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ABSTR A C T

A lu m - a s s i s t e d  d i r e c t  f i l t r a t i o n  i s  a  com m on  p r o c e s s  f o r  t r e a t i n g  

u p la n d ,  c o lo u r e d  s u r f a c e  w a t e r s .  B e c a u s e  o f  t h e  c o n c e r n s  a b o u t  t h e  

e f f e c t s  o f  b o t h  a lu m in iu m  a n d  t r ih a lo m e t h a n e s  in  h u m a n  h e a l t h  t h e r e  

h a s  b e e n  a  g r o w in g  i n t e r e s t  in  im p r o v in g  t h e  r e m o v a l  o f  c o lo u r  fro m  

d r in k in g  w a t e r s  w h i l s t  m a in ta in in g  lo w  r e s i d u a l  a lu m in iu m  

c o n c e n t r a t io n s .  T h is  d i s s e r t a t i o n  d e s c r i b e s  a  l a b o r a t o r y - b a s e d  s t u d y  

d e s i g n e d  to  e v a lu a t e  t h e  e f f e c t  o f  t h e  p a r t ia l  r e p la c e m e n t  o f  a lu m  b y  

a  c a t io n ic  p o l y e l e c t r o l y t e  o n  t h e  p e r f o r m a n c e  o f  d i r e c t  f i l t r a t io n  o f  

c o lo u r e d  w a t e r s ,  a n d  to  i n v e s t i g a t e  h o w  c a t io n ic  p o ly m e r s  a c t  in  

c o n j u n c t io n  w it h  a lu m  in  p r e c i p i t a t i n g  o r g a n ic  c o lo u r .

T h e  e x p e r im e n t s  w e r e  c a r r ie d  o u t  a t  pH 6 a n d  u s i n g  a  s y n t h e t i c  

c o lo u r e d  w a t e r  a t  tw o  c o lo u r  c o n c e n t r a t i o n s ,  p r e p a r e d  fr o m  a n  a q u a t ic  

h u m ic  e x t r a c t e d  m a te r ia l .  F i l t r a t io n  t e s t s  w e r e  p e r f o r m e d  u n d e r  

d i f f e r e n t  p r e - t r e a t m e n t  c o n d i t io n s ,  v a r y i n g  fro m  c o a g u la t io n  w it h  a lu m -  

o n ly  to  c o a g u la t io n  w it h  p o ly m e r - o n ly ,  p a s s i n g  t h r o u g h  v a r i o u s  a lu m -  

p o ly m e r  c o m b in a t io n s .  F i l t e r  p e r f o r m a n c e  w a s  a s s e s s e d ,  p r in c ip a l ly ,  b y  

m e a n s  o f  a  n o n - d im e n s io n a l  p e r f o r m a n c e  in d e x ,  t h e  I v e s ’ f i l t e r a b i l i t y  

n u m b e r .

F lo e  c h a r a c t e r i s t i c s  w e r e  d e t e r m in e d  f o r  a  n u m b e r  o f  a lu m -  

c a t io n ic  p o ly m e r  c o m b in a t io n s  in  a n  a t t e m p t  t o  c o r r e la t e  s u c h  

c h a r a c t e r i s t i c s  w i t h  t h e  f i l t r a t io n  p e r f o r m a n c e .  T h e  f lo e  c h a r a c t e r i s t i c s  

i n v e s t i g a t e d  w e r e  f lo e  s i z e  a n d  f lo e  c h a r g e .

T h e  r e s u l t s  in d ic a t e  t h a t  w h e n  a lu m  i s  u s e d  in  c o m b in a t io n  w it h  

a  c a t io n ic  p o ly m e r  to  c o a g u la t e  o r g a n ic  c o lo u r ,  c h a r g e  n e u t r a l i z a t io n  i s  

a n  im p o r ta n t  m e c h a n is m . T h e  m in im u m  f i l t e r a b i l i t y  n u m b e r  (o p tim u m  

f i l t r a t io n  p e r f o r m a n c e ) ,  f o r  e a c h  c o n s t a n t  a lu m  d o s e ,  o c c u r r e d  a t  t h e  

p o ly m e r  d o s e  w h e r e  t h e  n e t  c h a r g e  o f  t h e  f lo e  i s  n e a r  z e r o  a n d  

c o i n c i d e s ,  a p p r o x im a t e ly ,  w it h  t h e  m axim um  f lo e  s i z e  e n t e r i n g  t h e  f i l t e r .  

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

p o t e n t ia l  o f  t h e  f l o e ,  r e s t a b i l i z a t io n  w a s  o b s e r v e d  a n d  f i l t r a t io n  

p e r f o r m a n c e  d e t e r io r a t e d  r a p id ly .  In  c o n t r a s t ,  s a t i s f a c t o r y  f i l t r a t i o n  

p e r f o r m a n c e s  w e r e  a c h ie v e d  a t  p o ly m e r  d o s e s  c o n s i d e r a b l y  lo w e r  t h a n  

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

In  g e n e r a l ,  t h e  p a r t ia l  r e p la c e m e n t  o f  a lu m  b y  a  c a t io n ic  p o ly m e r  

w a s  s h o w n  t o  i n c r e a s e  t h e  d u r a t io n  o f  t h e  f i l t r a t io n  r u n ,  b u t  i t  h a d  a  

d e t r im e n t a l  e f f e c t  o n  t h e  q u a l i t y  o f  t h e  f i l t e r e d  w a t e r ,  b o th  in  t e r m s  

o f  r e s id u a l  a p p a r e n t  c o lo u r  a n d  r e s id u a l  a lu m in iu m .
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1. INTRODUCTION

1.1 Importance of colour removal in water treatment practice

H um ic s u b s t a n c e s  c o m p r is e s  a  g e n e r a l  c l a s s  o f  b io g e n ic ,  

r e f r a c t o r y ,  y e l lo w - b la c k  o r g a n ic  s u b s t a n c e s  t h a t  a r e  u b iq u i t o u s ,  

o c c u r r in g  in  a ll  t e r r e s t r i a l  a n d  a q u a t ic  e n v ir o n m e n t s .  T h e s e  s u b s t a n c e s  

c o n s t i t u t e  t h e  m a jo r  o r g a n ic  f r a c t io n  in  s o i l  a n d  h a v e  b e e n  s t u d ie d  b y  

s o i l  s c i e n t i s t s  f o r  tw o  c e n t u r i e s  (A ik e n , 1 9 8 5 ).

H um ic s u b s t a n c e s  a r e  a m o r p h o u s ,  a c id ,  h y d r o p h i l i c ,  p r e d o m in a n t ly  

a r o m a t ic  a n d  c h e m ic a l ly  c o m p le x  p o l y e l e c t r o l y t e s .  T h e r e  a r e  t h r e e  m a jo r  

f r a c t i o n s  o f  h u m ic  s u b s t a n c e s  d e f in e d  in  t e r m s  o f  t h e i r  s o lu b i l i t i e s :

• H um in  -  F r a c t io n  t h a t  i s  n o t  s o lu b le  in  w a t e r  a t  a n y  pH.

• H um ic a c id  -  F r a c t io n  t h a t  i s  n o t  s o lu b le  in  w a t e r  u n d e r  a c id

c o n d i t io n s  (b e lo w  pH 2 ) .

• F u lv ic  a c id  -  F r a c t io n  t h a t  i s  s o lu b le  in  w a t e r  u n d e r  a ll  pH

c o n d i t io n s .

A c c o r d in g  t o  A ik e n  (1 9 8 5 )  t h e s e  d e f in i t i o n s  h a v e  s u r v i v e d  t h e  

t e s t  o f  t im e  b e c a u s e  o f  t h e i r  p r a c t ic a l  u t i l i t y .  W a ter  s o l u b i l i t y  i s  a n  

e f f e c t i v e  c r i t e r io n  b e c a u s e  o f  i t s  d e p e n d e n c e  o n  im p o r t a n t  c h e m ic a l  

c h a r a c t e r i s t i c s  s u c h  a s  f u n c t io n a l  g r o u p s ,  m o le c u la r  w e i g h t ,  a r o m a t ic i t y  

a n d  s o  o n .

A q u a t ic  h u m ic  s u b s t a n c e s  c o n s t i t u t e  4 0  to  60  p e r c e n t  o f  d i s s o l v e d  

o r g a n ic  c a r b o n  a n d  i s  t h e  l a r g e s t  f r a c t io n  o f  n a t u r a l  o r g a n ic  m a t te r  in  

w a te r .  In  g e n e r a l ,  t h e  f u l v i c  a c id s  m a k e  u p  a b o u t  85% o f  t h e  h u m ic  

s u b s t a n c e s  fr o m  r i v e r s  a n d  s t r e a m s ,  t h e y  h a v e  a  m o le c u la r  w e ig h t  o f  

5 0 0  t o  2 0 0 0  a n d  a r e  d i s s o l v e d  r a t h e r  t h a n  c o l lo id a l .  T h e  h u m ic  a c id  

m a k e  u p  t h e  r e m a in d e r  15% w it h  a  m o le c u la r  w e i g h t  r a n g i n g  m a in ly  

fro m  2 0 0 0  t o  5 0 0 0 , b u t  s o m e t im e s  a s  l a r g e  a s  1 0 0 0 0 0  (T h u r m a n , 1 9 8 5 ) .  

In  t h e  pH o f  m o s t  n a t u r a l  w a t e r s  h u m ic  s u b s t a n c e s  a r e  n e g a t i v e l y  

c h a r g e d  (V ik  a n d  E ik e b r o k k , 1 9 8 9 ) a n d  t h e  m a jo r  f u n c t io n a l  g r o u p s  a r e  

c a r b o x y l ,  h y d r o x y l ,  c a r b o n y l  a n d  a  l e s s e r  a m o u n t  o f  p h e n o l ic  h y d r o x y l .



22

H um ic s u b s t a n c e s  a r e  r e s p o n s i b l e  f o r  t h e  y e l lo w - b r o w n  c o lo u r  

im p a r t e d  t o  u n p o l lu t e d  w a t e r s  c o n t a in in g  h ig h  o r g a n ic  d i s s o l v e d  m a tte r .  

B e c a u s e  s u c h  s u b s t a n c e s  a r e  t h o u g h t  to  b e  h a r m le s s  a s  p u r e  

c o m p o u n d s ,  t h e  r e m o v a l o f  c o lo u r  fr o m  d r in k in g  w a t e r  w a s  t r a d i t io n a l ly  

d u e  t o  a e s t h e t i c  r e a s o n s  -  f o r  m o s t  p e o p le  c o lo u r  b e c o m e s  o b j e c t io n a b le  

a n d  u n a e s t h e t i c  a t  l e v e l s  o v e r  15 c o lo u r  u n i t s  ( F a u s t  a n d  A ly , 1 9 8 3 ) . 

H o w e v e r , t h e  d i s c o v e r y  b y  R ook  (1 9 7 4 ) ,  la t e r  c o n f ir m e d  b y  o t h e r  

r e s e a r c h e r s ,  t h a t  t h e  c h lo r in a t io n  o f  n a t u r a l  w a t e r s  l e a d s  t o  t h e  

fo r m a t io n  c f  h a lo fo r m s  a n d  t h a t  h u m ic  s u b s t a n c e s  a c t s  a s  p r e c u r s o r s ,  

b r o u g h t  a b o u t  a  r e a s s e s s m e n t  o f  t h e  im p o r ta n c e  o f  c o lo u r  r e m o v a l in  

t h e  w a t e r  t r e a t m e n t  p r a c t i c e s .

A m o n g  t h e  c h lo r in a t e d  b y - p r o d u c t s  r e s u l t i n g  fr o m  t h e  

c h lo r in a t io n  p r o c e s s  a r e  t h e  t r ih a lo m e t h a n e s  (THM). C o n c e r n s  a b o u t  t h e  

p o t e n t ia l  h e a l t h  r i s k s  o f  t h e s e  c o m p o u n d s  h a v e  in s p i r e d  a  n u m b e r  o f  

t o x ic o lo g ic a l  s t u d i e s  a n d  s u r v e y s  a n d , a s  a  r e s u l t ,  a  l im it in g  l e v e l  o f  

100  p g /1  o f  t o t a l  THM (TTHM) in  d r in k in g  w a t e r s  w a s  s e t  in  m o s t  

d e v e lo p e d  c o u n t r i e s  (U S A , UK a n d  o t h e r  EEC c o u n t r i e s ) .  T h e  W orld  

H e a lth  O r g a n iz a t io n  (WHO) d o e s  n o t  s u g g e s t  a  g u i d e l i n e  v a lu e  f o r  THM 

a s  a  w h o le ,  in s t e a d ,  a  v a lu e  o f  30  p g /1  o f  c h lo r o fo r m  i s  r e c o m m e n d e d  

(WHO G u id e l in e s ,  1 9 8 4 ) . C h lo r o fo r m , o n e  o f  t h e  m o s t  i n v e s t i g a t e d  o f  t h e  

THM, h a s  b e e n  s h o w n  to  c a u s e  c a n c e r  t o  a n im a ls  a n d  i s  r e g a r d e d  a s  a  

p o t e n t ia l  c a n c e r  r i s k  in  h u m a n .

T h e  a v o id a n c e  o f  THM in  d r in k in g  w a t e r s  h a s  b e e n  a p p r o a c h e d  

b y  s c i e n t i s t s  in  tw o  a l t e r n a t i v e  w a y s :  (1 )  r e m o v e  t h e  THM a f t e r  t h e i r  

fo r m a t io n  o r  (2 )  p r e v e n t  t h e  f o r m a t io n  b y  e i t h e r  c h a n g i n g  t h e  

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

b e f o r e  t h e  c h lo r in a t io n  s t e p .

B e s id e s  t h e  p o t e n t ia l  f o r m a t io n  o f  THM, o t h e r  r e a s o n s  f o r  

r e m o v in g  c o lo u r /h u m ic  s u b s t a n c e s  fr o m  p o t e n t ia l  w a t e r  s u p p l i e s  

c u r r e n t l y  c i t e d  in  t h e  l i t e r a t u r e  (N a r k is  a n d  R e b h u n , 19 7 7 ; AWWA 

R e s e a r c h  C o m m ittee  o n  C o a g u la t io n , 1 9 7 0 , 1979; V ik  e t  a l . ,  1 9 8 5 )  a r e :

• H um ic s u b s t a n c e s  h a v e  t h e  a b i l i t y  to  fo r m  s t a b l e  c o m p le x e s  

w ith  h e a v y  m e ta ls  a n d  a d s o r b  p e s t i c i d e s  a n d  i n s e c t i c i d e s ,  a c t in g
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a s  a  v e h i c l e  f o r  t h e s e  p o l lu t a n t s  t r a n s p o r t  a n d / o r  m a k in g  

d i f f i c u l t  t h e i r  r e m o v a l  in  t h e  w a t e r  t r e a tm e n t ;

• I n t e r f e r e n c e  in  o t h e r  p h a s e s  o f  t h e  w a t e r  t r e a t m e n t  p r o c e s s  

l ik e  o x id a t io n  a n d  r e m o v a l  o f  ir o n  a n d  m a n g a n e s e ,  

d e m in e r a l iz a t io n  b y  f o u l in g  a n io n  e x c h a n g e  r e s i n s  o r  m e m b r a n e s  

a n d  o t h e r s ;

• I n c r e a s in g  in  t h e  c h lo r in e  d e m a n d  d u r in g  d i s i n f e c t i o n .

T h e  p a r t ia l  r e m o v a l  o f  o r g a n ic  m a t te r  (h u m ic  s u b s t a n c e s /T H M  

p r e c u r s o r s )  fro m  d r in k in g  w a t e r s  c a n  b e  a c h i e v e d  ( i)  t h r o u g h  

c o a g u la t io n  f o l lo w e d  b y  a  s u i t a b le  s e p a r a t io n  p r o c e s s ,  ( i i )  b y  a d s o r p t io n  

o n  a c t i v a t e d  c a r b o n ,  ( i i i )  b y  t h e  u s e  o f  m e m b r a n e  p r o c e s s e s  ( r e v e r s e  

o s m o s i s  a n d  u l t r a f i l t r a t i o n ) ,  ( iv )  b y  c h e m ic a l  o x id a t io n ,  ( v )  b y  

p r e c i p i t a t i v e  s o f t e n i n g  a n d  o t h e r  p r o c e s s e s .  T h e  m o s t  p o p u la r  a n d  c o s t  

e f f e c t i v e  p r o c e s s e s  a m o n g  th e m  a r e  c o a g u la t io n  a n d  a c t i v a t e d  c a r b o n .

A c c o r d in g  t o  K a v a n a u g h  (1 9 7 8 ) ,  a l t h o u g h  c o a g u la t io n  m a y  n o t  b e  

a s  e f f e c t i v e  a s  a c t i v a t e d  c a r b o n  in  a c h i e v i n g  t h e  r e q u ir e d  o r g a n ic  

r e d u c t i o n  to  a llo w  c h lo r in a t io n  a n d  m e e t  t h e  THM s t a n d a r d s ,  c o a g u la t io n  

s t i l l  h a s  a d v a n t a g e s  o v e r  a c t iv a t e d  c a r b o n  -  s u c h  a s :  l i t t l e  o r  n o  

r e q u i r e d  c a p i t a l  i n v e s t m e n t  a n d  m in im a l in c r e a s e  in  u n i t  o p e r a t in g  c o s t  

-  t h a t  s u p p o r t s  t h e  id e a  t h a t  a n  ' im p r o v e d ’ c o a g u la t io n  d e s e r v e s  

c o n s id e r a t io n  a s  a  m e th o d  f o r  r e d u c in g  THM p r e c u r s o r s  l e v e l .  W ith in  

t h i s  p h i lo s o p h y  t h e  c o a g u la t io n  o f  h u m ic  s u b s t a n c e s  h a s  b e e n  t h e  

o b j e c t i v e  o f  v a r io u s  w o r k s ,  a n d  a  g r e a t  d e a l  o f  a c h ie v e m e n t  h a s  b e e n  

r e p o r t e d .

1 .2  C o lo u r  r e m o v a l  b y  c o a g u la t io n

M an y  s t u d i e s  o n  t h e  c o a g u la t io n  o f  c o lo u r e d  w a t e r s  h a v e  b e e n  

c o n d u c t e d  s in c e  t h e  1 9 6 0 s . W h e r e a s  so m e  o f  t h e s e  s t u d i e s  f o c u s e d  t h e i r  

a t t e n t i o n  to  s p e c i f i c  a s p e c t s  o f  c o lo u r  r e m o v a l ,  s u c h  a s :
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R e d u c t io n  o f  THM fo r m a t io n  p o t e n t ia l ;

M in im iz a tio n  o f  t h e  r e s id u a l  c o a g u la n t  c o n c e n t r a t io n ;

R e la t io n  b e t w e e n  c o a g u la n t  e f f i c i e n c y  a n d  c h a r a c t e r i s t i c s  o f  t h e

w a t e r  b e in g  t r e a t e d ;  e t c ,

a  n u m b e r  o f  o t h e r  i n v e s t i g a t i o n s  w e r e  d e v o t e d  t o  t h e  u n d e r s t a n d i n g  o f  

t h e  m e c h a n is m s  in v o l v e d  in  t h e  c o a g u la t io n  o f  h u m ic  s u b s t a n c e s .  T h e  

s t u d i e s  s u m m a r iz e d  in  t h e  tw o  f o l lo w in g  s e c t i o n s  g i v e  so m e  e x a m p le s  o f  

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

c o m p le te  r e v ie w .

1.2.1 General aspects of colour removal

P a c k h a m  (1 9 7 3 )  in  a n  e x t e n s i v e  e x p e r im e n t a l  s u r v e y  e v a lu a t e d ,  b y  

m e a n s  o f  j a r  t e s t s ,  t h e  a b i l i t y  o f  24 c a t io n ic  p o ly m e r s  in  p r e c i p i t a t i n g  

f u l v i c  a c id  e x t r a c t e d  fro m  T h e  R iv e r  T h a m e s . T h e  m axim um  r e m o v a l  

o b t a in e d  w it h  t h e  v a r i o u s  p o ly m e r s  r a n g e d  w id e ly  fr o m  3 t o  87% w ith  

d o s e s  b e t w e e n  2 - 1 6  m g /1  b e in g  a p p l ie d .  T h e  f lo e s  fo r m e d  w e r e  r e p o r t e d  

t o  b e  v e r y  sm a ll a n d  s e t t l e d  v e r y  s lo w ly ,  g i v i n g  t h e  t r e a t e d  w a t e r  

u n a c c e p t a b ly  h ig h  t u r b i d i t y .  T h e  a d d i t io n  o f  c la y  p r io r  t o  c o a g u la t io n  

b r o u g h t  a b o u t  a  c o n s id e r a b le  im p r o v e m e n t  in  c o lo u r  r e m o v a l  p r o b a b ly  

d u e  to  a n  in c r e a s e  in  t h e  r a t e  o f  f l o c c u la t io n .  T h e  a b i l i t y  o f  a  s p e c i f i c  

p o ly m e r  t o  p r e c i p i t a t e  f u l v i c  a c id  w a s  s h o w n  t o  i n c r e a s e  w it h  t h e  

d e g r e e  o f  c a t io n ic  s u b s t i t u t i o n  b u t  w a s  m u c h  l e s s  a f f e c t e d  b y  

d i f f e r e n c e s  in  m o le c u la r  w e ig h t .

C o m p a r in g  t h e  u s e  o f  so m e  o f  t h e s e  p o ly m e r s  w it h  a lu m  f o r  t h r e e  

n a t u r a l  w a t e r s ,  P a c k h a m  s h o w e d  t h a t  in  a ll  c a s e s  a lu m  w a s  m o re  

e f f i c i e n t  t h a n  t h e  p o ly m e r s  in  r e m o v in g  b o th  c o lo u r  a n d  t u r b i d i t y ,  

a l t h o u g h  in  so m e  s i t u a t i o n s  d i f f e r e n c e s  w e r e  sm a ll.

In  a  s im ila r  w a y , E d z w a ld  a n d  c o - w o r k e r s  (E d z w a ld  e t  a l . ,  1977;  

E d z w a ld , 1 9 7 9 ) c o n d u c t e d  s t u d i e s  o n  t h e  c o a g u la t io n  o f  h u m ic  a n d  

f u l v i c  a c id s  b y  v a r i o u s  p o ly m e r s  o f  d i f f e r e n t  c h a r g e  t y p e  ( c a t io n ic ,  

a n io n ic  a n d  n o n io n ic  p o ly m e r s )  a n d  d i f f e r e n t  m o le c u la r  w e i g h t ,  w h e r e  

t h e  p o ly m e r  w a s  e i t h e r  u s e d  a s  s o le  c o a g u la n t  o r  in  c o m b in a t io n  w ith
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a lu m . A s  in  P a c k h a m ’s  w o r k , i t  w a s  o b s e r v e d  t h a t  c a t io n ic  

p o l y e l e c t r o l y t e s ,  w h e n  u s e d  a s  s o le  c o a g u la n t ,  c a n  s u c c e s s f u l l y  i n t e r a c t  

w it h  h u m ic  a n d  f u l v i c  a c id s  b u t  t h e  f l o e s  fo r m e d  w e r e  n o t  s e t t l e a b l e .  

T h e y  d i s a g r e e ,  h o w e v e r ,  o n  t h e  e f f e c t  o f  m o le c u la r  w e ig h t ,  f in d in g  

b e t t e r  c o lo u r  r e m o v a ls  w ith  c a t io n ic  p o ly m e r  o f  h i g h  m o le c u la r  w e ig h t .  

U n d e r  t h e  c o n d i t io n s  s t u d i e d  b o t h  a lu m  a n d  c a t io n ic  p o ly m e r  e x h ib i t e d  

s t o ic h io m e t r y  b e t w e e n  h u m ic  c o n c e n t r a t io n  a n d  o p tim u m  d o s e  o f  

c o a g u la n t .

L it t le  o r  n o  r e m o v a l w a s  o b s e r v e d  w h e n  e i t h e r  t h e  a n io n ic  

p o ly m e r  o r  n o n io n ic  p o ly m e r  w a s  u s e d  a s  p r im a r y  c o a g u la n t .  A lum  

c o m b in e d  w it h  p o ly m e r s  w a s  s h o w n  t o  p e r fo r m  b e t t e r  t h a n  t h e  

r e s p e c t i v e  p o ly m e r s  a lo n e ,  p a r t i c u la r ly  w h e n  h ig h  m o le c u la r  w e ig h t  

p o ly m e r s  w e r e  u s e d .  T h e  b e s t  c o m b in a t io n  w a s  a lu m - n o n io n ic  p o ly m e r  

w h ic h ,  a t  t h e  o p tim u m  c o m b in a t io n ,  l e d  to  t h e  fo r m a t io n  o f  s e t t l e a b l e  

f l o e s .  R e s t a b i l iz a t io n  d u e  t o  o v e r d o s i n g  w a s  o b s e r v e d  w h e n e v e r  p o ly m e r  

w a s  u s e d .

B a b c o c k  a n d  S i n g e r  (1 9 7 9 )  i n v e s t i g a t e d  t h e  e x t e n t  t o  w h ic h  t h e  

r e m o v a l  o f  c o lo u r  (h u m ic  a n d  f u l v i c  a c id  f r a c t io n s )  b y  a lu m  c o a g u la t io n  

i n f l u e n c e s  t h e  r e d u c t io n  o f  c h lo r o fo r m  fo r m a t io n  a n d  t o t a l  o r g a n ic  

c a r b o n  (T O C ). T h e  r e s u l t s  o f  t h e  c o a g u la t io n  t e s t s  s h o w e d  t h a t ,  

a l t h o u g h  c o lo u r  a n d  TOC r e m o v a l  fo l lo w  a  p a r a l l e l  p a t t e r n  w it h  t h e  

i n c r e a s e  o f  t h e  a lu m  d o s a g e ,  t h e  e x t e n t  o f  c o lo u r  r e m o v a l i s  

c o n s id e r a b le  h ig h e r  t h a n  TOC r e m o v a l ,  p a r t i c u la r ly  f o r  f u l v i c  a c id  

s o l u t i o n s  ( s e e  f i g u r e  1 .1 ) . M o r e o v e r , c o a g u la t io n  a t  t h e  o p tim u m  a lu m  

d o s e  le d  t o  a p p r e c ia b le  r e d u c t i o n s  in  b o th  c o lo u r  a n d  fo r m a t io n  o f  

c h lo r o fo r m  w h ile  o n ly  r e l a t i v e l y  s m a ll r e d u c t io n s  in  TOC w e r e  o b s e r v e d ,  

s u g g e s t i n g  t h a t  c o a g u la t io n  o f  h u m ic  a n d  f u lv i c  a c i d s  b y  a lu m  r e s u l t s  

in  a  s e l e c t i v e  r e m o v a l o f  t h o s e  p o r t io n s  o f  h u m ic  a n d  f u l v i c  a c i d s  m o s t  

r e s p o n s i b l e  f o r  c o lo u r  a n d  f o r  c h lo r o fo r m  p r o d u c t io n .

I t  w a s  a l s o  c l e a r  t h a t  t h e  c o a g u la t io n  o f  f u l v i c  a c id  i s  l e s s  

e f f e c t i v e  t h a n  h u m ic  a c id  w ith  h ig h  a lu m  d o s e s  b e in g  n e c e s s a r y  to  

a c h i e v e  s im ila r  d e g r e e  o f  r e m o v a l.
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Alum D o s e — m g /L

F ig u r e  1.1: E f f e c t  o f  a lu m  c o a g u la t io n  o n  c o lo u r  a n d  TOC r e m o v a l  

fr o m  (a ) h u m ic  a n d  (b )  f u l v i c  a c id  s o lu t io n s  ( a f t e r  B a b c o c k  a n d  

S i n g e r ,  1 9 7 9 )
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T h e  e f f e c t  o f  d i f f e r e n c e s  in  r a w  w a t e r  c h a r a c t e r i s t i c s  o n  t h e  

c o a g u la t io n  o f  h u m ic  s u b s t a n c e s  (THM p r e c u r s o r s )  w a s  s t u d i e d  b y  A m y  

a n d  C h a d ik . I n  t h e i r  i n v e s t i g a t i o n  t h e y  c o a g u la t e d  v a r i o u s  s y n t h e t i c  

a n d  n a t u r a l  h ig h  c o lo u r e d  w a t e r s  w it h  a  n u m b e r  o f  d i f f e r e n t  c a t io n ic  

p o l y e l e c t r o l y t e s  (A m y a n d  C h a d ik , 1 9 8 3 )  a s  w e ll  a s  tw o  m e ta l c o a g u la n t s  

(C h a d ik  a n d  A m y , 1 9 8 3 ) . T h e  m a jo r  p a r a m e te r  a n a ly z e d  w a s  t h e  THM 

fo r m a t io n  p o t e n t ia l  (TH M FP).

T h e  m axim um  r e d u c t io n  in  THM fo r m a t io n  p o t e n t ia l  o b t a in e d  f o r  

t h e  s y n t h e t i c  w a t e r s  v a r ie d  fr o m  0 t o  92% d e p e n d in g  o n  t h e  t y p e  o f  

p o ly m e r  a n d  w a t e r  t e s t e d  (h u m ic  o r  f u l v i c  s o lu t io n  w it h  o r  w i t h o u t  

k a o l in i t e ) .  A s  o b s e r v e d  b y  B a b c o c k  a n d  S i n g e r  (1 9 7 9 )  f o r  a lu m  

c o a g u la t io n ,  t h e  v a r i o u s  p o ly m e r s  w e r e  s i g n i f i c a n t l y  m o re  e f f e c t i v e  in  

c o a g u la t in g  t h e  h u m ic  a c id s  t h a n  t h e  f u lv i c  a c id s .  T h e  e a s i e r  

c o a g u la t io n  o f  t h e  h u m ic  a c id s  i s  a t t r i b u t e d  to  t h e  lo w e r  c h a r g e  d e n s i t y  

o f  t h i s  f r a c t io n  in  c o m p a r is o n  t o  t h e  f u l v i c  a c i d s .  D u r in g  t h e  

c o a g u la t io n  t e s t s  t h e  fo r m a t io n  o f  a  s e t t l e a b l e  f lo e  w a s  n e v e r  o b s e r v e d ,  

i n s t e a d  a  c o l lo id a l  p r e c i p i t a t e  t h a t  p r o v e d  to  b e  s t a b l e  a n d  r e m a in e d  in  

s u s p e n s i o n  w a s  p r o d u c e d .  T h is  c o l lo id a l  p r e c ip i t a t e  w a s  h o w e v e r  

e f f e c t i v e l y  r e m o v e d  b y  f i l t r a t io n  t h r o u g h  a  0 .4 5  m ic r o n  f i l t e r .  T h e  

p r e s e n c e  o f  k a o l in i t e  w a s  s h o w n  t o  e n h a n c e  t h e  c o a g u la t io n .  B o th  

o b s e r v a t i o n s  a r e  in  a g r e e m e n t  w it h  p r e v i o u s  w o r k s  w it h  c a t io n ic  

p o ly m e r s  a s  s o le  c o a g u la n t  (P a c k h a m , E d z w a ld  e t c ) .

F o r  t h e  n a t u r a l  w a t e r s  t h e  e f f e c t i v e n e s s  o f  p o ly m e r  c o a g u la t io n  

v a r ie d  d r a m a t ic a l ly  a s  a  f u n c t io n  o f  b o th  p o ly m e r  a n d  r a w  w a t e r  

s o u r c e ,  w ith  m axim um  r e d u c t i o n s  in  THM FP r a n g in g  fr o m  2 6  to  65%. T h e  

b e s t  r e s u l t s  w e r e  o b s e r v e d  in  w a t e r s  w i t h  low  a m b ie n t  pH l e v e l s .  A ls o ,  

t h e  w a t e r s  w it h  lo w  t u r b i d i t y  w e r e  m o re  a m e n a b le  t o  p o ly m e r  

c o a g u la t io n  t h a n  e i t h e r  t h o s e  w it h  m o d e r a te  to  h ig h  t u r b i d i t y ,  o r  w ith  

v i r t u a l l y  n o  c la y  t u r b i d i t y .  T h e  p e r f o r m a n c e  o f  t h e  tw o  m e ta l  

c o a g u la n t s  (A lum  a n d  F e r r ic  C h lo r id e )  w e r e  c o m p a r a b le  t o  t h o s e  

a c h ie v e d  w ith  p o ly m e r s .  A t n a t u r a l  pH v a l u e s  t h e  a lu m  c o a g u la t io n  w a s  

m o re  e f f e c t i v e  f o r  t h e  sa m e  w a t e r s  ( lo w  t u r b i d i t y )  a s  t h e  p o ly m e r  

c o a g u la n t s .  T h e  u s e  o f  pH 6 ( g e n e r a l l y  a  lo w e r  v a lu e  t h a n  t h e  n a t u r a l  

pH o f  t h e  w a t e r  s o u r c e s )  in  t h e  c o a g u la t io n  t e s t s  r e s u l t e d  in  a  m a r k e d
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im p r o v e m e n t  in  THM FP r e m o v a l f o r  m o s t  o f  w a t e r s ,  e s p e c i a l l y  t h o s e  w it h  

n o  t u r b i d i t y .

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

M is s i s s ip p i  R iv e r  w a t e r  w e r e  u s e d ,  S e m m e n s  a n d  F ie ld  (1 9 8 0 )  a n a ly z e d  

t h e  e f f e c t  o f  so m e  o p e r a t io n a l  p a r a m e t e r s  in  t h e  c o a g u la t io n  o f  o r g a n ic  

m a tte r . T h e  r e s u l t s  in d ic a t e d  t h a t  t h e  m o s t  im p o r t a n t  v a r i a b l e s  

i n f l u e n c i n g  o r g a n ic  r e m o v a l b y  a lu m  c o a g u la t io n  a r e  t h e  a lu m  d o s e  a n d  

pH . T h e y  f o u n d  t h a t  t h e  f lo c c u la t io n  t im e , o r d e r  o f  a d d i t io n  o f  

c o a g u la n t /p H  c o r r e c t i o n ,  s l u d g e  r e c y c l e  a n d  m u l t i s t a g e  c o a g u la t io n  d id  

n o t  s i g n i f i c a n t l y  a f f e c t  o r g a n ic  r e m o v a l  p e r f o r m a n c e .  A t o p tim u m  pH 

( f o u n d  t o  b e  a r o u n d  pH 5) a n d  h ig h  a lu m  d o s e s ,  o r g a n ic  r e m o v a ls  w e r e  

g r e a t e r  t h a n  50% a s  TOC a n d  a s  h ig h  a s  90% a s  UV a b s o r b a n c e  ( c o lo u r ) .

A c o a g u la t io n  s t u d y  w it h  t h e  m a in  o b j e c t i v e  o f  c o m p a r in g  t h e  

t r e a t a b i l i t y  o f  n a t u r a l  c o lo u r e d  w a t e r  fr o m  t h r e e  d i f f e r e n t  s o u r c e s  in  

E n g la n d  w a s  c o n d u c t e d  b y  J a c k s o n  e t  a l. (1 9 8 8 ) . F o r  e a c h  w a t e r  t h e  

e f f e c t i v e n e s s  o f  c o a g u la t io n  w it h  h y d r o l y s i n g  s a l t s  o f  a lu m in iu m  a n d  

ir o n  w a s  e v a lu a t e d  n o t  o n ly  b y  t h e  r e m o v a l  o f  c o lo u r  b u t  a l s o  b y  t h e  

r e m o v a l  o f  i r o n ,  a lu m in iu m  a n d  m a n g a n e s e .  F rom  t h e  t r e a t a b i l i t y  d a ta  

o b t a in e d  t h e  o p tim u m  c o n d i t io n s  f o r  m axim um  r e m o v a l o f  e a c h  p a r a m e te r  

w a s  d e t e r m in e d . T h u s ,  a n  o v e r a l l  o p tim u m  c o n d i t io n  w a s  e s t a b l i s h e d  

s u c h  t h a t  t h e  c o a g u la t io n  m in im is e d  o r  r e d u c e d  t o  a c c e p t a b le  l e v e l s  a ll  

t h e  t a r g e t  p a r a m e t e r s  ( c o lo u r ,  i r o n ,  a lu m in iu m  a n d  m a n g a n e s e ) .

