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ABSTRACT

L i t e r a t u r e  r e l a t i n g  t o  the  f r a c t i o n a t i o n  and c h a r a c t e r i s a t i o n  

o f  Cd, Cu, Ni,  Pb and Zn in sewage s lu d g es  and th e  impor tance  o f  t h i s  

concep t  to  t h e i r  u l t i m a t e  env i ronm en ta l  impact  has  been rev iewed .

A m od i f ied  s e q u e n t i a l  chemical  e x t r a c t i o n  t e c h n iq u e  was used to  

i d e n t i f y  and q u a n t i f y  th e  d i f f e r e n t  chemica l  forms in  which th e s e  

m e t a l s  occur  in bo th  l i q u i d  and d r i e d  forms o f  raw, a c t i v a t e d  and 

d i g e s t e d  s ludges  o r i g i n a t i n g  from major  UK sewage t r e a tm e n t  works.  

A p p l i c a t i o n  o f  a n o th e r  m o d i f ied  chemica l  e x t r a c t i o n  p rocedure  

in v o l v in g  p r o g r e s s i v e  a c i d i f i c a t i o n  t o  th e  same s ludge  samples was 

a l s o  u nde r ta ken  in  o r d e r  to  make a q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  

m e ta l  s o l u b i l i s a t i o n  under  c o n d i t i o n s  o f  v a ry in g  pH. C h a r a c t e r i s t i c  

f r a c t i o n a t i o n  and s o l u b i l i s a t i o n  p r o f i l e s  were o b t a in e d  dependent  on 

th e  n a t u r e  o f  the  i n d i v i d u a l  m e ta l s  r a t h e r  than on th e  n a t u r e  o f  th e  

i n d i v i d u a l  s l u d g e s ,  a l th o u g h  d r i e d  and l i q u i d  forms d i f f e r e d  in t h e i r  

r e s p o n s e  to  bo th  t e c h n i q u e s .  Res idues  from the  p r o g r e s s i v e  a c i d i f i c a 

t i o n  t r e a tm e n t  were s u b j e c t e d  to  s e q u e n t i a l  e x t r a c t i o n  in o rd e r  t o  

e l u c i d a t e  the  n a t u r e  o f  m e ta l  s p e c i e s  a f f e c t e d  by pH changes .

S e q u e n t i a l  chem ical  e x t r a c t i o n  was f u r t h e r  employed to  a s s e s s  

th e  t r a n s i t i o n s  in m e ta l  form which o c u r r  fo l l o w in g  an a e ro b ic  

d i g e s t i o n  o f  bo th  p r im ary  and mixed pr im ary  s ludges  in  l a b o r a t o r y -  

s c a l e  d i g e s t e r s .  The o v e r a l l  e f f e c t  o f  a n a e ro b ic  d i g e s t i o n  was to  

i n c r e a s e  the  s t a b i l i t y  o f  meta l  forms.  T o ta l  meta l  c o n c e n t r a t i o n  was 

found t o  be an im por tan t  pa ram e te r  i n f l u e n c i n g  m e ta l  d i s t r i b u t i o n s  

d u r in g  a n a e ro b ic  d i g e s t i o n .

Membrane f i l t r a t i o n  was u t i l i s e d  t o  f r a c t i o n a t e  Cd, Cu and Pb 

in  v a r io u s  types  o f  sewage s ludge  a c c o rd in g  to  t h e i r  a s s o c i a t i o n  w i th  

s o l i d s  o f  d i f f e r i n g  p a r t i c l e  s i z e .  Th is  t e c h n iq u e  was f u r t h e r  

employed in com bina tion  w i th  i o n - s e l e c t i v e  e l e c t r o d e  p o t e n t io m e t r y  t o  

a s s e s s  the  i n f l u e n c e  o f  p a r t i c l e  s i z e  on the  s t a b i l i t y  o f  complexes 

formed between th e s e  m e ta l s  and s ludge  s o l i d s .

