b l y  b e c a u s e  t h e  a l i p h a t i c  c h a i n s  o f  t h e  QAS 
c o m p l e t e l y  f i l l e d  t h e  i n t e r l a m e l l a r  s p a c e  p r e v e n t i n g  p e n e t r a t i o n  
o f  t h e  p o t e n t i a l  a d s o r b a t e s .

4.  The  o r g a n i c  co m p o u n d s  t h a t  w e r e  b e s t  a d s o r b e d  w e r e  t h o s e  w h i c h  
h a d  t h e  l e a s t  a f f i n i t y  f o r  t h e i r  s o l v e n t .  F o r  e x a m p l e ,  t h e  
e x p e r i m e n t a l  d a t a  h a s  shown t h a t  2 , 3 - d i c h l o r o p h e n o l , a f a i r l y
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h y d r o p h o b i c  m o l e c u l e ,  was  a d s o r b e d  w e l l  f r o m  a q u e o u s  s o l u t i o n  
b u t  t o  a  l e s s e r  e x t e n t  f r o m  h e x a n e ,  i n  w h i c h  i t  was  more  
s o l u b l e .

Many i n d u s t r i a l  w a s t e s  h a v e  h i g h  a q u e o u s  c o n t e n t s ,  b u t  t h e  
o r g a n i c  co m p o u n d s  p r e s e n t  a r e  f r e q u e n t l y  o n l y  s p a r i n g l y  s o l u b l e  
a n d  h y d r o p h o b i c ,  s o  t h e y  c a n  be  p r e s e n t  i n  e m u l s i o n  o r  c o l l o i d a l  
f o r m  o r  a b s o r b e d  o n t o  s u s p e n d e d  p a r t i c u l a t e  m a t e r i a l .  The 
i n t e r l a m e l l a r  s p a c e  o f  a n  e x c h a n g e d  c l a y  p r o v i d e s  a  h y d r o p h o b i c  
e n v i r o n m e n t  f o r  t h e  a d s o r p t i o n  o f  t h e s e  com p oun ds .

A d s o r p t i o n  o f  h y d r o p h i l i c  m o l e c u l e s  f r o m  n o n - p o l a r  s o l v e n t s ,  
f o r  e x a m p l e ,  p h e n o l  f r o m  h e x a n e ,  wa s  f a c i l i t a t e d  by  t h e  c h a r g e d  
c l a y  s u r f a c e  a n d  p o l a r  h e a d  o f  t h e  QAS.

5 .  F o r  t h e  t r e a t m e n t  o f  o r g a n i c  w a s t e s  i t  i s  i m p o r t a n t  t o  sho w t h e
d i f f e r e n c e  b e t w e e n  ( i )  b o n d i n g  i n t e r a c t i o n s ,  < i i )  a d s o r p t i o n  and 
( i i i )  p h y s i c a l  a b s o r p t i o n  o f  t h e  o r g a n i c  c o m p o n e n t s  o f  t h e  
w a s t e s .  T h i s  i s  b e c a u s e  f o r  t h e  s u c c e s s f u l  S / S  o f  w a s t e s  t h e  
c o m p o n e n t s  m u s t  b e  f i r m l y  h e l d  e i t h e r  by  c h e m i c a l  b o n d i n g  o r  
a d s o r p t i o n  t o  e n s u r e  l o n g  t e r m  s t a b i l i t y .  D e t a i l e d  a n a l y s i s  by 
F o u r i e r  T r a n s f o r m  I n f r a r e d  S p e c t r o s c o p y  (FTIR)  showe d no 
e v i d e n c e  o f  b o n d i n g  i n t e r a c t i o n s  b e t w e e n  t h e  a d s o r b e d  o r g a n i c s  
a n d  t h e  a l i p h a t i c  c h a i n  o f  t h e  QAS. T h i s  t e c h n i q u e  was u n a b l e ,  
h o w e v e r ,  t o  g i v e  f u r t h e r  i n f o r m a t i o n  on  t h e  a d s o r p t i o n
m e c h a n i s m s .

6 .  A d s o r p t i o n  o f  c h l o r o n a p h t h a l e n e  by  b e n z y l o c t a d e c y l d i m e t h y l -  
ammonium m o n t m o r i 1 I o n i t e  CBODDMAM) c a u s e d  an  e x p a n s i o n  o f  t h e  
i n t e r l a m e l l a r  s p a c e  t o  2 . 5 0 6  nm. The  e x p a n s i o n  was  c a u s e d  by 
t h e  a c c o m m o d a t i o n  o f  t h e  c h l o r o n a p h t h a l e n e  i n  t h e  i n t e r l a m e l l a r  
s p a c e  w h i c h  may h a v e  c a u s e d  r e - o r i e n t a t i o n  o f  t h e  Q A S - c a t i o n s  
s u c h  t h a t  s w e l l i n g  w o u l d  o c c u r .  A d s o r p t i o n  o f  3 - c h l o r o p h e n o l  by 
BODDMAM c a u s e d  n o  e x p a n s i o n  o f  t h e  i n t e r l a m e l l a r  s p a c i n g .

7.  The  l o n g  t e r m  s t a b i l i t y  o f  t h e  q u a t e r n a r y  ammonium c a t i o n s  and 
t h e  o r g a n i c  co m p o u n d s  a d s o r b e d  o n t o  t h e  c l a y  was  a s s e s s e d  by a 
s e r i e s  o f  r i g o r o u s  e x t e n d e d  a d s o r p t i o n  e x p e r i m e n t s  i n  w a t e r .  
The r e s u l t s  sh o w e d  t h a t  t h e  a d s o r b e d  s p e c i e s ,  QAS an d  o t h e r
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o r g a n i c  co m p o u n d s ,  r e m a i n e d  on  t h e  c l a y  e v e n  a f t e r  56 d a y s  
t e s t i n g .

8 .  Due t o  t h e  h i g h  a l k a l i n i t y  o f  c e m e n t  p a s t e ,  t h e  a d s o r p t i o n  
c a p a c i t y  o f  t h e  e x c h a n g e d  c l a y  o v e r  a  r a n g e  o f  pH was  s t u d i e d  i n  
d e t a i l .  pH a f f e c t e d  t h e  a d s o r p t i o n  o f  t h e  o r g a n i c  compounds  
o n t o  t h e  e x c h a n g e d  c l a y ,  p a r t i c u l a r l y  t h e  a c i d i c  p h e n o l s .  3 -  
C h l o r o p h e n o l  a n d  2 , 3 - d i c h l o r o p h e n o l  w e r e  a d s o r b e d  b e s t  i n  t h e  pH 
r a n g e  4 t o  9 ,  w h e r e a s  t h e  maximum a d s o r p t i o n  o f  p h e n o l  o c c u r r e d  
a t  pH 10. N e i t h e r  t h e  a d s o r b e d  o r g a n i c  co m p o u n d s  n o r  t h e  QAS 
w e r e  d e s o r b e d  when t h e  c l a y  was  w a s h e d  w i t h  h i g h  pH s o l u t i o n s  
(pH 1 1 ) ,  s i m i l a r  t o  t h e  pH o f  h y d r a t i n g  c e m e n t  p a s t e .  From 
s c a n n i n g  e l e c t r o n  m i c r o s c o p y  (SEM) s t u d i e s  o f  c l a y / c e m e n t  
m i x t u r e s ,  h i g h  pH v a l u e s ,  s i m i l a r  t o  t h o s e  f o u n d  i n  h y d r a t i n g  
c e m e n t  p a s t e ,  c a u s e d  t h e  c l a y  t o  b r e a k  down i n t o  s m a l l e r  
c r y s t a l l i t e s .  As i n d i c a t e d  i n  t h e  s t u d i e s  o f  pH e f f e c t s  on 
a d s o r p t i o n ,  h o w e v e r ,  t h i s  e f f e c t  d i d  n o t  a p p e a r  t o  l e a d  t o  l o s s  
o f  t h e  a d s o r b e d  o r g a n i c s .