T h e  o p tim u m  o v e r a l l  pH v a r ie d  s l i g h t l y  f o r  e a c h  o f  t h e  t h r e e  

w a t e r  s o u r c e s ,  b u t  a  g e n e r a l  t r e n d  w a s  o b s e r v e d .  W h e r e a s  t h e  pH f o r  

m axim um  c o lo u r  r e m o v a l  d e p e n d s  o n  t h e  a p p l ie d  c o a g u la n t  d o s e ,  t h e  pH  

f o r  m in im um  r e s i d u a l  c o a g u la n t  i s  n o t  a f f e c t e d  b y  e i t h e r  c o a g u la n t  d o s e  

o r  r a w  w a t e r  c o lo u r .  T h e  pH f o r  m in im um  r e s id u a l  c o a g u la n t  

c o n c e n t r a t io n  w a s  f o u n d  to  b e  h i g h e r  t h a n  t h a t  f o r  c o lo u r  r e m o v a l,  

h o w e v e r ,  a s  c o a g u la n t  d o s e  i s  i n c r e a s e d ,  t h e  pH f o r  m axim um  c o lo u r  

r e m o v a l  t e n d s  t o w a r d s  t h e  pH f o r  m in im u m  r e s id u a l  c o a g u la n t .  A ls o , t h e  

h i g h e r  t h e  d o s e  o f  c o a g u la n t ,  t h e  b r o a d e r  t h e  pH r a n g e  o v e r  w h ic h  

c o lo u r  i s  r e m o v e d  a n d  h ig h e r  t h e  pH f o r  m axim um  r e m o v a l.
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T h e  b r o a d e n in g  o f  t h e  pH r a n g e  f o r  e f f e c t i v e  c o lo u r  r e m o v a l w ith  

t h e  in c r e a s e  o f  c o a g u la n t  d o s e  a n d  t h e  d i f f e r e n c e s  in  t h e  v a l u e s  o f  t h e  

o p tim u m  pH w it h  r e s p e c t  to  c o lo u r  r e m o v a l a n d  r e s i d u a l  a lu m in iu m  w e r e  

p r e v i o u s l y  o b s e r v e d  b y  V ik  e t  a l. (1 9 8 5 )  f o r  t h e  a lu m  c o a g u la t io n  o f  

w a t e r s  fr o m  t h r e e  N o r w e g ia n  la k e s .

1.2.2 The mechanisms of colour coagulation

Aluminium sulphate and other hydrolysing coagulants

A lu m in iu m  s u lp h a t e  i s  t h e  s i n g l e  m o s t  c o m m o n ly  u s e d  c o a g u la n t  

f o r  w a t e r  t r e a t m e n t s  in  t h e  U n it e d  S t a t e s ,  E n g la n d  a n d  v a r i o u s  o t h e r  

c o u n t r i e s .  O th e r  s a l t s  o f  a lu m in iu m  a n d  ir o n  a r e  a l s o  w id e ly  u s e d .  

A m o n g  t h e  f i r s t  t o  d i s c u s s  t h e  m e c h a n is m s  o f  c o lo u r  (h u m ic  s u b s t a n c e s )  

c o a g u la t io n  b y  h y d r o l y s i n g  s a l t s  o f  a lu m in iu m  a n d  ir o n  w e r e  B la c k  a n d  

c o - w o r k e r s  in  U S A  a n d  P a c k h a m  a n d  c o - w o r k e r s  in  E n g la n d .

B la c k  a n d  W illem s (1 9 6 1 )  s t u d i e d  t h e  c o a g u la t io n  o f  tw o  n a t u r a l  

h ig h  c o lo u r e d  w a t e r s  w ith  a lu m  a n d  f e r r i c  s u lp h a t e  b y  m e a s u r in g  t h e  

e l e c t r o p h o r e t i c  m o b il i ty  o f  t h e  f l o e s  fo r m e d . T h e y  f o u n d  t h a t ,  w it h  

r e g a r d  t o  t h e  tw o  w a t e r s  u s e d ,  t h e  pH r a n g e  f o r  o p t im a l c o a g u la t io n  

w a s  b e t w e e n  a b o u t  5 a n d  6 f o r  a lu m , a n d  b e t w e e n  3 .5  a n d  4 .5  f o r  f e r r i c  

s u lp h a t e .  W ith in  t h i s  pH r a n g e  o f  g o o d  c o a g u la t io n  t h e  z e t a  p o t e n t ia l ,  

w h e t h e r  n e g a t i v e  o r  p o s i t i v e ,  w a s  q u i t e  lo w . B a s e d  o n  t h e i r  

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

m e ta l s a l t s  w e r e  r e s p o n s i b l e  f o r  t h e  c o a g u la t io n  o f  c o lo u r  ( n e g a t i v e l y  

c h a r g e d  o r g a n ic  c o l lo id s  c o a g u la t e d  b y  p o s i t i v e l y  c h a r g e d  h y d r o l y s i s  

p r o d u c t s )  w ith  t h e  t r i v a l e n t  a lu m in iu m  a n d  f e r r i c  i o n s  p la y in g  a  

r e l a t i v e l y  u n im p o r t a n t  r o le  in  t h e  o v e r a l l  p r o c e s s .

H all a n d  P a c k h a m  (1 9 6 5 )  a l s o  u s e d  in o r g a n ic  s a l t s  o f  a lu m in iu m  

a n d  ir o n  to  s t u d y  t h e  c o a g u la t io n  o f  o r g a n ic  c o lo u r  in  s y n t h e t i c  w a t e r s  

p r e p a r e d  w it h  h u m ic  a n d  f u l v i c  a c id  i s o la t e d  fr o m  t h e  R iv e r  T h a m e s .  

T h e y  f o u n d  t h a t  t h e  o p tim u m  pH r a n g e  f o r  c o lo u r  r e m o v a l  fr o m  t h e s e
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s y n t h e t i c  w a t e r s  c o in c id e  w it h  t h e  r a n g e  o b s e r v e d  b y  B la c k  a n d  

W illem s, i . e .  a b o u t  pH 5 - 6  w h e n  a lu m  w a s  u s e d  a n d  pH 3 .5 - 4 .5  f o r  f e r r i c  

c h lo r id e .  T h e  f a c t  t h a t  t h e s e  pH v a l u e s  w e r e  lo w e r  t h a n  t h a t  f o r  t h e  

c o a g u la t io n  o f  c la y  s u s p e n s i o n s  w a s  r e g a r d e d  a s  a n  in d ic a t io n  t h a t  

o r g a n ic  c o lo u r  a n d  t u r b i d i t y  a r e  r e m o v e d  b y  d i f f e r e n t  m e c h a n is m s .

T h e y  p r o p o s e d  t h a t  in  t h e  c o a g u la t io n  o f  c o lo u r e d  w a t e r s  b y  a lu m  

t h e  h u m ic  s u b s t a n c e s  a r e  p r im a r i ly  r e m o v e d  b y  p r e c ip i t a t io n  o f  a n  

in s o lu b le  b a s ic  h u m a te  o r  f u l v a t e  a s  a  r e s u l t  o f  t h e  i n t e r a c t io n  o f  

p a r t ia l ly  h y d r o l y s e d  a lu m in iu m  io n s  a n d  c a r b o x y l  g r o u p s  o n  t h e  h u m ic  

m o le c u le s .  S u c h  a  m e c h a n is m  i s  s u p p o r t e d  b y  t h e  o b s e r v e d  

s t o ic h io m e t r ic  r e la t io n  b e t w e e n  c o a g u la n t  d o s e  a n d  c o n c e n t r a t io n  o f  

h u m ic  m a te r ia l .  T h e  i n c r e a s e  in  c o a g u la n t  d o s e s  r e q u ir e d  a t  pH v a l u e s  

a b o v e  5 w a s  t h o u g h t  to  b e  c a u s e d  b y  c h e la t io n  o f  a lu m in iu m  b y  a  

s e c o n d  t y p e  o f  a c id ic  g r o u p  o n  t h e  o r g a n ic  m o le c u le .  I t  w a s  p o s t u la t e d  

t h a t  c o lo u r  r e m o v a l m e c h a n is m s  b y  ir o n  a n d  a lu m in iu m  w e r e  s im ila r .

T h e  im p o r ta n c e  o f  t h e  h y d r o l y s e d  a lu m in iu m  s p e c i e s  in  t h e  

c o a g u la t io n  o f  h u m ic  a c id  a n d  t h e i r  d e p e n d e n c e  o n  pH i s  e m p h a s iz e d  in  

t h e  w o r k  o f  M a n g r a v it e  e t  a l. (1 9 7 5 ) . In  t h i s  w o r k  t h e  s t a b i l i t y  o f  

h u m ic  a c id  s o l s  a s  a  f u n c t io n  o f  a lu m in iu m  c o n c e n t r a t io n  a n d  pH w a s  

s t u d ie d  a n d  a s  a  r e s u l t ,  a n  a lu m in iu m -p H  d o m a in  d ia g r a m  f o r  tw o  

c o n c e n t r a t i o n s  o f  h u m ic  a c id ,  5 a n d  50  m g /1 , w a s  e s t a b l i s h e d .  T w o  

a lu m in iu m  s a l t s  w e r e  u s e d ,  a lu m  a n d  a lu m in iu m  n i t r a t e .

T w o r e g i o n s  o f  d e s t a b i l i z a t io n  w e r e  id e n t i f i e d  d e p e n d in g  o n  pH 

a n d  a lu m in iu m  d o s a g e .  G e n e r a l ly  s p e a k in g ,  o n e  r e g io n  o c c u r s  a t  h i g h e r  

a lu m in iu m  d o s e s  a n d  pH v a l u e s  a b o v e  5 w h e r e  t h e  c o a g u la t io n  o f  h u m ic  

a c id  i s  a c c o m p lis h e d  b y  t h e  p r e s e n c e  o f  a lu m in iu m  h y d r o x id e  

p r e c ip i t a t e .  T h e  o t h e r  o c c u r s  a t  lo w e r  d o s a g e s  a n d  lo w e r  pH v a l u e s  

w h e r e  t h e  h u m ic  a c id s  w e r e  c o n s id e r e d  to  b e  d e s t a b i l i z e d  b y  s o lu b le  

h y d r o l y s e d  p o ly n u c le a r  a lu m in iu m  s p e c i e s .  B e tw e e n  t h e  tw o

d e s t a b i l i z a t io n  r e g i o n s  a  r e s t a b i l i z a t io n  z o n e  w a s  o b s e r v e d .  I t  i s  

b e l i e v e d  t h a t  in  t h i s  z o n e  t h e  o r ig in a l  h u m ic  s o l s  a r e  a g g r e g a t e d ,  b u t  

a r e  s t a b le  d u e  to  a  c h a r g e  r e v e r s a l  e f f e c t  r e s u l t i n g  fr o m  t h e  

a d s o r p t io n  o f  h ig h ly  c h a r g e d  a lu m in iu m  s p e c i e s .  T h e  p r e s e n c e  o f
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s u lp h a t e  i o n s  in  t h i s  a r e a  c a n  c h a n g e  t h e  p o s i t i o n  o f  t h e  a r e a  

b o u n d a r ie s  b y  c o a g u la t io n  o f  t h e  p o s i t i v e  s o l  fo r m e d .

E d z w a ld  (1 9 7 9 )  h i g h l i g h t e d  t h e  e f f e c t  o f  t h e  pH in  t h e  c o a g u la t io n  

o f  c o lo u r  b y  a lu m  b y  s h o w in g  t h a t  a t  h i g h e r  pH v a l u e s  h i g h e r  d o s e s  

o f  a lu m  w e r e  n e c e s s a r y  t o  c o a g u la t e  t h e  sa m e  a m o u n t  o f  h u m ic  m a te r ia l  

( f i g u r e  1 .2 ) .  A t pH 6 h e  o b s e r v e d  a  d e f in e d  s t o ic h io m e t r y  b e t w e e n  a lu m  

d o s e  a n d  h u m ic  a c id  c o n c e n t r a t io n .  In  t h i s  s t u d y  E d z w a ld  s u g g e s t s  a  

m o d e l t h a t  c o n c i l i a t e  so m e  o f  M a n g r a v it e  a n d  P a c k h a m  i d e a s  a b o u t  t h e  

m e c h a n is m  o f  c o lo u r  c o a g u la t io n  b y  a lu m . A c c o r d in g  to  t h e  p r o p o s e d  

m o d e l d e s t a b i l i z a t io n  o f  h u m ic s  b y  a lu m  m a y  b e  a c c o m p l is h e d  b y  c h a r g e  

n e u t r a l i z a t io n  o v e r  a  pH 4 - 6 ,  a n d  a t  t h e s e  c o n d i t io n s  s t o ic h io m e t r y  e x i s t  

b e t w e e n  h u m ic  c o n c e n t r a t io n  a n d  o p tim u m  a lu m  d o s e .  A t h ig h  d o s e s  

t h o u g h ,  p r e c ip i t a t io n  m ay  a l s o  b e  in v o l v e d  w h e r e  h u m ic  m a te r ia l  i s  

in c o r p o r a t e d  w it h in  a lu m in iu m  h y d r o x id e  f lo e  o r  c o - p r e c i p i t a t e d  a s  

a lu m in iu m  h u m a te .

T h e  d i f f e r e n c e s  in  t h e  m e c h a n is m  o f  c o lo u r  c o a g u la t io n  r e s u l t i n g  

fr o m  t h e  u s e  o f  t h r e e  d i f f e r e n t  a lu m in iu m  s a l t s ,  n a m e ly  a lu m , a lu m in iu m  

c h lo r id e  a n d  p o ly a lu m in iu m  c h lo r id e  (P A C ), i s  d i s c u s s e d  b y  D e m p s e y  

a n d  c o - w o r k e r s  (1 9 8 4 , 1 9 8 5 ) . A c c o r d in g  to  D e m p s e y  t h e  t y p e  o f

a lu m in iu m  c o a g u la n t  h a s  a  v e r y  s t r o n g  e f f e c t  o n  t h e  c o n d i t io n s  (pH  a n d  

a lu m in iu m  c o n c e n t r a t io n )  r e q u ir e d  f o r  f u l v i c  a c id  (F A ) r e m o v a l ,  a s  w e ll  

a s  o n  t h e  e x t e n t  o f  t h e  r e m o v a l. In  t e r m s  o f  f u l v i c  a c id  r e m o v a l ,  t h e  

u s e  o f  a lu m  a p p e a r s  t o  b e  p r e f e r a b le  w it h in  t h e  a lu m in iu m -p H  d o m a in  

w h e r e  p r e c ip i t a t io n  o f  a lu m in iu m  h y d r o x id e  o c c u r s  ( s w e e p  f lo e  z o n e ) ,  

w h e r e a s  t h e  PAC s e e m s  to  b e  a  b e t t e r  c o a g u la n t  a t  pH v a l u e s  m o re  

a c id ic  a n d  m o r e  b a s ic  th a n  t h a t  c o r r e s p o n d in g  t o  t h e  a lu m  s w e e p  f lo e  

z o n e .  T h e  r e a c t i o n s  b e t w e e n  f u l v i c  a c id  a n d  a lu m  o r  a lu m in iu m  c h lo r id e  

w e r e  b r o a d ly  c l a s s i f i e d  w it h in  t h r e e  pH r a n g e s :  a t  pH <5 r e m o v a l  m a y  

o c c u r  b y  t h e  d i r e c t  p r e c ip i t a t io n  o f  f u l v i c  a c id  b y  p o ly m e r ic  a n d  e v e n  

m o n o m e r ic  s p e c i e s  o f  a lu m in iu m ; b e t w e e n  pH 5 a n d  6 t h e  p r e d o m in a t in g  

r e a c t io n  d e p e n d s  o n  t h e  a p p l ie d  d o s a g e  o f  a lu m in iu m , s u c h  t h a t  a t  lo w  

d o s e s  t h e  f u l v i c  a c id  w ill b e  p r e c ip i t a t e d  b y  p o ly m e r s  o f  a lu m in iu m ;  

a t  pH>7 p r e c ip i t a t io n  o c c u r s  b y  a d s o r p t io n  o f  f u l v i c  a c id  o r  s o lu b le



32

F ig u r e  1.2: E f f e c t  o f  pH in  t h e  c o a g u la t io n  o f  h u m ic  a c id  w ith  

a lu m  ( a f t e r  E d z w a ld , 1 9 7 9 )
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F A -a lu m in iu m  c o m p le x  o n  a  p r e c ip i t a t e d  a lu m in iu m  h y d r o x id e .  T h e  PAC, 

d u e  i t s  p o ly m e r ic  n a t u r e ,  d i r e c t l y  p r e c i p i t a t e s  f u l v i c  a c id  o v e r  a  b r o a d  

pH r a n g e ,  a n d  t h i s  r e a c t io n  c a n  b e  d e f in e d  a s  c h a r g e  n e u t r a l i z a t io n  

s i n c e  s t o ic h io m e t r y  a n d  o v e r d o s i n g  o c c u r s .

T h e  d i f f e r e n c e  in  m e c h a n is m s  r e s u l t i n g  fr o m  t h e  u s e  o f  d i f f e r e n t  

a lu m in iu m - t y p e  c o a g u la n t s  i s  e lu c id a t e d  in  t h e  w o r k  o f  H u n d t  a n d  

O’M elia  (1 9 8 8 ) .  T h e y  h a v e  s h o w n  t h a t  t h e  s p e c ia t io n  o f  a lu m , a lu m in iu m  

c h lo r id e  a n d  p o ly a lu m in iu m  c h lo r id e  o v e r  a  w id e  pH r a n g e  l e a d s  to  

d i f f e r e n t  A1 s p e c i e s  d i s t r ib u t io n  w h ic h  in  t u r n  d e t e r m in e s  t h e  

p r e d o m in a n t  m e c h a n is m  o f  f u l v i c  a c id  r e m o v a l. I n  t h e  p r e s e n c e  o f  

a lu m in iu m  m o n o m e r s  a n d  p o ly m e r s  c h a r g e  n e u t r a l i z a t io n  w il l  b e  t h e  

p r e d o m in a n t  m e c h a n is m  o f  FA r e m o v a l,  w h e r e a s  a d s o r p t io n  w il l  t a k e  

p la c e  w h e n e v e r  a lu m in iu m  h y d r o x id e  h a s  p r e c i p i t a t e d  fr o m  t h e  s o lu t io n .  

I f  t h e r e  i s  n o  p r e d o m in a n t  a lu m in iu m  s p e c i e s ,  c o n c u r r e n t  r e a c t io n  b y  

b o t h  m e c h a n is m s  a p p e a r s  to  c a u s e  s im u lt a n e o u s  p r e c ip i t a t io n .

D e m p s e y  e t  a l. (1 9 8 4 )  a l s o  f o u n d  t h a t  a s  t h e  c o n c e n t r a t io n  o f  

f u l v i c  a c id  i s  in c r e a s e d  t h e  a m o u n t  o f  c o a g u la n t  r e q u ir e d  f o r  

c o a g u la t io n  a l s o  i n c r e a s e s .  T h is  in c r e a s e  h o w e v e r  m a y  n o t  b e  l in e a r ly  

p r o p o r t io n a l  to  t h e  i n c r e a s e  in  t h e  f u l v i c  a c id  c o n c e n t r a t io n ,  d e p e n d in g  

u p o n  t h e  t y p e  o f  a lu m in iu m  c o a g u la n t  a n d  t h e  m e c h a n is m  in v o lv e d .

E d w a r d s  a n d  A m ir th a r a ja h  (1 9 8 5 )  d e t e r m in e d ,  b a s e d  o n  j a r  t e s t s ,  

t h e  co m m o n  c o lo u r  r e m o v a l  d o m a in  f o r  t h e  a lu m  c o a g u la t io n  o f  a  w id e  

r a n g e  o f  h u m ic  a c id  c o n c e n t r a t io n s  (4 t o  3 7 .5  m g /1 ) . A n a ly z in g  t h e  

r e s u l t s  w ith  r e s p e c t  to  t h e  'D e s ig n  a n d  o p e r a t io n  d ia g r a m  f o r  a lu m  

c o a g u la t io n ’ p r e v i o u s l y  d e v e lo p e d  b y  A m ir th a r a ja h  a n d  M ills  (1 9 8 2 ) ,  

t h e y  f o u n d  t h a t  t h e  r e m o v a l a r e a s  f o r  h u m ic  a c id  i n v o l v e  pH a n d  a lu m  

d o s e s  s im ila r  to  t h o s e  f o r  t h e  r e m o v a l o f  t u r b i d i t y .  A s  c a n  b e  s e e n  in  

f i g u r e  1 .3 a , f o r  a  h u m ic  a c id  c o n c e n t r a t io n  o f  4 m g /1  o n e  a r e a  o c c u r s  

w it h in  t h e  pH r a n g e  o f  4 to  5 a n d  a lu m  d o s e s  b e t w e e n  10 a n d  65 m g /1 , 

w h e r e  c h a r g e  n e u t r a l i z a t io n  o c c u r s  a n d  m a y  r e s u l t  in  t h e  fo r m a t io n  o f  

a n  a lu m in iu m  h u m a te  p r e c ip i t a t e .  T h is  m e c h a n is m  w a s  s u b s t a n t i a t e d  b y  

e l e c t r o p h o r e t i c  m o b il i ty  d a ta  a c q u ir e d .  T h e  s e c o n d  a r e a  o f  r e m o v a l  

o c c u r s  in  t h e  r e g io n  o f  a c c e l e r a t e d  p r e c ip i t a t io n  o f  a lu m in iu m  h y d r o x id e



34

2 4 6 8 10 12
pH of mixed solution

F ig u r e  1 .3a : C o lo u r  r e m o v a l  d o m a in s  -  4 m g /1  h u m ic  a c id  (lO O cu ), 

n o  t u r b i d i t y  ( a f t e r  E d w a r d s  a n d  A m ir th a r a ja h , 1 9 8 5 )

2 4 6 8 10 12
pH of mixed solution

F ig u r e  1 .3 b : C o lo u r  r e m o v a l  d o m a in s  -  2 0  m g /1  h u m ic  a c id  

( 4 5 0 c u ) ,  n o  t u r b i d i t y  ( a f t e r  E d w a r d s  a n d  A m ir th a r a ja h , 1 9 8 5 )
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(pH range of 6 to 8 and alum doses higher than 12 mg/1) where 
removal is probably associated with adsorption on the aluminium 
hydroxide floe. This region corresponds to sweep coagulation for 
removal of turbidity. For high humic acid concentrations the two areas 
connect to form a single removal band (e.g. figure 1.3b). The authors 
concluded that the mechanisms involved in the removal of colour by 
alum appears to be closely related to those for the removal of 
turbidity.

Vik et al. (1985) have shown that in the coagulation highly 
coloured waters (TOC concentrations varying from 6 to 15 mg of C/l) 
from three Norwegian lakes by alum the efficiency of removal was 
dependent of the precipitation of aluminium hydroxide. The residual 
aluminium concentrations followed the equations for solubility of 
aluminium hydroxide with respect to Al3+ and A1(0H)4", that suggests 
that no other hydrolysis species were involved in the process. It is 
suggested that charge neutralization would probably be a important 
mechanism if the raw water contained less organic material.

From the studies previously described it is clear that the 
coagulation of colour (humic substances) by aluminium salts (and 
probably salts of iron) can be achieved by two mechanisms (i) charge 
neutralization and (ii) adsorption on precipitated aluminium hydroxide. 
These two mechanisms have distinct differences from their turbidity 
counterparts. In the charge neutralization for turbidity removal 
destabilization is brought about by adsorption of the aluminium 
hydrolysis products on the surface of the particles resulting in a 
reduction of the repulsive potential, whereas for colour removal charge 
neutralization is thought to occur via reaction between the cationic 
species of aluminium and anionic humic substances resulting in the 
formation of a humate precipitate. In the second mechanism, the colour 
appears to be adsorbed on the aluminium hydroxide precipitate while 
turbidity is physical entrapped by the precipitated aluminium hydroxide 
(sweep coagulation).
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The predominance of each mechanism seems to be mainly 
dependent on the aluminium dose applied and the pH under which 
coagulation takes place. The precise boundaries of the domain (pH and 
aluminium dose ranges) of each of the two mechanisms is a function of 
both type of aluminium salt used and characteristics of the water being 
treated, including presence of sulphate ions, alkalinity, ionic strength, 
humic substances origin, etc. Under some circumstances both 
mechanisms can act simultaneously.

Organic polyelectrolytes

The use of polyelectrolytes, mainly those positively charged, as 
sole coagulant or coagulant aid has been suggested as an option to 
improve colour removal. Some advantages in using polyelectrolytes have 
been claimed, among them the fact that polymers tend to form strong 
and compact floes. However, very few of the studies about the 
coagulation-flocculation by organic polymers that have been published 
specifically deal with the aspect of colour coagulation.

According to Gregory (1985) polymeric flocculants operate by a 
variety of mechanisms such as bridging, charge neutralization 
(including electrostatic patch effects), complex formation and depletion 
flocculation. Only the first two are regarded as important in the water 
treatment field. In bridging flocculation polymer segments are 
'simultaneously* adsorbed on the surface of adjacent particles thereby 
binding them together while in the charge neutralization polymers, 
carrying charge of opposite sign of charge to the particles, are 
adsorbed on the particles in a flat configuration reducing the potential 
energy of repulsion between adjacent particles (Bratby, 1980).

Narkis and Rebhun (1975), when investigating the flocculation of 
clay suspension in the presence of humic substances by using a 
cationic polymer with molecular weight 330000, found that the 
destabilization of salts of humic and fulvic acids was essentially the
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result of charge neutralization, with bridging leading to flocculation. 
Determination of the residual quantities of humate and fulvate after 
coagulation showed that maximum turbidity of the coagulated suspension 
is produced at precisely the optimum dose for the precipitation of the 
humic material. This dose was observed to be slightly lower than that 
corresponding to the isoelectric point. At the isoelectric point optimum 
flocculation was reached.

When the cationic polyele'ctrolyte was added to either a mineral 
clay suspension or to an organic-clay complex suspension dispersed in 
humic or fulvic acid solution, colloids and organic matter competed for 
reaction with the polymer. The organic acids were found to react first 
and only after the complete reaction with the organic matter did the 
flocculation of clay begin.

In a later study, where a polyelectrolyte of lower molecular 
weight (30000) was used, Narkis and Rebhun (1977) confirmed the above 
findings and postulated a stoichiometric relationship between 
concentration of the anionic groups associated with the humic matter 
and polymer demand. They also observed that the reactions of 
flocculation (coagulation) were sensitive to the pH of the solution with 
better results at lower pH. A decrease in pH leads to a decrease in the 
degree of dissociation of the organic molecules of humic and fulvic 
acid, reducing consequently the coagulant demand. In addition, the 
reduction in the degree of dissociation leads to lower solubility, 
thereby increasing the hydrophobic character of the humic molecules 
and increasing its tendency to leave the solution.

Glaser and Edzwald (1979) reported on the coagulation of humic 
acids using a homologous series of cationic polyelectrolytes. A 
stoichiometry was observed between the raw water humic acid 
concentration and the optimum polymer dose for destabilization. They 
suggested a model for destabilization and aggregation of humic acids 
by cationic polyelectrolytes that is illustrated in figure 1.4. In the 
model proposed they agree with Narkis and Rebhun (1975, 1977) about 
the mechanism of destabilization but disagree about how aggregation
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takes place. According to the model (figure 1.4) destabilization of the 
humic matter is accomplished by charge neutralization and aggregation 
occurs when the destabilized particles cross-link via specific charged 
sites, a sort of electrostatic patch effect.

Initial Chemical Interaction

Floe Formation

Figure 1.4: Schematic representation of destabilization and
aggregation of humic acid by cationic polyelectrolyte (after 
Glaser and Edzwald, 1979)

A common picture observed in most of the studies that report on 
the use of polymer as sole coagulant for the removal of colour is the 
fact that the floes formed are not settleable. Instead, coagulation 
produces a colloidal solution characterized by a high turbidity that 
remains in suspension after a designated period of settling. However, 
these sols are reported to be effectively removed by subsequent 
filtration through filter papers or centrifugation. This characteristic 
behaviour of coloured waters coagulated by polymers was reported,
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among others, by Packham (1973), Narkis and Rebhun (1975, 1977), 
Edzwald and co-workers (1977, 1979) and Amy and Chadik (1983).

The use of alum-polymer combinations to coagulate colour was 
studied by Edzwald et al. (1977). They reported an improvement in 
colour removal (cf. alum and polymer alone) when alum is used in 
combination with any of the polymers tested (cationic, anionic and 
nonionic polymers). In all cases, overdosing with polymer was shown to 
result in restabilization. They postulated that the destabilization 
mechanisms for alum-polymer coagulation of humic acid under the 
conditions tested (low alum dosages at acidic pH) include the 
adsorption-charge neutralization by soluble hydrolysed aluminium 
species and inter-particle bridging by high molecular weight polymer.

1.3 Direct filtration and colour removal

Direct filtration is a water treatment scheme where all particulate 
material - both the naturally occurring and those added or precipitated 
in the pretreatment steps - is removed in the filter, thereby differing 
from the conventional filtration train by the lack of a sedimentation 
tank. Direct filtration schemes may or may not include a flocculation 
step and when no flocculation time is provided it is frequently called 
'in-line’ or 'contact filtration’. These filtration configurations are shown 
schematically in figure 1.5.

Because all suspended matter has to be removed in the filter, the 
amount of solids present in the water is usually a constraint to the use 
of direct filtration. The determination of the precise boundaries and 
operational limits of the various filtration modes has been the subject 
of a number of studies. According to the AWWA Filtration Committee 
(1980) natural waters with low turbidity and colour proved to be the 
most suitable for direct filtration, with colour exceeding 30-40 Hazen 
(Pt/Co) units or turbidity higher than 15 FTU on a continuing basis 
being reported as expected to give problems.
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Figure 1.5: Flowsheets for (a) typical conventional filter plant and (b) typical direct filtration plant (after Edzwald, 1982) O
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Wagner and Hudson (1982) suggest a rough criterion, based on 
simple jar test and filtration through filter paper, to evaluate the 
potential use of direct filtration for a specific water. "If the coagulant 
dose that is required to obtain low turbidity or colour is high (>20 
mg/1) economical filter performance is doubtful. Filter clogging is 
related directly to the floe volume that is loaded onto the filter, and 
floe volume is related directly to coagulant dose. Therefore, low 
coagulant doses increases the chances of a successful treatment by 
direct filtration".

A more elaborated criterion is the use of Wiesner’s optimal 
configuration diagram shown in figure 1.6 (Wiesner et al., 1987). The 
regions where contact filtration, direct filtration and conventional 
treatment dominate with respect to the minimization of costs are 
presented as a function of mass concentration and particle size. The 
diagram is a result of a combined simulation/optimization approach 
where physico-chemical models of the processes involved were used as 
constraints in a least cost formulation, optimized for different 
conditions of particle concentration and size in the raw water.

E
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UJ
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MASS CONCENTRATION OF PARTICLES IN THE RAW WATER (mg/L)

Figure 1.6: Optimal water treatment configuration as function of 
raw water characteristics (after Wiesner et al., 1987)
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B e c a u s e  t h e  m o d e l a s s u m e s  t h a t  c o a g u la n t  a d d i t io n  d o e s  n o t  

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  p a r t ic le  v o lu m e , c o n s i d e r i n g  t o t a l  p a r t ic le  

v o lu m e  a f t e r  r a p id  m ix in g  e q u a l  to  t h e  o r ig in a l  p a r t i c l e  v o lu m e  in  t h e  

r a w  w a t e r ,  in  p r a c t i c e  i t  i s  o n ly  v a l id  f o r  ra w  w a t e r s  w i t h  v e r y  lo w  

d i s s o l v e d  o r g a n ic  m a t te r  a n d  w h e n  p o ly m e r s  a r e  u s e d  a s  t h e  c o a g u la n t .  

S o , f o r  w a t e r s  w it h  h ig h  c o lo u r  ( h ig h  DOC) i t  m a y  b e  n e c e s s a r y  to  

in t r o d u c e  a  c o r r e c t io n  f o r  p a r t i c l e s  c r e a t e d  ( p r e c i p i t a t e d )  o r  a d d e d  

d u r in g  t h e  p r e t r e a t m e n t .  A s  a n  a p p r o x im a t io n , i t  h a s  b e e n  s u g g e s t e d  

t h a t  a t  l e a s t  1 .6  p p m  o f  p a r t ic le  v o lu m e  p e r  m g o f  DOC/1 s h o u ld  b e  

a d d e d  t o  t h e  m e a s u r e d  p a r t i c l e  v o lu m e  c o n c e n t r a t io n  in  t h e  r a w  w a t e r  

w h e n  e s t im a t in g  t h e  f in a l  p a r t i c l e  v o lu m e  t o  b e  t r e a t e d  a f t e r  c o a g u la n t  

a d d it io n  (W ie s n e r  a n d  M a z o u n ie , 1 9 8 9 ) .

W h a te v e r  t h e  c r i t e r i a ,  t h e y  m ig h t  b e  u s e d  a s  a  g u id a n c e ,  w ith  

t h e  o b j e c t i v e  to  m in im iz e  a n d  c o m p le m e n t  p i lo t  p la n t  w o r k  a n d  n o t  

s u b s t i t u t e  i t .  T h e  c r i t e r i a  m a y  h e lp  to  i d e n t i f y  t h e  i n e f f e c t i v e  p r o c e s s e s  

o r  l e s s  s e n s i t i v e  v a r i a b l e s  r e d u c in g  t h e n  t h e  a m o u n t  o f  p i lo t  s c a le  

t e s t s .

T h e  u s e  o f  d i r e c t  f i l t r a t io n  f o r  r e m o v in g  t u r b i d i t y  fr o m  lo w  

t u r b i d i t y  w a t e r s  i s  w id e ly  r e p o r t e d  in  t h e  l i t e r a t u r e  w ith  i t s  

e f f e c t i v e n e s s  a n d  a t t r a c t i v e  lo w  c o s t s  a lw a y s  e m p h a s iz e d .  I n  c o n t r a s t ,  

v e r y  l i t t l e  i s  r e p o r t e d  a b o u t  d i r e c t  f i l t r a t io n  o f  c o lo u r e d  w a t e r s ,  

p a r t i c u la r ly  t h o s e  w it h  m o d e r a te  to  h ig h  c o lo u r  c o n c e n t r a t i o n s .  M o st o f  

t h e  i n v e s t i g a t i o n s  r e la t e d  t o  t h e  u s e  o f  d i r e c t  f i l t r a t io n  to  r e m o v e  

o r g a n ic  m a t te r  h a s  b e e n  c a r r ie d  o u t  b y  E d z w a ld  a n d  c o - w o r k e r s  in  t h e  

U SA .

V e r y  g o o d  r e m o v a l o f  c o lo u r  fro m  s y n t h e t i c  (h u m ic  a c id  s o lu t io n )  

a n d  n a t u r a l  c o lo u r e d  w a t e r s  b y  d i r e c t  f i l t r a t io n  a r e  r e p o r t e d  b y  G la se r  

a n d  E d z w a ld  (1 9 7 9 ) , u s i n g  a  s e r i e s  o f  p o ly e t h y le n im in e  (P E I) p o ly m e r  

w ith  m o le c u la r  w e i g h t  r a n g in g  fr o m  6 0 0  to  5 0 0 0 0 -1 0 0 0 0 0 , a n d  b y  

S c h e u c h  a n d  E d z w a ld  (1 9 8 1 )  u s i n g  a  c h lo r in e  r e s i s t a n t  c a t io n ic  p o ly m e r  

( p o ly q u a t e r n a r y  a m in e )  o f  a p p r o x im a t e ly  5 0 0 0 0  o f  m o le c u la r  w e ig h t .  In
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b o t h  w o r k s  a  b e n c h  s c a l e  p i lo t  f i l t e r  h a v in g  a  14 cm  f i l t e r  b e d  (m ea n  

g r a in  d ia m e te r  0 .6  mm) w ith  p o r o s i t y  0 .4  a n d  o p e r a t e d  a t  5 m /h  w a s  

u s e d .  T h e  e x p e r im e n t s  w e r e  p e r f o r m e d  a t  pH 5 .5 - 6 .

S t o ic h io m e t r y  b e t w e e n  in i t ia l  h u m ic  c o n c e n t r a t io n  a n d  o p tim u m  

p o ly m e r  d o s e  f o r  b o t h  d e s t a b i l i z a t io n  a n d  f i l t r a t io n  w a s  o b s e r v e d .  F o r  

e x a m p le , t h e  o p tim u m  p o ly m e r  d o s e  f o r  t h e  f i l t r a t io n  o f  a  10  m g /1  h u m ic  

a c id  s o lu t io n  w a s  t w ic e  t h a t  f o r  a  5 m g /1  s o lu t io n  a n d ,  in  a d d i t io n ,  t h e  

h e a d  l o s s  a c r o s s  t h e  f i l t e r  b e d  a t  t h e  t e r m in a t io n  o f  t h e  f i l t e r  r u n  w a s  

t w ic e  a s  h ig h  f o r  t h e  10 m g /1  h u m ic  w a t e r .  T h e  a u t h o r s  c o n c lu d e d  t h a t  

f i l t r a t io n  a n d  c o a g u la t io n  a r e  a n a lo g o u s  p r o c e s s e s  a s  t h e  o p tim u m  

p o ly m e r  d o s e  f o r  f i l t r a t i o n  w a s  t h e  sa m e  a s  t h e  o p tim u m  d o s e  f o r  

d e s t a b i l i z a t io n  in  t h e  j a r  t e s t ,  a n d  t h e  p o ly m e r  d o s e s  w h ic h  p r o d u c e d  

o v e r  a n d  u n d e r - d o s i n g  in  t h e  j a r  t e s t  a l s o  p r o d u c e d  s im ila r  e f f e c t  in  

t h e  f i l t r a t io n .  I t  w a s  n o t e d  h o w e v e r  t h a t  c o lo u r  w a s  m o re  e f f i c i e n t l y  

r e m o v e d  in  t h e  f i l t r a t io n  t e s t s  t h a n  in  t h e  j a r  t e s t s ,  p r o b a b ly  b e c a u s e  

in  t h e  d i r e c t  f i l t r a t io n  t h e  fo r m a t io n  o f  a  s e t t l e a b l e  f lo e  i s  n o t  

im p o r ta n t .

Y e t  in  t h e s e  s t u d i e s ,  E d z w a ld  s h o w e d  t h a t  t h e  p r o v i s io n  o f  a  

f l o c c u la t io n  p e r io d  p r io r  f i l t r a t io n  r e s u l t e d  in  a  s i g n i f i c a n t  d e c r e a s e  in  

h e a d  l o s s  d e v e lo p m e n t .  T h is  i n v e r s e  r e la t io n  b e t w e e n  p a r t i c l e  s i z e  ( f o r  

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

o b s e r v e d  b y  H a b ib ia n  a n d  O’M elia  (1 9 7 5 )  f o r  o t h e r  c o l lo id a l  s y s t e m .  I t  

w a s  a ls o  o b s e r v e d  t h a t  t h e  i n c r e a s e  o f  t h e  m o le c u la r  w e i g h t  o f  t h e  

p o ly m e r  o n ly  h a d  a  b e n e f ic ia l  e f f e c t  o n  t h e  r e m o v a l  e f f i c i e n c y  w h e n  

so m e  f lo c c u la t io n  p e r io d  w a s  p r o v id e d .

S im ila r  f i n d i n g s  c o n c e r n in g  f i l t r a t io n  p e r f o r m a n c e ,  t h e  a n a lo g y  

b e t w e e n  c o a g u la t io n  a n d  f i l t r a t io n ,  a n d  s t o ic h io m e t r y  a r e  r e p o r t e d  b y  

E d z w a ld  (1 9 7 9 )  in  a  p i lo t  s t u d y  e m p lo y in g  d u a l m e d ia  d i r e c t  f i l t r a t io n  

f o r  t h e  r e m o v a l o f  c o lo u r .  A s e x p e c t e d ,  h e a d  l o s s  d e v e lo p m e n t  w a s  l e s s  

t h a n  f o r  s i n g l e  m e d ia  f i l t e r s ,  a n d  l o n g e r  f i l t e r  r u n s  w e r e  a c h ie v e d .

M ore r e c e n t l y ,  E d z w a ld  a t  a l. (1 9 8 2 , 1 9 8 7 ) d i s c u s s e d  t h e  e f f e c t s  

o f  r a w  w a t e r  q u a l i t y ,  pH , c o a g u la n t  t y p e  a n d  d o s a g e  a s  w e l l  a s  so m e  

p h y s i c a l  f i l t r a t io n  v a r i a b l e s  ( f i l t r a t io n  r a t e ,  f l o c c u la t io n  p e r io d  a n d  

t e m p e r a t u r e )  o n  t h e  p e r f o r m a n c e  o f  t h e  d i r e c t  f i l t r a t io n .  S u c h  a
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d i s c u s s i o n  i s  b a s e d  o n  t h e  r e s u l t s  o f  a n  e x p e r im e n t a l  w o r k  w it h  a  l a r g e  

s c a l e  p i lo t  d u a l  m e d ia  f i l t e r  a n d  tw o  n a t u r a l  c o lo u r e d  w a t e r s .  B o th  

w a t e r s  w e r e  lo w  in  t u r b i d i t y  b u t  w it h  c o n s i d e r a b l y  d i f f e r e n t  

c o n c e n t r a t i o n s  o f  o r g a n ic  m a t te r ,  m ea n  TOC v a l u e s  o f  4 .0  a n d  7 .5  m g /1 . 

I n  e a c h  c a s e  a lu m  a n d  t h r e e  c a t io n ic  p o l y e l e c t r o l y t e s  ( p o ly q u a t e r n a r y  

a m in e )  w e r e  u s e d  a s  c o a g u la n t s .  F i l t r a t io n  p e r f o r m a n c e  w a s  e v a lu a t e d  

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

t u r b i d i t y  a n d  c o lo u r  -  a n d  TOC a n d  THM p r e c u r s o r s  r e m o v a ls .

T h e  t h r e e  p o ly m e r s  w e r e  e f f e c t i v e  in  t r e a t i n g  b o t h  w a t e r s  b y  

d i r e c t  f i l t r a t io n .  W h e r e a s  o p tim u m  p o ly m e r  d o s a g e s  v a r i e d  fr o m  o n e  

p o ly m e r  t o  a n o t h e r ,  t h e  a c t u a l  p o s i t i v e  c h a r g e  a d d e d  w a s  v e r y  s im ila r  

f o r  a l l  p o ly m e r s  a n d  a g r e e d  w e l l  w it h  t h e  e s t im a t e d  a m o u n t  o f  n e g a t i v e  

c h a r g e  a s s o c ia t e d  w it h  t h e  o r g a n ic  m a t te r  in  t h e  r a w  w a t e r .  I t  w a s  

o b s e r v e d  t h a t  w h i le  t h e  d e m a n d  o f  p o ly m e r  f o r  e f f e c t i v e  f i l t r a t i o n  w a s  

n o t  a f f e c t e d  b y  t h e  v a r ia t io n  in  t h e  t u r b i d i t y  (1 .2  t o  6 .5  N T U ) o f  t h e  

r a w  w a t e r  o v e r  t h e  t im e  o f  t h e  e x p e r im e n t s ,  i t  w a s  s i g n i f i c a n t l y  

a f f e c t e d  b y  c h a n g e s  in  t h e  c o n c e n t r a t io n  o f  o r g a n ic  m a t te r  (2 .7  t o  15 

m g /1  TOC). I t  i s  s u g g e s t e d  t h a t  p o ly m e r  r e q u ir e m e n t  f o r  c o a g u la t io n  i s  

c o n t r o l l e d  b y  t h e  c o n c e n t r a t io n  o f  t h e  d i s s o l v e d  o r g a n ic  m a t te r  r a t h e r  

t h a n  b y  t h e  c o n c e n t r a t io n  o f  p a r t i c u la t e .

A c o m p a r is o n  o f  t h e  r e s u l t s  f o r  ' i n - l i n e ’ d i r e c t  f i l t r a t io n  a g a i n s t  

d i r e c t  f i l t r a t io n  p r e c e d e d  b y  f lo c c u la t io n  s h o w e d  t h a t ,  a l t h o u g h  t h e  

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

b e  i n c r e a s e d  b y  p r o v id in g  a  f l o c c u la t io n  p e r io d ,  a s  a  r e s u l t  o f  a  

d e c r e a s e  in  t h e  h e a d  l o s s  d e v e lo p m e n t .  T h e  r e d u c t io n  in  h e a d  l o s s  m ay  

b e  d u e  t o  a  b e t t e r  d i s t r ib u t io n  o f  t h e  d e p o s i t  a c r o s s  t h e  f i l t e r  b e d  a s  

a  r e s u l t  o f  a p p ly in g  to  t h e  f i l t e r  t h e  f e w e r  a n d  l a r g e r  f l o e  p a r t i c l e s  

fo r m e d  d u r in g  f lo c c u la t io n .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h i s  

p h e n o m e n o n  w a s  n o t  o b s e r v e d  f o r  t h e  w a t e r  w ith  t h e  l o w e s t  t u r b i d i t y  

a n d  TOC, in  t h i s  c a s e  i t  i s  t h o u g h t  t h a t  n u m b e r  o f  f lo e  p a r t i c l e s  

g e n e r a t e d  b y  c o a g u la t io n  i s  s o  sm a ll t h a t  t h e  f lo c c u la t io n  k i n e t i c s  i s  

v e r y  lo w  a n d  a g g r e g a t i o n  d o e s  n o t  o c c u r s  w ith in  a  r e a s o n a b le  t im e . 

F il t r a t io n  r a t e  a n d  w a t e r  t e m p e r a t u r e  d id  n o t  h a v e  a  s i g n i f i c a n t  e f f e c t
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o n  r e m o v a ls .  L o w e r in g  t h e  pH t o  5 .5 - 6 .4 ,  h o w e v e r ,  p r o d u c e d  s l i g h t l y  

b e t t e r  r e m o v a ls  t h a n  t r e a t m e n t  a t  pH 6 .7 - 7 .5 .

B a s e d  o n  t h e  r e s u l t s  o f  t h e s e  a n d  p r e v i o u s  w o r k s  t h e  a u t h o r s  

s u g g e s t e d  t h a t  t h e  u s e  o f  d i r e c t  f i l t r a t io n  u s i n g  c a t io n ic  p o ly m e r s  a s  

s o le  c o a g u la n t  i s  l im ite d  t o  r a w  w a t e r s  w ith  lo w  t o  m o d e r a te  TOC 

v a l u e s ,  l e s s  t h a n  5 m g /1 , w h ic h  i s  r o u g h l y  e q u iv a le n t  t o  w a t e r s  w ith  70  

t o  8 0  H a z e n  u n i t s  o f  c o lo u r .  F o r  w a t e r s  w ith  h i g h e r  TOC l e v e l s  t h e  

p o ly m e r  d o s e s  w o u ld  b e  t o  h ig h  a n d  c o s t l y ,  a n d  t h e  q u a l i t y  o f  t h e  

t r e a t e d  w a t e r  w o u ld  n o t  b e  s a t i s f a c t o r y  in  t e r m s  o f  TOC a n d  THM 

p r e c u r s o r s .

F o r  e a c h  w a t e r ,  h ig h e r  r e m o v a ls  o f  TOC a n d  THM p r e c u r s o r s  w e r e  

o b t a in e d  w ith  a lu m  t h a n  w ith  a n y  o f  t h e  t h r e e  p o ly m e r s .  T h e  a u t h o r s  

h o w e v e r  d o  n o t  r e c o m m e n d  t h e  u s e  o f  a lu m  in  d i r e c t  f i l t r a t io n  o f  

w a t e r s  w ith  h ig h  TOC c o n c e n t r a t io n s  s i n c e  v e r y  h ig h  d o s e s  o f  a lu m  

w o u ld  b e  r e q u ir e d  a n d ,  e v e n  u n d e r  w e l l - c o n t r o l l e d  pH , p r e c ip i t a t io n  o f  

a lu m in iu m  h y d r o x id e  c o u ld  o c c u r  l e a d in g  t o  s h o r t  f i l t e r  r u n s .  In  t h o s e  

c i r c u m s t a n c e s  t h e  u s e  o f  a lu m /c a t io n ic  p o ly m e r  c o m b in a t io n  o r  e v e n  

c o n v e n t io n a l  t r e a t m e n t  m ig h t  b e  c o n s id e r e d .

R e b h u n  e t  a l .  (1 9 8 4 )  i n v e s t i g a t e d  t h e  e f f e c t  o f  f i l t e r  b e d  g r a in  

s i z e  a n d  p o ly m e r  d o s e  o n  c o n t a c t  f l o c c u l a t i o n - f i l t r a t i o n  o f  h u m ic  

s u b s t a n c e s  u s i n g  a lu m  a s  s o le  c o a g u la n t  a n d  a lu m  p l u s  a  c a t io n ic  

p o l y e l e c t r o l y t e  a s  f i l t r a t io n  a id . W hen a lu m  w a s  u s e d  a lo n e  w ith  a  

m ed iu m  g r a in  (0 .6 2  mm) s a n d  a t  5 m /h  r e m o v a l w a s  g o o d  b u t  a n  e a r ly  

b r e a k t h r o u g h  o c c u r r e d .  W ith t h e  a d d i t io n  o f  p o ly m e r  f i l t r a t io n  q u a l i t y  

im p r o v e d  a n d  n o  b r e a k t h r o u g h  w a s  o b s e r v e d ,  b u t  f i l t r a t i o n  w a s  

t e r m in a t e d  d u e  to  r a p id  h e a d  l o s s  b u i ld u p .

W ith a  c o a r s e  f i l t e r  m e d ia  (1 .2 1  mm) a lu m  a lo n e  s h o w e d  a n  

i n e f f i c i e n t  c la r i f i c a t io n .  T h e  c o - a d d i t io n  o f  p o ly m e r  a t  a n  o p tim u m  d o s e  

le d  to  g o o d  c la r i f i c a t io n ,  m o d e r a te  h e a d  l o s s  d e v e lo p m e n t  a n d  a c c e p t a b le  

f i l t r a t io n  r u n  t im e , a l t h o u g h  t h i s  t im e  w a s  o b s e r v e d  t o  b e  s h o r t e r  t h a n  

t h a t  f o r  f i l t r a t io n  o f  m in e r a l d i s p e r s i o n s .  T h u s ,  c o n t a c t  f l o c c u la t io n -  

f i l t r a t io n  o f  h u m ic  d i s p e r s i o n s  w ith  a lu m  a t  t h e  o p tim u m  d o s e  w o u ld  b e  

m o s t  e f f i c i e n t  w h e n  a  c o a r s e  m e d ia  f i l t e r  a n d  a  c a t io n ic  p o ly m e r
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f i l t r a t io n  a id  a t  a  w e l l  s e l e c t e d  d o s e  a r e  u s e d ;  lo w e r  a n d  h i g h e r  d o s e s  

t h a n  t h e  o p tim u m  g i v e  s h o r t e r  f i l t r a t i o n  r u n s .

U s in g  t h e  e x p e r im e n t a l  r e s u l t s  R e b h u n  a n d  c o - w o r k e r s  c a lc u la t e d  

t h e  f o l lo w in g  f i l t r a t io n  p a r a m e te r s :

• F i l t r a t io n  r e m o v a l c o e f f i c i e n t  (X) in  I w a s a k i  a n d  I v e s  e q u a t io n s ;

• A t ta c h m e n t  a n d  d e t a c h m e n t  c o e f f i c i e n t s  in  A d in  a n d  R e b h u n  

e q u a t io n s ;

• H ead  l o s s  d e p o s i t  r e la t io n s h ip  -  S h e k t m a n ’s  fo r m u la ;

• T h e o r e t ic a l  f i l t e r  c a p a c i t y  a n d  d e n s i t y  o f  a c c u m u la t e d  d e p o s i t .

T h e  c a lc u la t io n  s h o w e d  t h a t  t h e  s o l id  c o n t e n t  a n d  t h e  d e n s i t y  o f

t h e  a lu m o - o r g a n ic  d e p o s i t s  w e r e  m u c h  lo w e r  t h a n  o f  a lu m o -m in e r a l  

d e p o s i t s .  T h e  c o - a d d i t io n  o f  p o ly m e r  w a s  s h o w n  t o  i n c r e a s e  b o t h  s o l id  

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

m a s s  f i l t e r  c a p a c i t y .  I t  w a s  o b s e r v e d  t h a t  t h e  m axim um  X w a s  a c h ie v e d  

w h e n  t h e  o p tim u m  p o ly m e r  d o s e  w a s  u s e d  in  c o n j u n c t io n  w it h  a lu m . T h e  

v a l u e s  o f  t h e  a t t a c h m e n t  a n d  d e t a c h m e n t  c o e f f i c i e n t s  c a lc u la t e d  

in d ic a t e d  t h a t  in  t h e  c o n t a c t  f l o c c u l a t i o n - f i l t r a t i o n  o f  h u m ic  s u b s t a n c e s  

in i t ia l  f i l t r a t io n  ( a t t a c h m e n t )  i s  r a p id  a n d  e f f i c i e n t ,  b u t  t h e  r e s i s t a n c e  

to  d e t a c h m e n t  o r  t o  d i s t u r b a n c e  f o r c e s  i s  lo w . T h e  lo w  f i l t r a t io n  

c a p a c i t y  a n d  t h e  h ig h  d e t a c h m e n t  c o e f f i c i e n t  a r e  c o n s i s t e n t  w it h  t h e  

e a r ly  b r e a k t h r o u g h  ( c f .  m in e r a l s u s p e n s i o n )  o b s e r v e d  e x p e r im e n t a l ly .

T h e  u s e  o f  d i r e c t  f i l t r a t io n  p r e c e d e d  b y  a lu m  c o a g u la t io n  a t  lo w  

pH v a l u e s  to  r e m o v e  h u m ic  s u b s t a n c e s  h a s  b e e n  i n v e s t i g a t e d  b y  F e t t ig  

e t  a l. (1 9 8 8 ) . A l t h o u g h  c o lo u r  r e m o v a l u p  to  90 p e r c e n t  w e r e  o b t a in e d  

o n  p r e l im in a r y  j a r  t e s t s  (0 .4 5  pm m e m b r a n e  f i l t r a t io n )  a t  a n  o p tim u m  pH 

b e t w e e n  5 .5 - 5 .9 ,  f lo e  s e p a r a t io n  in  t h a t  pH r a n g e ,  b y  b o t h  d i r e c t  

f i l t r a t io n  o r  s e d im e n t a t io n ,  w a s  n o t  e f f i c i e n t .  F lo e  f i l t e r a b i l i t y  w a s  

s h o w n  to  b e  g o o d  a t  pH 4 .7 5  b u t  d e t e r io r a t e d  d r a m a t ic a l ly  b e t w e e n  pH 

5 a n d  6 , im p r o v in g  a g a in  a t  pH >6. T h e  c h a n g e s  in  f lo e  f i l t e r a b i l i t y  w e r e  

a t t r ib u t e d  b y  t h e  a u t h o r s  to  c h a n g e s  in  t h e  c h e m ic a l  s t r u c t u r e  o f  t h e  

f lo e .  B e c a u s e  a t  lo w  pH (< 5) t h e  u lt im a te  r e m o v a l o f  c o lo u r  i s  n o t  

e n o u g h  t o  a c h ie v e  a c c e p t a b le  l e v e l s  o f  c o lo u r  o f  t h e  f i l t r a t e ,  t h e  

a u t h o r s  s u g g e s t  t h a t  t h e  t e c h n ic a l  a p p l ic a t io n  o f  lo w -p H  d ir e c t
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f i l t r a t i o n  m u s t  a l s o  in v o l v e  s t a b i l i z a t io n  o f  w a t e r  f o l lo w e d  b y  a  s e c o n d  

f i l t r a t io n  (p H > 6 ). I n  t h i s  w a y , t h e  b e n e f i t s  o f  t h e  e x c e l l e n t  f i l t e r a b i l i t y  

o f  t h e  a lu m -h u m ic  f lo e  f o r  p H < 5 , a n d  p r o b a b ly  h i g h  f i l t e r  c a p a c i t y ,  

c o u ld  b e  u s e d  f o r  t h e  r e m o v a l o f  m o s t  o f  t h e  o r g a n ic  m a te r ia l  p r e s e n t  

in  t h e  w a t e r  a n d  o n ly  a  sm a ll a m o u n t  l e f t  h a s  t o  b e  r e m o v e d  in  t h e  

s u b s e q u e n t  f i l t r a t io n .

1.4 Objectives of the study

T h e  d i s c o v e r y  t h a t  h u m ic  s u b s t a n c e s  a c t  a s  p r e c u r s o r s  in  t h e  

fo r m a t io n  o f  t r ih a lo m e t h a n e s  (THM) d u r in g  t h e  c h lo r in a t io n  p r o c e s s  

(R o o k , 1 9 7 4 ) , a n d  t h a t  t h e  THM m a y  b e  h a r m fu l t o  t h e  h u m a n  h e a l t h ,  

h a v e  f o c u s e d  a t t e n t io n  o n  t h e  n e e d s  o f  im p r o v in g  t h e  r e m o v a l o f  c o lo u r  

(h u m ic  s u b s t a n c e s )  fr o m  d r in k in g  w a t e r s .

S in c e  in  t h e  pH o f  m o s t  n a t u r a l  w a t e r s  t h e  h u m ic  s u b s t a n c e s  a r e  

d i s s o l v e d  ( s t a b le )  n e g a t i v e l y  c h a r g e d  p o ly m e r s ,  t h e  r e m o v a l o f  c o lo u r  

fr o m  w a t e r  b o d ie s  i n v o l v e s ,  in  m o s t  w a t e r  t r e a t m e n t  s c h e m e s ,  a  

p r e l im in a r y  s t e p  o f  d e s t a b i l i z a t io n /c o a g u la t io n .  F rom  t h e  i n v e s t i g a t i o n s  

d e s c r i b e d  in  s e c t io n  1 .2 , i t  c a n  b e  s e e n  t h a t  c o lo u r  c a n  b e  s u c c e s s f u l l y  

d e s t a b i l i z e d  b y  b o th  h y d r o l y s i n g  c o a g u la n t s  a n d  c a t io n ic  

p o l y e l e c t r o l y t e s .

D u e  t o  t h e  c h a r a c t e r i s t i c  lo w  t u r b i d i t y  o f  m o s t  c o lo u r e d  w a t e r s ,  

t h e y  a r e  r e g a r d e d  a s  n a t u r a l  c a n d id a t e s  to  b e  t r e a t e d  b y  d ir e c t  

f i l t r a t io n .  T h u s ,  c o a g u l a n t - a s s i s t e d  d i r e c t  f i l t r a t io n  i s  a  com m on  m e th o d  

f o r  t r e a t i n g  u p la n d ,  c o lo u r e d  s u r f a c e  w a t e r s  in  S c o t la n d  a n d  N o r th e r n  

E n g la n d .

A s i g n i f i c a n t  n u m b e r  o f  t h o s e  w a t e r  t r e a t m e n t  w o r k s  in  E n g la n d  

a n d  S c o t la n d  t h a t  u s e  d i r e c t  f i l t r a t io n  f o r  t h e  t r e a t m e n t  o f  c o lo u r e d  

w a t e r s  r e g u l a r l y  u s e  a lu m in iu m  s u lp h a t e  a s  c o a g u la n t .  H o w e v e r ,  

o p e r a t io n a l  p r o b le m s  r e la t e d  t o  t h e  u s e  o f  a lu m  h a v e  o f t e n  b e e n  

r e p o r t e d  (C o o k s o n , 1987; B r it t o n  a n d  C o c h r a n e , 19 8 9 ; G r e g o r y ,  p e r s o n a l  

c o m m u n ic a t io n ) ,  p a r t i c u la r ly  d u r in g  t h e  p e r io d ic a l  in c r e a s e  o f  c o lo u r  

c o n c e n t r a t io n  in  t h e  r a w  w a t e r .  S u c h  p r o b le m s  in c lu d e :  ( i)  d i f f i c u l t i e s  

in  m a in ta in in g  e c o n o m ic  f i l t r a t io n  r u n s  b e c a u s e  o f  t h e  h ig h  a lu m
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d e m a n d  -  t h e  fo r m a t io n  o f  c o n s id e r a b le  a m o u n ts  o f  f l o c c u la t e d  m a te r ia l  

le a d  to  u n a c c e p t a b le  s h o r t  f i l t r a t io n  r u n s ;  ( i i )  f a i lu r e  t o  m e e t  t h e  

r e q u ir e m e n t s  o f  t h e  E u r o p e a n  C o m m u n ity  D r in k in g  W a ter  D ir e c t iv e  (CEC, 

1 9 8 0 )  f o r  r e s i d u a l  a lu m in iu m  a n d  c o lo u r .

T o o v e r c o m e  t h e  a b o v e  p r o b le m s  p a r t ia l  o r  c o m p le t e  r e p la c e m e n t  

o f  a lu m  b y  c a t io n ic  p o ly m e r  h a s  b e e n  s u g g e s t e d .  A s  s h o w n  in  s e c t i o n s

1 .2  a n d  1 .3 , a l t h o u g h  so m e  i n v e s t i g a t i o n s  a r e  r e p o r t e d  o n  t h e  u s e  o f  

c a t io n ic  p o ly m e r  a s  s o le  c o a g u la n t  o r  a s  f i l t r a t io n  a id ,  v e r y  l i t t l e  h a s  

b e e n  d o n e  a b o u t  t h e  p a r t ia l  r e p la c e m e n t  o f  a lu m .

T a k in g  in t o  a c c o u n t  t h i s  s c e n a r io  t h e  p r e s e n t  s t u d y  w a s  

c o n c e iv e d  a n d  s e t  o u t  to  a c h i e v e  tw o  b r o a d  a im s:

( i)  t o  e v a lu a t e  t h e  e f f e c t  o f  p a r t ia l  r e p la c e m e n t  o f  a lu m  b y  a  c a t io n ic  

p o ly m e r  o n  t h e  p e r f o r m a n c e  o f  d i r e c t  f i l t r a t i o n  o f  c o lo u r e d  

w a t e r s ,  a n d  i n v e s t i g a t e  h o w  c a t io n ic  p o ly m e r s  a c t  in  c o n j u n c t io n  

w ith  a lu m in iu m  in  p r e c i p i t a t i n g  o r g a n ic  c o lo u r ;

( i i)  t o  i n v e s t i g a t e  t h e  c h a r a c t e r i s t i c s  o f  t h e  f l o e s  fo r m e d  w h e n  a lu m  

i s  u s e d  in  c o m b in a t io n  w ith  c a t io n ic  p o ly m e r  to  c o a g u la t e  

c o lo u r e d  w a t e r s ,  a n d  h o w  s u c h  c h a r a c t e r i s t i c s  c o r r e la t e  w it h  t h e  

f i l t r a t io n  p e r f o r m a n c e .

T o a c c o m p lis h  t h e s e  o b j e c t i v e s  t h e  i n v e s t i g a t i o n  w a s  d iv id e d  in t o  

t h r e e  p a r t s ,  e a c h  o f  th e m  c o r r e s p o n d i n g  to  a  s e c t io n  in  t h i s  

d i s s e r t a t i o n .  T h e s e  s e c t i o n s  a r e  s u m m a r iz e d  b e lo w .

S e c t io n  2: d e s c r i b e s  t h e  f i e ld  w o r k  u n d e r t a k e n  in  o r d e r  to  

e x t r a c t ,  fr o m  a  n a t u r a l ly  c o lo u r e d  w a t e r  s o u r c e ,  t h e  h u m ic  s u b s t a n c e s  

n e c e s s a r y  to  c a r r y  o u t  t h e  i n v e s t i g a t i o n .  T h e  e x t r a c t io n  m e th o d  u s e d  

w a s  r e v e r s e  o s m o s is  fo l lo w e d  b y  f r e e z e  d r y in g .  S in c e  t h e  e x t r a c t e d  

m a te r ia l  w a s  to  b e  u s e d  in  t h e  p r e p a r a t io n  o f  t h e  s y n t h e t i c  c o lo u r e d  

w a t e r  e m p lo y e d  in  t h e  f i l t r a t io n  e x p e r im e n t s ,  a  c h a r a c t e r i z a t io n  s t u d y  

o f  b o th  e x t r a c t  a n d  s y n t h e t i c  w a t e r  w a s  a l s o  u n d e r t a k e n .  T h e  r e s u l t s  

o b t a in e d  a r e  p r e s e n t e d  a n d  d i s c u s s e d .
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S e c t io n  3: d e s c r i b e s  t h e  l a b o r a t o r y - b a s e d  e x p e r im e n t s  d e s i g n e d  

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

c o m b in a t io n s  o n  t h e  t r e a t a b i l i t y  o f  c o lo u r e d  w a t e r s  b y  d i r e c t  f i l t r a t io n .  

T h e  v a r ia t io n  o f  t h e  f i l t r a t io n  p e r f o r m a n c e  w it h  t h e  u s e  o f  d i f f e r e n t  

c o a g u la n t  c o m b in a t io n s  w a s  s t u d i e d  u s i n g  a  m a tr ix  a p p r o a c h .  F o r  t h a t ,  

f i l t r a t io n  t e s t s  w e r e  c a r r ie d  o u t  a t  d i f f e r e n t  p r e - t r e a t m e n t  c o n d i t io n s  

v a r y i n g  fr o m  c o a g u la t io n  w ith  a lu m - o n ly  to  c o a g u la t io n  w ith  p o ly m e r -  

o n ly ,  p a s s i n g  t h r o u g h  v a r io u s  a lu m - p o ly m e r  c o m b in a t io n s  v i a  s y s t e m a t i c  

r e d u c t io n  o f  a lu m  d o s e .  F o r  e a c h  e x p e r im e n t ,  t h e  f i l t r a t io n  p e r fo r m a n c e  

w a s  e s t im a t e d  u s i n g  I v e s *  F i l t e r a b i l i t y  N u m b e r . S t o ic h io m e t r ic  e f f e c t s  

w e r e  e v a lu a t e d  b y  p e r f o r m in g  t h e  f i l t r a t io n  t e s t s  w ith  tw o  d i f f e r e n t  

c o lo u r  c o n c e n t r a t io n s .

S e c t io n  4: d e s c r i b e s  t h e  e x p e r im e n ta l  w o r k  r e la t e d  t o  t h e  

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

c o n d i t io n s  t e s t e d  in  t h e  f i l t r a t io n  e x p e r im e n t s .  T h e  f lo e  c h a r a c t e r i s t i c s  

s t u d i e d  w e r e  f lo e  s i z e  (v o lu m e )  d i s t r ib u t io n  a n d  f lo e  c h a r g e .

T h e  r e s u l t s  o b t a in e d  in  s e c t io n  3 a n d  4 a r e  d i s c u s s e d  in  s e c t i o n  

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

p r e s e n t e d  in  s e c t io n  6.
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2. EXTRACTION AND CHARACTERIZATION OF THE HUMIC MATERIAL

2.1 Introduction

E x t r a c t io n  a n d / o r  i s o la t io n  o f  h u m ic  s u b s t a n c e s  fr o m  t h e i r  n a t u r a l  

e n v ir o n m e n t  ( s o i l ,  s e d im e n t s  a n d  w a t e r )  i s  u s u a l l y  a  t im e  c o n s u m in g  

a n d  la b o r io u s  p r o c e s s .  I n  t h e  a q u a t ic  e n v ir o n m e n t  t h i s  t a s k  i s  

p a r t i c u la r ly  d i f f i c u l t  d u e  to  t h e  lo w  c o n c e n t r a t io n  o f  h u m ic  s u b s t a n c e s  

in  n a t u r a l  w a t e r s  a s  c o m p a r e d  t o  c o n c e n t r a t io n s  in  s o i l  a n d  s e d im e n t s .  

A s a  r e s u l t ,  v e r y  la r g e  v o lu m e s  o f  w a t e r  m u s t  b e  p r o c e s s e d  t o  o b t a in  

a  f e w  g r a m s  o f  h u m ic  m a te r ia l .  I n  a d d i t io n ,  t h e  p u r c h a s e  o f ,  a n d  

f a m i l ia r i t y  w i t h ,  s p e c ia l i z e d  e q u ip m e n t  a n d  p r o c e d u r e s  a r e  u s u a l l y  

n e c e s s a r y  in  o r d e r  t o  i s o la t e  h u m ic  s u b s t a n c e s .

F o r  t h e s e  r e a s o n s  so m e  r e s e a r c h e r s ,  in  t h e  v a r i o u s  a r e a s  o f  

i n v e s t i g a t i o n  r e la t e d  to  h u m ic  s u b s t a n c e s ,  o p t  f o r  t h e  u s e  o f  

c o m m e r c ia lly  a v a i la b le  h u m ic  s u b s t a n c e s ,  c o m m o n ly  c a l le d  h u m ic  a c id s .  

I n  t h e  w a t e r  t r e a t m e n t  l i t e r a t u r e  t h e s e  c o m m e r c ia l h u m ic  s u b s t a n c e s ,  

a s  w e ll  a s  s p e c i a l l y  p r e p a r e d  h u m ic  e x t r a c t s ,  a r e  u s e d  to  p r e p a r e  

s y n t h e t i c  c o lo u r e d  w a t e r s  b y  d i s s o l v i n g  t h e  h u m ic  e x t r a c t  in  d i s t i l l e d  

o r  t a p  w a t e r  (H all a n d  P a c k h a m , 196 5 ; M a n g r a v it e  e t  a l . ,1 9 7 5 ;  N a r k is  a n d  

R e b h u n , 1 9 7 5 , 1977; G la s e r  a n d  E d z w a ld , 1979; S c h e u c h  a n d  E d z w a ld ,  

1981; E d w a r d s  a n d  A m ir th a r a ja h , 1985; D e m p s e y  a t  a l . ,  1 9 8 4 , 198 5  a n d  

v a r i o u s  o t h e r s ) .  T h e  a d v a n t a g e s  o f  u s i n g  s u c h  s y n t h e t i c  w a t e r s  a r e :  (1 )  

s a m p le s  o f  a  s t a n d a r d  w a t e r  c a n  b e  e a s i l y  c r e a t e d  o n  d e m a n d ; (2 )  t h e  

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

c h a r a c t e r i z e d .