9 .  The b e h a v i o u r  o f  t h e  c l a y s  i n  t h e  p r e s e n c e  o f  m e t a l  i o n s  was  
c o n s i d e r e d  i m p o r t a n t ,  i n  v i e w  o f  t h e  p o t e n t i a l  u s e  o f  t h e  c l a y s  
f o r  t h e  t r e a t m e n t  o f  i n o r g a n i c  w a s t e  s t r e a m s  c o n t a m i n a t e d  w i t h  
o r g a n i c  c o m p o u n d s .  S t u d i e s  w e r e  u n d e r t a k e n  t o  a d d r e s s  t h e  
d e g r e e  o f  c o m p e t i t i o n  b e t w e e n  o r g a n i c s  and  m e t a l s  f o r  a d s o r p t i o n  
s i t e s  on  BODDMAM. The  r e s u l t s  s ho w ed  t h a t  G r o u p  I IB m e t a l  
c a t i o n s  d i s p l a c e d  3 - c h l o r o p h e n o l  f r o m  t h e  c l a y  t o  a  s m a l l  
e x t e n t .  T h i s  wa s  c o n s i d e r e d  t o  b e  c a u s e d  by  e i t h e r  b a c k -  
e x c h a n g e  o f  m e t a l  c a t i o n s  w i t h  t h e  QAS, o r  b e c a u s e  o f  
d i s p l a c e m e n t  o f  t h e  3 - c h l o r o p h e n o l  f r o m  t h e  i n t e r l a m e l l a r  s p a c e  
by t h e  m e t a l  c a t i o n s .

10.  I n  o r d e r  t o  s c a l e  up  t h e  e x p e r i m e n t a l  work  t o  u s e  t h e  QAS- 
e x c h a n g e d  c l a y s  i n  c e m e n t - b a s e d  S / S  p r o c e s s e s ,  c o m m e r c i a l l y  
p r o d u c e d  e x c h a n g e d  c l a y s  w e r e  s u r v e y e d  t o  d e t e r m i n e  i f  t h e y  
c o u l d  be  s u b s t i t u t e d  f o r  BODDMAM. P e r c h e m  4 6 2 ,  a  Q A S -e x chan ged  
m o n t m o r i l I o n i t e  w i t h  o n e  a l i p h a t i c  c a r b o n  c h a i n  b e t w e e n  C1A and 
Ci a » was  f o u n d  t o  b e  s u i t a b l e .
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The u s e  o f  t h e  c o m m e r c i a l  e x c h a n g e d  c l a y  i n  a  c e m e n t - b a s e d  
S / S  mix  c a u s e d  f o a m i n g  i n  t h e  c e m e n t  m a t r i x  d u e  t o  t h e  e x c e s s  
QAS p r e s e n t  on  t h e  c l a y .  T h i s  e f f e c t  d e c r e a s e d  t h e  s t r e n g t h  a n d  
i n c r e a s e d  t h e  p e r m e a b i l i t y  a n d  p o r o s i t y  o f  t h e  m a t r i x  c o m p a r e d  
t o  c e m e n t  p a s t e  a l o n e .  The  am o u n t  o f  e n t r a p p e d  a i r  c o u l d  be  
g r e a t l y  r e d u c e d  by  w a s h i n g  t h e  c l a y  p r i o r  t o  u s e .  The  p r e s e n c e  
o f  some e n t r a p p e d  a i r  i n  t h e  c e m e n t  c o u l d ,  h o w e v e r ,  b e  
a d v a n t a g e o u s  i n  r e d u c i n g  t h e  e f f e c t s  o f  f r e e z e - t h a w  on t h e  
m a t r i x  when e x p o s e d  t o  f i e l d  c o n d i t i o n s .

11.  A w i d e l y  a c c e p t e d  m e t h o d  f o r  a s s e s s i n g  t h e  i n t e r g r i t y  o f  
s o l i d i f i e d  m a t e r a l s  i s  e x p o s u r e  t o  p o t e n t i a l  l e a c h a n t s  u n d e r  
l a b o r a t o r y  c o n d i t i o n s .  The  s u i t a b i l i t y  o f  t h e  Q A S -e x c h a n g e d  
c l a y  f o r  c e m e n t - b a s e d  S / S  a p p l i c a t i o n s  was  f i r s t  a s s e s s e d  by  
t e s t i n g  a  s e r i e s  o f  c l a y / c e m e n t  m i x e s .  The  l o n g - t e r m  s t a b i l i t y  
o f  t h e  e x c h a n g e d  c l a y  i n  t h e  c e m e n t  m a t r i x  wa s  shown by e x t e n d e d  
l e a c h i n g  t e s t s  t o  be  g o o d .  R e l e a s e  o f  e x c e s s  QAS was  s l i g h t  
a n d ,  w i t h  r e s p e c t  t o  f u t u r e  w a s t e  d i s p o s a l  a p p l i c a t i o n s ,  t h e  
b i o c i d a l  p r o p e r t i e s  o f  t h e  QAS r e l e a s e d  may b e  b e n e f i c i a l  i n  
r e d u c i n g  b i o d e g r e d a t i o n  o f  t h e  s o l i d i f i e d  m a t r i x .

12.  The  p r e s e n c e  o f  e x c h a n g e d  c l a y  i n  t h e  c e m e n t  m a t r i x  was  f o u n d  t o  
g r e a t l y  a f f e c t  t h e  m i c r o s t r u c t u r e  o f  c e m e n t ,  c a u s i n g  i n i t i a l  
i n h i b i t i o n  o f  t r i c a l c i u m  s i l i c a t e  (C3 S) h y d r a t i o n  a n d  
i n c r e a s i n g  e t t r i n g i t e  f o r m a t i o n  t o  144% o f  t h a t  i n  t h e  c e m e n t  
p a s t e  a l o n e  a f t e r  28 d a y s .  The  e x c e s s  e t t r i n g i t e  was  t h o u g h t  t o  
c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  p o o r  m a c r o s t r u c t u r a l  s t r e n g t h  
o f  t h e  c l a y / c e m e n t  m a t r i x .  SEM m i c r o g r a p h s  o f  t h e  c l a y / c e m e n t  
m a t r i x  sho w ed  t h a t  t h e  s u r f a c e s  w e r e  c o v e r e d  w i t h  m a t s  o f  f i n e  
n e e d l e  c r y s t a l s ,  t h e  c o m p o s i t i o n  o f  w h i c h  was  n o t  known.

13. P h e n o l i c  co m p o u n d s  i n  a q u e o u s  s o l u t i o n  c o u l d  b e  s o l i d i f i e d ,  i n  
low c o n c e n t r a t i o n s ,  by  t h e  c e m e n t  p a s t e  w i t h o u t  t h e  u s e  o f  
e x c h a n g e d  c l a y .  E q u i l i b r i u m  l e a c h  t e s t s ,  w h i c h  i n v o l v e d  c r u s h e d  
s a m p l e s  s h a k e n  i n  a q u e o u s  l e a c h a t e  f o r  7 d a y s ,  sho w ed  h o w e v e r ,  
t h a t  t h e  p h e n o l s  w e r e  n o t  s t a b i l i s e d  a s  t h e y  w e r e  r e a d i l y  
r e l e a s e d  d u r i n g  t e s t i n g .  I n  c o n t r a s t ,  p h e n o l s  c o u l d  b e
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s o l i d i f i e d  w i t h  t h e  e x c h a n g e d  c l a y  a t  w e i g h t s  up  t o  o n e  h u n d r e d  
t i m e s  t h a t  i n  t h e  c e m e n t - o n l y  c o n t r o l s .  Even  a t  t h e  h i g h e s t  
l o a d i n g ,  t h e  c l a y / c e m e n t  m ix  r e t a i n e d  t h e  p h e n o l s  w e l l  u n d e r  
e q u i l i b r i u m  l e a c h i n g  c o n d i t i o n s .