T h e  u s e  o f  c o m m e r c ia l h u m ic  m a t te r  a s  r e p r e s e n t a t i v e  m a te r ia l  f o r  

n a t u r a l  h u m ic  s u b s t a n c e s  h a s  b e e n  e x a m in e d  b y  M alcolm  a n d  M a c C a r th y  

(1 9 8 6 ) . B y  a n a ly z in g  t h e  n u c le a r  m a g n e t ic  r e s o n a n c e  (NMR) s p e c t r a ,  t h e  

i n f r a - r e d  (IR ) s p e c t r a  a n d  t h e  e le m e n t a l  c o m p o s i t io n  o f  v a r i o u s  

c o m m e r c ia lly  a v a i la b le  h u m ic  m a te r ia l ,  a n d  c o m p a r in g  th e m  w it h  s im ila r  

m e a s u r e m e n t s  o f  r e p r e s e n t a t i v e  h u m ic  s u b s t a n c e s  e x t r a c t e d  fr o m  s o i l  

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

d i f f e r e n t  fr o m  s o i l  a n d  w a t e r  h u m ic  s u b s t a n c e s  a n d  t h e r e f o r e  a r e  n o t
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r e p r e s e n t a t i v e  o f  s o i l  a n d  w a t e r  h u m ic  a n d  f u l v i c  a c id s .  M o r e o v e r , t h e  

c o m m e r c ia l m a te r ia ls  a r e  q u i t e  s im ila r  a m o n g  t h e m s e l v e s  r e g a r d l e s s  o f  

t h e  m a n u f a c t u r e r  s u g g e s t i n g  t h a t  t h e s e  m a te r ia ls  p r o b a b ly  o r ig in a t e  

fr o m  a  com m on  t y p e  o f  s o u r c e .  M alcolm  a n d  M a c C a r th y  a l s o  p o in t  o u t  

t h e  la c k  o f  in fo r m a t io n  a b o u t  o r ig in  a n d  m e th o d  o f  e x t r a c t io n  u s e d  in  

t h e  p r o d u c t io n  o f  s u c h  h u m ic  m a te r ia ls .

A m y e t  a l. (1 9 8 5 )  w h e n  c o n t r a s t i n g  t h e  r e s u l t s  o f  t h e  c o a g u la t io n  

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

m a t t e r ,  in c lu d in g  so m e  c o m m e r c ia l p r o d u c t s ,  r e p o r t e d :  " T h e  u s e  o f  s o i l  

e x t r a c t e d  h u m ic  s u b s t a n c e s  in  w a t e r  t r e a t m e n t  r e s e a r c h  h a s  p o t e n t ia l  

m e r it  i f  c a u t io n  i s  e x e r c i s e d  in  t h e  i n t e r p r e t a t i o n  a n d  a p p l i c a b i l i t y  o f  

t h e  r e s u l t s .  B a s e d  o n  t h i s  r e s e a r c h ,  s o i l  e x t r a c t e d  h u m ic  a c i d s  d o  n o t

a c c u r a t e l y  s im u la te  t h e  b e h a v io u r  o f  a q u a t ic  h u m ic  s u b s t a n c e s .......I t

a p p e a r s  t h a t  s o i l - e x t r a c t e d  f u l v i c  a c id s  h a v e  so m e  m e r it  in  

a p p r o x im a t in g  t h e  b e h a v io u r  o f  a q u a t ic  h u m ic  s u b s t a n c e s " .

D i f f e r e n c e s  in  b e h a v io u r  b e t w e e n  h u m ic  s u b s t a n c e s  fr o m  s o i l  a n d  

w a t e r  a r e  e x p la in e d  b y  t h e i r  d i f f e r e n t  c o m p o s i t io n s .  In  t h e  a q u a t ic  

e n v ir o n m e n t  t h e  f u l v i c  a c id  f r a c t io n  p r e d o m in a t e s  b y  a  f a c t o r  9:1 o v e r  

t h e  h u m ic  a c id  f r a c t io n  (M alco lm , 1 9 8 5 ) , w h ile  in  s o i l  t h e  h u m ic  a c id  

f r a c t io n  i s  in  v e r y  la r g e  e x c e s s  o v e r  f u l v i c  a c id .  M o r e o v e r , t h e  

m o le c u la r  s t r u c t u r e  o f  a q u a t ic  h u m ic  a n d  f u lv i c  a c id  d i f f e r  fr o m  t h e i r  

s o i l  c o u n t e r p a r t s .  W h e r e a s  t h e  t y p i c a l  a v e r a g e  m o le c u la r  w e i g h t  v a l u e s  

a r e  8 0 0 -1 0 0 0  d a l t o n s  f o r  a q u a t ic  f u l v i c  a c id  a n d  2 0 0 0 - 3 0 0 0  d a l t o n s  f o r  

a q u a t ic  h u m ic  a c id ,  f o r  s o i l  h u m ic  a c id  m o le c u la r  w e i g h t s  a r e  r e p o r t e d  

to  b e  a s  l a r g e  a s  s e v e r a l  h u n d r e d  t h o u s a n d  d a l t o n s  ( S u f f e t  a n d  

M a c C a r th y , 1 9 8 9 ) .

In  t h e  p r e s e n t  w o r k , t a k in g  in t o  a c c o u n t  t h e  a b o v e  

c o n s i d e r a t i o n s ,  i t  w a s  d e c id e d  t o  e x t r a c t  t h e  h u m ic  s u b s t a n c e s  fro m  a  

n a t u r a l  c o lo u r e d  w a t e r  s o u r c e  i n s t e a d  o f  u s i n g  a n y  c o m m e r c ia l  h u m ic  

m a te r ia l .

N u m e r o u s  m e t h o d s  to  c o n c e n t r a t e  a n d / o r  i s o l a t e  h u m ic  s u b s t a n c e s  

fr o m  w a t e r  a r e  a v a i la b le  in  t h e  l i t e r a t u r e ,  so m e  o f  th e m  a r e :  f r e e z e 

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

T h e r e  a r e  a l s o  a  n u m b e r  o f  s o r p t io n  m e th o d s  o n  d i f f e r e n t  s o r b e n t s
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s u c h  a s  a lu m in a , c a r b o n ,  io n  e x c h a n g e  r e s i n s  a n d  n o n io n ic  m a c r o p o r o u s  

r e s i n s .  T h e  m e t h o d s  c o m m o n ly  u s e d  a r e  s u m m a r iz e d  b y  T h u r m a n  (1 9 8 5 )  

a n d  A ik e n  (1 9 8 5 ) ,  a m o n g  o t h e r s .  I n  h i s  w o r k  A ik e n  (1 9 8 5 )  p o in t s  o u t  

t h a t  b y  e m p lo y in g  a  v a r i e t y  o f  m e t h o d s  t h e  i s o la t io n  o f  a q u a t ic  h u m ic  

s u b s t a n c e s  c a n  b e  m o re  e f f i c i e n t  a n d  y ie ld  to  a  h i g h  q u a l i t y  p r o d u c t .  

T a b le  2 .1  p r e s e n t s  t h e  a d v a n t a g e s  a n d  d i s a d v a n t a g e s  o f  so m e  o f  t h e s e  

m e th o d s .

I n  r e c e n t  y e a r s ,  a d s o r p t io n  o n  n o n io n ic  m a c r o p o r o u s  r e s i n s  h a s  

b e e n  a  v e r y  p o p u la r  m e th o d  a m o n g  A m e r ic a n  r e s e a r c h e r s  t o  e x t r a c t  a n d  

f r a c t io n a t e  h u m ic  m a t t e r ,  a n d  i t s  u s e  i s  r e c o m m e n d e d  in  t h e  e x t r a c t io n  

p r o c e d u r e  o u t l in e d  b y  t h e  I n t e r n a t io n a l  H um ic S u b s t a n c e s  S o c i e t y  

(IH S S ). I n  t h e  g e n e r a l  p r o c e d u r e  t h e  w a t e r  i s  a c id i f i e d  t o  pH <2 a n d  

p a s s e d  t h r o u g h  a  c o lu m n  c o n t a in in g  t h e  r e s i n  ( e .g .  c r o s s - l i n k e d  

p o ly m e t h y l  m e t h a c r y la t e ,  X A D -8 ). T h e  h u m ic  s u b s t a n c e s  s o r b  in t o  t h e  

h y d r o p h o b ic  r e s i n  w h i le  t h e  m o r e  h y d r o p h i l i c  n o n - h u m ic  m a t e r ia ls  p a s s  

t h r o u g h .  T o r e m o v e  t h e  f u lv i c  a n d  h u m ic  a c id  f r a c t i o n s  fr o m  t h e  r e s i n  

i t  i s  e lu t e d  w it h  s o d iu m  h y d r o x id e  a t  d i f f e r e n t  pH c o n d i t io n s .  T h e  tw o  

f r a c t i o n s  a r e  t h e n  c o n v e r t e d  t o  t h e i r  h y d r o g e n  fo r m  b y  p a s s a g e  

t h r o u g h  a  s t r o n g  c a t io n  e x c h a n g e r  in  t h e  h y d r o g e n  fo r m .

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

a  g o o d  m e th o d  o f  i s o la t io n  a n d  f r a c t io n a t io n  o f  h u m ic  s u b s t a n c e s ,  t h e  

u s e  o f  so d iu m  h y d r o x id e  a s  e l u e n t  in  t h i s  p r o c e s s  i s  c o n s i d e r e d  o n e  o f  

i t s  m a in  d i s a d v a n t a g e s .  D u r in g  d e s o r p t io n  p r e c a u t io n s  a r e  r e q u ir e d  to  

p r e v e n t  o x id a t io n  o f  t h e  h u m ic  s u b s t a n c e s .

C o n n o r  (1 9 8 6 ) ,  w h e n  c o m p a r in g  i n f r a - r e d  s p e c t r a  o f  a lk a l i  a n d  

n o n - a lk a l i  e x t r a c t s  fr o m  n a t u r a l  c o lo u r e d  w a t e r s ,  n o t i c e d  a n  i n c r e a s e  

in  b o th  t h e  l e v e l  o f  o x id a t io n  a n d  t h e  d e g r e e  o f  u n s a t u r a t io n  in  t h e  

a lk a l i  e x t r a c t e d  m a te r ia l  s u g g e s t i n g  c h e m ic a l c h a n g e s ,  p o s s i b l y ,  o f  

i r r e v e r s i b l e  c h a r a c t e r  in  t h e  h u m ic  c o m p o s it io n .  He p o in t e d  o u t  t h a t  

p r e v i o u s  s t u d i e s  b y  o t h e r  r e s e a r c h e r s  in d ic a t e  t h a t  s t r o n g l y  a lk a l in e  

p H s, p a r t i c u la r ly  in  t h e  p r e s e n c e  o f  a ir ,  c a u s e  o x id a t io n  o f  h u m ic s ,  

u s u a l ly  a c c o m p a n ie d  b y  i r r e v e r s i b l e  d a r k e n in g ,  a n  e f f e c t  a l s o  o b s e r v e d  

b y  C o n n o r  w ith  h i s  a lk a l i  e x t r a c t s .
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M eth o d A d v an tag es D isad v an tag es

V acu u m  d istilla tio n 1. L o w  te m p e ra tu re s . 1. All so lu tes  c o n c e n tra te d .
F re eze -d ry in g 1. M ild . 1. M e thod  is slow .

(L y o p h iliza lio n ) 2. H igh  c o n c e n tra tio n  fa c to rs . 2. A ll so lu tes  w ith  th e  e x c e p tio n
3. S am p le  tak en  to  d ry n e ss . o f  v o la tiles  a re  c o n c e n tra te d .

F re e z e  co n c e n tra tio n 1. M ild . 1. M ethod  is slow .
2. In ex p en siv e . 2. A ll so lu te s  c o n c e n tra te d .
3. S im p le .

C o p rec ip ita tio n 1. In ex p en siv e . 1. E ffic iency  d e p e n d e n t o n  in itia l
2. E ffec tiv e  fo r  w a te rs  h igh  in D O C .

D O C . 2. Ineffic ien t o n  la rge  v o lu m es  o f
w a te r .

3. Iso la ted  o rg an ic  m a tte r  m u st 
be  se p a ra te d  fro m  in o rg an ic  
sa lts .

U itra filtra iio n 1. O rg an ic  so lu te s  fra c tio n a ted 1. In te rac tio n s  w ith  m em b ran e
b y  m o lecu la r  s ize . p o ss ib le .

2. L arg e  v o lum es c a n  be 
p ro c e sse d .

2. F ou ling  o f  m em b ran e  p o ss ib le .

R e v e rse  o sm o s is 1. A m bien t co n d itio n s , m ild. 1. All so lu tes  c o n c e n tra te d .
2. L a rg e  vo lu m es c a n  be 2. E fficiency d ep e n d e n t o n  co n -

p ro c e ss e d . c e n tra tio n .
S o lv en t e x tra c tio n 1. In o rg an ic  sa lts  effec tiv e ly 1. H um ic s u b s ta n c e s  in so lu b le  in

e x c lu d ed .
2.

m any  so lv en ts . 
M ethod  is slow .

S o rp tio n
A lum ina 1. O rg an ic  a c id s  read ily  so rb 1. Inefficient d e s o rp tio n .

to  b asic  a d s o rb e n t. 2. S tru c tu ra l a l te ra tio n s  o f  o r-
2. M ild e lu en ts . gan ic  m a tte r  p o ss ib le .

N y lo n  and 1. E ffic ien t a d so rp tio n . 1. I rrev e rs ib le  so rp tio n  p ro b ab le .
p o ly am id e  p o w d e r  

C a rb o n 1. In ex p en siv e . 1. Irrev e rsib le  so rp tio n  p o ss ib le .
2. S im p le  p ro ced u re . 2. S low  e lu tion  ra te s .
3. L arg e  vo lu m es o f  w a te r  c an 3. S low  so rp tio n  ra te s  w ith  high-

b e  read ily  p ro ce ssed . m o lecu lar-w e igh t sp e c ie s .
4 . O rg an ic  b lan k s  a re  low . 4. C hem ica l a lte ra tio n  o f  o rg an ic  

so lu tes p o ss ib le .
A n io n  ex ch an g e 1. M e th o d  is sim ple . 1. Irrev e rs ib le  so rp tio n  p ro b ab le .

(a) S tro n g -b ase 2. L a rg e  v o lu m es can  be 2. F ouling  o f  re s in s  p o ss ib le .
re s in s p ro c e ss e d . 3. R esin  b leed .

3. H igh  c ap ac itie s  fo r m acro - 
p o ro u s  re sin s .

4. A ll an io n s c o n c e n tra te d .

(b) W eak -b ase 1. M e th o d  is sim ple . 1. All o rgan ic  an io n s  co n c e n -
re s in s  on 2. L arg e  v o lu m es c a n  be tra ted . H um ic  su b s ta n c e s  m ust
a m p h o te ric p ro c e sse d . be iso la ted  from  h y d ro p h ilic
m atrix 3. H igh  cap ac itie s  fo r  m acro - ac id s .

p o ro u s  re s in s . 2. E x ten siv e  c le a n u p  o f  re s in
4 . E ffic ien t d eso rp tio n . req u ired .
5. In o rg an ic  sa lts  rem o v ed . 3. R esin  b leed .

4 . D eso rp tio n  w ith  N a O H .

N o n io n ic  m ac ro p o - 1. M e th o d  is s im p le . 1. Irrev e rs ib le  so rp tio n  p o ss ib le
ro u s  so rb e n ts 2 . R esin s eas ily  re g e n e ra te d . o n  s ty ren e  d iv in y lb en zen e

3. L a rg e  v o lu m es can  be resin s .
p ro c e sse d . 2. D eso rp tio n  w ith  N a O H . Pre-

4. H igh  cap ac itie s . c a u tio n s  req u ired  to  p rev en t
5. E ffic ien t d e so rp tio n  o f ox id a tio n  o f  h um ic  su b s ta n c e s .

a c ry lic  e s te r  re s in s . 3. R esin  b leed .
4 . pH  ad ju s tm en t to  p H  2 p r io r  

to  a d so rp tio n .

T a b le  2 .1 :  M e th o d s  c o m m o n ly  u s e d  t o  i s o la t e  a n d  c o n c e n t r a t e  a q u a t ic  

h u m ic  s u b s t a n c e s  ( a f t e r  A ik e n , 1 9 8 5 )
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T h e  a b o v e  o b s e r v a t i o n s ,  a n d  t h e  f a c t  t h a t  in  t h e  p r e s e n t  

i n v e s t i g a t i o n  t h e  v o lu m e  o f  w a t e r  t o  b e  p r o c e s s e d  in  o r d e r  t o  p r o d u c e  

t h e  n e c e s s a r y  a m o u n t  o f  h u m ic  m a te r ia l  t o  c a r r y  o u t  t h e  e x p e r im e n t s  

w a s  e v a lu a t e d  t o  b e  a b o u t  1 0 0 0 0  l i t r e s ,  d id  n o t  f a v o u r  t h e  u s e  o f  

r a a c r o p o r o u s  r e s i n s .  A p r e l im in a r y  c a lc u la t io n  s h o w e d  t h a t  t h e  v o lu m e  

o f  t h e  c o lu m n  ( r e s i n  v o lu m e )  n e e d e d  t o  p r o c e s s ,  in  a  r e a s o n a b le  t im e ,  

s u c h  v o lu m e  o f  w a t e r  w o u ld  b e  e n o r m o u s .  In  a d d i t io n ,  t h e  in f r a 

s t r u c t u r e  n e c e s s a r y  t o  r u n  t h e  c o lu m n  w o u ld  p r o b a b ly  n o t  b e  a v a i la b le  

o n  t h e  s i t e  w h e r e  t h e  a c t u a l  e x t r a c t io n  w o u ld  t a k e  p la c e .

A n  o p t io n  to  d e a l  w ith  v e r y  l a r g e  v o lu m e s  o f  w a t e r  i s  t h e  u s e  o f  

r e v e r s e  o s m o s i s .  R e v e r s e  O s m o s is  (RO) i s  t h e  o p p o s i t e  p h e n o m e n o n  o f  

n a t u r a l  o s m o s is .  I n  n a t u r a l  o s m o s i s ,  w h e n  tw o  s o lu t io n s  o f  d i f f e r e n t  

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

f lo w s  s p o n t a n e o u s l y  fr o m  t h e  d i lu t e d  t o  t h e  c o n c e n t r a t e d  s o lu t io n  -  t h e  

m e m b r a n e  im p e d e s  t h e  p a s s a g e  o f  t h e  s o lu t e  b u t  a l lo w s  s o l v e n t  f lo w . A s  

a  r e s u l t ,  t h e  l e v e l  o f  t h e  c o n c e n t r a t e d  s o lu t io n  r i s e s  u n t i l  t h e  p r e s s u r e  

s e t  u p  b y  t h e  l iq u id  c o lu m n  c o u n t e r b a la n c e s  t h e  f lo w  (o s m o t ic  

p r e s s u r e ) ,  e s t a b l i s h i n g  t h e  s o  c a l le d  o s m o t ic  e q u i l ib r iu m . In  r e v e r s e  

o s m o s is  t h e  s o l v e n t  i s  f o r c e d  t h r o u g h  t h e  m e m b r a n e  fr o m  t h e  

c o n c e n t r a t e d  t o  t h e  d i lu t e d  s o lu t io n  a n d ,  in  t h i s  w a y , c o n c e n t r a t io n  

t a k e s  p la c e .  I t  o c c u r s  w h e n  a  p r e s s u r e  g r e a t e r  t h a n  t h e  o s m o t ic  

p r e s s u r e  i s  e x e r t e d  o n  a  s o lu t io n  in  c o n t a c t  w it h  a  s e m i- p e r m e a b le  

( s e l e c t i v e )  m e m b r a n e .

A s a  m e th o d  o f  c o n c e n t r a t in g  o r g a n ic  m a t te r  fr o m  w a t e r ,  r e v e r s e  

o s m o s is  h a s  t h e  a d v a n t a g e  o f  o p e r a t in g  u n d e r  a m b ie n t  c o n d i t io n s ,  

t h e r e f o r e  m in im iz in g  t h e  p o s s i b i l i t y  o f  d e s t r u c t i v e  c h e m ic a l  r e a c t i o n s  

(D e in z e r  e t  a l . ,  1 9 7 5 , A ik e n , 1 9 8 5 ) . F u r t h e r m o r e ,  h ig h  v a l u e s  o f  

r e t e n t io n  o f  o r g a n ic  m a te r ia l  in  t h e  'c o n c e n tr a te *  c a n  b e  a c h i e v e d  

(K o p f le r  e t  a l . ,  1975; O d e g a a r d  a n d  K o o t ta te p , 1982; A ik e n , 1 9 8 5 ) . T h e  

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

s o l u t e s ,  b o th  o r g a n ic  a n d  in o r g a n ic ,  a r e  a l s o  c o n c e n t r a t e d  l e a d in g  to  

a  n o n - p u r i f i e d  c o n c e n t r a t e .  In  t h i s  w o r k  h o w e v e r ,  t h e  p r e s e n c e  o f  

o t h e r  w a t e r  c o n s t i t u e n t s  t h a n  j u s t  h u m ic  s u b s t a n c e s  w a s  w e lc o m e d  

s i n c e  i t  w a s  b e l i e v e d  t h a t  a  c o lo u r e d  s o lu t io n  p r e p a r e d  fr o m  a  n o n -



55

p u r i f i e d  e x t r a c t e d  m a te r ia l  w o u ld  h a v e  a  c o m p o s it io n  c l o s e r  t o  t h a t  o f  

n a t u r a l  c o lo u r e d  w a t e r s .  I n  o t h e r  w o r d s ,  t h e  a im  w a s  t o  h a v e  a n  

e x t r a c t e d  m a te r ia l  w h ic h  w o u ld  p r o d u c e  a  s y n t h e t i c  c o lo u r e d  w a t e r  w ith  

s im ila r  c h a r a c t e r i s t i c s  to  n a t u r a l  c o lo u r e d  w a t e r s  b u t  w i t h  a  d e s i r e d  

c o lo u r  i n t e n s i t y .

In  o r d e r  t o  a s s e s s  t h e  p r a c t i c a b i l i t y  o f  u s i n g  a  c o m m e r c ia lly  

a v a i la b le  r e v e r s e  o s m o s i s  e q u ip m e n t  to  p e r fo r m  t h e  t a s k  o f  c o n c e n t r a t e  

t h e  h u m ic  s u b s t a n c e s ,  c o n t a c t  w it h  a  c o m m e r c ia l s u p p l i e r  w a s  

e s t a b l i s h e d  a n d  a  s u i t a b le  t y p e  o f  e q u ip m e n t  a n d  m e m b r a n e  w e r e  

id e n t i f i e d .

T o e v a lu a t e  t h e  d e g r e e  o f  c o n c e n t r a t io n  o f  h u m ic  s u b s t a n c e s  

a t t a in a b le  w it h  t h i s  e q u ip m e n t ,  w a t e r  s a m p le s  fr o m  tw o  p o t e n t ia l  

e x t r a c t io n  s i t e s  w e r e  t e s t e d  b y  t h e  s u p p l i e r .  T h e o r e t ic a l  c a l c u la t io n s  

a n d  o p e r a t in g  d a t a  s u g g e s t e d  t h a t  o n e  o f  t h e  w a t e r  s a m p le s  c o u ld  b e  

c o n c e n t r a t e d  13 t im e s  a n d  t h e  o t h e r  18 t im e s .  I t  w a s  b e l i e v e d  h o w e v e r ,  

t h a t  in  v ie w  o f  t h e  f a c t  t h a t  t h e  m e m b r a n e  w a s  g o in g  t o  b e  u s e d  o n  a  

'o n e  o f f ’ b a s i s ,  h i g h e r  c o n c e n t r a t io n s  w o u ld  b e  l ik e ly .

U s in g  t h e  c o n s e r v a t i v e  f i g u r e  o f  18 t im e s  c o n c e n t r a t io n ,  t h e  

o r ig in a l  v o lu m e  o f  1 0 0 0 0  l i t r e s  o f  w a t e r  c o u ld  b e  c o n c e n t r a t e d  t o  55 0  

l i t r e s .  T h is  r e d u c e d  v o lu m e  o f  w a t e r  c o n t a in in g  a  h ig h  c o n c e n t r a t io n  o f  

o r g a n ic  m a t te r  w o u ld  t h e n  n e e d  t o  b e  f u r t h e r  t r e a t e d  b y  a n o t h e r  

m e th o d . S o , b e a r in g  in  m in d  t h e  in i t ia l  c o m m itm e n t o f  a v o id in g  a n y  

c h e m ic a l - in v o lv in g  p r o c e s s e s ,  f r e e z e  d r y in g  w a s  c h o s e n  a s  t h e  

s e c o n d a r y  m e th o d .

F r e e z e  d r y i n g  i s  c o n s id e r e d  a  g e n t l e  m e th o d  o f  c o n c e n t r a t io n  o f  

h u m ic  s u b s t a n c e s  fr o m  w a t e r  (M alco lm , 1 9 6 8 ) , h ig h  c o n c e n t r a t io n  f a c t o r s  

a r e  p o s s i b l e  w it h  t h e  a d v a n t a g e  t h a t  t h e  s a m p le  c a n  b e  t a k e n  to  

d r y n e s s .  T h e  s o l id  p r o d u c t  o b t a in e d  c a n  b e  e a s i l y  h a n d le d  a n d  s t o r e d  

w it h o u t  f e a r  o f  c h e m ic a l  d e g r a d a t io n  w h ic h  i s  t h e  r e a s o n  w h y  f r e e z e  

d r y i n g  i s  c o m m o n ly  u s e d  in  c o m b in a t io n  w ith  o t h e r  c o n c e n t r a t io n  

m e t h o d s  a s  a  f in a l  s t e p  in  e x t r a c t io n  p r o c e d u r e s  (IH S S ; T h u r m a n  a n d  

M alco lm , 1981; L ia o  a n d  R a n d tk e , 1 9 8 5 ) .
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2.2 Extraction of humic material - Experimental

T h e  e q u ip m e n t  u s e d  w a s  a  t u b u la r  r e v e r s e  o s m o s i s  m o b ile  u n i t  

( P a t e r s o n  a n d  C a n d y  I n t e r n a t io n a l ,  E n g la n d )  o p e r a t e d  in  b a t c h  a n d  in  

t h e  r e c y c l e  m o d e  a s  s h o w n  in  f i g u r e  2 .1 .

T h e  u n i t  w a s  f i t t e d  w it h  a  12 f e e t  lo n g  m e m b r a n e  m o d u le  w ith  a  

m e m b r a n e  a r e a  o f  2 .7  m2. T h is  m o d u le  i s  b a s i c a l ly  a  s t a i n l e s s  s t e e l  

c y l i n d e r  (p e r m e a t e  c o l l e c t io n  s h r o u d )  c o n t a in in g  18 sm a ll d ia m e te r  

s t a i n l e s s  s t e e l  p e r f o r a t e d  ' s u p p o r t ’ t u b e s  c o n n e c t e d  in  s e r i e s .  E a c h  

s u p p o r t  t u b e  h o ld s  a  p a p e r  t u b e  w h e r e  t h e  m e m b r a n e  film  i s  c a s t  

i n s i d e .  T h is  d e s i g n ,  a c c o r d in g  t o  t h e  m a n u f a c t u r e r ,  a l lo w s  o p e r a t io n  a t  

u n ifo r m  h ig h  s o lu t io n  f lo w  v e l o c i t i e s  t o  m in im is e  f o u l in g  o f  t h e  

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

(Z F 9 9 , P a t e r s o n  a n d  C a n d y  I n t e r n a t io n a l )  o f  s i z e  c u t - o f f  1 0 0 , t h a t  c a n  

b e  o p e r a t e d  a t  r e l a t i v e l y  h ig h  t e m p e r a t u r e s  (u p  to  60°C  a t  6 0  b a r )  a n d  

o v e r  a  w id e  pH r a n g e  (3  to  11 u p  t o  6 0 °C ).

T h e  r e v e r s e  o s m o s i s  u n i t  w a s  in s t a l l e d  a t  t h e  r a w  w a t e r  i n l e t  

c h a m b e r  a t  E c c u p  W a ter  T r e a tm e n t  W o rk s -  Y o r k s h ir e  W a ter . D u r in g  t h e  

p e r io d  o f  e x t r a c t io n  tw o  d i f f e r e n t  r a w  w a t e r s  w e r e  c o n c e n t r a t e d .  

I n i t i a l l y  t h e  r a w  w a t e r  c a m e  fro m  a  g r o u p  o f  r e s e r v o i r s  (W a sh b u r n  

W a te r ) a n d  h a d  a n  a p p a r e n t  c o lo u r  in  t h e  r a n g e  o f  7 0 -8 5  H a z e n  u n i t s  

a n d  lo w  t u r b i d i t y  ( t a b le  2 .2 ) .  A  r a w  w a t e r  v o lu m e  o f  a b o u t  7 m w a s  

c o n c e n t r a t e d  to  6 0 0 -7 0 0  l i t r e s  a n d , s u b s e q u e n t l y ,  r e c o n c e n t r a t e d  to  a  

f in a l  v o lu m e  o f  120  l i t r e s .

PH A p p . C o lo u r  

(A b s /m )

T u r b id i t y

(F T U )

C o n d u c t iv i t y

( p S /c m )

M ean  v a lu e 6 .9 5 .0 4 .0 150

S t d .  d e v ia t io n 0.1 0 .3 0 .6 24

M axim um  v a lu e 7 .1 5 .2 4 .8 175

M inim um  v a lu e 6 .8 4 .6 3 .3 127

T a b le  2 .2: W a s h b u r n  w a t e r  c h a r a c t e r i s t i c s  d u r in g  c o n c e n t r a t io n  p e r io d



CONCENTRATE
(RECYCLE)

Figure 2.1: Humic substances concentration - Reverse osmosis unit schematic diagram
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D u e to  o p e r a t io n a l  p r o b le m s  Y o r k s h ir e  W ater  h a d  t o  s t a r t  u s i n g  

w a t e r  fr o m  a n  a d d i t io n a l  s o u r c e ,  t h e  R iv e r  O u se , c h a n g i n g  t h e  n a t u r e  

o f  t h e  r a w  w a t e r  g o in g  t o  E c c u p  WTW. T h is  b le n d e d  w a t e r  (W a s h b u r n -  

O u s e )  h a d  a  lo w e r  c o lo u r  c o n c e n t r a t io n  a n d  a  s i g n i f i c a n t l y  h i g h e r  

t u r b i d i t y .  A n  a d d i t io n a l  6 m3 o f  t h e  b le n d e d  w a t e r  w a s  c o n c e n t r a t e d  

a n d  r e c o n c e n t r a t e d  l e a d in g  t o  a  f in a l  v o lu m e  o f  1 0 0  l i t r e s .

A b s o r b a n c e  m e a s u r e m e n t s  ( c o lo u r  c o n c e n t r a t io n )  c a r r ie d  o u t  f o r  

t h e  tw o  c o n c e n t r a t e d  w a t e r s  a r e  p r e s e n t e d  in  t a b le  2 .3 . T h e y  s h o w  t h e  

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

c o n c e n t r a t io n .

A b s o r b a n c e U n i t s / m e t r e  *

W a s h b u r n W a s h b u r n -O u s e

R aw w a t e r 2 .6 -

1 s t c o n c e n t r a t io n 2 8 .7 2 5 .1

2 n d c o n c e n t r a t io n 9 4 .3 5 4 .6

* M e a s u r e d  a t  3 8 0  nm  a f t e r  f i l t r a t io n  t h r o u g h  0 .4 5  pm m e m b r a n e

T a b le  2 .3: C o lo u r  i n t e n s i t y  d u r in g  t h e  c o n c e n t r a t io n  p r o c e s s

T h e  c o n c e n t r a t e d  s a m p le s  w e r e  f r e e z e  d r ie d  b y  C o m m erc ia l F r e e z e  

D r y in g ,  C l i t h e r o e ,  E n g la n d . T h e  s a m p le s ,  in i t ia l ly  f r o z e n  a t  -1 8 ° C , w e r e  

d r ie d  o v e r  f o u r  d a y s  u n d e r  a  p r e s s u r e  o f  0 .3  mB a n d  w it h  a  s h e l f  

t e m p e r a t u r e  ( h e a t in g  t e m p e r a t u r e )  o f  15°C . T h e  r e s u l t i n g  d r ie d  m a te r ia l  

a m o u n te d  t o  6 5 0  g r a m s  fr o m  W a s h b u r n  c o n c e n t r a t e  a n d  1 0 5 0  g r a m s  fr o m  

W a s h b u r n -O u s e  c o n c e n t r a t e .

I t  s h o u ld  b e  n o t e d  t h a t  t h e  tw o  s a m p le s  w e r e  h a n d le d  a n d  k e p t  

s e p a r a t e d  d u r in g  t h e  w h o le  p r o c e s s  o f  c o n c e n t r a t io n  a n d  f r e e z e  d r y in g .
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2 .3  R e c o n s t i t u t in g  t h e  c o lo u r e d  w a t e r

T h e  c o lo u r e d  w a t e r  u s e d  in  t h e  la b o r a t o r y  e x p e r im e n t s  w a s  

p r e p a r e d  b y  d i s s o l v i n g  in  h ig h  p u r i t y  w a t e r  (M illi-Q , M illip o r e , H a r r o w )  

t h e  n e c e s s a r y  a m o u n t  o f  d r ie d  m a te r ia l  t o  o b t a in  t h e  d e s i r e d  c o lo u r  

i n t e n s i t y .  T h e  d i s s o l u t i o n  o f  t h e  d r ie d  h u m ic  m a te r ia l  w a s  a id e d  b y  

p la c in g  t h e  s o lu t io n  in  a n  u l t r a s o n ic  b a t h  f o r  1 - 2  m in u t e s .  T e s t s  

c a r r i e d  o u t  e l s e w h e r e  (W h itt le , 1 9 8 8 ) f o r  t h e  sa m e  h u m ic  m a te r ia ls  

in d ic a t e d  t h a t  t h e  u l t r a s o n ic  t r e a t m e n t  d id  n o t  a f f e c t  t h e  m o le c u la r  

w e i g h t  d i s t r ib u t io n  o f  t h e  h u m ic  m a te r ia l .  T h e  u n d i s s o l v e d  m a te r ia l  w a s  

s u b s e q u e n t l y  r e m o v e d  b y  p a s s i n g  t h e  s o lu t io n  t h r o u g h  a  g l a s s  

m ic r o f ib r e  f i l t e r  (W h atm an  G F /C , W h atm an  I n t e r n a t io n a l  L t d . ,  M a id s to n e ,  

E n g la n d )  o f  p o r e  o p e n in g  1 .2  m ic r o n s ,  b y  t h i s  m e a n s  t h e  r e c o n s t i t u t e d  

c o lo u r e d  w a t e r  h a d  v i r t u a l l y  n o  t u r b i d i t y .

R e c o n s t i t u t e d  w a t e r  w it h  tw o  c o lo u r  i n t e n s i t i e s  w e r e  r e q u ir e d  to  

p e r fo r m  t h e  f i l t r a t i o n  e x p e r im e n t s  -  o n e  t o  b e  r e p r e s e n t a t i v e  o f  a  

s o u r c e  w it h  m o d e r a te  c o lo u r ,  a n d  t h e  o t h e r  t o  b e  r e p r e s e n t a t i v e  o f  a  

f a i r l y  h ig h  c o lo u r e d  w a t e r .  In  o r d e r  to  d e t e r m in e  t h e  a m o u n t  o f  d r ie d  

m a te r ia l  n e c e s s a r y  t o  p r e p a r e  t h e s e  s y n t h e t i c  w a t e r s  a  s e r i e s  o f  

s o l u t i o n s  w ith  d i f f e r e n t  c o n c e n t r a t io n s  o f  e x t r a c t  w e r e  p r e p a r e d  a n d  

h a d  t h e i r  c o lo u r  c o m p a r e d  w it h  p la t in u m - c o b a l t  s t a n d a r d s  b y  m e a n s  o f  

a  c o m p a r a to r  d i s c  u n i t  (L o v ib o n d  N e s s l e r i s e r ) .