Dynamic  l e a c h  t e s t s ,  u s i n g  m o n o l i t h i c  s a m p l e s  i n  s t i r r e d  
a q u e o u s  l e a c h a t e ,  i n d i c a t e d  t h a t  p h e n o l  r e t e n t i o n  by  t h e  c e m e n t -  
o n l y  c o n t r o l  m a t r i x  was  c o m p a r a b l e  w i t h  t h a t  o f  t h e  e x c h a n g e d  
c l a y / c e m e n t  m a t r i x ,  o v e r  t h e  d u r a t i o n  o f  t h e  t e s t ,  f o r  s a m p l e s  
c o n t a i n i n g  lo w c o n c e n t r a t i o n s  o f  t h e  p h e n o l s .  F o r  h i g h e r  
c o n c e n t r a t i o n s ,  h o w e v e r ,  f u l l y  a n a l o g o u s  c e m e n t - o n l y  c o n t r o l s  
c o u l d  n o t  b e  p r e p a r e d  d u e  t o  t h e  p h e n o l s '  s o l u b i l i t y
l i m i t a t i o n s .  At  lo w p h e n o l  c o n c e n t r a t i o n s  t h e  c o m p a r a b l e  
r e s u l t s  o f  t h e  c e m e n t - o n l y  c o n t r o l s  a n d  t h e  c e m e n t / c l a y  m i x e s  i n  
t h e  d y n a m ic  l e a c h  t e s t  w e r e  d u e  t o  t h e  n a t u r e  o f  t h e  t e s t ,  i n  
w h i c h  t h e  p e r m e a b i l i t y  o f  t h e  s a m p l e  was  a n  i m p o r t a n t  f a c t o r  i n  
g o v e r n i n g  t h e  a m ou n t  r e l e a s e d .  The  low p e r m e a b i l i t y  o f  t h e  
c e m e n t  m a t r i x  r e d u c e d  t h e  c o n t a c t  t i m e  b e t w e e n  t h e  a q u e o u s  
l e a c h a t e  a n d  p h e n o l  e n t r a p p e d  i n  t h e  c e m e n t  m a t r i x .

14.  M i x t u r e s  o f  z i n c  a n d  3 - c h l o r o p h e n o l  w e r e  s o l i d i f i e d  by  t h e  
e x c h a n g e d  c l a y / c e m e n t  m ix .  The  r e l e a s e  o f  3 - c h l o r o p h e n o l  was  
s l i g h t l y  e n h a n c e d  i n  t h e  p r e s e n c e  o f  h i g h  c o n c e n t r a t i o n s  o f  z i n c  
i n  b o t h  d y n a m i c  a n d  e q u i l i b r i u m  l e a c h  t e s t s ,  b u t  t h e  r e l e a s e  was  
l e s s  t h a n  t h a t  e x p e c t e d  i n  t h e  l i g h t  o f  t h e  r e s u l t s  f r o m  t h e  
a d s o r p t i o n  s t u d i e s .

15.  C h l o r o b e n z e n e  a n d  c h l o r o n a p h t h a l e n e  c o u l d  n o t  b e  s o l i d i f i e d  by
c e m e n t  a l o n e  a s  b o t h  w e r e  h i g h l y  i m m i s c i b l e  w i t h  t h e  i n o r g a n i c  
c e m e n t  p a s t e .  The  e x c h a n g e d  c l a y / c e m e n t  m ix  a l l o w e d
c h l o r o b e n z e n e  a n d  c h l o r o n a p h t h a l e n e  t o  be  i n c o r p o r a t e d  i n t o  t h e  
c e m e n t  m a t r i x  a n d  t o  b e  r e t a i n e d  d u r i n g  l e a c h  t e s t i n g .

16. P h e n o l s  w e r e  f o u n d  t o  i n h i b i t  t h e  h y d r a t i o n  o f  c e m e n t .  X - r a y  
d i f f r a c t i o n  (XRD) a n a l y s i s  sho w ed  t h a t  s i g n i f i c a n t  l e v e l s  o f  C3 S 
w e r e  s t i l l  p r e s e n t  a f t e r  28  d a y s .  The  p r e s e n c e  o f  p h e n o l  i n  t h e  
c e m e n t  m a t r i x  was  a l s o  f o u n d  t o  s t a b i l i s e  e t t r i n g i t e ,  s l o w i n g  
i t s  c o n v e r s i o n  t o  m o n o s u l p h a t e .  SEM a n a l y s i s  o f  t h e  3 -
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c h l o r o p h e n o l / c e m e n t  m ix  sho w ed  t h e  p r e s e n c e  o f  l a r g e  c r y s t a l s  
t h a t  w e r e  f o u n d ,  by  e n e r g y  d i s p e r s i v e  s p e c t r o s c o p y  (EDS),  t o  
c o n t a i n  t h e  c a l c i u m  s a l t  o f  3 - c h l o r o p h e n o l .  S / S  o f  3 -  
c h l o r o p h e n o l  w i t h  t h e  e x c h a n g e d  c l a y / c e m e n t  m ix ,  up  t o  t h e  
maximum c a p a c i t y  o f  t h e  c l a y ,  r e d u c e d  t h e  m i c r o s t r u c t u r a l  e f f e c t  
o f  3 - c h l o r o p h e n o l  on  t h e  c e m e n t .  Above t h e  c a p a c i t y  o f  t h e
c l a y ,  t h e  i n h i b i t i n g  e f f e c t s  o f  3 - c h l o r o p h e n o l  w e r e  o b s e r v e d .

17.  C h l o r o n a p h t h a l e n e  h a d  n o  e f f e c t  u p o n  t h e  h y d r a t i o n  o f  c e m e n t  a s  
i t  was  i m m i s c i b l e  w i t h  t h e  c e m e n t  p a s t e .  C h l o r o n a p h t h a l e n e  
c o u l d  b e  i n c o r p o r a t e d  i n t o  t h e  c e m e n t  m a t r i x  i n  t h e  p r e s e n c e  o f  
c l a y ,  b u t  s t i l l  h a d  n o  e f f e c t  on  t h e  m i c r o s t r u c t u r e  o f  t h e  
c e m e n t ,  e v e n  i n  e x c e s s  o f  t h e  maximum c h l o r o n a p h t h a l e n e  c a p a c i t y  
o f  t h e  c l a y .

18.  T h r e e  i n d u s t r i a l  w a s t e s  w h i c h  w e r e  m a i n l y  i n o r g a n i c  b u t  
c o n t a m i n a t e d  w i t h  up t o  12% o r g a n i c s  w e r e  u s e d  t o  t e s t  t h e  
a p p l i c a t i o n  o f  t h e  e x c h a n g e d  c l a y s  i n  t h e  S / S  p r o c e s s .  The  
o r g a n i c  c o m p o n e n t s  o f  t h r e e  w a s t e s  w e r e  a d s o r b e d  w e l l  by t h e  
e x c h a n g e d  c l a y s  a n d  t h e  m e t a l s  p r e s e n t  w e r e  a l s o  p a r t i a l l y  
a d s o r b e d .  I n  e a c h  c a s e ,  h o w e v e r ,  a  s m a l l  p r o p o r t i o n  o f  t h e  
o r g a n i c  c o m p o n e n t  c o u l d  n o t  be  a d s o r b e d ,  e v e n  w i t h  e x c e s s  c l a y  
p r e s e n t .  T h i s  e f f e c t  wa s  o f  i m p o r t a n c e  i n  s u b s e q u e n t  
s o l i d i f i c a t i o n  e x p e r i m e n t s ,  s i n c e  i t  was shown t h a t  e x c h a n g e d  
c l a y s  l o a d e d  w i t h  a d s o r b e d  o r g a n i c s  r e q u i r e d  w a s h i n g  w i t h  w a t e r  
b e f o r e  a  r e a s o n a b l e  s e t  o f  a n y  mix  c o u l d  b e  a c h i e v e d .

19. F o l l o w i n g  t h e  c l a y  w a s h i n g  s t a g e ,  a l l  t h r e e  i n d u s t r i a l  w a s t e s  
w e r e  s u c c e s s f u l l y  s o l i d i f i e d  u s i n g  t h e  e x c h a n g e d  c l a y  a n d  a  
m odel  c o m m e r c i a l  mix  o f  c e m e n t  a n d  i n e r t  f i l l e r  ( c a l c i u m  
c a r b o n a t e ) .  S t r e n g t h  a n d  s e t t i n g  r a t e s  o f  t h e  s o l i d i f i e d  w a s t e s  
me t  c o m m e r c i a l l y  a c c e p t a b l e  c r i t e r i a .  I n  t h e  a b s e n c e  o f  t h e  
c l a y  n o  s e t  was o b t a i n e d .  L e a c h i n g  t e s t s  on t h e  s o l i d i f i e d  
w a s t e s  sho w ed  up  t o  a  99% r e d u c t i o n  i n  t h e  t o t a l  o r g a n i c  c a r b o n  
(TOC) l e a c h e d ,  c o m p a r e d  w i t h  t h e  u n t r e a t e d  w a s t e .  A p r e l i m i n a r y  
e c o n o m i c  a s s e s s m e n t  o f  t h e  S / S  mix  sho w ed  t h a t  i t  was  a
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p o t e n t i a l l y  v i a b l e  a l t e r n a t i v e  t o  t h e  I n c i n e r a t i o n  o f  low 
o r g a n i c  c o n t e n t  ( l o w  c a l o r i f i c  v a l u e )  i n o r g a n i c  w a s t e s .

20 .  S t a b i l i s a t i o n  o f  p h e n o l - d o s e d  s o i l s  by t h e  e x c h a n g e d  c l a y  was 
shown t o  h a v e  p o t e n t i a l  f o r  i n - s i t u  c o n t a m i n a t e d ”s o l  1 t r e a t m e n t .  
I n  c o l u m n  t e s t s  >95% r e t e n t i o n  o f  a l l  t h r e e  p h e n o l s  was  
a c h i e v e d .  S / S  o f  t h e  p h e n o l - d o s e d  s o i l  p r o d u c e d  a  mix w i t h  
a c c e p t a b l e  s t r e n g t h  a n d  l e a c h i n g  c h a r a c t e r i s t i c s .

21 .  C o n t a m i n a t e d  s o i l  f r o m  a  d e r e l i c t  g a s  w o r k s  s i t e ,  s t a b i l i s e d  
w i t h  t h e  e x c h a n g e d  c l a y ,  sho w ed  a  90% r e d u c t i o n  i n  t h e  r e l e a s e  
o f  PAH d u r i n g  l e a c h  t e s t s  c o m p a r e d  t o  t h e  u n d o s e d  s o i l .
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CEMENT-BASED SOLIDIFICATION FOR THE SAFE DISPOSAL 
OF HEAVY METAL CONTAMINATED SEWAGE SLUDGE
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Cement-based solidification processes for the safe disposal of metal contaminated 
sewage sludges in landfill have been evaluated as a possible alternative to conven­
tional methods, such as disposal to agricultural land or sea dumping. The treatments 
evaluated were based on ordinary Portland cement (OPC) alone and OPC con­
taining soluble sodium silicate as an additive. The abilities of the systems to stabilize 
the metal contaminants present in the sludge were determined by extensive leaching 
tests, using water or buffered acetic acid over a 9 day cycle, designed to simulate the 
most severe conditions likely to be met in a landfill. For both the OPC/sludge mix 
and the OPC/silicate/sludge mix, these tests indicated that the release of metals from 
the cement matrix was low and the patterns of release could be divided into two 
distinct groups. The first group, comprising zinc, lead and cadmium, gave pH- 
dependent releases under equilibrium (crushed block) test conditions, suggesting that 
the metals are bound up in the cement matrix as the insoluble hydroxides at high 
pH. The second group, consisting of copper and nickel, were released throughout 
the test, suggesting that the metals were complexed by ligands present in the sludge 
and were, therefore, soluble under alkaline, as well as acid, leaching conditions.

Key Words— Solidification, sludge disposal, cement, sodium silicate, heavy metals, 
leaching, landfill.

1. Introduction
In the UK, approximately 1.2 million dry tonnes of sewage sludge are produced 
annually (Department of the Environment/NWC, 1983) of which about 18% are 
disposed of to landfill, usually in conjunction with domestic refuse. In the future, 
competition for space with other wastes and concern over possible odour, groundwater 
or surface-water pollution problems may restrict sludge disposal to landfills. Solidifi­
cation or stabilization of sewage sludge prior to landfilling may, however, enable the 
operation to be carried out in a more environmentally acceptable manner, particularly 
when sludges contain industrial wastes such as heavy metals. The feasibility and 
implications of using these techniques, therefore, needs to be examined in greater detail.

Stabilization is a treatment process that induces chemical change in a waste to form 
insoluble compounds that entrap toxic elements or compounds in an impervious 
polymer or stable crystal lattice. Solidification is a treatment process that produces a 
solid monolithic or soil-like mass from a liquid waste (although this may not necessarily 
involve chemical stabilization) and leads to a product with improved structural integrity 
and physical characteristics. This allows the material to be readily handled or trans­
ported, and the solidified material has sufficient strength to allow for land reclamation. 
Furthermore, the modified structure significantly reduces the leachability by decreasing
* Public Health Engineering Laboratory, Civil Engineering Department, Imperial Collece, London SVV7 2BU, U.K.

0734-242X/88/030217 + 10 S03.00 0 f 1988 ISVVA
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the mobility and exposed surface area of the waste, thereby minimizing the possibility 
of groundwater and surface-water contamination. This has always been a major 
consideration in the safe disposal of toxic wastes to land.

Cement-based stabilization-solidification processes incorporate the waste as part of a 
rigid inorganic cement matrix. The cement most widely used in many stabilization/ 
solidification processes is ordinary Portland cement (OPC), which is very similar in 
composition to ASTM specification Type 1 (Bye 1983). The key constituents are calcium 
aluminosilicates. In OPC these may comprise up to 92% of the total weight, as shown 
in typical composition data given by Lee (1970). Extensive studies of the hydration 
mechanism of cement (Jennings & Pratt 1979; Birchall et al. 1980) indicate that the 
process of Portland cement hydration involves an osmotic pressure gradient drawing 
water across an initially formed semipermeable membrane around the calcium silicate 
particle. Lead nitrate was found by Thomas et a l (1981) to inhibit cement hydration 
by forming an impermeable coating around the calcium silicate grains. A similar 
mechanism was suggested to occur with metal cations (Cu, Zn, Cd) which give highly 
insoluble hydroxy compounds in alkaline solution (Stepanova 1981). The precipitation 
of the hydroxides onto the cement grains would provide a viable explanation for metal 
fixation in the cement matrix.