2 .4  C h a r a c t e r iz a t io n  o f  t h e  r e c o n s t i t u t e d  w a t e r

To v a l id a t e  t h e  u s e  o f  t h e  r e c o n s t i t u t e d  c o lo u r e d  w a t e r  a s  a  

'm o d e l’ o f  n a t u r a l  c o lo u r e d  w a t e r s ,  c h a r a c t e r i s t i c s  o f  t h e  r e c o n s t i t u t e d  

w a t e r  w e r e  d e t e r m in e d  a n d  c o m p a r e d  w it h  d a ta  fr o m  t h e  l i t e r a t u r e .  In  

a d d i t io n ,  so m e  d e g r e e  o f  c h a r a c t e r i z a t io n  o f  t h e  h u m ic  s u b s t a n c e s  

p r e s e n t  in  t h e  d r ie d  e x t r a c t e d  m a t e r ia ls  w a s  a l s o  u n d e r t a k e n .
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2.4.1 Material and methods

T h e  m a in  t e c h n i q u e s  u s e d  in  t h e  c h a r a c t e r i z a t io n  o f  t h e  

r e c o n s t i t u t e d  w a t e r  w e r e  u l t r a - v i o l e t  v i s i b l e  s p e c t r o s c o p y  a n d  o r g a n ic  

c a r b o n  a n a l y s i s .  O th e r  p a r a m e t e r s ,  l ik e  a lk a l in i t y ,  c o n d u c t i v i t y ,  s o l id  

c o n t e n t  e t c ,  w e r e  a l s o  m e a s u r e d . F o r  t h e  c h a r a c t e r iz a t io n  o f  t h e  h u m ic  

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

c h r o m a t o g r a p h y  w e r e  u s e d .

T h e  m e t h o d o lo g ie s  a n d  e q u ip m e n t  u s e d  in  t h e  c h a r a c t e r i s a t io n  

w o r k  a r e  b r i e f l y  d e s c r i b e d  b e lo w .

U l t r a - V io le t  V is ib le  S p e c t r o s c o p y

T h e  U V - v is ib le  a b s o r b a n c e  s p e c t r a  w e r e  d e t e r m in e d  u s i n g  a  

s c a n n in g  s p e c t r o p h o t o m e t e r  P y e  U n ic a n  S P 8 -1 0 0  ( P y e  U n ic a n  L td .,  

C a m b r id g e )  s u p p l i e d  w it h  c h a r t  r e c o r d e r .  A p a ir  o f  4 0  mm q u a r t z  c e l l s  

w e r e  u s e d .  T h e  n o r m a l s c a n n in g  p r o c e d u r e  w a s  f o l lo w e d  a n d  i t  i s  

d e s c r i b e d  in  t h e  m a n u f a c t u r e r ’s  m a n u a l.

F ix e d  w a v e le n g t h  m e a s u r e m e n t s  w e r e  a ls o  p e r f o r m e d  in  t h e  sa m e  

e q u ip m e n t  a lw a y s  u s i n g  4 0  mm q u a r t z  c e l l s ,  u n l e s s  o t h e r w is e  s t a t e d .

T o ta l O r g a n ic  C a r b o n  -  TOC

T h e  TOC c o n c e n t r a t i o n s  w e r e  m e a s u r e d  u s i n g  a  D o h r m a n n  D C -8 0  

T o ta l O r g a n ic  C a r b o n  A n a ly z e r  ( E n v ir o t e c  D o h r m a n n , U S A ).

T h e  e q u ip m e n t  u t i l i z e s  t h e  u l t r a v i o l e t  p r o m o te d  p e r s u l p h a t e  

o x id a t io n  t e c h n iq u e .  T h e  o x id a t io n  p r o d u c t ,  C 0 2, i s  a n a ly z e d  in  a  n o n -  

d i s p e r s i v e  i n f r a - r e d  (NDIR) d e t e c t o r  w h ic h  i s  s e n s i t i v e  t o  C 0 2. T h e  

NDIR p r o d u c e s  a n  e l e c t r i c a l  o u t p u t  ( p e a k )  w h ic h  i s  i n t e g r a t e d  a n d  

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

m ill ig r a m s  o f  c a r b o n  p e r  l i t r e  (m g C / l ) .

U n f o r t u n a t e ly ,  t h e  D C -8 0  i s  n o t  a b le  to  d i f f e r e n t i a t e  c a r b o n  

d io x id e  g e n e r a t e d  fr o m  t h e  o x id a t io n  o f  in o r g a n ic  a n d  o r g a n ic  

c o m p o u n d s  p r e s e n t  in  t h e  s a m p le , a n d  t h e r e f o r e  t h e  v a lu e  o b t a in e d  b y
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t h i s  a n a l y s i s  i s  in  f a c t  t h e  a m o u n t  o f  t o t a l  c a r b o n  (T C ), w h e r e  t h e  t o t a l  

c a r b o n  = t o t a l  o r g a n ic  c a r b o n  (TOC) + t o t a l  in o r g a n ic  c a r b o n .

A lk a l in i t y  a n d  s o l id  c o n t e n t  w e r e  m e a s u r e d  f o l lo w in g  t h e  

p r o c e d u r e  d e s c r i b e d  in  t h e  " A n a ly s is  o f  R aw  W a ter  a n d  W a ste  W ater"  

(D e p a r tm e n t  o f  E n v ir o n m e n t ,  1 9 7 2 ) . C o n d u c t iv i t y  w a s  m e a s u r e d  d i r e c t l y  

b y  u s i n g  a  p H / c o n d u c t i v i t y  m e te r .

I n f r a - R e d  S p e c t r o s c o p y

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

s im ila r  a n d  t h e r e  a r e  a  n u m b e r  o f  com m on  a d s o r p t io n  f r e q u e n c i e s .  

B e c a u s e  o f  t h e i r  s im i la r i t y  t h e y  c a n  b e  u s e d  a s  a  c o m p a r a t iv e  

p r o c e d u r e  in  t h e  c h a r a c t e r i z a t io n  o f  h u m ic  s u b s t a n c e s .  A n  i n f r a - r e d  

s p e c t r u m  b y  i t s e l f  c a n  g i v e  o n ly  l im ite d  in f o r m a t io n  a b o u t  t h e  

f u n c t io n a l  g r o u p s  p r e s e n t .

T h e  IR s p e c t r o s c o p i c  m e a s u r e m e n t s  f o r  b o th  e x t r a c t s  w e r e  c a r r ie d  

o u t  b y  t h e  W ater  R e s e a r c h  C e n t r e  (W Rc, S t e v e n a g e ) .  T h e  d r ie d  e x t r a c t s  

w e r e  p r e p a r e d  f o r  t h e  i n f r a - r e d  a n a l y s i s  a s  1% ( w /w )  p o t a s s iu m  

b r o m id e  d i s c s .  T h e  e q u ip m e n t  a n d  m e th o d  u s e d  a r e  d e s c r i b e d  e l s e w h e r e  

(C o n n o r , 1 9 8 6 a ) .

G el P e r m e a t io n  C h r o m a to g r a p h y  -  GPC

G el p e r m e a t io n  c h r o m a t o g r a p h y  w a s  u s e d  in  t h i s  i n v e s t i g a t i o n  in  

a n  a t t e m p t  to  d e t e r m in e  t h e  m o le c u la r  w e ig h t  d i s t r ib u t io n  o f  t h e  h u m ic  

s u b s t a n c e s  p r e s e n t  in  t h e  e x t r a c t s .

T h e  g e l  p e r m e a t io n  c h r o m a t o g r a p h y  a p p a r a t u s  c o n s i s t e d  b a s ic a l ly  

o f  a  c h r o m a t o g r a p h ic  c o lu m n  c o n n e c t e d  t o  a n  o n - l i n e  d i f f e r e n t i a l  U V -  

d e t e c t o r ,  a t  a  w a v e le n g t h  o f  254  nm , l in k e d  t o  a  t r a c e  r e c o r d e r .  A 

s c h e m a t ic  d ia g r a m  i s  s h o w n  in  f i g u r e  2 .2 .

T h e  g e l  p e r m e a t io n  m a t e r ia ls  u s e d  in  t h i s  s t u d y  w e r e  B io - g e l  

P - 1 0 0  a n d  P - 1 0  p o r o u s  p o ly a c r y la m id e  b e a d s  (B io r a d , U S A ) s u i t a b le  f o r
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Constant Head 
Reser voi r

overflow
inlet feed from main reservoir

HydrostaticHead
GPCColumn

DifferentialUV-Detector
Recorder

F ig u r e  2 .2 : S c h e m a t ic  d ia g r a m  o f  t h e  a p p a r a t u s  f o r  G el P e r m e a t io n  

C h r o m a to g r a p h y  ( a f t e r  W h itt le , 1 9 8 8 )
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h ig h  r e s o l u t i o n  g e l  f i l t r a t io n .  S o m e p r o p e r t i e s  o f  t h e s e  m a t e r ia ls  a r e  

l i s t e d  in  t a b le  2 .4 .

G el t y p e W et M esh D ia m e te r  o f F r a c t io n a t io n H y d r a te d  B ed

D e s ig n a t io n H y d r a te d  b e a d s r a n g e V olu m e

(m ic r o n ) ( d a lt o n ) m l /g  d r y  g e l

BG P - 1 0 0 1 0 0 -2 0 0 8 0 - 1 5 0 5 0 0 0 -1 0 0 0 0 0 15

BG P - 1 0 1 0 0 -2 0 0 8 0 -1 5 0 1 5 0 0 -2 0 0 0 0 9

T a b le  2 .4 : T e c h n ic a l  in fo r m a t io n  f o r  B i o - g e l  P - 1 0 0  a n d  P - 1 0  ( a f t e r  

W h itt le , 1 9 8 8 )

T h e  B io - g e l  P c o lu m n s  w e r e  c a l ib r a t e d  w ith  a p p r o p r ia t e  p r o t e i n s  

o f  k n o w n  m o le c u la r  w e i g h t  (MW). T h e  c a l ib r a t io n  c u r v e s  a r e  s h o w n  in  

f i g u r e  2 .3  a n d  t h e  o p e r a t io n  c o n d i t io n s  a r e  d e s c r ib e d  in  t a b le  2 .5 .

G el t y p e
B e d  W e ig h t  

(cm )

H y d r o s t a t ic  H ea d C o lu m n  F low  

(cm 3/ h )(cm )

B i o - g e l  P - 1 0 0 45 90 4 - 6

B i o - g e l  P - 1 0 45 40 1 5 -2 0

T a b le  2 .5 : O p e r a t in g  c o n d i t io n s  f o r  B i o - g e l  P ( a f t e r  W h itt le , 1 9 8 8 )

F o r  t h e  d e t e r m in a t io n  o f  t h e  m o le c u la r  w e ig h t  d i s t r i b u t i o n  o f  t h e  

h u m ic  e x t r a c t s ,  t h e  e lu t io n  v o lu m e  f o r  t h e  p e a k  r e s u l t i n g  fr o m  a  h u m ic  

s a m p le  r u n  w a s  c a lc u la t e d  fro m  t h e  c o lu m n  f lo w  r a t e  a n d  t r a c e  d i s t a n c e  

a n d  t h e  MW r a n g e  d e t e r m in e d  fro m  t h e  a p p r o p r ia t e  c a l ib r a t io n  c u r v e .  

T h e  e l u e n t  u s e d  w a s  5% v / v  T r is  B u f f e r ,  c o n s id e r e d  o p t im a l t o  m in im ise  

p o t e n t ia l  in t e r a c t i o n s .  B o th  e l u e n t  a n d  h u m ic  s o lu t io n  h a d  t h e  pH 

a d j u s t e d  to  9 p r io r  t o  t e s t i n g .
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Figure 2.3 a: Calibration curve for Bio-gel P-100

Figure 2.3 b: Calibration curve for Bio-gel P-10
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A d e t a i l e d  d e s c r i p t i o n  o f  t h e  m e th o d , a p p a r a t u s ,  c a l ib r a t io n  a n d  

m e a s u r e m e n t  p r o c e d u r e s  i s  r e p o r t e d  b y  W h itt le  (1 9 8 8 ) .

2.4.2 Results and discussion

A lt h o u g h  t h e  c h a r a c t e r i z a t io n  w o r k  u n d e r t a k e n  in  t h i s  

i n v e s t i g a t i o n  h a s  d e a l t  w it h  b o t h ,  W a s h b u r n  a n d  W a s h b u r n - O u s e ,  h u m ic  

e x t r a c t s ,  p a r t ic u la r  a t t e n t i o n  i s  g i v e n  t o  t h e  r e s u l t s  o b t a in e d  f o r  t h e  

W a s h b u r n  e x t r a c t ,  s i n c e  t h i s  e x t r a c t  w a s  t h e  o n e  s e l e c t e d  t o  p e r fo r m  

t h e  f i l t r a t io n  e x p e r im e n t s .

T h e  f i r s t  s t e p  in  t h e  d ir e c t io n  t o  v a l id a t e  t h e  u s e  o f  t h e  

r e c o n s t i t u t e d  w a t e r  a s  a  r e p r e s e n t a t i v e  m o d e l o f  a  n a t u r a l  c o lo u r e d  

w a t e r  w a s  t h e  d e t e r m in a t io n  o f  t h e  U V - v i s ib le  a b s o r b a n c e  s p e c t r a .

T h e  s p e c t r a  o f  v a r i o u s  s o l u t i o n s  m a d e u p  w it h  d i f f e r e n t  

c o n c e n t r a t i o n s  o f  b o t h  d r ie d  e x t r a c t s  w e r e  d e t e r m in e d  w i t h in  t h e  r a n g e  

fr o m  2 0 0  to  8 0 0  nm  u s i n g  t h e  p r o c e d u r e  d e s c r i b e d  p r e v i o u s l y .  A t y p ic a l  

r e s u l t  o b t a in e d  f o r  e a c h  r e c o n s t i t u t e d  w a t e r  i s  s h o w n  in  f i g u r e  2 .4 .

T h e  s p e c t r a  o b t a in e d  ( f i g u r e  2 .4 )  fo l lo w  t h e  c h a r a c t e r i s t i c  p a t t e r n  

o b s e r v e d  b y  m a n y  r e s e a r c h e r s  f o r  v a r i o u s  n a t u r a l  c o lo u r e d  w a t e r s  a n d  

h u m ic  s u b s t a n c e  s o l u t i o n s  (B la c k  a n d  C h r is tm a n , 1963; S t e v e n s o n ,  1971; 

T h u r m a n , 1985; C o n n o r , 1 9 8 6 , 1 9 8 6 a  a n d  o t h e r s ) .  T h e  s p e c t r a  a r e  

f e a t u r e l e s s  w it h  n o  a b s o r p t io n  b a n d  a n d  t h e  a b s o r p t io n  i n c r e a s e s  w ith  

t h e  d e c r e a s i n g  w a v e le n g t h .  T h e  f a c t  t h a t  t h e  s p e c t r a  a r e  f e a t u r e l e s s  

in d ic a t e  a  c o m p le x  s t r u c t u r e  w h ic h  c a u s e s  o v e r la p p in g  o f  a b s o r b a n c e  

b a n d s .

T h is  la c k  o f  a n y  c h a r a c t e r i s t i c  a b s o r p t io n  b a n d s  m a y  b e  t h e  

r e a s o n  f o r  t h e  d i v e r s i t y  o f  w a v e le n g t h  v a l u e s  b e in g  u s e d  t o  m e a s u r e  

c o lo u r  a n d / o r  h u m ic  s u b s t a n c e s  in  a q u a t ic  s y s t e m s .  T o i l l u s t r a t e  t h i s  

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

t a b le  2 .6 .

In  t h i s  i n v e s t i g a t i o n  i t  w a s  c h o s e n  t o  u s e  w a v e l e n g t h  4 0 0  nm  

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

c o lo u r e d  w a t e r s  a n d  o f  P t -C o  s t a n d a r d  s o lu t i o n s  p r e s e n t  s im ila r  v a l u e s .
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F ig u r e  2 .4 : U V -V is ib le  a b s o r b a n c e  s p e c t r a  o f  h u m ic  s o l u t i o n s  

(a )  W a s h b u r n  e x t r a c t  (b )  W a s h b u r n -O u s e  e x t r a c t

W a v e le n g th  (n m ) R e f e r e n c e s

25 4 D e m p s e y  e t  a l . ,  1 9 8 4 , 1985; V ik  e t  a l . ,  1 9 8 5

2 6 0 S e m m e n s  a n d  F ie ld ,  1 9 8 0

3 1 0 A m y a n d  C h a d ik , 1 9 8 3 ; C h a d ik  a n d  A m y , 1983

3 8 5 -4 7 0 D e p a r tm e n t  o f  E n v ir o n m e n t ,  1 9 7 2

4 0 0 P a c k h a m , 1973; J a c k s o n  e t  a l . ,  1 9 8 8

4 1 2 C r o w th e r  a n d  E v a n s ,  1981

4 2 0 E d z w a ld  a n d  c o - w o r k e r s ,

4 2 2 .2 E d w a r d s  a n d  A m ir th a r a ja h , 198 5

4 3 0 B a b c o c k  a n d  S i n g e r ,  1979

55 0 M a n g r a v it e  e t  a l . ,  197 5

T a b le  2 .6 : W a v e le n g t h s  u s e d  t o  m e a s u r e  h u m ic  s u b s t a n c e s  in  w a t e r .
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C r o w th e r  a n d  E v a n s  (1 9 8 1 )  s h o w e d ,  b y  m e a s u r in g  t h e  a b s o r b a n c e  

s p e c t r a  f o r  h u m ic  s o l u t i o n s  a n d  P t -C o  S t a n d a r d s  w h ic h  im p a r t  t h e  sa m e  

c o lo u r  i n t e n s i t y ,  t h a t  t h e y  o n ly  a b s o r b  t h e  sa m e  a m o u n t  o f  l i g h t  a t  tw o  

p o i n t s  w h e r e  t h e  tw o  s p e c t r a  c r o s s ,  4 1 2  a n d  4 6 0  nm . A t t h e  lo w e r  

w a v e l e n g t h  t h e  r e s p o n s e  o f  t h e  e q u ip m e n t  i s  h ig h e r .

T h e  u s e  o f  a  m e a s u r e m e n t  t h a t  c a n  b e  e a s i l y  c o r r e la t e d  t o  P t -C o  

(H a z e n )  u n i t s  h a s  t h e  a d v a n t a g e  o f  m a k in g  p o s s i b l e  t h e  c o m p a r is o n  o f  

t h e  d a ta  fr o m  t h i s  w o r k  w it h  a  l a r g e  n u m b e r  o f  p r a c t i c a l  d a ta  fr o m  

w a t e r  t r e a t m e n t  p l a n t s .  A ls o , in  E n g la n d  a n d  W ales t h e  W ater  

A u t h o r i t i e s  h a v e  b e e n  u s i n g  a b s o r b a n c e  a t  4 0 0  nm  to  r e p r e s e n t  t h e  

a m o u n t  o f  c o lo u r  in  n a t u r a l  a n d  t r e a t e d  w a t e r s .

A s  c a n  b e  s e e n  fr o m  f i g u r e  2 .5  t h e  c o n c e n t r a t io n  o f  d r ie d  e x t r a c t  

i s  l in e a r ly  r e la t e d  t o  a b s o r b a n c e  m e a s u r e m e n t s  a t  4 0 0  nm  a n d  t h e r e f o r e  

f o l lo w s  B e e r ’s  L aw . W hen t h e  r e c o n s t i t u t e d  w a t e r  s o l u t i o n s  a r e  

in d i v i d u a l l y  p r e p a r e d  a  s l i g h t  d e v ia t io n  fr o m  B e e r ’s  L aw  i s  o b s e r v e d  

a t  h ig h  c o n c e n t r a t i o n s  o f  e x t r a c t  d u e  t o  d i s s o lu t io n  p r o b le m s . I t  w a s  

n o t e d  t h a t  t h e  a m o u n t  o f  u n d i s s o l v e d  r e s i d u e  r e m a in in g  fr o m  h ig h  

c o n c e n t r a t io n  s o l u t i o n s  w a s  c o m p a r a t iv e ly  h i g h e r  t h a n  t h e  a m o u n t  

r e m a in in g  fr o m  t h e  lo w e r  c o n c e n t r a t i o n s ,  i n d i c a t i n g  t h a t  t h e  

c o n c e n t r a t io n  o f  d r ie d  e x t r a c t  a f f e c t s  t h e  e f f i c i e n c y  o f  d i s s o lu t io n .  

H o w e v e r , f o r  s a m p le s  o b t a in e d  b y  d i lu t in g  a  c o n c e n t r a t e d  s t o c k  s o lu t io n  

n o  d e v ia t io n  fr o m  B e e r ’s  L aw  i s  o b s e r v e d  w h ic h  s u p p o r t s  t h e  t h e o r y  

t h a t  t h e  d e v ia t io n  i s  a s s o c ia t e d  w it h  t h e  d i s s o lu t io n  o f  t h e  e x t r a c t .

In  t h e  l a s t  f e w  y e a r s  t h e r e  h a s  b e e n  a  t r e n d  t o  u s e  2 5 4  nm  w a v e 

l e n g t h  to  m e a s u r e  d i s s o l v e d  h u m ic  c o n c e n t r a t io n .  I t  i s  c o n s i d e r e d  t h a t  

a t  t h i s  w a v e le n g t h  a b s o r b a n c e  m e a s u r e m e n t s  a r e  m o re  r e p r e s e n t a t i v e  

o f  t h e  t o t a l  o r g a n ic  m a t te r  (E d z w a ld  e t  a l . ,  1 9 8 5 ). T o  e v a lu a t e  t h e  e f f e c t  

o f  u s i n g  t h i s  w a v e le n g t h ,  a b s o r b a n c e  v a l u e s  o b t a in e d  a t  25 4  nm  f o r  

v a r i o u s  s o lu t i o n s  w it h  d i f f e r e n t  c o n c e n t r a t io n s  o f  W a s h b u r n  h u m ic  

e x t r a c t  w e r e  c o m p a r e d  w ith  t h o s e  o b t a in e d  a t  4 0 0  nm . T h e  r e s u l t  i s  

s h o w n  in  f i g u r e  2 .6 . A s  e x p e c t e d ,  t h e  v a l u e s  a r e  l i n e a r l y  r e la t e d  w ith  

a  v e r y  h ig h  c o r r e la t io n  c o e f f i c i e n t ,  s u g g e s t i n g  t h a t  b o t h  w a v e l e n g t h s  

c a n  b e  u s e d  t o  e x p r e s s  t h e  a m o u n t  o f  h u m ic  s u b s t a n c e s  ( c o lo u r )  in

w a t e r .
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Figure 2.5: Beer’s Law verification

Figure 2.6: UV - Visible measurements correlation
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T h e  r e la t io n  b e t w e e n  c o lo u r ,  a s  H a z e n  u n i t s ,  a n d  a b s o r b a n c e  o f  

r e c o n s t i t u t e d  w a t e r  s a m p le s  (W a s h b u r n  e x t r a c t )  m e a s u r e d  a t  4 0 0  a n d  

2 5 4  nm  w a v e le n g t h  w e r e  a l s o  e v a lu a t e d  a n d  t h e  r e s u l t s  a r e  p r e s e n t e d  

in  f i g u r e  2 .7 . A t 4 0 0  nm  t h e  tw o  p a r a m e t e r s  a r e  r e la t e d  b y  t h e  e q u a t io n  

Colour = 18.1 x Abs/m - 4.4 a n d  t h e  v a l u e  o f  t h e  s lo p e  i s  c l o s e  to  t h e  

a v e r a g e  c o n v e r s i o n  v a lu e  u s e d  b y  t h e  W ater  A u t h o r i t i e s  in  E n g la n d ,  

w h e r e  1 A b s . u n i t  p e r  m e tr e  a t  4 0 0  nm  i s  e q u a l  t o  14 H a z e n  u n i t s  o f  

c o lo u r  (M a n tle , 1 9 8 9 ) . T h e  s lo p e  o f  t h e  c u r v e  o b t a in e d  a t  254  nm  

w a v e l e n g t h  i s ,  a l t h o u g h  in  t h e  sa m e  r a n g e ,  lo w e r  t h a n  t h o s e  r e p o r t e d  

b y  V ik  e t  a l. (1 9 8 5 )  f o r  v a r io u s  N o r w e g ia n  la k e  w a t e r s .  A s t r i c t  

c o m p a r is o n  o f  v a l u e s  i s  h in d e r e d  b y  t h e  f a c t  t h a t  b o t h  a b s o r b a n c e  a n d  

c o lo u r  a r e  a f f e c t e d  b y  c h a n g e s  in  pH .

T h e  v a r io u s  c o n c e n t r a t i o n s  o f  r e c o n s t i t u t e d  w a t e r  s a m p le s  w e r e  

a l s o  a n a ly z e d  in  t e r m s  o f  t o t a l  c a r b o n -T C . T h e  r e s u l t s  o b t a in e d  w e r e  

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

b e  s e e n  in  f i g u r e  2 .8 . T h e  T C /a b s o r b a n c e  r a t io  v a l u e s  o b t a in e d  in  t h i s  

s t u d y  w e r e  o b s e r v e d  to  b e  15 to  50% h i g h e r  t h a n  t h e  v a l u e s  r e p o r t e d  

b y  o t h e r  r e s e a r c h e r s  f o r  a  n u m b e r  o f  c o lo u r e d  n a t u r a l  w a t e r s  a n d  

h u m ic  s u b s t a n c e  s o l u t i o n s  (E d z w a ld  e t  a l . ,  1985; V ik  e t  a l . ,  1 9 8 5 ) . 

B e s i d e s  t h e  d i f f e r e n c e s  i n h e r e n t  to  e a c h  p a r t ic u la r  w a t e r  s o u r c e ,  i t  i s  

im p o r t a n t  t o  c o n s i d e r  in  t h i s  c o m p a r is o n  t h e  f a c t  t h a t  p a r a m e te r  

m e a s u r e m e n t s  w e r e  p e r f o r m e d ,  in  e a c h  c a s e ,  a t  d i f f e r e n t  c o n d i t io n s .  In  

t h e  p r e s e n t  i n v e s t i g a t i o n ,  d u e  t o  t h e  l im ita t io n  o f  t h e  e q u ip m e n t  u s e d ,  

t h e  t o t a l  c a r b o n  ( o r g a n ic  + in o r g a n ic )  w a s  m e a s u r e d  w h e r e a s  in  t h e  

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

c a r b o n .  M o r e o v e r , t h e  a b s o r b a n c e  m e a s u r e m e n t s  w e r e  n o t  c a r r ie d  o u t  

a t  t h e  sa m e  pH v a lu e  in  a ll  s t u d i e s .  I t  h a s  b e e n  s h o w n  p r e v i o u s l y  (H all 

a n d  P a c k h a m , 1965; S i n g l e y  e t  a l . ,  1 9 6 6  a n d  o t h e r s )  t h a t  t h e  i n t e n s i t y  

o f  o r g a n ic  c o lo u r  in  w a t e r  i n c r e a s e s  w ith  t h e  i n c r e a s e  o f  pH . T h is  w a s  

c o n f ir m e d  in  t h i s  i n v e s t i g a t i o n  a s  p r e s e n t e d  in  f i g u r e  2 .9 .
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Figure 2.7 a: Colour - Absorbance (400 nm) correlation

Figure 2.7 b: Colour - Absorbance (254 nm) correlation
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Figure 2.8 a: Total Carbon - Absorbance (400 nm) correlation

Figure 2.8 b: Total Carbon - Absorbance (254 nm) correlation
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F ig u r e  2 .9 : C o lo u r  v a r ia t io n  w ith  pH

B a s e d  o n  c o lo u r  c o m p a r is o n  t h e  c o n c e n t r a t io n s  o f  e x t r a c t e d  

m a te r ia l  t o  m a k e  u p  t h e  r e c o n s t i t u t e d  w a t e r  t o  b e  u s e d  d u r in g  t h e  

e x p e r im e n t a l  w o r k  w e r e  c h o s e n .  C o n c e n t r a t io n s  o f  150  m g /1  a n d  30 0  

m g /1  o f  e x t r a c t e d  m a te r ia l  fr o m  W a s h b u r n  s o u r c e  w e r e  a d o p t e d  a s  

r e p r e s e n t a t i v e  o f  a  m o d e r a te  a n d  h ig h  c o lo u r e d  w a t e r s ,  r e s p e c t i v e l y .  

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

W a s h b u r n  s o lu t io n s  a n d  f o r  a  5 0 0  m g /1  W a s h b u r n -O u s e  s o lu t io n .  T h e  

r e s u l t s  a r e  s h o w n  in  t a b le  2 .7 .

A n  i n s p e c t i o n  o n  t h e  v a l u e s  o f  t o t a l  a l k a l in i t y ,  TOC a n d  

c o n d u c t i v i t y  p r e s e n t e d  in  t a b le  2 .7  s h o w s  t h a t  t h e s e  p a r a m e t e r s  a r e  in  

t h e  c h a r a c t e r i s t i c  r a n g e  o f  a  m o d e r a te  to  h ig h  c o lo u r e d  s o f t  u p la n d  

w a t e r .  H o w e v e r , i t  c a n  b e  s e e n  t h a t  t h e  pH o f  t h e  r e c o n s t i t u t e d  w a t e r  

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

m a in ly  C 0 2, d u r in g  t h e  e x t r a c t io n  p r o c e s s .  T h e  v a l u e s  o f  t u r b i d i t y  f o r
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t h e  r e c o n s t i t u t e d  w a t e r s  a r e  m a d e  d e l i b e r a t e l y  lo w  b y  f i l t e r i n g  t h e  

s o lu t io n  t h r o u g h  a  m ic r o f ib r e  f i l t e r  o f  1 .2  pm p o r e  o p e n in g .

W a s h b u r n  W a s h b u r n -O u s e

150  m g /1 3 0 0  m g /1 5 0 0  m g /1

T o ta l  S o l id s  (m g /1 ) 1 4 0 - 4 4 2

T o ta l  V o la t i le  S o l id s  (m g /1 ) 53 - 282

T o ta l  f ix e d  s o l id s  (m g /1 ) 87 - 160

T o ta l  d i s s o l v e d  s o l i d s  (m g /1 ) 12 8 - 372

T o ta l  s u s p e n d e d  s o l i d s  (m g /1 ) 13 - 71

T o ta l  C a r b o n *  (m g /1 ) 1 0 .7 1 9 .7 1 7 .6 -2 0 .3

PH 9 t o  9 .5 9 t o  10 *9

T o ta l  a lk a l in i t y *  (m g /1  C a C 0 3) 14 2 2 .5 55

C o n d u c t iv i t y *  (p S /c m  a t  25°C ) 18 0 - 501

C o lo u r *  (A b s . u n i t s / m +) 2 .5 5 4 .9 3 .0 5

C o lo u r *  (H a z e n  u n i t s )  pH 6 4 0 8 0 -

T u r b id i t y *  (N T U ) 0 .3 0 .4 -

*  f i l t e r e d  t h r o u g h  1 .2  pm m ic r o f ib r e  f i l t e r  + m e a s u r e d  a t  4 2 0  nm

T a b le  2 .7 : C h a r a c t e r i s t i c s  o f  e x t r a c t e d  h u m ic  m a te r ia l  s o lu t i o n s

T h e  a b o v e  e v i d e n c e s  s u g g e s t  t h a t  t h e  r e c o n s t i t u t e d  w a t e r  

p r e p a r e d  w it h  t h e  e x t r a c t e d  m a t e r ia ls  fr o m  W a s h b u r n  a n d  W a s h b u r n -  

O u s e  w a t e r  c a n  b e  u s e d  a s  a  r e a s o n a b le  r e p r e s e n t a t i v e  m o d e l f o r  

c o lo u r e d  w a t e r s .

T h e  i n f r a - r e d  s p e c t r a  d e t e r m in e d  f o r  W a s h b u r n  a n d  W a s h b u r n -  

O u s e  e x t r a c t s  a r e  s h o w n  in  f i g u r e  2 .1 0 . B o th  s p e c t r a  a r e  v e r y  s im ila r  

t o  e a c h  o t h e r  a n d  t o  t h o s e  s p e c t r a  p r e s e n t e d  b y  C o n n o r  (1 9 8 6 a )  f o r  a  

n u m b e r  o f  h u m ic  e x t r a c t s  fr o m  c o lo u r e d  w a t e r  fr o m  N o r t h e r n  E n g la n d  

a n d  S c o t la n d .
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Figure 2.10: Infra-red absorbance spectra for Washburn and Washburn-Ouse humic extracts
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T h e  m a in  a d s o r p t io n  b a n d s  in  b o th  W a sh b u r n  a n d  W a s h b u r n -O u s e  

e x t r a c t s  o c c u r  a t  3 4 0 0  cm "1, 1 6 3 0  cm "1, 1 4 5 0 -1 4 1 0  cm "1 a n d  1 1 1 0  cm "1. 

T h e  la c k  o f  a  s h a r p  a b s o r b a n c e  p e a k  n e a r  172 0  cm "1 (C = 0  s t r e t c h  o f  

c a r b o x y l ic  a c i d s ) ,  c o m m o n ly  r e p o r t e d  a s  t h e  c h a r a c t e r i s t i c  a d s o r p t io n  

b a n d  o f  f u l v i c  a c id s  ( S t e v e n s o n ,  1971; T h u r m a n , 1 9 8 5 ) , i s  p r o b a b ly  d u e  

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

h u m ic  s u b s t a n c e s  p r e s e n t  w e r e  in  t h e i r  s a l t  fo r m s . I n  t h e  s a l t  fo r m ,  

t h e  c a r b o n y l  p e a k  i s  s h i f t e d  t o  lo w e r  w a v e n u m b e r s  b e c a u s e  o f  e l e c t r o n  

d o n a t io n  o f  t h e  c a r b o x y l ic  g r o u p .  T h is  i s  s u p p o r t e d  b y  p r e s e n c e  o f  

s t r o n g  c a r b o n y l  p e a k  n e a r  1 6 3 0  cm "1 a n d  140 0  cm "1 ( s t r e t c h  o f  C =0 in  

c a r b o x y la t e  -  T h u r m a n , 1 9 8 5 ) . S im ila r  b e h a v io u r  w e r e  o b s e r v e d  f o r  

C o n n o r ’s  e x t r a c t s  s p e c t r a  (C o n n o r , 1 9 8 6 a )

T h e  m o le c u la r  w e ig h t  d i s t r i b u t i o n  m e a s u r e m e n t s  f o r  t h e  W a s h b u r n  

a n d  W a s h b u r n -O u s e  h u m ic  e x t r a c t s  w e r e  c a r r ie d  o u t  b y  R. W h itt le  

(W h itt le , 1 9 8 8 ) , a  p o s t g r a d u a t e  s t u d e n t  in  t h e  D e p a r tm e n t  o f  C iv il  

E n g in e e r in g ,  I m p e r ia l  C o l le g e ,  a s  p a r t  o f  t h e  r e q u ir e m e n t s  f o r  t h e  

d e g r e e  o f  M a s te r  o f  S c ie n c e .

P r e l im in a r y  d e t e r m in a t io n s  o f  m o le c u la r  w e ig h t  w e r e  d o n e  b y  u s i n g  

t h e  W a s h b u r n -O u s e  m a te r ia l  a n d  B io - g e l  P -1 0 0 . T h e  W a s h b u r n -O u s e  

e x t r a c t  w a s  c h o s e n  to  t e s t  t h e  o u t l in e d  p r o c e d u r e  b y  c o n v e n i e n c e ,  

s i n c e  t h e r e  w a s  n o  r e s t r i c t i o n  a b o u t  m a te r ia l  a v a i la b i l i t y .  T h e  r e s u l t s  

o b t a in e d  a r e  s u m m a r iz e d  in  t a b le  2 .8 .