It has been suggested (Poon et al. 1985a,b) that a similar process can occur between 
waste sludges containing metallic cations and cement during the fixation process. Evi­
dence for this has been put forward by Falcone et al. (1984), who added sodium silicate 
to lime precipitated plating wastes heavily contaminated with zinc and chromium. This 
was found to reduce the leachability of these metals, especially when the samples were 
solidified with an OPC/PFA (pulverised fly ash) mix. Cote & Bridle (1987), Edwards & 
Duedall (1985) and others have also reported on the leaching of metal ions from cement 
solidified wastes. Silicate addition is the basis of several proprietary stabilization/ 
solidification processes (Clements & Griffiths 1985) and an example of this approach to 
solidification has been investigated in the work presented here.

Alternative mechanisms suggested for metal ion fixation by cement involve absorp­
tion by cement hydrates, substitution and solid solution in hydrate structure, or for­
mation of metal complexes (Tashiro et al. 1977). Other mechanisms based on crystal 
capture (Schofield 1979) and the formation of a three-dimensional polymer matrix 
(Salas 1979) have also been suggested. However, many claims relate to semiquantitative 
observations and interpretations leaving many of the fundamentals to be resolved, and 
only recently have proper scientific evaluations of the physicochemical mechanisms 
involved in some commercial stabilization/solidification processes been undertaken 
(Poon et al. 1985a,b; 1986a,6).

With respect to the specific problems of stabilization/solidification of sewage sludge, 
Tittlebaum et al. (1985), in their comprehensive review of stabilisation techniques for 
organic wastes, noted that only a very limited amount of work had been carried out on 
this aspect. They reported that a reduction of COD from 100 000 mg l-1 to 400 mg l"1 
had been achieved for leachate from a cement-stabilized activated sewage sludge from 
Michigan. In separate acid-leaching tests on a stabilized municipal sludge from Indiana, 
phenol concentrations of 71 mg 1_1 in raw sludge leachate were reduced to less than 
0.75 mg 1_1 in leachate from the stabilized product.

More recently, Malone & Jones (1985) reported experiments on the solidification of 
anaerobic digester sludge containing high concentrations of Cu, Cd, Pb and Zn and 
sludge incinerator ash contaminated by Cr, Cu, Pb and Zn using processes based on 
OPC/silicate, lime and gypsum, respectively. The lime-based process produced the
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hardest, most durable material and was considered the most cost-effective method of 
the three, although the final product did not withstand the cycle of durability tests used 
by the authors. In overall terms, however, the present state of scientific knowledge on 
stabilization of organic wastes, including sewage sludge, using cement and lime-based 
processes is very limited.

For this study, a silicate/cement treatment based on OPC and a soluble silicate 
additive was evaluated for its applicability to a sludge contaminated with heavy metals. 
Evaluation was based on a leaching test protocol and physical hardness measurements, 
and comparisons made with a cement-only stabilized product and unstabilized sludge.

2. Materials and methods
2.1. Sewage sludge solidification

Primary sewage sludge was obtained from a treatment works in the north of England. 
The concentrations of heavy metals in the sludge are shown in Table 1. Between 40 g 
and 200 g of sludge were solidified using (a) 40 g of OPC, and (b) 40 g of OPC and 
10 ml of 40% sodium silicate (Na2S i0 3), to give the mixes shown in Table 2. Control

TABLE 1
Total concentrations of metals in primary sewage sludge (results supplied 

by Water Research Centre, U.K.)

Metal
Weight in dry solid 

(mg kg~‘)
Weight in 40 g of sludge* 

(mg)
Copper 440 1.06
Nickel 390 0.94
Zinc 1700 4.10
Cadmium 48 0.12
Lead 460 1.10
Chromium 1100 2.65
Iron 3000 7.23
Manganese 670 1.61

* Dry solids content = 6%.
TABLE 2

Mix ratios and setting measurements for cement-only and silicate-modified samples
Penetration strength (x 106N m “2)

Ratio
Sample cement: liquid f: silicate 3 days 7 days 14 days 28 days

A* Cement/water 1:1 : 0 >4.80 >4.80 >4.80 >4.80
B* Cement/sludge 1:1: 0 >4.80 >4.80 >4.80 >4.80
C Cement/sludge 1:2.5: 0 NS NS 4.11 4.80
D Cement/sludge 1:5 : 0 NS NS NS NS
E* Cement/water/silicate 1:5 :0.5 0.69 1.03 1.44 2.06
F* Cement/sludge/silicate 1:5 :0.5 0.48 0.69 0.82 0.96

NS. not set.* Samples used in leaching tests, 
t liquid = water or sludge.
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samples were made by substituting an equivalent weight of water for the sludge. The 
mix ratios chosen are based upon those used by previous workers (Poon et a l 1985a) 
and reflect the range found in commercial processes.

Subsamples of each mix were transferred into 14.3 cm3 moulds in preparation for 
dynamic leaching tests, and allowed to set for 24 h before demoulding. The remainder 
of each mix was transferred to plastic containers, to be used for equilibrium leaching 
tests, and allowed to set. Both sets of samples were cured for a total of 28 days at 20°C 
and 58% relative humidity.

2.2. Setting rates
The setting rate was determined by measuring hardness values with a pocket concrete 
penetrometer at 2.5 cm penetration after 2, 7, 14 and 28 days.

2.3. Dynamic (whole block) leaching test
The 14.3 cm3 blocks were suspended in 100 ml of extractant (either deionized water or 
buffered 0.5 m  acid (pH 4.5-4.6), and gently stirred by means of magnetic stirrers for 
24 h. The leachates were filtered through 0.45 pm membranes and 27 ml aliquots pre­
served for analysis. Fresh portions of extractant (deionized water or buffered acetic 
acid) were added and the process repeated for a further 8 days.

2.4. Equilibrium (crushed block) leaching test
The samples were crushed to a particle size of less than 2 mm and 40 g portions 
transferred to plastic containers. Extractant (deionized water or buffered 0.5 m  acetic 
acid) was added to each container and the samples agitated using a rotational shaker. 
After 24 h, the slurries were filtered through 0.45 pm membranes and 27 ml aliquots 
preserved for analysis. Fresh portions of extractant were used to resuspend the filter 
cake and the leaching tests were repeated for a further eight days. Extactions for 
comparative purposes were carried out on unstabilized sludge using a 40 g sample with 
leaching, filtration, etc., being performed in an identical manner as for stabilized 
samples.

2.5. Sample analysis
The filtrates were preserved in 1% nitric acid solution and analysed in duplicate for Cu, 
Zn, Ni, Cd and Pb by atomic absorption spectroscopy (AAS).

3. Results and discussion 
3.1. Setting rates

The setting rates of the stabilized samples are shown in Table 2. The primary sludge 
used in this work contained 6% dry solids by weight, the composition being fibrous 
organic material contaminated with inorganic and organic residues. Increasing the 
sludge/cement ratio from 1:1 to 5:1 clearly had a detrimental effect upon setting rates 
and, in view of the substantial water content of the sludge, this can be partially ascribed 
to an increasing water/cement ratio effect commonly observed in construction practice
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(Neville 1981). This effect may also be partially due to the effects of the membrane/ 
osmosis model of cement hydration previously referred to (Jennings & Pratt 1979; 
Birchall et al. 1980). Metal contaminants in the sludge probably form insoluble metal 
hydroxides which are precipitated onto the cement grains, thus reducing the permea­
bility of the membrane coating and inhibiting the hydration process. The final sample 
strength may also be reduced by the fibrous constituents in the sludge.

In contrast, the silicate/sludge and silicate/water samples indicated improved setting 
characteristics compared with the analogous non-silicate samples, reflecting the accelera­
tion effect of silicate on the hydration process. Significantly, however, the silicate/sludge 
setting rate was slower than the silicate/water sample, and this may again reflect the 
hydration-inhibiting effect of insoluble hydroxide formation by metals in the sludge.

3.2. Leaching behaviour
Leaching tests were carried out on mixes B and F, which had the highest setting rates 
of the cement/sludge mixes (Table 2) and on mixes A and E which were the silicate-free 
control samples. Figures 1 and 2 show the daily release of zinc and copper, respectively, 
from samples under both equilibrium (crushed block) and dynamic (whole block) 
leaching test conditions. The equilibrium test results are given as the concentration of 
metal (mg 1_1) in 100 ml leachate following extraction of a 40 g crushed sample. The 
dynamic leach test results are given as the concentration of metal (mg l"1) in 100 ml 
leachate following extraction from a sample block of volume 14.3 cm3. It should be 
noted that in both Figs 1 and 2 the concentration scale for water-leached data is an 
order of magnitude smaller than for acid-leached data. Accompanying pH profiles for 
equilibrium (crushed block) leach tests are given in Fig. 3.

Extraction efficiencies of the leaching procedures is given by the cumulative weight 
of each metal released expressed as a percentage of the metal originally present in the 
sample (Jackson et a l 1984), and Fig. 4 presents extraction efficiency data for equili­
brium (crushed block) tests over a 9 day period.

The use of acetic acid as an extractant provides a severe test for the samples and is 
expected to predict the metal release over many years in landfill conditions (Boyle et a l 
1983). Use of both acetic acid and water as extractants in the present work demon­
strated considerable contrasts in sample behaviour.

In terms of visual appearance, the dynamic leaching test blocks leached by water 
showed very little sign of disintegration, whereas the acid leached samples had started 
to break up after eight days. It should be noted that the silicate/cement acid-leached 
sample broke down after five days and subsequent leaching tests were performed under 
quasi-equilibrium conditions. The cement/water and cement/sludge samples showed 
few effects of disintegration until the end of the tests, when they were allowed to dry 
out slightly. The silicate/cement/sludge sample remained almost intact in both water 
and acetic acid, possibly due to the binding properties of the fibrous matter in the sludge.

With respect to metal release under acid leaching, in equilibrium (crushed block) 
conditions, the silicate-modified samples released only low concentrations of Cu, Zn, 
Pb and Cd for the first four days. On days 5 to 6, however, a sudden increase in metal 
release occurred which coincided with the point at which the pH of the leachate fell 
below 7 (Fig. 3). Figure 1 clearly illustrates this for Zn. In the analogous cement samples 
the pH remained above 11 for the first eight days of the test, and the release of the 
same four metals was gradual, showing no clear maxima. Nickel showed a maximum 
release after 1-2 days for both silicate-modified and cement-only samples. In the
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ACETIC ACID

Days

CRUSHED BLOCK

- - OPC/Water
— OPC/Silicate/Water 
— A —  OPC/Sludge 
—♦ — OPC/Silicate/Sludge 
— x — Sludge only*
Mixes not shown: Zn <0*01 mg l"'

Days

WHOLE BLOCK

WATER - O ’ - OPC/Water
OPC/Silicate/Water

CRUSHED BLOCK
Fig. 1. Leach test daily concentration profiles for zinc.

WHOLE BLOCK

dynamic (whole block) leaching tests under acid conditions, the pH values of the acid 
leached samples fell below 7 from day 1 onwards, but nonetheless for Cu, Zn and Cd 
release from the silicate-modified samples, a similar pattern of release to that 
demonstrated in the equilibrium leaching tests was observed (Montgomery et a l 1987).

Results from both dynamic and equilibrium (Fig. 3) leaching tests using water showed 
that the pH remained between 11 and 12 throughout, reflecting the dominant alkalinity 
of the solidified matrices in this leaching medium. Concentrations were, in general,
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WATER

Fig. 2. Leach test daily concentration profiles for copper.

much lower than for acid-leached conditions, but Cu (Fig. 2) and Ni demonstrated an 
exponential-type removal pattern from both cement-only and silicate-modified samples. 
Zinc removal from cement-only and silicate-modified samples showed a maximum after 
7-8 days, as with acid-leached conditions, but at much lower concentrations (Fig. 1).

A clearer overall pattern of behaviour for the five metals is evident from consideration 
of the extraction efficiency data. This is summarized for equilibrium leaching tests in 
Fig. 4; data for dynamic leaching conditions were broadly similar. The main trends 
observed show that when water was used as an extractant on the cement samples, Cu 
and Ni demonstrated significant extraction efficiencies, whilst Zn, Pb and Cd showed 
negligible values. For silicate-modified samples, substantially higher extraction
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Time (days)

Fig. 3. Changes in pH during equilibrium (crushed block) leach tests. •, O , OPC/water; ■, □. OPC/silicate 
water; A< A. OPC,'sludge; ♦, O, OPC/silicate/sludge; x, sludge only.

sludge
Fig. 4. Metal extraction efficiencies for solidified samples in equilibrium (crushed block) leach tests.
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efficiencies for Cu and Ni were clearly evident, while Zn, Pb and Cd again showed 
negligible release. Use of acetic acid as an extractant clearly give rise to enhanced 
extractability for most metals, but the anomalous release pattern for Cu and Ni from 
stabilized samples is again evident. Particularly noticeable, however, is that Cu and Ni 
extraction efficiencies from unstabilized sludge samples are often cpmparable to or less 
than the corresponding values for stabilized samples. The behaviour of Cu and Ni may 
be explained by noting that the pH was generally high for all equilibrium leach tests on 
cement-containing samples and that therefore some Cu and Ni may have been released 
as anionic complex ions. Further release occurred under acid conditions when the pH 
fell below 7 and structure of the cement began to break down.

4. Conclusions
This study has shown that, both cement and silicate-modified cement solidify concen­
trated primary sewage sludge. At a high sludge/cement ratio, a high setting rate solid 
can be obtained with very favourable leaching properties for some metals.

The leaching test results show that the metals tested were generally released only in 
low concentrations and their patterns of behaviour could be broadly divided into two 
distinct groups. Metals in the first group comprising Zn, Pb and Cd, were effectively 
stabilized in both silicate-modified and cement-only samples, and results indicated that 
they formed insoluble metal hydroxides in the alkaline matrix. Metals in the second 
group, comprising Cu and Ni, were released more readily from solidified sludge than 
from the unsolidified counterpart, suggesting that these metals exist as pH dependent 
metal complexes in the sludge itself. Overall, however, the results indicate that stabiliz- 
ation/solidification has the potential to become a viable alternative disposal route for 
sewage sludge which has a heavy metal content unsuitable for direct disposal to land or 
sea.
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ABSTRACT
Cement-based stabilisation/solidification has been used for treatment of inorganic industrial waste for a 
number of years. An urgent need now exists to expand the use of this technique to inorganic wastes 
containing a significant level (up to -15%) of organic contaminants. Application of organophilic clays 
to this problem is reported and the successful retention of the organic component of some problematic 
industrial wastes is demonstrated.

INTRODUCTION
The safe disposal of hazardous liquid and solid wastes is forming a rapidly expanding field of 
environmental research and technology as direct disposal to landfill becomes more tightly controlled or 
even prohibited in many countries, particularly the USA. Cement-based stabilisation/solidification is one 
technique used successfully for about 20 years for the disposal of purely inorganic wastes as a 
pre-landfill treatment (1). This technique employs cheap, readily available materials (e.g. cement and 
PFA), has a low energy requirement and produces a monolithic, leach-resistant solid. The technique is, 
however, unsuitable for wastes containing organic compounds (>1-2%). Enhancement of this technique 
using suitable additives to allow the treatment of inorganic wastes with organic components up to 15% 
by volume would provide a significant alternative to expensive existing treatment options such as incineration.
This paper addresses the stabilisation/solidification of problematic inorganic wastes containing up to 
12% organic content. The work investigates the use of modified clays as pre- solidification adsorbents 
and shows their promising application in the treatment of two industrial wastes.