H um ic S o lu t io n E lu t io n  V o lu m e M o le c u la r  W e ig h t  R a n g e

C o n c e n t r a t io n  ( g /1 ) (m l) (d a l t o n )

0 .5 3 2 .5  -  2 9 .2 < 5 0 0 0 *

6 .0 1 8 .6  -  4 2 .1 1 3 3 0 0  -  < 5 0 0 0 *

* B e lo w  t h e  r e s o lu t io n  o f  t h e  c o lu m n

T a b le  2 .8 : E f f e c t  o f  t h e  c o n c e n t r a t io n  o f  h u m ic  e x t r a c t  o n  m o le c u la r  

w e ig h t  d i s t r i b u t i o n  ( B io - g e l  P - 1 0 0 )  ( a f t e r  W h itt le , 1 9 8 8 )
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A s c a n  b e  s e e n ,  t h e  c o n c e n t r a t io n  o f  t h e  e x t r a c t  s o lu t io n  h a s  a  

s t r o n g  e f f e c t  o n  t h e  m o le c u la r  w e ig h t  d i s t r ib u t io n ,  w it h  a  b r o a d  MW 

r a n g e  b e in g  d e t e c t e d  a t  t h e  h i g h e r  c o n c e n t r a t io n .  T h e  r e s u l t s  a l s o  

s u g g e s t  t h a t  t h e  lo w  e n d  o f  t h e  d i s t r i b u t i o n  c o n s i s t s  o f  m o le c u le s  w ith  

l e s s  t h a n  5 ,0 0 0  d a l t o n s  a n d  t h e r e f o r e ,  o u t  o f  t h e  r a n g e  o f  t h e  B io - g e l  

P - 1 0 0  c o lu m n .

B a s e d  o n  t h e s e  r e s u l t s  a  d e c i s io n  w a s  m a d e  t o  u s e  t h e  B io - g e l  P -  

10 in  o r d e r  t o  o b t a in  m o re  a c c u r a t e  r e s u l t s .  T a b le  2 .9  s h o w s  t h e  r e s u l t s  

o b t a in e d  f o r  t h e  tw o  h u m ic  e x t r a c t s .

H u m ic S o lu t io n E lu t io n  V o lu m e M o le c u la r  W e ig h t  R a n g e

C o n c e n t r a t io n  ( g /1 ) (m l) ( d a l t o n )

0 .5  W a s h b u r n 3 .7  -  6 .9 > 2 0 0 0 0 *

1 .0  W a s h b u r n -O u s e 1 0 .2  -  1 4 .4 1 2 4 0 0  -  7 1 5 0

*  A b o v e  t h e  r e s o lu t io n  o f  t h e  c o lu m n

T a b le  2 .9 : M o le c u la r  w e ig h t  r a n g e  o f  h u m ic  s u b s t a n c e s  e x t r a c t s  ( B io - g e l  

P - 1 0 )  ( a f t e r  W h itt le , 1 9 8 8 )

I t  i s  q u i t e  d i f f i c u l t  t o  a n a ly z e  t h e  r e s u l t s  s h o w e d  in  t a b le  2 .9 ,  

s i n c e  t h e  MW o f  W a s h b u r n  e x t r a c t  i s  o u t s i d e  t h e  r e s o lu t io n  o f  t h e  

c o lu m n . H o w e v e r , t h e s e  r e s u l t s  in d ic a t e  t h a t  t h e  tw o  e x t r a c t s  h a v e  a  

v e r y  d i s t i n c t  m o le c u la r  w e i g h t s  d i s t r i b u t i o n  r a n g e s .

A c c o r d in g  t o  W h itt le  (1 9 8 8 )  t h e  d i f f e r e n c e  in  MW d i s t r ib u t io n  i s  

p r o b a b ly  d u e  to  d i f f e r e n c e s  in  t h e  c h e m ic a l  n a t u r e  o f  t h e  h u m ic  s p e c i e s  

p r e s e n t  in  t h e  W a s h b u r n - R iv e r  O u se  b le n d e d  w a t e r  a n d  t h o s e  p r e s e n t  

in  t h e  W a s h b u r n  w a t e r  s i n c e  h u m ic  s u b s t a n c e s  in  r i v e r s  a n d  r e s e r v o i r s  

a r e  o r ig in a t e d  fro m  d i f f e r e n t  p r e c u r s o r s .  H o w e v e r , t h e  f a c t  t h a t  t h e  

m a jo r  c o n t r ib u t io n  f o r  t h e  b le n d e d  W a s h b u r n -O u s e  w a t e r  w a s  fr o m  t h e  

W a sh b u r n  s o u r c e  d o e s  n o t  s u p p o r t  t h e  a b o v e  h y p o t h e s i s .  On t h e  

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

com m on  r a n g e  o f  m o le c u la r  w e i g h t s .
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I t  w a s  s h o w n  p r e v i o u s l y  ( t a b le  2 .8 )  t h a t  t h e  c o n c e n t r a t io n  o f  t h e  

e x t r a c t  s o lu t io n  h a s  a  s t r o n g  e f f e c t  o n  t h e  MW d i s t r i b u t i o n .  S in c e  a  

s o lu t io n  c o n t a in in g  0 .5  g /1  o f  W a s h b u r n  e x t r a c t  i s  k n o w n  t o  b e  

c o n s i d e r a b l y  m o re  c o n c e n t r a t e d  in  h u m ic  s u b s t a n c e s  t h a n  a  1 g /1  

s o lu t io n  o f  W a s h b u r n -O u s e  e x t r a c t  so m e  d i f f e r e n c e s  in  MW w e r e  

e x p e c t e d .  H o w e v e r , t h i s  f a c t  a lo n e  d o e s  n o t  e x p la in  t h e  m a g n it u d e  o f  

t h e  d i f f e r e n c e  o b t a in e d .

A n o t h e r  u n e x p e c t e d  f e a t u r e  in  t h e  r e s u l t s  i s  t h e  la c k  o f  lo w  

m o le c u la r  w e i g h t  p r o d u c t s  in  a n y  o f  t h e  e x t r a c t s ,  c o n t r a d i c t i n g  t h e  

r e s u l t s  i n i t i a l l y  o b t a in e d  w it h  t h e  W a s h b u r n -O u s e  e x t r a c t  ( t a b le  2 .8 ) .  I n  

a  r e c e n t  p u b l ic a t io n  (T h u r m a n , 1 9 8 5 ) a  s u m m a r y  o f  MW d e t e r m in a t io n  

r e s u l t s  fr o m  v a r i o u s  w o r k s  i s  p r e s e n t e d  a n d  s h o w s  t h a t  t h e  m o le c u la r  

w e i g h t  o f  t h e  m a j o r it y  o f  a q u a t ic  h u m ic  s u b s t a n c e s  a r e  l e s s  t h a n  1 0 0 0 0  

w it h  a  s i g n i f i c a n t  p e r c e n t a g e  o f  th e m  b e in g  l e s s  t h a n  5 0 0 0 .

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

so m e  i n t e r f e r e n c e  in  t h e  m e a s u r e m e n t s  b y  im p a r t in g  a n  a p p a r e n t  h ig h  

m o le c u la r  w e i g h t  r e s u l t i n g  fr o m  m o le c u le - im p u r i t y - m o le c u le  in t e r a c t io n .  

H o w e v e r , i t  s e e m s  u n l ik e ly  t h a t  t h e  e x t e n t  o f  t h e s e  i n t e r a c t i o n s  w e r e  

e n o u g h  t o  m a sk  c o m p le t e ly  t h e  lo w  m o le c u la r  r a n g e .

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

p r o v id e  s u f f i c i e n t l y  r e l ia b le  e v i d e n c e  t o  a l lo w  c o n c l u s i o n s  a b o u t  t h e  

m o le c u la r  w e ig h t  o f  t h e  h u m ic  s u b s t a n c e s  u n d e r  c o n s id e r a t io n  t o  b e  

m a d e .
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2 .5  C o n c lu s io n s

1. R e v e r s e  o s m o s is  f o l lo w e d  b y  f r e e z e  d r y i n g  i s  a n  e f f i c i e n t  

m e th o d  o f  c o n c e n t r a t i n g  h u m ic  s u b s t a n c e s  fr o m  n a t u r a l  w a t e r s  a n d  t h e y  

a r e  a b le  t o  d e a l  w ith  h ig h  v o lu m e s  o f  w a t e r  in  a  r e l a t i v e l y  s h o r t  t im e .

2. T h e  r e c o n s t i t u t e d  w a t e r s  fr o m  W a s h b u r n  a n d  W a s h b u r n -O u s e  

e x t r a c t s  w e r e  s h o w n  to  b e  s im ila r  in  b e h a v io u r  to  o t h e r  n a t u r a l  

c o lo u r e d  w a t e r s .

3 . C h a r a c t e r iz a t io n  o f  t h e  h u m ic  s u b s t a n c e s  p r e s e n t  in  r e v e r s e  

o s m o s i s / f r e e z e  d r ie d  e x t r a c t s  a r e  c o m p r o m is e d  b y  t h e  n o n - p u r i f i e d  

n a t u r e  o f  t h e  m a te r ia l .  I f  c h a r a c t e r i z a t io n  i s  t o  b e  p u r s u e d ,  p u r i f i c a t io n  

a n d  f r a c t io n a t io n  i s  s u g g e s t e d  b e f o r e  f r e e z e  d r y i n g  t h e  s a m p le .
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FILTR A TIO N  EXPERIM ENTS

3 .1  I n t r o d u c t io n

T h e  r e m o v a l  o f  c o lo u r  fr o m  d r in k in g  w a t e r  a s s u m e d  a  n e w  

im p o r t a n c e  in  t h e  m id  7 0 s  w i t h  t h e  d i s c o v e r y  t h a t  t h e  c h lo r in a t io n  o f  

n a t u r a l  w a t e r s  c a n  le a d  t o  t h e  fo r m a t io n  o f  h a lo fo r m s  a n d  t h a t  t h e  

h u m ic  s u b s t a n c e s  a c t s  a s  h a lo fo r m  p r e c u r s o r s  (R o o k , 1 9 7 4 ) .

D u e  to  t h e  c h a r a c t e r i s t i c  lo w  t u r b i d i t y  o f  m o s t  c o lo u r e d  w a t e r s  

d i r e c t  f i l t r a t io n  h a s  b e e n  s u g g e s t e d  a s  a n  a t t r a c t i v e  a l t e r n a t i v e  to  

t r e a t  s u c h  w a t e r s .  In  s p i t e  o f  t h i s  p o t e n t ia l  s u i t a b i l i t y ,  d i r e c t  f i l t r a t io n  

o f  c o lo u r e d  w a t e r s  h a s  n o t  b e e n  e x t e n s i v e l y  i n v e s t i g a t e d  a n d  fe w  

s t u d i e s  h a v e  b e e n  r e p o r t e d  in  t h e  l i t e r a t u r e  u p  t o  t h e  p r e s e n t  t im e .

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

d i r e c t  f i l t r a t i o n  o f  r e m o v in g  c o l o u r / t o t a l  o r g a n ic  m a t te r  fr o m  n a t u r a l  

w a t e r s  w a s  i n v e s t i g a t e d  b y  E d z w a ld  a n d  c o - w o r k e r s  (E d z w a ld  e t  a l . ,  

1 9 8 2 , 1 9 8 7 ) . T h e y  c o n c lu d e d  t h a t  d i r e c t  f i l t r a t io n  u s i n g  a lu m  o r  c a t io n ic  

p o ly m e r s  a s  s o l e  c o a g u la n t  i s  l im it e d  to  lo w  to  m o d e r a te  c o lo u r e d  w a t e r  

(TOC l e s s  t h a n  5 m g /1 ) . H o w e v e r , t h e  u s e  o f  a n  a lu m - p o ly m e r

c o m b in a t io n  i s  s u g g e s t e d  a s  a n  o p t io n  t o  t r e a t  h i g h l y  c o lo u r e d  w a t e r s .  

R e b h u n  e t  a l. (1 9 8 4 )  s h o w e d  t h a t  t h e  u s e  o f  c a t io n ic  p o ly m e r s  in  

c o m b in a t io n  w it h  a lu m  c a n  im p r o v e  d i r e c t  f i l t r a t io n  ( c o n t a c t  f i l t r a t io n )  

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

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

T h e  e f f e c t  o f  d i f f e r e n t  a lu m - c a t io n ic  p o ly m e r  c o m b in a t io n s  o n  t h e  

t r e a t a b i l i t y  o f  c o lo u r e d  w a t e r s  b y  d i r e c t  f i l t r a t io n  i s  e v a lu a t e d  in  t h e  

p r e s e n t  s t u d y  u s i n g  a  m a tr ix  a p p r o a c h .  F o r  t h a t ,  f i l t r a t io n  t e s t s  w e r e  

p e r f o r m e d  a t  d i f f e r e n t  p r e - t r e a t m e n t  c o n d i t io n s  v a r y i n g  fro m  

c o a g u la t io n  w it h  a lu m  o n ly ,  t o  c o a g u la t io n  w ith  p o ly m e r  o n ly ,  p a s s i n g  

t h r o u g h  v a r i o u s  a lu m - p o ly m e r  c o m b in a t io n s  v ia  s y s t e m a t i c  r e d u c t io n  o f  

a lu m  d o s e s .  T h e  f i l t r a t io n  e x p e r im e n t s  w e r e  c a r r i e d  o u t  a t  a  c o n s t a n t  

pH a n d  t h e  f i l t r a t io n  p e r f o r m a n c e  c o m p a r a t iv e ly  e v a lu a t e d  b y  m e a n s  o f  

a  f i l t e r a b i l i t y  in d e x .
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Preliminary coagulation tests were done in order to select the pH 
value to be used in the filtration experiments as well as to establish 
the range of coagulant doses of both alum and polymer to be studied.

Two coloured water intensities prepared from Washburn extract 
were used for both jar and filtration experiments, allowing the 
evaluation of stoichiometric effects.

3.2 Experim ental

3.2.1 C oagulation t e s t

The coagulation experiments were carried out using a six place 
multi-speed mixing unit *jar test* apparatus (Aztec Environmental 
Control Ltd., Oxon). The procedure used allowed the coagulation tests 
to be performed at specific pH values.

Essentially, the procedure consisted of pH adjustment followed by 
coagulant addition and rapid mixing plus a final slow mixing period. 
The initial pH adjustment was carried out by adding to the raw water 
samples (250 ml of water in 500 ml beakers) an appropriate amount of 
hydrochloric acid (HC1) or sodium hydroxide (NaOH) so that after 
addition of the coagulant the desired pH value of the mixed solution is 
achieved. The necessary amount of acid or base to be added was 
calculated using combined titration curves where coagulant dose and 
the volume of acid or base are plotted against the pH of the mixed 
solution. The coagulant (alum or polymer) was then added to the water 
samples and mixed vigorously (200 rpm) over 3 minutes. During this 
time the pH of each jar was monitored and a fine adjustment was 
carried out if necessary. The solutions were then gently mixed (30 rpm) 
for a further 17 minutes.

In order to evaluate the efficiency of the coagulation-flocculation 
process the coagulated water samples were filtered through a Whatman 
GF/C microfibre glass filter and the residual colour, and in some cases 
residual aluminium, were measured following the procedure described 
below (section 3.2.3).
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3.2.2 F iltration  t e s t

3.2.2.1 F iltration  apparatus

The bench scale experimental filtration apparatus, shown in plate 
1, comprised a feeding system, mixing device, coiled tube flocculator 
and filter bed column.

A schematic diagram of the apparatus is presented in figure 3.1.

Feeding system and mixing device

The mixing device, an *H’ shaped flow connector drilled in a 
perspex block (plate 2), was designed to promote an instantaneous 
rapid mixing of the three flows entering the flocculator.

The coloured water and the alum solution are initially mixed in 
a *T* configuration branch with directly opposed flow paths (see figure 
3.2). Less than a second later, they are mixed with the polymer solution 
which is injected immediately prior to a 90° sharp elbow. The calculated 
velocity gradient for the alum-raw water mixing was about 1500 s"1 and 
for the addition of polymer the value was approximately 1400 s"1. The 
sudden expansion of diameter from the mixing device to the flocculator 
promotes an additional mixing of the three flows. The chemical addition 
sequence was based on previous work (Bowie and Bond, 1977 and 
Edzwald et al., 1977).

The three flows were delivered from the feed tanks to the mixing 
device by means of two variable speed peristaltic pumps (Watson- 
Marlow 502S, Watson-Marlow Ltd., Falmouth). A double head pump was 
used to feed the coloured water and aluminium sulphate solution, and 
a single head one was used for the polymer solution. By choosing the 
appropriate tube diameter and rotation speed, the flow rate of the 
pumps were set to the desired values. Rotameters (Planton Flow Bits, 
Basingstoke) were installed downstream of the pumps to monitor the 
flow rates.



Plate 1. The Set-up of Filtration Experiments



1 Polymer tank
2 Alum tank
3 Coloured water tank
4 Peristaltic pumps
5 Flowmeters
6 Rapid mixing device
7 Coiled flocculator
8 Filter inlet

9 Backwash water overflow
10 Water manometers board
11 Sampling taps
12 Manometer ports
13 Valves
14 Filtered water outlet
15 Backwash water inlet
16 Filter bed 6

Figure 3.1: Schematic filtration apparatus 0000
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Polymer

15 ml/min

Alum ..

48 ml/min

111 ml/min

Coloured Water

48 ml/min

Figure 3.2: Flow mixing device

The mixing effectiveness was evaluated by means of a tracing 
test. Distilled water and a high concentration salt solution of known 
conductivity were pumped through the mixing device and the 
conductivity of the discharged flow was measured by a conductivity 
meter (PT1-20, Water Analyzer, Data Scientific). Mixing tests with 
contrasting coloured solutions were also carried out to allow visual 
inspection of the mixing pattern. Both methods demonstrated that the 
three flow were completely mixed at the discharge point.

Flocculator

A laminar flow tube flocculator was used. This device is 
convenient for laboratory scale flocculation due to its simplicity in 
design and operation. No mechanical parts are involved and the 
flocculation time can be easily modified by increasing or shortening the 
tube length without affecting the velocity gradient, which, for a 
specific tube diameter, depends only on the flow rate. Therefore, both 
velocity gradient and residence time can be varied independently.

The flocculator (plate 2) was made of a 30 metre long, 8 m m  
internal diameter, silicon rubber tubing coiled around a 38 cm diameter 
former.



Plate 2. Mixing Device and Coiled Flocculator
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The average velocity gradient (Cf) within the tube flocculator and 
the mean residence time (t ) can be calculated by using equations (1) 
and (2) as follows (Gregory, 1981):

G = 8 Q (1)
3*i?3

G t = —  (2)
3 R

Where Q is the volumetric flow rate 
R is the tube radius 
L is the total length of the tube

For the flow rate used in the filtration experiments (111 
ml/minute) the theoretical values obtained for G and t were 
approximately 25 s”1 and 800 seconds (13.5 minutes) respectively, giving 
a Gt product of 20000. The actual G value occurring in the flocculator 
was determined by measuring the head loss across the length of the 
coiled tube. The relationship between the head loss and the velocity 
gradient in a laminar flow tube flocculator is given by equation (3) 
(Vigneswaran et al., 1984).

G g Q  L H

N v V
(3)

Where V is the volume of the flocculator (ml)
A #  is the head loss through the flocculator (cm) 
g  is the gravitational acceleration (cm/s2) 
v is the kinematic viscosity (cm2/s)
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The actual G value turned out to be about 35 s_1 leading to a Gt  

of 28000, which is higher than the theoretical calculation, but still in 
the range of values used in practical flocculation units (Gregory, 1977, 
1983).

Filter column

The filter column (plate 3) consisted of a 1000 m m  length of 40 
m m  internal diameter glass tubing, containing a 500 m m  filter bed. To 
support the bed and avoid losing filter medium a 30 m m  layer of 
ballotini with diameter between 850-1000 microns was placed on 850 
micron brass mesh located at the base of the column.

Water head within the column could be measured via four 
manometer ports positioned at 20 mm, 250 mm, 450 m m  and 550 m m  from 
the base of the column. The ports were connected via flexible PVC 
tubing to water manometer tubes mounted on a graduated board.

The feeding inlet, located 150 m m  above the filter bed, was an 8 
m m  glass tube piece penetrating the filter column to 1/3 of its diameter 
and making a 90° angle with the filter wall. To minimize floe break up 
and attenuate the flow pulsing effect of the peristaltic pumps, the 
filter inlet was kept submersed during filtration.

The filtrate/backwashing arrangement consisted of a upside-down 
*T’ piece glass tube at the base of the column, provided with a valve 
in each arm to direct the flow. The filtrate water flow rate was 
controlled by a rotameter with a range of 20-280 ml/minute installed in 
the filtrate water line. The backwash flow rate was controlled by the 
backwash water feed pump and the overflow outlet was located 270 m m  
above the filter bed.

The filter medium (filter bed), whose characteristics are given in 
table 3.1, was composed of graded (600 to 700 microns) ballotini non- 
porous glass spheres (English Glass Co. Ltd., Leicester, UK) of nominal 
diameter 655 microns. Prior to use the ballotini was acid washed (10% 
HC1 and 10% HN03 solution) to remove possible surface contamination.
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After a thorough rinsing with distilled water the ballotini was dried 
and stored until required.

Type Ballotini glass spheres
Composition Lead glass

Principal constituents:
Si02 58%
PbO 25%
K20 9%
Na20 4%
b 2o 3 2%

Specific gravity 2.95
B.S. sieve range 22 - 25
Sphericity spherical but percentage with

irregular shapes not known

Table 3.1: Characteristics of the granular filter media (after 
Graham, 1982)

The procedure described by Graham (1982) was adopted for 
laying of the filter bed. The empty glass column was initially filled with 
water and then progressively filled with ballotini to avoid air 
entrainment. In order to get the desired porosity value of 0.4, the 
appropriate weight of ballotini was packed to a previously determined 
column volume.

3.2.2.2 Experimental procedure

The experimental procedure can be divided in three stages: (1) 
the preparatory stage which include the solutions preparation and pH 
adjustment, (2) the filtration run itself and sample collection and (3) 
water quality analysis (described in the next section).
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The reconstituted coloured water was prepared the day before 
the filtration run following the procedure described previously, 
whereas the polymer and aluminium sulphate solution were freshly 
prepared the day of the filtration test. The solutions were prepared 
taking into account the dilution occurred during the mixing process.

The pH adjustment, made immediately before the filtration run, 
was accomplished by the addition of a calculated volume of HC1 or NaOH 
to the reconstituted coloured water so that the mixture leaving the 
mixing device achieved the desired pH value. Preliminary filtration tests 
showed that little or no change of pH occurs during the flocculation 
process.

Once the pH was corrected, the filtration run itself could be 
initiated. The filtration time counting was only started after 14 minutes, 
when the flocculated water reached the filter column. This time is the 
flocculation residence time, as calculated in section 3.2.2.1, and 
confirmed experimentally using a salt tracing solution. With this method 
the time necessary for a salt solution of known conductivity to replace 
the distilled water inside the coiled tube was monitored by measuring 
the conductivity at the discharge of the flocculator (curve a in figure 
3.3).

Using the same method, salt conductivity tracing, the time needed 
for the flocculated water to displace the clean water above and within 
the filter bed and reach the outlet tubing was measured as 7 minutes. 
Hence, after 7 minutes of filtration time the accumulation of the filtered 
water in the treated water tank was started. The conductivity profiles 
of both flocculator and filter are shown in figure 3.3.

Two kinds of filtrate samples were collected for analysis during 
the filtration experiment: (i) ‘instantaneous’ samples taken directly from 
the filtrate outlet tubing every 10 minutes starting at 7 minutes, and 
(ii) ‘composite’ samples of the filtered water that was continuously 
accumulated in the treated water tank. In the latter, samples were 
taken from the tank at 60 and 90 minutes of filtration time and also at 
120 minutes if the filtration run was that long.



5

Figure 3.3: Residence time determination 
(a) Flocculator (b) Flocculator +  Filter
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During the filtration run the head loss across the bed was 
monitored by means of the water manometers. Values of head loss were 
taken every 10 minutes from the 5th minute and also at 0, 60, 90 and 
120 minutes (the latter when applicable).

The filter was operated at constant filtration rate of 111 ± 2 
ml/min (approximately 1.5 mm/s filtration velocity). To control the rate 
and keep it constant as filtration took place, the filtrate flowmeter 
valve was gradually opened to compensate for the increasing resistance 
to flow due to clogging occurring within the filter bed.

To clean the filter bed for each experiment a total volume of 10 
litres of 5% detergent solution (Decon 90, BDH, Poole) was pumped 
upwards through the filter inducing a bed expansion between 5% and 
10%. The filter bed was then left in contact with the Decon solution for 
at least 4 hours before rinsing for 60 minutes by further backwashing 
using 40-50 litres of distilled water. After rinsing, the bed was brought 
down to its original level by reducing slowly the backwashing flow rate 
to zero.

In order to check differences in the uniformity of the filter bed 
due to re-packing after backwashing, the clean bed head loss was 
measured before each filtration experiment. The average values of the 
Carman-Kozeny constant (Kf) for the majority of the experiments are 
presented in table 3.2.

Kf

Mean SD(%)

Moderate colour (47 experiments) 5.06 5.2

High colour (50 experiments) 4.65 3.8

Table 3.2: Variation of Carman-Kozeny constant during clean bed filter 
measurements (approach velocity - 1.5 mm/s.)
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The difference of the average values between the moderate and 
high colour filtration experiments reflects the effect of the removal and 
re-laying of the filter bed between the two groups of experiments. 
From the experimental values, and taking into account the variation in 
the water temperature throughout the experimental period, consistency 
in the filter bed structure was considered good.

3.2.3 Analysis

The colour intensity of raw, flocculated and filtrated water, in 
both jar and filtration tests, was determined using a spectrophotometer 
(Pye Unican SP8-100) at a fixed wavelength of 400 nm and 40 m m  light 
path. As colour is pH-dependent, measurements reported, unless stated, 
were made at the constant pH value used in the filtration experiments.

For a number of experiments turbidity was also measured using 
a Hach 2100a Turbidimeter (Hach Chemical company, Iowa, USA).

After colour and turbidity measurements the raw and filtrate 
water samples (composite samples only) were acidified to pH<2 with 
nitric acid AnalaR grade and kept in the fridge for subsequent 
aluminium residual analysis. To determine the residual aluminium 
concentration Flameless Atomic Absorption (Atomic Absorption 
Spectrophotometer 603, Perkin-Elmer, Norwalk, Connecticut, USA) was 
used, and the procedure previously developed at Imperial College was 
followed (Carrondo et al., 1979).

3.2.4 Chemicals

The principal chemicals used were the water coagulants: 
Aluminium Sulphate analytical reagent grade (A12(S04).16H20 - BDH 
Chemicals, Poole) with 2% of impurities and 0.005% of insoluble matter, 
and Magnafloc LT 31 (Allied Colloids Ltd., Bradford) supplied as a 
solution containing 50% w/w of active content and described as 
'containing polyamine*. Solutions of both chemicals were prepared by
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dissolving the necessary amount of the chemical in milli-Q water to 
obtain the desired concentration.

Solutions N/100 or N/10 of HC1 and NaOH were used for pH 
correction. Other chemicals were also used as part of specific analysis, 
and these were always of analytical grade.

3.3 R esu lts  and d iscu ssio n

3.3.1 Coagulation t e s t s

The selection of the pH to be used in the direct filtration 
experiments was based on coagulation tests where only aluminium 
sulphate was used as coagulant. It is known that the efficiency of 
coagulation with aluminium salts is strongly affected by pH while with 
organic polyelectrolytes with strongly ionized groups are much less 
sensitive to pH changes (Gregory, 1978; Graham, 1982).

Figure 3.4 summarizes the results for colour removal obtained 
with the lower coloured water (2.5 Absorbance units/metre) at various 
pH values, the results are presented in two different ways to 
emphasize the effect of the pH. The general behaviour observed is very 
much in agreement with previous works (Black and Willems, 1961; Hall 
and Packham, 1965; Edzwald, 1979 and others). Good colour removals are 
achieved between pH 5 and pH 6, and slower and more incomplete 
extent of coagulation is observed at lower and higher pH values. The 
optimum pH for colour removal was found to be around pH 5 where the 
precipitation of floes occurred at lower coagulant doses. However, a 
comparison of the residual colour profiles at pH 5 and pH 6 in figure
3.4 indicates that the optimum alum dose for both pH values tends to 
be very close.

The results in table 3.3 suggest that pH 6 is the best pH value 
in terms of residual aluminium concentration. Other investigators (Vik 
et al., 1985; Jackson et al., 1988) and full scale plant operator’s 
experience have shown that the optimum pH for residual aluminium is 
slightly higher than the one for residual colour.
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Figure 3.4: Jar test at various pH values
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Residual aluminium (mg/1)

pH value Alum dose - 28 mg/1 Alum dose - 32 mg/1

4.0 2.88 2.55

5.0 0.22 0.34

5.5 0.20 0.05

6.0 0.12 0.01

7.0 1.32 1.30

Table 3.3: Variation of residual aluminium with coagulation pH (jar test)

So, taking into account both colour removal and the concentration 
of residual aluminium, pH 6 was selected to be used in the following 
stages of the experimental work.

Further coagulation tests were carried out with the objective of 
investigating the range of coagulant doses to be covered in the 
filtration experiments. The jar tests were performed at pH 6 and with 
the moderate coloured (2.5 Absorbance units/metre) and high coloured 
(5 Absorbance units/metre) reconstituted waters, using both alum and 
polymer (Magnafloc LT 31) as primary coagulants.

The results obtained using alum as sole coagulant are presented 
in figure 3.5. From these results the optimum dose of 32 mg/1 of alum 
(2.7 mg/1 as Al) can be selected for the moderate coloured water and 
for the highly coloured water an optimum dose around 80 mg/1 of alum 
(6.9 mg/1 as Al) can be suggested despite the degree of scattering in 
the experimental data.

Although very similar in shape, the two curves are not entirely 
proportional. The deviation from stoichiometry that is observed can 
probably be explained by the fact that for each situation different 
mechanisms of coagulation are involved. According to Dempsey et al. 
(1984) between pHs 5 and 6 the predominating reaction depends on the
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Alum dose (mg/1)
(a) Moderate coloured water

Figure 3.5: Jar test with alum at pH 6
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applied aluminium dose, such that at low aluminium doses the humic 
material may be precipitated mostly by polymeric aluminium hydrolysis 
species, while at higher doses the removal of humic material occurs by 
adsorption of the humics, or soluble humic-aluminium complex, on 
precipitated aluminium hydroxide.

In the coagulation experiments with polymer as sole coagulant the 
jar test procedure described in section 3.2.1 was altered to avoid 
filtering solutions containing polymer. Instead, at the end of the slow 
mixing period the samples were centrifuged for 15 minutes at 3000 rpm. 
Also, additional turbidity measurements of the flocculated and 
centrifuged waters were carried out and, together with absorbance 
readings, were used in the evaluation of the coagulation performance.

The polymer coagulation was characterized by the lack of any 
visible floes and the high opacity of the flocculated water. According 
to Narkis and Rebhun (1975) the observed turbidity (opacity) is due to 
the formation of a colloidal precipitate resulting from the reaction 
between a cationic polymer and the anionic humic substances. The lack 
of visible floes, on the other hand, indicates that the aggregation of 
the colloidal precipitate into large floes was not effective, probably due 
to the diluted nature of the humic solution and the lack of turbidity 
in the raw water.

The results obtained for the moderate and high coloured waters 
are shown, respectively, in figures 3.6 and 3.7. It can be observed that 
the residual ratio profiles for turbidity and absorbance measurements 
(T/T0* and C/CQ*) follow the same trend despite the differences in 
behaviour of the data for the coagulated water (T0* and Cc*) . The 
differences in absolute values are due to the fact that the 
nephelometric turbidity is based upon the measurement of the scattered 
radiation at a right angle to the incident bean of light, while the 
absorbance is a measurement of the diminution of power of a collimated 
beam as a result of scattering by the particles present in solution. 
However, when the results are treated relatively (clarified/coagulated 
ratio) the differences are eliminated and both parameters exhibit the 
same trend.
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Figure 3.6: Jar test with polymer - Moderate coloured water
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Figure 3.7: Jar test with polymer - High coloured water
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The optimum polymer dose for each coloured water is not clear. 
The removal ratio curves suggest that in the range of doses studied 
the increase of polymer dose leads to a continuous improvement in the 
removal of the precipitate by centrifugation. However, it should be 
noted that for the high coloured water a decrease in removal is 
observed at 26 mg/1 of Magnafloc LT 31. These results will be 
discussed later in the light of the floe size determinations.

3.3.2 F iltration  t e s t s

All the filtration experiments were carried out at pH 6, using 
only reconstituted coloured water prepared from Washburn extracted 
material. For each of the filtration tests the apparatus used and 
procedure followed was that described in section 3.2.2 and the filter 
was operated at a constant filtration rate of approximately 1.5 
m m 3/mm2.s (5.3 m 3/m2.h).

Initially, filtration experiments were performed with the moderate 
coloured water (2.5 absorbance units/metre). A series of filtration tests 
using alum as sole coagulant was carried out to determine the optimum 
coagulant dose based on filtration performance. From this specific value 
the alum dose was then systematically reduced to zero and, at each 
aluminium dose, filtration experiments were carried out for various 
polymer dosages. Thus, a filtration performance matrix was produced 
for a number of alum-polymer combinations.

The same procedure was followed for the high coloured water (5 
absorbance units/m) allowing a second filtration performance matrix to 
be generated.

The effect of pre-treatment, i.e. different combinations of alum 
and polymer, on the filtration performance was evaluated using the 
Ives* Filterability Number (Ives, 1978). The Filterability Number (F) is 
one of the various numerical indices proposed in the literature to 
evaluate filter performance (see table 3.4) and according to Janssens 
and co-workers (1982, 1986) it appears to be the more appropriate to 
assess optimum operating conditions.
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The Filterability Number is dimensionless and relates the 
filterability of a suspension to the filter material taking into account 
clarification, clogging and flow rate. It is defined by Ives as:

H ( C / C a)
v t

( 1 )

Where H is the head loss (water gauge)
C is the average filtrate quality 
Co is the inlet suspension quality 
v  is the approach velocity 
t is the time of filter run

For good filtration a low head loss and a low filtrate 
concentration is desired as well as a long time of operation. 
Consequently, a good filterability is expressed by a low filterability 
number value. It is important to note, however, that the actual 
numerical value of F has no significance by itself but relative values 
of F are significant. A rule of thumb is 'the lower the filterability 
number the better the filtration'.

The main parameter selected to express the water quality in the 
calculation of the filterability number F was the colour intensity. The 
average filtrate colour, C, was measured from the so called composite 
samples. As the precise meaning of *C0’ in Ives equation is not clear in 
the present context, two values could be used as inlet quality in this 
work, (i) the raw water apparent colour (before coagulant addition) 
which was a constant value dependent only on the raw water colour 
concentration, here designated as CQ, or (ii) the apparent colour of the 
flocculated solution entering the filter, here designated as C0*. 
Calculations performed using both definitions showed that, although the 
filterability number values differ significantly depending on which 
definition is adopted, there is a close similarity in the variation of F 

values with coagulant dosages.
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Index definition Reference

Filter Performance Index Garnet and Redemacher (1959)

F P I = —  
H

Filterability Index Cleasby (1969)

F I  -
A H

Solids Captured Index Biskner and Young (1977)

(C.-C )vt 
S C I  - °

H

Modified Filterability Index Lekkas (1977)

MFI = H
Afli AC! <C0-C ) v t

Affj = ( Hm a - H  ) / H j f o

A C j  “ ( C ^ C  ) /C Jim

Filterability Number Ives (1978)

P _ H (C/C„)
v t

Table 3.4 : Filter performance indices (after Janssens, 1982)

Where &H is head loss for a given layer and time interval
an d Cu. are respectively the available head loss and 

permissible filtrate quality 
X is the filtration coefficient 
a is the specific deposit
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Taking this into account and considering that the use of the 
performance ratio C/C0* emphasizes the part played by the filter in the 
process train, the results presented here are always related to the 
influent apparent colour C0*.