EXPERIMENTAL
Materials
Wyoming Bentonite was supplied by Laportc Industries, Widncs, UK. The ten quaternary ammonium 
salts (QAS) used arc detailed in Table 1. Pcrchcm 462®, a commercial exchanged clay, was supplied 
by Pcrchcm Ltd, UK. Ordinary Portland cement (OPC) was supplied by Blue Circle, UK. Phenol, 
3-chIorophcnol 2,3-dichIorophcnol (AnalaR) and calcium carbonate (GPR) were supplied by BDH 
Chemicals, UK. The two industrial wastes used in these experiments were essentially inorganic (Table 2) but contained up to 12% organic compounds.
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Table 1 : Structure of quaternary ammonium salts (QAS) exchanged 
onto Wyoming Bentonite.

Chain
Length

S tr uc tu ra l  Formula 
of  Cation

Name of  Cation Acronym 
of  QAS

1 (CH3 ) 4N+ Tct ramcthy1ammoniurn TMA
1 (CH3 ) 3N+CeHs Trimcthylphcnyl

-ammonium
TMPA

8 (CH3 ) 3N+(CH3 ) 7CH3 Octyl tr imcthyl
-ammonium

OTMA
14 (CH3 ) 3N+(CH3 ) , 3CH3 Tctradccyl t r imeth yl  

- ammon i um
TDTMA

14 (CH3 ) 3CsHsCH3N+(CH3 ) , 3CH3 Benzyl dimethyl le t  ra 
-dccylammonium

BDN1TDA
16 (CH3 ) 3N+(CH3 ) , ,CH 3 Hcxadecyltrimethyl 

-ammonium
HDTMA

18 (CH 3 ) 3N+(CH 2) , 7CH 3 Octadccylt r imethyl  
-ammonium

ODTMA
18 (CH3 ) 3CtH5CH3N+(CH3 ) , 7CH3 Bcnzyloctadccyl

-dimethyl ammonium
BODDMA

• is (CH3 ) 2N+((CH2 ) 1 7 CH3 ) 2 Dioctadccyldimcthyl
-ammonium

DODD.MA
18 N+((CH3 ) , 7CH3 ) 4 Telraoctadccyl 

-ammonium
TODA

Table 2 : Properties of the industrial wastes.
Waste A Waste B

Origin Process effluent Mixed inorganic/organic
from glycid ether effluent

Appearance production 
Brown/red sludge Black ’oily’ sludge
containing containing solvents
chlorinated solvents amines and latex product:Odour Solvents Organic nitrogen compounds

pH 9.94 7.64
TOC (mgl*1) 37140 123150
Inorganic Carbon 81 68(mgl*1) 
Zinc (mgl*1) 48.3 216Copper 24.3 8Nickel 15.4 <0.2Cadmium 2.0 <0.05Lead <0.5 <0.5

Preparation of Exchanged Clavs
Uncxchanged Wyoming Bentonite (lOOg) was ground and sieved to a panicle size of < 200 microns, 
dried (105°C/24 hours) and cooled in a desiccator. A sample (75g) of the clay was suspended in 1.51
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of a stirred solution of 0.1 M  QAS for 48 hours. Higher chain length QAS solutions required heating 
to 60°±2°C to allow them to dissolve. The clay suspensions were filtered under vacuum, care being 
taken to exclude the heavy insoluble impurities. The filter cake was washed and re-filtered three 
times, to remove excess QAS, then dried (105°C/48 hours), ground and sieved (<500 microns). 
TODAM and DODDMAM were dried over silica gel in a vacuum desiccator (7 days) due to their 
heat sensitivity.
Adsorption Studies
The adsorbent (clay or exchanged clay, l.Og) was mixed with aliquots (100ml) of the aqueous phenol
solutions (1.0 mM) and shaken by end-over-cnd rotation for 3 hours. The industrial wastes were
diluted to give a range of organic concentrations and mixed with the exchanged clay for 24 hours.
The suspensions were then filtered and the filtrate analysed for the phenol using a colourimetric 
method (2) or by total organic carbon (TOC) analysis for organic content in the case of the industrial 
waste.
Solidification of Exchanged Clavs containing fi) Phenols and (iil Waste
Due to the difficulty in preparing large quantities of exchanged clay in the laboratory, Perchem 462® 
was used in all solidification experiments. The organic cations of this clay consisted of 
predominantly ODTMA. The production of samples of this clay loaded with phenol or waste was 
based on the results of the adsorption experiments. Samples of clay with ‘high’ and ‘medium’ and
loadings of each phenol and Tow’ loadings of dichlorophcnol were solidified, together with suitable 
controls as detailed in Table 3. The mixes were prepared and cast in cylindrical moulds (60mm x 
60mm) for subsequent dynamic leach-tests and unconfincd compressive strength (UCS) tests. The 
remainder of each mix was retained for equilibrium leach testing.

Table 3 : Phenol solidification mixes.

Clay/phenol
Load

Phenol
Type of Phenol 
3-chloro 2, 
phenol

_1£)_____3-dichloro
phenol

Mix
Make-up

Water/
Cement
Ratio

Water/
Clay
Ratio

Pcrchcm 462®
High 1.08 2.06 2.00 ) 46% OPC ) )Medium 0.10 0.14 0.29 ) 23% clay ) 0.35 ) 0.67
Low - - 0.03 ) 31% water ) )
Wyoming
Bentonite
High 0.36 0.77 ) 43% OPC ) )Medium 0.03 0.07 0.09 ) 21% clay ) 0.35 ) 1.0
Low - - 0.01 ) 36% water ) )
OPC
High 0.57 - - ) 74% OPC ) )Medium - 0.11 - ) 0% clay ) 0.35 ) -Low - - 0.01 ) 26% water ) )

A sample of each industrial waste (21) was stirred with Perchem 462® (200g) for 24 hours and then 
filtered under vacuum until no free liquid was visible. The filter cake was weighed and the 
wastc.clay ratio determined to be 1.25. The filter cake was then washed with water and re-filtered; a 
liquidxlay ratio of 1.25 being maintained. Solidification samples were prepared by mixing the filter 
cake with OPC and calcium carbonate. Water was then added to hydrate the OPC and mixing 
continued until a homogeneous mix was achieved. (The role of calcium carbonate was to act as a
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bulking agent; in existing cement based solidification processes solid wastes fulfil this function). Table 
4 shows the composition of the solidification mixes produced. Cylindrical moulds of solidified waste 
were prepared for the determination of unconfincd compressive strength and also for use in an equilibrium leach test.

Table 4 : Industrial waste solidification mixes.

Sample Clay
% Wl

0PC 
% wt

Calcium 
carbonate 
% wt

Liquid 
% wt

TIS1
S

1 :c2 TOC in leach 
sample 
mg

1 9 26 20 45 55 1.5 229
2a 9 26 20 45 55 1.5 3092
2b 9 12 33 45 55 1.5 2480

N o te : 1 Total Insoluble Solids
2 Liquid (available for hydration): OPC ratio 
Sample 1 : contained Waste A
Sample 2a.b: contained Waste B

Leach Tests and Compressive Strength Tests
The test procedures for both dynamic and equilibrium leach-tests were adapted from those developed 
by Environment Canada (3). Dynamic leach test samples were suspended in distilled water (11 at 
20°C). The water was stirred gently and analysed at regular intervals between 1 and 28 days. The 
blocks were resuspended in fresh distilled water (11) after each analysis and phenol determinations were 
carried out as before (2). Equilibrium leach-tests were performed on 28 and 56 day samples (7 and 
28 days for the wastes). Approximately 40g of crushed sample plus four times the weight of distilled 
water were shaken end-over-end for 7 days. The solids were allowed to settle and the supemates 
were filtered through membrane fillers (0.45 pm). After suitable dilution, analysis for phenols and
TOC was carried out as before. Compressive strength measurements were carried out after 28 days 
curing at 20 ± 2°C and 100% relative humidity.

RESULTS AND DISCUSSION
Adsorption, Studies

The results of adsorption studies are shown in Figure 1 and illustrate very clearly the improved 
adsorption of phenols onto the exchanged montmorilloniic over unexchanged Wyoming Bentonite. The 
magnitude of the adsorption of both 3-chlorophcnol and 2,3-dichlorophenol by the best QAS-exchanged 
clay, BODDMAM. was approximately 90% of the initial phenol in solution; however only 45% of the corresponding unsubstituted phenol was adsorbed.
The general trend of phenol adsorption demonstrated by these QAS-exchanged montmorillonites is 
increased adsorption with increasing chain length, i.e. ODTMAM > HDTMAM »OTMAM »  TMAM. 
The only exception to this trend occurs if the quaternary ammonium cation contains a benzyl group, 
which results in a slightly improved adsorption ability; thus BODDMAM adsorbs the phenols more 
strongly than ODTMAM even though they have the same aliphatic chain length. Perchem 462© 
showed similar adsorption capacities to ODTMAM, and this is reasonable in view of its similar 
structures.
The TOC adsorption isotherms for the adsorption of the industrial wastes by Perchem 462® (Figure 2) 
shows that the organic component of the waste was well adsorbed. As the concentration of the waste 
increased the amount of the TOC adsorbed also increased, and no maximum was reached even using undiluted wastes.
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Figure 2 : Adsorption of TOC from industrial wastes A and B

Dynamic Leach Tests
The results of the dynamic leach-tests for the solidified phenols are shown in Figure 3a. The results 
show the total weight of each phenol released over the 28 day period, expressed as a percentage of 
the total weight of phenol originally present in the sample. In practice it was found that the actual 
concentration of the phenols in the leachate varied considerably between day 1 and day 28 of the test, 
the maximum release occurring within the first few days of the test. It should be emphasized that 
although similar percentages of phenol were released from clays loaded with different concentrations of 
the phenols, the leachate concentrations were several orders of magnitude different The general trends, 
demonstrated at all three concentrations of the different phenols, were that the unexchangcd Wyoming 
Bentonitc/OPC mix does not stabilize any of the phenols, and by increasing the permeability of the 
matrix the clay causes greatly increased leaching compared to the OPC/water mix. In contrast, the 
exchanged clay stabilized the phenols well, particularly as the degree of chlorination, and hence
hydrophobicity of the phenols, increases. For example, the Perchem 462® mix containing a high
phenol load releases only 12% while the medium- and low-loaded samples all released less than 5%.
An interesting feature of these results was the very low releases recorded for the OPC-only mixes, 
which appears able to stabilize phenols as effectively as the exchanged clay mix. For example, in the 
case of the high loading of phenol, the release from the OPC-only mix is about half that of the 
Pcrchcm 462®/OPC mix. Separate permeability studies in this laboratory which arc at present being 
completed have shown that the permeability of the OPC-only sample is low compared to the other 
samples. Consequently in the 28 days leaching period the leachate would not penetrate the OPC
sample to the same extent as the other samples and so less phenol would presumably be exposed to 
the leachate.
Equilibrium Lcach-Tcsts
In general it would be expected that the equilibrium leach-tests (Figure 3b) would show higher releases 
of the phenols compared with a dynamic leach-test results, since the samples are ground and subjected 
to severe leaching conditions. However, if the phenols arc well bound in the matrix the release will 
be small and only unbound molecules will be lost. From Figure 3b it can be seen that almost 100% 
of the phenols arc released from the unexchanged Wyoming Bentonite mix and that the OPC-only
sample released about 40% of the phenol present. This indicates that the stabilizing effect seen in the
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Figure 3 : Results of (A) dynamic and (B) equilibrium leach tests

dynamic leach-tests of the OPC-only mixes is due to the inability of the leachate to penetrate the 
cement samples. In the high loading situation, the Perchcm 462® mix shows the expected higher 
release than in the dynamic leach test, but this amount in the case of phenol is still significantly less 
than the OPC-only mix. The medium and low loading of the samples clearly demonstrates the ability 
of the exchanged clay mixes to stabilize the phenols present compared to the OPC-only mix - the 
releases of the phenols being in all cases less than 5%.
When the samples were allowed to cure for a longer period (56 days) a gradual hardening of the 
matrix would be expected, with a corresponding reduction in phenols released, and this was found to
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be the ease. The releases of 3-chlorophcnol and 2,3-dichlorophcnol (not shown) were found to almost 
negligible under these, conditions.
Figure 4 shows the leach-test results for the industrial waste. Retention of the TOC content by both 
of the solidified wastes was very good. After 7 days the sample containing Waste 1 retained over 
65% of the original TOC and after 28 days, when the sample had reached its full hardness, it was 
able to retain 78% of the TOC. Waste 2 was retained even more successfully. After only 7 days 
98% of the original TOC was retained.

I i TOC Sample

2a 2b
Samplc

3000

2000
w.E

£

1000

Figure 4 : TOC leaching from ram wastes and solidified mixes 
(for each sample, data refers to the same weight of waste)

Compressive Strengths
The unconfined compressive strengths of the solidified mixes are shown in Table 5. The Perchem 
4620/OPC mixes give strengths (in all cases > 4x10s Nm*2) which are substantially greater than the 
Wyoming Bentonite/OPC mixes, indicating another beneficial effect of the QAS-clay on the integrity of 
the solidified product.
Table 6 shows the unconfincd compressive strength of the solidified industrial wastes. All of the 
solidified products reached a satisfactory strength after the 7 day curing period.
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Tabic 5 : Compressive strengths of the phenol-containing 
solidified mixes at 28 days (units = 106Nm-2).

Clay/Load Phenol 3-Chloro-
phcnol

2,3-Dichloro-
phenol

Pc rehem 462® 
High 9.2 7.5 4.. 6Medium 7.4 8.4 6.9Low -■ . 12.6Wyoming Bentonite 
High 0.9 0.9Medium 0.6 0.8 0.5Low . . 0.3OPC Control 
High 48.7 _
Medium 50.4 41.6 .
Low - - 65.9

Table 6 : Compressive strength data (7 and 28 day) for solidified 
industrial wastes.

Unconfined Compressive Strength (xl06Nm*2)
Sample 7 day 28 day
1 2.46 2.85
2a 1.54 2.56
2b 0.35 0.60

CONCLUSION
Industrial wastes in solid or sluny form which are mainly inorganic in character but which contain 
significant organic content can pose especially difficult and expensive treatment and disposal problems. 
This is particularly true in countries such as West Germany and the United States where, notably in 
the latter, land disposal of untreated wastes has either been banned completely or at best is becoming 
an increasingly limited option (4). In such circumstances, cheaper and environmentally sound processes 
for stabilising and solidifying such wastes clearly have a major role to play in waste management 
strategies of the future. This work has shown that, with the use of readily available additives, 
promising stabilised and solidified materials can be produced from wastes which would otherwise be 
quite unacceptable for treatment by existing conventional stabilisation/solidificaiion systems. It is 
anticipated that further modification and refinement of this type of approach will lead to a continually 
expanding range of mixed inorganic/organic wastes which can be successfully treated.
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