Moderate coloured water

In the first phase of the work, when the lower colour 
concentration was used, a filtration run time of 120 minutes was 
adopted. For each filtration run the filtrate quality and head loss were 
monitored over this time as previously described (section 3.2.2.2).

Figures 3.8 to 3.12 show the results of individual filtration tests 
grouped according to the coagulation conditions investigated. The 
results of the filtration tests where alum-polymer combinations were 
used are presented in figures 3.9 to 3.11 as complete sets of 
experiments at each constant alum dose. Figure 3.8 and 3.12 show the 
results of filtration obtained when alum and polymer were respectively 
used as sole coagulant. From these figures the following observations 
can be made:

(i) In the experiments where aluminium sulphate was used as sole 
coagulant a consistent trend of rising head loss and improving 
colour removal was observed as higher doses of alum were 
added. It should be noted, though, that increasing the alum dose 
above 32 mg/1 (2.7 mg/1 as Al) did not produce substantial 
improvements in colour reduction but conversely underdosing 
significantly worsened colour removal. These results followed the 
same trend observed in the jar test results (figure 3.5 a).

(ii) Generally a similar pattern was followed in the experiments where 
alum-polymer combinations were used. Initially, when alum was 
added alone or combined with low doses of polymer, little or no 
increase in head loss occurred and the filtrate quality was poor.
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Further increase in polymer dose led to a systematic increase in 
the rate of head loss development and to an improvement in the 
quality of the filtrate, up to a point where the addition of higher 
polymer doses resulted in the degradation of the quality of the 
filtered water. The initial phase of little head loss development 
and poor filtrate quality becomes less evident with the increase 
of the alum dose component of the combination, disappearing at 
24 mg/1 of alum.

(iii) Very inefficient filtration was observed when the polymer was 
used as sole coagulant. Although some colour removal is apparent 
there was no measurable head loss development indicating none 
or very little particle retention within the filter bed. As in the 
jar test visible floes were not formed after the flocculation 
period, but the 'flocculated’ water was always characterized by 
high turbidity.

The behaviour of the residual turbidity relative to the turbidity 
of the flocculated water in the present filtration tests was very similar 
to that of the residual colour as exemplified in figure 3.13. This close 
similarity is due to the fact that the turbidity present in the 
flocculated water was associated with the coagulation of the humic 
substances, since the raw coloured water was virtually free of 
turbidity.

The effect of the various coagulation conditions on the utilization 
of the filter bed was analyzed by measuring the head loss across the 
bed at various filtration times. Figure 3.14 show some typical results. 
From these, and other similar results obtained at different alum- 
polymer combinations, it could be observed that in the vast majority 
of the filtration experiments the clogging front did not reach the 
bottom layer of the filter bed, and that more than a third of the total 
head loss occurred in the first 8 centimetres of the filter bed (15% of 
the total depth). The increase in polymer dose, at a given alum 
concentration, led to a systematic increase in both total head loss and
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Figure 3.14: Head loss across the filter bed 
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the deposit accumulated on the top layer of the bed. However, it is 
interesting to note that the head loss development became less 
sensitive to changes in polymer dose as the alum dose component of 
the combination decreased.

For each filtration test performed the filterability number was 
calculated at 3 different times - 60, 90 and 120 minutes - according to 
equation 4. From these calculations, it was observed that in the 
majority of the filtration experiments the numerical value of F 

decreases with the increase of filtration time. Moreover, the variation 
of F with the coagulants doses follows the same pattern regardless the 
time used in its calculation (e.g. figure 3.15). This behaviour results 
from the fact that the filtrate quality (C/CQ*) remained relatively 
constant throughout the filtration and the head loss varied linearly 
with time.

The performance of the filtration experiments with the moderate 
coloured water, expressed as the filterability number F calculated at 90 
minutes of filtration time, is summarized in figure 3.16. It can be seen 
that for each set of experiments the variation in filterability number 
follows very closely the variation in the removal ratio, C/C0* (figures 
3.8 to 3.12), indicating the greater importance of this factor compared 
with the head loss in the resulting value of filterability number. The 
selection of an optimum dose based on these results will be examined 
later.

High coloured water

In the second phase of the filtration experiments the high colour 
concentration was used. Initially the same filtration run time used for 
the moderate coloured water was adopted, but after some experiments 
a strong tendency to an early breakthrough was observed and the 
filtration time was then reduced to 90 minutes.
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Figure 3.15: Filterability number calculated at various times 

Moderate coloured water - Alum 16 mg/l + Polymer
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Figure 3.17 to 3.23 present the results of individual filtration 
tests grouped according to the coagulation conditions studied. For 
those tests where alum-polymer combinations were used (figures 3.18 
to 3.22), the results are presented as complete sets of experiments at 
each constant alum dose. The general behaviour of these filtration 
experiments is similar to that observed in the filtration tests with the 
lower coloured water, apart from the fact that quality breakthrough 
occurs within 90 minutes in most of the experiments.

The analysis of the head loss development across the filter bed 
throughout the filtration time showed that, again, the majority of the 
head loss was accumulated in the top portion of the bed (8 cm). 
However, in contrast with the previous observations (moderate colour), 
these results indicate that the clogging front generally reaches the 
bottom of the filter bed (e.g. figure 3.24), which is in agreement with 
the filtrate quality profiles. In other words, when the clogging front 
reaches the bottom of the filter the quality breakthrough occurs.

The filtration tests using polymer as sole coagulant were not 
completed in view of the poor results obtained with the two 
experiments done (figure 3.23) and their strong similarity with the 
results presented in figure 3.12.

Similarly to the previous experiments the filterability number was 
calculated at 60 and 90 minutes, as well as 120 minutes for those tests 
where the filtration time was that long. However, since for many 
filtration tests quality breakthrough occurs before the 60th minute, an 
additional F value was calculated at an arbitrary time (37 min) so that 
a pre-breakthrough condition was observed in all filtration experiments.

The filterability numbers calculated at 37, 60 and 90 minutes are 
shown in figures 3.25 to 3.27. As can be observed, when breakthrough 
occurs the variation of F with the filtration time does not follow the 
same behaviour observed for the lower coloured water (i.e. the F value 
decrease with the increase of time), reflecting the rapid degradation of 
the filtrate quality. At very low alum doses the breakthrough does not 
occurs before 90 minutes and therefore the F number behaves as for 
the water with moderate colour.
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Figure 3.24: Head loss across the filter bed 

at various filtration times (typical example)
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Optimal alum-polymer combinations

The shape of the filterability number curves determined for the 
moderate coloured water (figures 3.16) indicates that for each constant 
alum dose there is a specific polymer dose for which the filtration 
performance is maximum (minimum F value). However, it can also be 
observed from those curves that a near-maximum performance can 
generally be obtained at polymer doses considerably lower than that 
corresponding to the best performance.

In view of the need to minimize coagulant doses in practice, the 
optimum alum-polymer combination for a set of filtration tests is 
defined in this investigation as the combination that gives the 
'practical-minimum* filterability number after 90 minutes of filtration. 
This practical-minimum F value corresponds, for a given alum 
concentration, to the minimum polymer dose for which there is no 
substantial further reduction in the filterability number value with the 
increase in polymer dose. Based on this criteria the optimum 
combinations were chosen. In the selection process the filtration tests 
using polymer and alum as sole coagulant were treated as a particular 
case of combination where the dose of the complementary coagulant was 
constant and equal to zero.

The locus lines of the optimal alum-polymer combinations selected 
for the moderate and high coloured waters are shown in figure 3.28. 
Although non-linear in nature, the locus lines can be approximated to 
a straight line of form y  = -ax+ b that suggest that in practical terms 
the two coagulants act complementary. The similar shape of the locus 
curve for the moderate and high coloured water and their relative 
positions, suggest a linear relationship between colour concentration 
and dose of coagulants required to produce relatively similar filtration 
performance.

The values of the filterability number, filtrate quality (C/C0*) and 
residual aluminium concentration at 90 minutes that correspond to the 
optimum alum-polymer combinations selected for the moderate coloured 
water (A to E) are shown in figure 3.29.
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Figure 3.28: Locus of optimal alum-polymer dose combinations

Line A to E - Moderate coloured water (2.5 Abs. units/m)

Line F to K - High coloured water (5 Abs. units/m)
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It can be seen from figure 3.29 that for the moderately coloured 
water the best filtration performance, based on the minimization of both 
F and residual aluminium, is achieved when aluminium was used alone 
and the worst (higher filterability number) when polymer was used 
alone. Also, the combination of alum and polymer tends to be more 
effective in removing colour when high alum doses are used. The use 
of lower alum doses than that corresponding to the optimum dose for 
alum as sole coagulant was not effective in promoting lower residual 
aluminium concentrations.

Figure 3.30 shows the values of filterability number, filtrate 
quality and residual aluminium concentration at 90 minutes 
corresponding to the optimum combinations for the highly coloured 
water (F to K). Whereas in the previous case (lower colour) a decrease 
in aluminium dosage tends to worsen the filtration performance 
resulting in an increase of the value of F, in this case the performance 
of the filter does not seem to vary significantly for the various 
optimum alum-polymer combinations. Moreover, in contrast with the 
trends observed for the moderately coloured water, the decrease in the 
dose of the aluminium sulphate component at the optimum alum-polymer 
combinations led to lower concentrations of residual aluminium in the 
filtered water.

The distinct variation of the filterability number values at 90 
minutes observed for the two colour concentrations appears to be 
explained by the occurrence of the breakthrough within 90 minutes in 
most of the filtration tests performed with the higher coloured water. 
Whereas for the moderate colour the filterability number values were 
always calculated before the breakthrough, for the high coloured water 
the value of F was calculated sometimes before, sometimes after the 
quality breakthrough.

To improve matters, a comparison between residual colour (C/CQ*) 

and filterability number values obtained at 90 minutes and 37 minutes 
(time where no breakthrough occurs in any filtration experiment) for 
each of the optimum alum-polymer combinations is shown in figure 3.31.
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It can be readily seen that for the moderate coloured water the 
behaviour of the filterability number is not affected by the filtration 
time used in calculation, while for the highly coloured water the 
filterability number values calculated at each time follow different 
trends. Moreover, when the pre-breakthrough condition is considered 
in all calculations (37 min of filtration), the filterability number values 
for the high colour concentration exhibit the same trend as for the 
lower colour concentration, i.e. the value of F increases (worsening of 
performance) with the decrease of the dose of alum in the alum-polymer 
combination. It is important to point out that the optimum combinations 
selected using F at 90 minutes and F at 37 minutes coincide, except for 
the case of high colour concentration when the alum dose in the 
combination was very high and when alum was used as sole coagulant.

It can also be observed from figure 3.31 that, whatever the 
filtration time taken, there is a direct relation between colour removal 
and filterability number, suggesting that the filterability number was 
less sensitive to head loss than to colour removal.

Similarly to the filterability number at 90 minutes, the 
concentration of residual aluminium at 90 minutes corresponding to the 
optimum combinations follow contrasting trends with the decrease of the 
alum concentration in the combination. Once again, this difference in 
behaviour is thought to be related to the occurrence of quality 
breakthrough prior to 90 minutes for the highly coloured water. 
However, experimental confirmation of this supposition was not possible 
owing to the fact that no composite sample of the filtered water was 
collected at 37 minutes of filtration (see sections 3.2.2.2 and 3.2.3).

In the case of the high coloured water most of the residual 
aluminium present in the filtrate is believed to come from the fraction 
of the flocculated material that was not retained in the filter bed, and 
therefore is mostly in precipitated form. This hypothesis is supported 
by the observation that, for each optimum combination, the proportion 
of aluminium residual to aluminium added was similar to the residual 
colour ratio (see figure 3.32). The only exception occurred when the 
lowest aluminium dose was used (8 mg/1 of alum, 0.7 mg/1 as aluminium).
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For the low coloured water it was observed that the filtration 
can effectively remove the flocculated material fed to the filter. It 
suggests that the cause of the residual aluminium in this case is 
probably related to the presence of free soluble aluminium or soluble 
aluminium-humic complexes in the filtrate instead of no-retained 
precipitated aluminium. Because the hydrolysis of aluminium is 
concentration dependent, the formation of a significant proportion of 
monomeric species of aluminium increases with a decrease of the alum 
dose. This explains the observed increase of the residual aluminium 
concentration with the decrease of alum dose. Monomeric species of 
aluminium can either be free and/or form stable complexes with the 
humic and thereby remain in solution.
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4. FLOC CHARACTERIZATION

4.1 Introduction

It is known that the basic characteristics of the particle/floc 
(size, charge, strength etc.) have a strong influence on the 
effectiveness of the most common processes used in water treatment 
such as settling, flotation and filtration.

Particularly in filtration the particle characteristics can affect 
both transport and attachment mechanisms (Ives, 1970, 1982; O’Melia, 
1985; Amirtharajah, 1988). Whereas the dominant transport mechanism 
is influenced by the particle size, the attachment mechanism is highly 
dependent of surface properties of both suspended particles and filter 
media.

In the present work two basic characteristics of the particles 
being filtered were studied: the floe size distribution and the floe 
charge. The objective of these measurements was to try to correlate 
such characteristics with the filter performance.

4.2 Experimental procedure

4.2.1 Floe size measurements

Two similar Malvern Particle Size Analyzers - Series 2600c 
(Malvern Instruments Ltd., Malvern) were used to perform most of the 
floe size distribution measurements. The two Analyzers differed only in 
the range of sizes covered, with one machine covering a maximum size 
range of 0.5 to 584 microns (3 different receiver lenses with ranges of 
0.5 to 118, 1.9 to 188 and 5.8 to 584 microns) and the other covering 
a range from 11.6 to 1880 microns (3 receiver lenses with ranges of
11.6 to 1128, 15.5 to 1540 and 19.4 to 1880). In each case the lens 
covering the wider range of sizes was used.

A schematic diagram of the experimental set up used is shown in 
figure 4.1. It consists basically of the filtration apparatus described in



Flow-through Cell

Figure 4.1: Floe size measurements schematic diagram 
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section 3.2.2.1 without the filter itself and connected directly to the 
particle size measuring equipment. The Malvern particle size analyzer 
was connected ‘in-line’ to the coiled tube flocculator by means of a 
flow-through measuring cell. This arrangement has the advantage of 
monitoring the floes as they would enter the filter, thereby causing the 
floes much less disturbance than when samples are taken from the flow 
and transferred to another place to be measured.

The Analyzer instrument used operates on the principle of laser 
diffraction, a non-intrusive technique which does not require 
calibration. A light from a low power Helium-Neon laser source is used 
to form a collimated monochromatic beam of light. The particles when 
placed in this beam diffract the light which is then collected by a lens 
and brought to a focus on a special detector located in the focal plane 
of the lens. The detector, consisting of 31 concentric annular 
photosensitive rings, gathers the diffracted (scattered) light energy 
over a range of solid angles of scatter. The scattering angle is related 
to the diameter of the particle, with larger particles scattering light 
into smaller angles.

The detector provides an output signal proportional to the light 
energy measured over 31 separate solid angles of collection. The 
computer reads this signal and performs the time averaging by 
successively reading the detector over a set period of time and 
summing the data. The computer, using the software incorporated to 
the equipment, deduces the volume size distribution that gives rise to 
the observed scattering characteristics.

Preliminary tests with the instruments described above showed 
that the floes (precipitate) formed when polymer was used as sole 
coagulant were very small with sizes below the detection level of the 
equipment. To measure these floes (precipitate) another particle size 
analyzer (Autosizer II, Malvern Instruments, Malvern) capable of 
measuring particles with diameters between 3 and 3000 nanometres was 
used. The operational principle of this equipment is that of Photon 
Correlation Spectroscopy.
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Photon correlation spectroscopy (PCS), also known as Quasi- 
Elastic Light Scattering (QELS) or Dynamic Light Scattering (DLS), is 
a new, fast, absolute (no calibration is needed) and non-destructive 
method for particle size determination in the sub-micron range. Using 
this technique the particle size is determined from the Brownian 
diffusion coefficient which in turn is calculated from the time constant 
of the auto-correlation function of the fluctuation in light scattered at 
90 degrees (Leitzelement et al., 1987).

Figure 4.2 presents a schematic layout of the equipment used, 
with particular attention to the optical measurement unit (spectrometer). 
When a laser bean is passed through a dilute suspension of non
interacting particles, the light scattered from these particles will 
spread out into the space surrounding the sample and a small portion 
of this light will be received through the imaging optics of the 
detection system situated close to the sample at an angle of 90°. The 
detector senses the intensity of the radiation which is a measure of the 
instantaneous position of the particles.

Since the particles are moving under Brownian diffusion and the 
detector is sensitive to their positions, the intensity measurements 
fluctuate in time. Although the movement is essentially random it can 
be characterised by a diffusion time and this reflects itself in the 
period of fluctuation in intensity. In other words, a small particle 
undergoing a rapid Brownian motion will generate a rapidly fluctuating 
intensity in the scattered signal. Similarly, large particles diffusing 
more slowly will result in a slower evolution of the intensity as a 
function of time.

The light intensity fluctuation can be computed by the so-called 
'correlator’ (a simplified computer dedicated to this specific task) to 
generate an auto-correlation function. In the equipment used the 
correlator operates by sampling the signal at a number of discrete time 
intervals known as sample times and the light intensity during each of 
these sample times is measured as a certain number of photons being 
detected. This correlator works at four simultaneous sample times which



Optical Measurement Unit

Figure 4 .2  : Schem atic layout o f Autosizer II
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the manufacturer claims to be more effective in dealing with wide 
ranges of particle sizes. The computed auto-correlation function C(x) 
that is function of the light intensity at time t, I(fc), and at an earlier 
time fc-x, I(t-x), presents an exponential decay shape as shown in 
figure 4.3.

Figure 4.3: PCS auto-correlation function of scattered 
light intensity (after Scarlett et al., 1988)

For particles of uniform size the resultant auto-correlation, C(x), 
after subtraction of the base line is:

d e l a y  t i m e  t

C( t ) = A e x p [ - 2 D q 2x] (5)

with

D = (6)

and



9 4 R ZD s in  (0 /2 ) ( 7 )
A

Where x is the delay time;
D is the translational diffusion coefficient in Stokes- 
Einstein equation;
q is the length of the wave vector which is constant for 
an specific source and a fixed angle 0;
T| is the solvent viscosity; 
m is the refractive index of the solvent;
Ta is the absolute temperature; 
k  is Boltzmann’s constant;
A  is the wavelength of the source (He-Ne laser 632.8 nm); 
Rh is the hydrodynamic radius of the particle.

However, for polydispersed samples the interpretation of the data 
(light intensity fluctuation) is much more difficult. Stanley-Wood (1987) 
explains: "Because single particles are not counted the size distribution 
(in a polydispersed system) must be obtained by the deconvolution of 
the sum of all single exponential contributing to the evaluated auto
correlation function. Thus with a highly polydispersed size distribution 
the DLS technique does not perform well as all differently sized 
particles in the moving particulate systems are measured at the same 
time. There is no separation of particles in various sized classes and 
therefore there is no physical means to quantify individually particles 
into separate classes. The proportion of each class or size of particles 
has to be separated and classified by mathematical analysis of the 
auto-correlation function.".

For polydispersed mixtures of different sizes with diffusivity Dif 

Stanley-Wood (1985) defines the auto-correlation function as:
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C ( x )
N

A exp[ ̂Di q 2x ] (8)

The correlation  fu n ction  now com bines th e  w eigh ted  sum f* of 

each  d ecay in g  exponentia l corresp on d in g  to a sp ec ific  p artic le  rad ius  

of the N  num ber o f d iffere n t s ize s . Numerous mathematical m ethods 

have been  u sed  to  obtain  th e  w eigh t co e ffic ien t and to d iscrim inate  

betw een  c la sse s  of p a rtic les  from the correlation  function .

In th e equipm ent u sed  th e  cum ulant a n a ly s is  method is  applied  

to transform  th e au to -correla tion  function  to p artic le  s ize  d istr ib u tion  

for unimodal and narrow sp rea d s  in s ize  sy stem s. To deal w ith broad  

d istr ib u tio n s th e in stru m en t con ta in s a d istr ib u tion  a n a ly s is  algorithm  

w hich tr ie s  to f it  an e sse n tia lly  model free  d istr ib u tion  to g iv e  th e  b est  

f it  to th e  correlation  fu n ction  th a t has been  m easured. This is  done by  

stor in g  a model of th e  correlation  fu n ctio n s th a t would be exp ected  

from a w ide range o f p artic le  s iz e s  and fin d in g  th e  b e s t  com bination  

of th e se  correlation  fu n ctio n s to f it  th e  m easured data. However, v e r y  

little  d eta il o f th e  algorithm s used  is  available and th e  softw are  

a ssoc ia ted  w ith is  c lo se ly  guarded .

The polym er floe m easurem ents, due to ch a ra c te r is t ic s  of th e  

equipm ent w hich on ly  accep t 10 mm ord inary  spectrophotom eter ce lls , 

w ere not done in th e  in -lin e  mode as th e  p rev io u s floe s ize  

determ inations. M oreover, due to  the sh ort time period  o f ava ilab ility  

of th e equipm ent (on loan from th e SERC equipm ent loan pool), it  was 

ch osen  to  perform  th ese  m easurem ents based  on coagulation  experim ents  

u sin g  th e  jar t e s t  ap p aratu s, in stead  of u sin g  th e  coiled  floccu lator  

w hich was more time consum ing. The coagulation  te s t s  a t th e  various  

polym er d o ses  w ere perform ed accord ing to the proced u re d escr ib ed  in 

section  3.2.1 and at the end of th e  slow mixing period  an aliquot of the  

coagu lated  w ater was care fu lly  tra n sferred  to the m easurem ent cell and  

p u t in to  th e instrum ent. A sh o rt stan d in g  time was th en  allowed in 

ord er to stab ilize  the tem perature o f th e  sam ple to a s e t  va lu e, 25°C,
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a fter  w hich th e m easurem ent was perform ed follow ing th e p roced u re  

d escrib ed  in  the equ ipm ent’s manual.

In ord er to perform  m easurem ents of s ize  d istr ib u tion  with the  

A utosizer II th e  on ly  in p u t data needed  about the sam ple to be 

an alyzed  w ere th e tem perature, v is c o s ity  and re fra c tiv e  in d ex  of the  

medium, w hich was w ater in th is  case.

4 .2 .2  F lo e  c h a r g e

The equipm ent u sed  to determ ine th e  e lectrop h oretic  m obility/Z eta  

p oten tia l o f the floes was a Rank Bros. E lectrop h oresis A pparatus (Rank 

B ros., Cambridge).

The e lectrop h oretic  m obility in th is  equipm ent is  determ ined by  

a m icroscopic tech n iq u e th at v iew s th e motion o f p a rtic les  in a small 

horizontal cell su b jec ted  to an e lectr ica l poten tia l (see  f ig u re  4.4). The 

v e lo c ity  of a p article  m oving w ithin th e  cell, th e  e lectrop h oretic  

v e lo c ity , Ve (pm /s), is  m easured by tim ing its  p a ssa g e  betw een  graticu le  

lin es  o f known d istan ce on an ocular sca le  and from th is  va lu e the  

e lectrop h oretic  m obility, U  (pm.s"1/V .cm “1), can th en  be ca lcu lated  u sin g  

th e follow ing equation (F aust and Aly, 1983):

V
U =  ____f _  (9)

(E / L )

w here E  is  th e  applied  e lectr ica l poten tia l (in Volts) and L  th e  d istan ce  

(cm) ov er  w hich th e poten tia l is  applied . The e lectr ica l poten tia l is  

controlled  by the operator and in th e equipm ent u sed  could be varied  

from 0 to 100 v o lts . The d istan ce L, on the o th er hand, is  

ch a ra cter istic  of each cell.

The zeta  potential, £ (mV), may be related  to th e e lectrop h oretic  

m obility accord ing to th e  exp ressio n  (10) below, w here 6 and t| are  

r e sp e c tiv e ly  the d ie lectr ic  co n stan t and v is c o s ity  o f the medium. The 

value of K  d ep en d s on th e p article  diam eter and th e th ic k n e ss  of the
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double la y er  of ion s. For re la tiv e ly  large p artic les  (Helmholtz model) K  

assu m es th e  value o f 4n (Degrem ont, 1979).

( = u  
e

( 10 )

For K  = 4 k  and w ater a t 25° C equation  (6) becomes:

f  = 1317 (ID

Electrophoresis 
Cell

Electrode

immii

v

Microscope

✓w\

Light source

F igure 4.4: Schem atic diagram of th e e lec tro p h o res is  apparatus

To perform  th e  experim ents the flo es  w ere gen erated  u sin g  the  

coiled  tu b in g  floccu lator at the same coagulation  con d ition s te s te d  

du rin g  the filtration  experim ents. The floccu lated  sam ples w ere taken  

d irect from the $nd of the flocculator to th e cell v ia  a con n ectin g  p iece  

of tu b in g .
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The electrop h oretic  v e lo c ity  determ inations w ere carried  ou t  

accord ing to th e  p roced u re d escr ib ed  in  th e  equ ipm ent’s manual. Each 

coagulation  condition  stu d ied  w as te s te d  at le a st two tim es on d ifferen t  

occasion s and in each  experim ent various sam ples o f floccu la ted  w ater  

w ere taken  and a large  num ber of determ inations w ere made at both  

sta tion ary  lev e ls .

4.3 R esu lts

4.3.1 Floe s ize  m easurem ents

All alum -polym er com binations te s te d  d u rin g  th e  filtra tion  

experim ents w ith th e m oderate coloured w ater w ere repeated  and had 

th e ir  floe s ize  d istr ib u tion  m easured. M easurem ents w ere made a t two  

d iffere n t flocculation  tim es, 5 m inutes and 14 m inutes, w ith th e o th er  

variab les in vo lved  being  k ep t constant.

A ttem pts were made to m easure th e flo es  form ed during  

floccu lation  o f the h igh  coloured  w ater, but in m ost of th e  experim ents  

the flo es  w ere too large , w ith s iz e s  ou t o f the d etection  ran ge of the  

equipm ents available.

A typ ica l p r in t-o u t of the floe s ize  d istr ib u tion  m easurem ents 

made u sin g  th e laser  d iffraction  in stru m en t is  shown in fig u re  4.5. The 

volum e freq u en cy  of th e  d istr ib u tion  ov er  15 s ize  bands is  p resen ted  

to g e th er  with a summary o f d istr ib u tion  param eters (dlO, d50, d90, 

span, mean diam eters, e tc .) . F igu res 4.6 to 4.9 p resen t th e  r e su lts  of 

th e mean floe diam eter at 5 and 14 m inutes as a function  o f polym er 

dose for each  con stan t alum dose va lu es. The mean floe diam eter v a lu es  

plotted  are the arithm etic mean diam eter based  on th e volum e 

d istr ib u tion , th e  so called  d(4,3), w hich is  defined  by th e  follow ing  

equation:
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Figure 4.6: Mean floe diameter - Moderate coloured water
No polymer added

Figure 4.7: Mean floe diameter - Moderate coloured water
24 mg/l of alum
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Figure 4.8: Mean floe diameter - Moderate coloured water
16 mg/l of alum

Figure 4.9: Mean floe diameter - Moderate coloured water
8 mg/l of alum
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d(4,3)
d° d 4n(d) d d  

do
d 3n(d) d d

( 12 )

Where n(d), th e  number d istr ib u tion , can be rep resen ted  as  

fu n ction  of th e  volum e d istr ib u tion  V{d):

n(d) =
V(d) 

—re d 3 (13)

By su b stitu tin g  equation  (9) in to equation (8) th e  d(4,3) becom es 

a fu n ction  of th e  volum e d istr ib u tion .

d( 4,3)
\d" d  V{d) d d

f d" V{d) d d
Jda

(14)

A mean diam eter based on th e volum e d istr ib u tion  was basica lly  

ch osen  because, for d esig n  rea so n s, th e  instrum ent m easurem ents are  

based  on th e volum e o f th e  p artic les  p resen t and all o th er  ou tp u ts  

offered  (number d istr ib u tion , su rface  d istr ib u tion  e tc) are num erical 

transform ations o f th e  basic ou tp u t form, assum ing sp herica l p artic les . 

M oreover, the volum e s ize  d istr ib u tion  em phasizes th e  d eg ree  of 

floccu lation  ach ieved  with th e d ifferen t polym er d o ses  w hereas the  

num ber d istr ib u tion , for in sta n ce , would probab ly  mask such  

d iffere n c es  due to th e  larger num ber o f small p artic les .
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From th e r e su lts  some o b serv a tio n s  can be made:

(i) There is  a con sid erab le  developm ent in  floe s ize  b etw een  5 and  

14 m inutes o f floccu lation , b u t th e  rate of grow th  d ep en d s on the  

polym er dose added. The polym er dose corresp on d in g  to  la r g e st  

mean floe s ize  ten d s  sh ifts  to h ig h er  va lu es  w ith th e in crea se  in 

floccu lation  time;

(ii) The h igh er th e  alum dose com ponent in the coagu lan t com bination, 

the g rea ter  is  th e  grow th  o f th e  floes;

(iii) The ex isten ce  o f a maximum floe s ize  a t each co n sta n t alum dose, 

w hen alum is  u sed  in com bination w ith polym er, in d ica tes  th a t at 

polym er d o ses  h igh er than th a t corresp on d in g  to th e  maximum 

mean diam eter p artic le  restab iliza tion  is  tak in g  p lace as a r e su lt  

of polym er o v erd ose . When alum is  used  as so le  coagu lan t a 

con tin u ou s in crea se  in floe s ize  is  o b served .

F igu res 4.10 and 4.11 show  th e floe size  r e su lts  obta ined  for the  

coagulation  experim ents (jar te s t )  u s in g  polym er as so le  coagu lan ts. The 

s ize  d istr ib u tion  determ ination w ere perform ed ov er  a period  of time of 

150 seco n d s, autom atically d iv ided  by th e  equipm ent in ten  sh orter  

su b -r u n s  adding up to th e to ta l time se t. This operation  mode en ab les  

th e  in stru m en t to f ilter  doubtfu l data a ffected  b y  th e  p resen ce  of 

flu ctu a tin g  com ponents (e .g . d u st cro ss in g  or p article  motion due to  

environm ent tu rb u len ce) in clud ing  in th e  final mathematical an a ly sis  

on ly  the good q u a lity  and c o n s is te n t m easurem ents (su b -r u n s)  of the  

se t. The quality  o f th e  data m easured can be a s se s se d  u s in g  th e  ‘% in 

r a n g e ’ and th e  ‘s ig n a l/n o ise  ra tio ’ f ig u r e s  determ ined at each  

m easurem ent. While th e v a s t  m ajority of th e  experim ents w ere  

ch aracterized  by v e r y  good ‘in  r a n g e ’ fig u res , re la tiv e ly  h igh  noise  

v a lu es , but still in the accep tab le  ran ge, w ere o b serv ed  in the  

m oderate coloured w ater determ ination. T hese h igh  v a lu es  w ere due to 

th e u se  of a larger  ap ertu re on th e photom ultip lier d etector.

For each floccu la ted  w ater sam ple, th e  m easured data was trea ted  

u sin g  both unimodal and model free  a n a ly s is  provided  by th e  softw are
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related  to th e A utosizer. In th e m ajority of the coagu lation  te s t s  w ith  

both w aters, m oderate and h igh  colour, th e  unimodal a n a ly s is  p resen ted  

a b etter  f it  o f th e  ca lcu lated  model to th e correlation  fu n ction  

m easured. T herefore, th e  d istr ib u tion  mean diam eter ( d ) and th e  Z  

av era g e  diam eter v a lu es  p lotted  in f ig u r e s  4.10a and 4.11a are th ose  

obtained u s in g  the unimodal an a lysis .

The Z  a v erage  diam eter is  th e  mean p article  s ize  based  on the  

in te n s ity  (of lig h t sca tter in g ) d istr ib u tion  and th ere fo re  does not take  

in to  accou n t th e d iffere n t sca tter in g  ab ility  o f d ifferen tly  sized  

p artic les . It is  proportional to  th e  average d iffu sion  co e ffic ien t  

calcu lated  from th e auto correlation  function . The d istr ib u tion  mean 

diam eter ( d ) is  th e  arithm etic mean of th e  volum e s ize  d istr ib u tion , 

w hich is  its e lf  the r e su lt  o f a correction  in the in te n s ity  d istr ib u tion  

tak in g  in account th e  rela tion sh ip  betw een  sca tter in g  ab ility  and  

p article  s ize  assum ing th a t th e  p artic les  are sp h eres .

As can be seen  both mean ( d ) and Z  a v era g e  diam eter va lu es  

follow a sim ilar p attern . The variation  in floe s ize  w ith th e in crease  in 

polym er dose is , in both c a se s , ch aracterized  by  th e  p resen ce  o f a 

maxima peak at re la tiv e ly  low polym er d oses and a secon d  reg ion  of 

in crea sin g  floe s ize  at h igh er  polym er d oses. T h ese r e su lts , due to  

th e ir  u nusual p attern , w ere q u a lita tive ly  checked  b y  means of a simple 

filtra tion  te s t . In th is  te s t  sam ples of th e  coagu lated  w ater u sed  in th e  

s ize  m easurem ents w ere sep ara te ly  filtered  th rou gh  tw o d ifferen t pore  

s ize  f ilter  paper (0.45 and 1.2 pm) and th e q u a lity  o f th e  filtered  

sam ples w ere then  determ ined. The filtration  r e su lts  for each  coloured  

w ater are p resen ted  in f ig u r e s  4.10b and 4.11b.

As can be seen  in f ig u r e s  4.10 and 4.11, th e  filtra te  quality  

r e su lts  su p p ort the floe s ize  r e su lts  obtained . M oreover, th e  d ifferen ces  

o b serv ed  betw een  th e removal e ff ic ie n c y  ach ieved  by  each  f ilte r  paper  

em phasize th e accu racy  of th e  s ize  m easurem ents. The agreem ent 

betw een  th e  variation  in th e  filtra te  quality  and floe s ize  is  

p articu larly  clear for th e  h igh  coloured  w ater. In th e reg io n s of 

accen tu ated  floe s ize  in crease  (6 to 8 and 22 to 32 mg/1 of polym er) an 

im provem ent in the quality  of both filtered  w aters is  o b serv ed , w hereas
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Figure 4.10: Variation of (a) floe diameter and (b) water quality 
with polymer dose - Jar test with moderate coloured water



Co
lou

r (A
bs.

 un
its/

m, 
400

 nm
 wa

vel
en

gth
) 

Me
an 

floe
 dia

me
ter

 (n
m)

155

Figure 4.11: Variation of (a) floe diameter and (b) water quality 
with polymer dose - Jar test with high coloured water
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in  th e m id -in terval (sm aller flo es) deterioration  o f th e  quality  is  

o b serv ed  b u t on ly  for  th e  1.2 pm filtered  w ater. The s u c c e s s fu l rem oval 

b y th e  0.45 pm filte r  in th is  la tter  region  is  c o n s is te n t  w ith the  

o b serv ed  mean floe diam eter v a lu es  around 400 to 500 nm. The 

con tin u ou s im provem ent of th e  0.45 pm filtered  w ater o v er  th e whole 

ran ge of d o ses  stu d ied  s u g g e s ts  th e  form ation of an in crea sin g  amount 

of flo es  w ith diam eters b ig g er  than  0.45 m icrons.

4.3.2 Floe ch a rg e

The e lectrop h oretic  m easurem ents w ere perform ed a t a co n sta n t  

e lectr ica l poten tia l (Ef) o f 80 v o lts . Only one flat ce ll was u sed  for all 

experim ents. The d im ensions o f th e  cell u sed  and its  sta tion ary  le v e ls  

w ere determ ined accord ing  to th e proced u re d escr ib ed  in th e equipm ent 

manual. The len g th  of the ce ll, th e  d istan ce over  w hich th e poten tia l 

is  applied  L, was approxim ately 7 cm. S u b stitu tin g  th e  v a lu es  o f E  and  

L  in equation  (5) and (7) th ey  become:

VeIE4 (15)

and

{ -  1.14 Ke (16)

F ig u res 4.12 show s th e  a v era g e  Zeta p oten tia l and standard  

deviation  v a lu es  ca lcu lated  from a num ber of th e  e lectrop h oretic  

v e lo c ity  determ inations perform ed with th e m oderate coloured  w ater  

u sin g  8 and 16 mg/1 o f alum com bined w ith v ariou s polym er d oses. 

M easurem ents carried  ou t w ith th e h igh  coloured w ater at various  

alum -polym er com binations and w ith the m oderate coloured  w ater at 

h igh er  alum d osages w ere not su c c e s s fu l due to th e e x c e ss iv e ly  large  

s ize  and h igh  se tt lin g  v e lo c ity  o f th e  flo es  formed.
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Figure 4.12: Zeta potential - Moderate coloured water
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The r e su lts  p resen ted  show  th a t Zeta poten tia l v a lu es  are v e r y  

low for th e  range of alum -polym er com binations an a lyzed , w ith th e zero  

ch a rg e  occu rr in g  betw een  5 and 6 mg/1 o f polym er in  both ca ses . These  

r e su lts , a lth ou gh  lim ited, are v e r y  much in agreem ent w ith  th e floe s ize  

determ ination with th e maximum floe s ize  corresp on d in g  to  th e minimum 

floe ch arge , su g g e s t in g  th a t in  term s o f coagu la tion -floccu la tion  th ese  

are the optimum alum -polym er com binations.
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5. DISCUSSION

5.1 Alum as sole coagulant -  Jar and filtration te s ts

The ab ility  o f aluminium sa lts  to  coagu late humic su b sta n ces  has 

been  w ell dem onstrated  in o th er  s tu d ie s  and w as confirm ed in th e  

p r e se n t work. B ecause th e  aq u eou s ch em istry  o f aluminium is  complex 

and d ep en d en t on th e treatm ent cond itions (pH, dose, ion ic s tr e n g th  

e tc ) th e  m echanism s in vo lved  in th e  coagu lation  p ro cess  are o ften  

u n certa in . A ccording to  Hundt and O’Melia (1988) th e m echanism s of 

coagulation  o f humic su b sta n ces  by  aluminium sa lts  may in clud e (1) 

ch arge  n eu tra liza tion -p recip ita tion , (2) adsorption  and (3) sim ultaneous  

p recip ita tion . The f ir s t  mechanism c o n s is ts  of th e  reaction  betw een  

so lub le cation ic sp e c ie s  of aluminium and th e  anionic humic su b sta n ce . 

In th is  ca se  sto ich iom etry  betw een  coagu lan t dose and humic should  

ex ist  and restab iliza tion  by o v erd o sin g  should  be p o ssib le . A dsorption  

of humic on solid  aluminum hydroxide (sw eep  coagulation) r e su lts  from  

p h y sica l or chem ical fo rces  su ch  as van  der Waals in tera ctio n s, 

h yd rogen  bonding, dipole in teraction s and o th ers . The so called  

sim ultaneous p recip ita tion  can be con sid ered  to be th e  sim ultaneous  

reaction  o f d ifferen t humic su b sta n c e s  w ith both so lu b le A1 monomers 

and polym ers and in so lu b le  aluminium hydroxide. The predom inance of 

a coagulation  mechanism is  d irectly  related  to th e  aluminium sp ec ie s  

formed upon addition  of th e  aluminium sa lt to th e  w ater.

To b etter  u n d erstan d  th e  mechanism in vo lved  in th e coagulation  

of the sy n th e tic  coloured w ater u sed  in  th is  in v estig a tio n  th e r e su lts  

of the jar  t e s t  w ith alum (fig u re  3.5) w ere p lotted  in sim plified  

aluminium sta b ility  diagram (fig u re  5.1). From th is  f ig u re  it  can be seen  

th a t in th e coagulation  of th e  m oderately coloured w ater at pH 6, colour  

removal o ccu rs p artia lly  o u tsid e , partia lly  in sid e  of th e  reg ion  w here  

precip ita tion  o f aluminium hydroxide is  lik e ly  to occu r, su g g e s t in g  that, 

w hereas adsorption  is  th e  main mechanism in th e in sid e  reg ion , e ith er  

ch arge neutralization  or ch arge neutralization  and adsorption  occu rrin g  

sim ultaneously  are th e  m echanism s resp o n sib le  for the rem oval o f colour
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in  th e  o u ter  region . It is  in te r e stin g  to note th a t th e  optimum  

coagulation  dose (32 mg/1 o f alum or 30 mg/1 as A12(S 0 4)3 14.3 H20) has  

occu rred  v e r y  c lo se  to  th e  border line. For th e more coloured  w ater, 

colour rem oval and th e  optimum coagulation  (optimum dose o f 80 mg/1 

o f alum or 75 mg/1 a s  A12(S 0 4)3 14.3 H20 ) occu rs en tire ly  in  th e  reg ion  

of aluminium hydroxide p recip ita tion , c lea r ly  in d ica tin g  th a t ad sorp tion  

of humic on th e  p recip ita ted  aluminium hydroxide floe is  th e  

predom inant mechanism. The above con sid era tion s are c o n s is te n t  w ith  

th e  o b serv a tio n s  of D em psey e t  al. (1984) th a t b etw een  pHs 5 and 6 th e  

predom inant mechanism d ep en d s on th e applied  d osage o f aluminium.

T his d ifferen ce  in  m echanism s can p o ssib ly  explain  th e  deviation  

in  sto ich iom etry  o b serv ed  in  th e  jar t e s t  r e su lts  for  th e two coloured  

w aters stu d ied .

The shaded  area in  fig u re  5.1 illu stra te  th e  e f fe c t  o f pH on th e  

colour rem oval for th e m oderately coloured  w ater. The iso lin es  of 

rem oval w ere ca lcu lated  based on th e  data p resen ted  in f ig u r e  3.4.

The jar t e s t  is  th e  most common tool u sed  in  the p red ic tion  of 

optimum coagu lant d osage. C orrelation betw een  p lan t and jar t e s t  data  

is  u su a lly  sa tis fa c to ry  w hen a prim ary coagu lant su ch  as alum is  u sed  

(AWWA Committee Report, 1989). Without q u estion in g  th e u se fu ln e s s  of 

th e  jar t e s t  in the optimal dose se lec tion  p ro cess , th e  jar and filtra tion  

t e s t s  r e su lts  obtained  in  th e  p resen t w ork in d icate th a t care m ust be 

ex erc ised  w hen the separation  p ro cess  in volved  is  d irect filtration .

A com parison betw een  the jar t e s t  r e su lts  and th e  filtra tion  

perform ances at 90 m inutes (filtera b ility  num ber) for  th e m oderate and  

h igh  coloured  w aters (f ig u res  3.5a and 3.5b w ith  f ig u r e s  3.16a and  

3.25a r e sp e c tiv e ly )  s u g g e s t  th a t th e u se  o f th e  optimum alum dose  

determ ined from the jar t e s t  w ill on ly  lead to th e  optimum filtra tion  if  

th e  sto ra g e  cap acity  of th e  f ilter  is  en ou gh  to deal w ith th e  am ount of 

flo es  form ed in the p re-trea tm en t stage .

For th e m oderately coloured  w ater, w here no quality  

b reak th rou gh  is  o b serv ed  w ithin  90 m inutes of filtra tion , th e  variation  

of filtra te  quality  (average o v er  90 m inutes) w ith alum dose follow s a 

p attern  similar to th at o b serv ed  for th e jar te s t . B ecause th e  e f fe c t  of
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th e  head lo ss  in th e  filtera b ility  num ber was o b serv ed  to be re la tiv e ly  

small, th e  filtra tion  perform ance follow s th e  same behaviour of th e  

filtra te  q u ality , w hich in  turn  is  sim ilar to  th e res id u a l colour in th e  

jar te s t . T herefore, one can ex p ect th a t th e  optimum d ose se lec ted  from  

th e  jar will co incide or will be v ery  similar to  th e  optimum dose  

se lec ted  from filtra tion  te s t s ,  as in d eed  w as o b serv ed  in th is  case.

For th e  h igh ly  coloured  w ater, th e  optimum d ose determ ined from  

th e  jar t e s t  is  con sid erab ly  h igh er than  th e  optimum dose determ ined  

from th e filtra tion  te s t s .  A lthough th e filtration  perform ance again  

follow s a p a ttern  sim ilar to th e  a v era g e  filtra te  q u a lity , in  th is  ca se , 

th e  variation  of f iltra te  quality  w ith th e alum dose does not follow th e  

same behaviour o b serv ed  in  th e  jar te s t . In th e  filtra tion  te s t s  th e  

in crea se  o f alum dose leads to an im provem ent o f th e  filtra te  quality  

on ly  in th e early  s ta g e s  o f th e  p ro cess . However, b ecau se  h igh  alum  

d o ses  are n e c e ssa r y  to prom ote th e coagulation  o f colour and an  

e x c e ss iv e  amount o f floccu la ted  m aterial is  form ed, th is  im provem ent is  

accom panied by a system atic  earlier b reak th rou gh  th a t leads th e  

a v erage  filtra te  q u ality  over  90 m inutes of filtra tio n  to assum e a 

minimum va lu e (b est colour rem oval) at a dosage w ell below th e  optimum  

coagu lant dose se lec ted  from th e  jar te s t . S ince th e  head lo ss  in cr ea se s  

con tin u ou sly  w ith th e in crease  in th e alum dose, it  can be exp ected  

th a t th e minimum F va lu e will be a lso  obtained a t a low er alum dose  

than th at corresp on d in g  to th e  optimum dose for th e  jar te s t . It can  

be ob serv ed  th a t th e gap betw een  th e v a lu es  of optimum dose se lec ted  

by each te s t  would be much narrow er if  th e  p re-b rea k th ro u g h  

filtera b ility  num ber v a lu es  (37 m inutes) w ere u sed  in stead  o f th o se  

calcu lated  a t 90 m inutes o f filtration .

The u se  of alum as so le  coagu lan t in con ju n ction  w ith d irect  

filtration  p roved  to be su c c e s s fu l for th e rem oval of colour from  

m oderate coloured  w aters. At th e  optimum coagu lan t dose v e r y  low 

le v e ls  of colour and resid u a l aluminium can be ach ieved . At h igh  colour  

con cen tration s how ever th e  u se  of alum leads to  an e x c e ss iv e  am ount 

of floccu lated  m aterial th a t r e su lts  in a u n accep tab le  sh o rt filtra tion

run.



163

5.2 Polymer as sole coagulant -  Jar and filtration te s ts

The d estab iliza tion  of humic su b sta n ces  by  cation ic polym eric  

coagu lan ts is  u su a lly  d escr ib ed  b y  th e mechanism of charge  

n eutralization  (N arkis and Rebhun, 1975; Glaser and Edzwald, 1979), 

w here th e p o s it iv e ly  ch arged  p o lye lectro ly te  in tera c ts  w ith th e  

n eg a tiv e ly  ch arged  grou p s o f th e  humic su b sta n ces  (mainly -COO”) to 

form an in so lu b le  p recip ita te  th a t can be o b served  as  tu rb id ity . The 

d estab ilization  o f humic su b sta n ces  is  ch aracterized  by  th e ex isten ce  

of an optimum dose o f polym er, or ran ge of optimal d o ses , w hereby  

both u n d erd osin g  and o v erd osin g  lead s to poorer colour (humic) 

rem ovals.

In th e jar t e s t s  w ith both coloured  w aters (f ig u r e s  3.6 and 3.7), 

th e appearance of tu rb id ity  upon addition  of polym er followed th e  

ch a ra cter istic  p a ttern  d escrib ed  in  variou s p rev iou s w orks (Packham, 

1973; Narkis and R ebhun, 1975, 1977; Edzwald, 1979; Amy and Chadik, 

1983) su g g e s t in g  th a t the humic su b sta n ces  p resen t in th e  w ater can  

be su c c e ss fu lly  d estab ilized  by th e  cation ic polym er u sed , Magnafloc LT 

31. However, no ev id en ce  of restab iliza tion  was o b serv ed  w ithin the  

ran ge of d oses app lied . Also, a c lear optimum d ose could not be 

obtained  from th e jar t e s t  re su lts .

A fu rth er  attem pt was made to determ ine th e  optimum dose by  

m easuring the s ize  o f the p recip ita ted  floes. The r e su lts  obtained  

(fig u res  4.10 and 4.11) show th e ex isten ce  o f a d estab iliza tio n -  

restab iliza tion  zone at r e la tiv e ly  low d oses (around th e  dose  

corresp on d in g  to th e  peak floe s ize ) and a secon d  reg ion  of 

d estab ilization  (in creasin g  in floe s ize ) at h igh er polym er d oses. The 

stoich iom etry o b serv ed  in th e f ir s t  reg ion  of d estab ilization , w here, by  

doubling th e colour con cen tration  th e amount o f polym er n ecessa ry  to 

produce th e maximum floe s ize  is  doubled , su g g e s t  th a t th e  mechanism  

of destab ilization  in vo lved  is  ch arge  neutralization . Confirmation o f such  

a mechanism by m easuring th e  zeta  potentia l could not be obtained  

ow ing to the fa ct th a t the floe s iz e s  w ere too small to  be o b serv ed  in 

the e lec tro p h o res is  cell available. In d irect ev id en ce  th a t ch arge
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n eutra lization  o ccu rs  in th is  zone com es from th e fa c t  th a t w hen low 

alum d oses are u sed  in  com bination w ith polym er to coagu late th e  

m oderate coloured w ater th e ze ta  poten tia l is  zero b etw een  5-6  rag/1 of 

polym er, i.e . in th e  same dose range.

The rea so n s for th e secon d  reg ion  of in cr ea sin g  floe s ize  at 

h ig h er  polym er d o ses  is  not clear. It is  p ossib le  th a t o th er, n on -  

e lec tro sta tic , polym er in tera ctio n s may ex ist  (e .g . h yd ro g en  bonding) 

w hich g iv e  r ise  to  floe aggreg a tio n  by polym er b r id g in g .

The in co n s is ten cy  betw een  th e jar te s t  and th e  floe s ize  r e su lts  

con cern in g  th e  ex isten ce  of a restab iliza tion  zone can  be due to th e  

u se  o f cen tr ifu ga tion  as a sep aration  method.

The s ize  of th e  flo es  form ed during polym er coagu lation  (jar te s t )  

in d ica tes  th a t floccu lation  w as v e r y  slow , p o ssib ly  due to th e  d iluted  

nature of th e  humic solution  and lack of tu rb id ity  in  th e  raw coloured  

w aters (low freq u en cy  of co llis ion s) or to an in e ff ic ie n t rapid mixing. 

A ccording to Yeh and Ghosh (1981), if  th e  polym er is  not su ffic ien tly  

d isp ersed  slow mixing does not lead to flocculation , and in th e ir  opinion  

standard  jar t e s t  apparatus are incapable of p rov id in g  th e  n ecessa ry  

v e lo c ity  grad ien t for mixing m ost of polym ers o f in te r e s t  in d irect  

filtration .

In co n tra st to th e su c c e s s fu l r e su lts  rep orted  by Edzwald and  

co -w o rk ers (Glaser and Edzwald, 1979; Edzwald, 1979; Scheuch  and  

Edzwald, 1981; Edzwald e t  al., 1982, 1987) and o th er  resea r ch ers , th e  

rem oval o f colour by d irect filtra tion  u sin g  cation ic polym er as sole  

coagu lant in th is  in v estig a tio n  was not su c c e ss fu l (f ig u r e s  3.12 and  

3.23). A lthough, some colour rem oval has been a ch iev ed  th e tu rb id ity  

of th e final w ater was v e r y  h igh  and th e  filtration  perform ance as a 

w hole (filtera b ility  num ber) was v e r y  poor when com pared with alum 

filtration . Also, th e  lack of m easurable head loss  developm ent in d ica tes  

th a t th e granular f ilter  was not able to retain  th e  hum ic-polym er  

p recip ita te  form ed.

C onsidering th a t th e p recip ita te  material form ed in th e coiled  

floccu lator has a sim ilar ran ge o f particle  s ize s  to  the p recip ita te  

formed in th e  jar t e s t  (th is  is  not an unreasonable assum ption  s in ce
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th e  tu rb id ity  v a lu es  in the two experim ents w ere sim ilar), i.e . betw een  

0.15 and 0.45 pm for  th e m oderate coloured w ater and betw een  0.40 and  

0.90 pm for th e  h igh  coloured  w ater, it  is  su g g e s te d  th at th e  lack of 

rem oval o b serv ed  is  mainly due to  a low con tact o p p ortu n ities  betw een  

th e  particle  and th e  su rface o f th e  f ilter  grain . By ca lcu latin g  th e  

rem oval e ff ic ien cy  o f a filter  bed w ith p o rosity  0.40 u n der 'favourab le  

filtra tio n ’ (no n et rep u ls iv e  in teraction ), O’Melia (1985) has show n th a t  

th ere  is  a ran ge o f s iz e s  betw een  0.1 and 10 m icrons w here p a rtic le s  

are d ifficu lt to rem ove due to in e ff ic ien t tra n sp o r t of th e  su sp en d ed  

particle  from th e  bulk of the liquid  to th e  su rfa ce  of th e  grain . The 

rem oval e ff ic ie n c y  is  a minimum at a p article  s ize  o f 1 micron.

5.3 Alum-polymer combinations -  Filtration te s ts

It has been dem onstrated  (ch ap ter 3) th a t for  alum d oses low er 

than  th e optimum d ose a su c c e s s fu l coagu la tion /floccu la tion  of colour  

can be ach ieved  if  a su itab le dose o f polym er is  added in con ju n ction  

w ith alum.

The ex isten ce , a t each co n sta n t alum dose, o f a maximum floe s ize  

w hich corresp o n d s to  a floe w ith  a zero zeta  p oten tia l s u g g e s ts  th at  

w hen th e alum and polym er are u sed  as com bined coagu lan ts th e  

d estab ilization  o f colour occu rs mainly by ch arge neutralization . The 

fa c t  th a t th e  polym er dose corresp on d in g  to th e maximum s iz e /z e r o  zeta  

poten tia l does not ch an ge s ig n ific a n tly  with the variation  in th e alum 

dose s u g g e s ts  h ow ever th at p o ss ib ly  on ly  a fraction  of th e  to ta l 

aluminium added is  in vo lved  in th e  ch arge  n eutralization  p ro cess . At 

th e  same time, th e  low con cen tration s of aluminium p r e se n t in  th e  

filtered  w ater in com parison w ith th e dosage applied  in d ica tes  th a t most 

o f the aluminium is  rem oved and th erefo re  is  p art of th e  floe form ed.

Based on th e  above ev id en ce  and co n sid er in g  th at w ith in  the  

ran ge of alum d oses used  (8 to  24 mg/1) it  is  lik e ly  th a t both so lub le  

aluminium sp ec ie s  and solid aluminium hydroxide are formed when alum 

is  added to th e coloured  w ater, it  is  in ferred  th a t w hereas th e  so lub le  

cation ic sp e c ie s  of aluminium and th e polym er are resp on sib le  for th e
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destab iliza tion  of th e  d isso lv ed  humic, th e  aluminium hydroxide  

p recip ita ted  p rov id es  add itional 'ta r g e ts ’ for floccu lation  to  occu r  

(remember th a t on ly  v e r y  w eak flocculation  w as o b serv ed  w hen th e  

polym er was u sed  a s  so le  coagu lan t). When th e an ion ic ch a rg es  o f th e  

humic are on ly  p artia lly  n eu tra lized  by  th e  so lu b le  aluminium and  

polym er (u n d erd ose con d ition ), th e  aluminium h ydroxide may also  

con tr ib u te  to  th e d estab iliza tion  itse lf . At low er polym er d o ses  than  

th a t co rresp on d in g  to ch arge  neutralization , th e  reaction  betw een  the  

humic and so lub le h y d ro ly sed  sp e c ie s  of aluminium and polym er may 

lead to th e  form ation o f low zeta  poten tia l colloid th a t can be enm eshed  

in th e  aluminium hydroxide f lo e s  as th e y  are form ed and th ereb y , 

p h y sica lly  d estab ilized . This com plem entary role p layed  by th e  

aluminium hydroxide is  c o n s is te n t  w ith th e experim ental ob servation  

th a t (i) e ffe c t iv e  colour rem oval can be ach ieved  w ith in  th e polym er  

u n d erd ose  reg ion , (ii) th e  in crea se  o f alum d ose , and co n seq u en t  

in crease  in amount of p recip ita ted  aluminium h yd roxid e, w idens th e  

ran ge o f e ffe c t iv e  u n d erd ose  polym er coagulation.

A ccording to th e  c la ss ica l filtration  th eo ry , p article  rem oval 

e ff ic ie n c y  is  d ep en d en t on p artic le  tra n sp o rt mechanism and on 

attachm ent mechanism (Iv es , 1970, 1982). For p a rtic le s  w hose s ize  is  

g rea ter  than  approxim ately one m icron, p article  tra n sp o r t from th e bulk  

of th e su sp en sio n  to  th e  su rfa ce  of the filter  grain  in cr ea se s  w ith th e  

p article  s ize  (ignoring  d en s ity  e f fe c ts ) . Particle attachm ent to th e  grain  

d ep en d s, m ainly, upon th e m agnitude of the e lec tr ica l double layer  

in tera ctio n s betw een the p artic le  and the f ilter  gra in , and th e m olecular 

attraction  o f the van  der Waals fo rces  betw een su r fa ces  (G regory, 

1975). P rev iou s s tu d ie s  (Habibian, 1971; A m irtharajah, 1988) have  

su g g e s te d  th a t e ffe c t iv e  filtra tion  occu rs w hen th e  p artic le  are  

d estab ilized  and exh ib it low zeta  p oten tia ls. The filtra tion  and floe  

ch aracterization  r e su lts  obtained  in ch ap ters 3 and 4 and summarized  

in f ig u r e s  5.2 to 5.4 are in agrem ent with th e se  o b serv a tio n s. The 

maximum floe size  en ter in g  th e  f ilter  bed appears to  correspon d  to a 

zero zeta  poten tia l for th e floe and to a maximum colour rem oval and  

minimum filtera b ility  num ber va lu e (true optimal filtra tion ).
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The relation  betw een  floe ch a ra c te r is tic s  and filtra tion  

perform ance (filtera b ility  num ber) at each  con sta n t alum dose is  c learly  

d iffere n t for  polym er d o ses  grea ter , or le s s  than , the polym er dose  

corresp on d in g  to maximum s iz e /z e r o  zeta  poten tia l floe. At h igh er  

polym er d o ses , w here ch a rg e  r ev e rsa l o ccu rs  and particle  

restab iliza tion  (ch aracter ized  by th e  d ecrease  in  s ize) is  o b serv ed , 

filtra te  q u a lity  and f ilter  perform ance rap id ly  d eter iora tes  as the  

amount o f o v erd o sin g  in crea ses. In co n tra st, both filtra te  q u a lity  and  

f ilter  perform ance are much le s s  se n s it iv e  to polym er u n d erd osin g . The 

reason  for  th is  asym m etry in th e variation  o f colour rem oval and  

filtera b ility  num ber w ith polym er dose g rea ter  than , or le s s  than , the  

optimal dose is  not c lear but it  is  p o ssib le  th a t it  may be cau sed  by  

small am ounts of free  polym er th a t coat th e  filter  gra ins in  th e  v e r y  

early  s ta g e s  of filtration . The polym er coating  fav o u rs th e attachm ent 

of the f lo e s  on the su rfa ce  of th e  grain  when th e  n et ch arge  of the  

flo es  is  n eg a tiv e  (u n d erd ose) but have an a d v erse  e f fe c t  on the  

attachm ent o f th e  p o s itiv e ly  ch arged  flo es  formed in the ov erd o sin g  

region . In the case  of u n d erd ose , a fter  th e in itial s ta g e s  o f filtra tion  

,the free  polym er may also help the attachm ent o f th e  flo es  on the  

p rev io u sly  d ep osited  flo es  by means of polym er b rid g in g .

It is  c lear from th e  above o b serv a tio n s  th at w hen u sin g  alum and 

polym er in com bination it  is  not n ecessa ry  to a ch ieve  ch arge  

n eutralization  to obtain a sa tis fa c to ry  filtra tion  perform ance. A 

com parison betw een  th e filtera b ility  num ber v a lu es  co rresp on d in g  to  

the practical-optim um  com binations (section  3.3.2) and th ose  

co rresp on d in g  to th e  tru e optimum com binations (fig u re  5.5) em phasizes  

th is  point.
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5.4 Some practical considerations

A ccording to Edzwald and co -w o rk ers the ap p licab ility  o f d irect  

filtra tion  in th e treatm ent o f coloured  w aters, and more gen era lly  

w aters contain ing  appreciab le am ounts of natural organ ic m atter, is  

lim ited to th o se  w ater w ith total organ ic carbon (TOC) co n ten t le s s  than  

5 mg/1 (70-90 Hazen u n its) w hether alum or polym er is  u sed  as sole  

coagulant. In the d irect filtration  of h ig h ly  coloured  w ater (TOC > 5 

mg/1) th e  u se  of alum as so le coagu lant can lead to e ffe c t iv e  co lour and  

TOC removal but w ith  an u n accep tab le sh ort f ilter  run  time. 

Furtherm ore, the u se  of a cation ic polym er, as an a ltern a tiv e  to alum, 

may be c o s t ly  and would not produce a trea ted  w ater o f sa tis fa c to ry  

quality . In su ch  c a se s , th e  u se  of a ltern a tiv e  coagu lan ts, among them  

alum in com bination w ith a cation ic polym er, or conventional treatm ent 

is  su g g e ste d .

For the model f ilter  (0.5 m depth  o f 0.66 mm diam eter ballotini) 

and pH 6.0 used  in th is  s tu d y , d irect filtra tion , u s in g  e ith er  alum or 

alum com bined with polym er as coagu lant, was more e ff ic ie n t  in th e  

treatm ent of the m oderately coloured w ater than th e h ig h ly  coloured  

one, as can be seen  from th e ca lcu lated  filtera b ility  num ber va lu es  

(f ig u r e s  3.28, 3.29). Pretreatm ent u s in g  cationic polym er as sole  

coagu lan t was show n to be in e ffe c tiv e  in  producing a reasonab le  

f iltra te  q u ality  w h atever  th e con cen tration  of colour p r e se n t  in the  

w ater.

In the treatm ent of th e  m oderately coloured w ater (2.5 Abs. 

u n its /m  at 400 nm) th e  filtra tion  u sin g  alum alone a t th e  optimum dose  

p roved  to be more e ff ic ien t than any alum -polym er com bination, both  

in term s of filter  perform ance and con cen tration  of resid u a l aluminium. 

The partial rep lacem ent of alum by polym er (d esign ed  to  red u ce  the  

alum dose) was show n to produce no beneficia l e f fe c t  on the  

perform ance of th e  filtration  w ithin th e filtration  time con sid ered .

However, for th e  h igh ly  coloured w ater (5.0 Abs. u n its /m  at 400 

nm), the u se  of alum as sole coagu lant resu lted  in the p rod u ction  of an 

e x c e ss iv e  amount of floccu lated  material and an early  filtration
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b reak th rou gh . In th is  case , th e  u se  of an appropriate com bination of 

alum (low er than  th e optimum dose) and cationic polym er w as show n to  

p rod u ce some b en eficia l e f fe c t  on th e overall perform ance of the  

filtra tion , ev en  th ou gh  some deterioration  in th e  p re-b rea k th ro u g h  

filtra te  q u ality  could be o b serv ed . The u se  of low alum d o ses  in the  

com bination resu lted  in a delay of th e  quality  b reak th rou gh . Also, in 

co n tra st to th e  tren d  o b serv ed  for  th e m oderately coloured  w aters, the  

red u ction  o f th e  alum com ponent of th e  com bination has not had a 

detrim ental e f fe c t  on th e  resid u a l aluminium concentration .

From th e se  r e su lts , it  seem s th at, for a g iv en  f ilte r  bed, the  

partia l rep lacem ent o f alum by cation ic polym er does not o ffer  any  

su b sta n tia l ad van tage (cf. alum at optimum dose) in th e  treatm ent of 

low to m oderately coloured  w aters, b u t may be a su itab le  a ltern a tive  in 

th e  treatm ent of h ig h ly  coloured w aters. It is  th o u g h t how ever that th e  

u se  o f com bined alum and polym er in the pretreatm ent for d irect 

filtra tion  may have it s  major application  in the ca se  of ex istin g  p lan ts, 

norm ally op eratin g  at low colour con cen tration s and u sin g  alum as sole  

coagu lant, w hich exp erien ce operational d ifficu lties  (u n accep tab le sh ort  

f ilter  ru n s) when dealing with period ic and su b sta n tia l, sh ort-term , 

in cr ea se s  in the concentration  of colour. During th e se  o ccu rren ces a 

sen sib le  partia l rep lacem ent of alum may lead to lon ger  f ilter  ru n s  

w h ilst m aintaining accep tab le  filtra te  quality .
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6. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary and conclusions

The follow ing to p ics  are a summary o f the main o b serv a tio n s  and  

con clu sion s obtained  in the rep orted  in v estig a tio n  about th e  alum - 

cation ic polym er in tera ctio n s in  th e  d irect filtration  o f coloured  w aters:

i. R everse osm osis followed by free ze  d ry in g  p roved  to be an 

e ff ic ien t method o f con cen tra tin g  humic su b sta n c e s  from natural 

w aters. High volum es of w aters can be p ro cessed  in  a re la tiv e ly  

sh ort time. R econ stitu ted  w aters prepared  from r e v e r se  osm osis-  

freeze  dried  ex tra c ts  w ere show n to behave sim ilarly to natural 

coloured  w aters.

ii. At pH 6 the m echanism s in vo lved  in th e  coagu lation  o f th e  

reco n stitu ted  coloured  w ater by  aluminium su lp h ate  d ep en d s on 

the alum dose applied . At h igh  alum d oses it  ap p ears th a t th e  

main mechanism is  th e  ad sorp tion  of colour on th e  p recip ita ted  

aluminium hydroxide floe , w hile at low er alum d o ses  ch arge  

n eutralization  alone or in  con ju n ction  w ith adsorption  may be 

resp on sib le  for the d estab iliza tion  of colour.

in. This s tu d y  has dem onstrated  th a t m oderately to  h ig h ly  coloured  

w aters can be su c c e ss fu lly  d estab ilized  by  th e  com bined u se  of 

alum (at low er d oses than  th e optimum dose) and a cation ic  

p o ly e lectro ly te . For a co n sta n t alum dose, maximum floccu lation  

occu rs at or near the polym er dose th at co rresp o n d s to th e zero  

zeta  p oten tia l floe.

iv. Experim ental ev id en ces  s u g g e s t  th a t ch arge n eu tra lization  is  an  

im portant mechanism w hen alum is  used  in  com bination with  

cation ic polym er to coagu late organ ic colour. It is  b e lieved  th a t  

in th is  system  th e  so lu b le cation ic sp ec ie s  o f aluminium to g eth er  

with cation ic polym er are resp o n sib le  by th e  d estab iliza tion  of 

colour, w hereas the p recip ita ted  aluminium hydroxide may provide  

additional ta r g e ts  for floccu lation . When th e  sy stem  is
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u n derd osed  in relation  to  th e  cation ic polym er, the p recip ita ted  

aluminium hydroxide may also  con trib u te  to th e  d estab iliza tion  

it s e lf  th rou gh  p h y sica l enm eshm ent or adsorption  of th e  partia lly  

n eu tra lized  colour. Polym er o v erd o se  (cf. polym er dose for ch arge  

neutralization ) lead s to p article  restab iliza tion .

v. For th e fin e  m ono-layer model f ilter  (0.5 m d epth  o f 0.66 mm 

diam eter ballotin i) u sed  in th is  in v estig a tio n , d irect filtration , 

u sin g  e ith er  alum or alum com bined with polym er as coagu lant, 

was more e ff ic ie n t  in th e treatm ent o f th e  m oderately  

reco n stitu ted  coloured  w ater than th e  h igh ly  coloured  one. For 

th e  h ig h ly  coloured  w aters, good filtra te  q u ality  can be ach ieved  

at th e  in itia l s ta g e s  of th e  filtra tion  b u t th e  form ation of 

e x c e ss iv e  am ounts of floccu lated  m aterial g en era lly  leads to an 

early  b reak th rou gh . The u se  of low alum d oses -  supplem ented  

with cation ic polym er -  in th is  ca se  was shown to p roduce lon ger  

filtra tion  ru n s.

vi. When alum -polym er com binations are used  in th e pretreatm ent of 

coloured  w aters, it  is  not n ecessa ry  to ach ieve  ch arge  

neutra lization  to  obtain  a sa tis fa c to ry  filtra tion  perform ance. For 

co n sta n t alum d o ses, practical-optim um  filtra tio n s are gen era lly  

ach ieved  w ith polym er d oses in the u n d erd ose  ran ge, i.e. 

n eg a tiv e ly  ch arged  floes. It is  sp ecu la ted  th a t th ere  may be small 

am ounts of free  polym er th at en ter  th e f ilter  during  filtra tion  

w hich adsorb  on the filter  gra ins or p rev io u sly  d ep osited  floes  

and th ereb y  in crea se  th e attachm ent e ffic ien cy .

vii. In th is  s tu d y , a linear rela tion sh ip  betw een  colour con cen tration  

and dose of coagu lan ts (alum -polym er com binations) req u ired  to  

produce re la tiv e ly  similar filtration  perform ance was o b serv ed .

viii. Low con cen tra tion s of resid u a l aluminium can be ach ieved  at the  

optimum alum, or alum -polym er com binations, if  e ffe c t iv e  rem oval 

of th e floccu lated  material is  obtained  during filtration .

ix. I v e s ’ F ilterab ility  Number proved  to be a u se fu l tool in the  

evaluation  of th e  e f fe c ts  of d iffere n t alum -polym er com binations 

on th e filtration  perform ance. For th e f ilter  model u sed , the
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filterability number was more sensitive to changes in filtrate 
quality than to head loss.

6.2 Recommendations for future works

In view of the fact that the present work offers evidences that 
the destabilization/coagulation of moderately to highly coloured waters 
can be successfully achieved by the combined use of alum and a 
cationic polymer, and that the main problem faced in the use of direct 
filtration as the separation method is the formation of excessive 
amounts of flocculated material, the investigation of the following 
aspects are suggested:

(i) The effect of coagulating the colour at low pH values in the 
overall performance of the direct filtration;

(ii) The effect of reducing and/or eliminating the flocculation period 
in the overall performance of the filtration;

(iii) The use of coarse media and dual media direct filters;
(iv) The use of different cationic polymer types.

In such studies the use of Ives’ filterability number for the 
evaluation of filtration performance is recommended. However, for the 
best results in the use of this index, its calculation at the filtration 
breakthrough time is suggested. If humic substances (coloured water) 
availability is a constraint, and longer filtration runs are not possible, 
the use of shorter filter models may be advisable. The residual 
coagulant content may also be used as a complementary parameter in 
the evaluation of the overall filtration performance.

The investigation of the effects of both turbidity and mixing 
conditions in the coagulation/flocculation of humic substances (colour) 
by cationic polymers as sole coagulant is also recommended.
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