R e s u l t s  o b t a in e d  have been d i s c u s s e d  in r e l a t i o n  to  the  impor

ta n c e  o f  m e ta l  form on subsequen t  s ludge  d i s p o s a l .
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1. INTRODUCTION

Sewage i s  an i n e v i t a b l e  b y -p ro d u c t  o f  s o c i e t y  which r e q u i r e s  

a p p r o p r i a t e  t r e a tm e n t  p r i o r  t o  d i s c h a r g e  in o r d e r  t o  p r o t e c t  the  

envi ronment in  a manner de te rm ined  by economic,  s o c i a l  and p o l i t i c a l  

p r e s s u r e s  (T e b b u t t ,  1979; M e tc a l f  & Eddy, 1979; C a l c u t t  & Moss, 1984).  

Among the  o b j e c t i v e s  o f  sewage t r e a t m e n t  a re  th e  removal of  f l o a t i n g  

m a t e r i a l ,  suspended s o l i d s ,  b io d e g ra d a b le  o rg an ic  c o n s t i t u e n t s ,  s p e c i 

f i c  compounds o f  n i t r o g e n  and phosphorus ,  pa th o g en ic  o rgan ism s ,  o rga 

n i c  m i c r o p o l l u t a n t s ,  p o t e n t i a l l y  t o x i c  heavy m e ta l s  and d i s s o l v e d  

i n o r g a n i c  s o l i d s  (M e tc a l f  & Eddy, 1979).  These a re  ach ieved  th rough a 

com bina tion  of  p h y s i c a l ,  chem ical  and b i o l o g i c a l  p ro c e s s e s  (T e b b u t t ,  

1977; M e tc a l f  & Eddy, 1979).  F igu re  1 r e p r e s e n t s  a t y p i c a l  sewage 

t r e a t m e n t  scheme i n c o r p o r a t i n g  p r e l i m i n a r y  t r e a t m e n t ,  p r im ary  sedimen

t a t i o n ,  a c t i v a t e d  s ludge  and s ludge  d i g e s t i o n  p r o c e s s e s .

I n f l u e n t  raw sewage undergoes  p r e l i m i n a r y  t r e a t m e n t  t o  remove 

c o a r s e  s o l i d s  ( th ro u g h  u t i l i s a t i o n  o f  s c r e e n s  or  comminutors)  and 

g r i t ,  which might  o th e rw is e  a d v e r s e l y  a f f e c t  subsequen t  t r e a tm e n t  p ro 

c e s s e s  and m echan ica l  equipment.  Storm tanks  s e rv e  t o  reduce  

e x c e s s i v e  v a r i a t i o n s  in  f low r a t e  t o  t h e  sewage t r e a t m e n t  p r o c e s s ,  

s i n c e  h y d r a u l i c  o v e r lo a d in g  may produce  a d e t e r i o r a t i o n  in e f f l u e n t  

q u a l i t y  ( S t e e l  & McGhee, 1979).

Pr imary  t r e a tm e n t  has t r a d i t i o n a l l y  im pl ied  a s e d im e n ta t io n  

p ro c e s s  t o  remove suspended s o l i d s  by s e t t l i n g  under  n ea r  q u i e s c e n t  

c o n d i t i o n s .  For t h i s  pu rpose ,  l a r g e  s e d im e n ta t io n  tanks  o f  v a r i o u s  

d e s ig n s  a re  employed,  most t r e a tm e n t  p l a n t s  i n c o r p o r a t i n g  m e c h a n ic a l ly  

des ludged  tanks  o f  c i r c u l a r  or  r e c t a n g u l a r  d e s ig n  w i th  r a d i a l  and 

h o r i z o n t a l  f lows r e s p e c t i v e l y  (M e tca l f  & Eddy, 1979; Downing, 1983).  

G e n e r a l l y ,  r e t e n t i o n  t imes  in p r im ary  s e d im e n ta t io n  tanks  a r e  s h o r t ;  

a p p ro x im a te ly  one or  two hours  a t  peak f low w i th  s u r f a c e  lo a d in g  r a t e s  

o f  between 1 .0  and 2 .5  ( T e b b u t t ,  1977; S t e e l  & McGhee, 1979).  

P r im ary  s e d im e n ta t i o n  i s ,  however,  on ly  60 t o  70% e f f i c i e n t  in the  

removal  o f  suspended s o l i d s  (Matthews,  1984); t h i s  be ing  due t o  the  

low s e t t l i n g  v e l o c i t y  o f  some p a r t i c l e s ,  which may be a t t r i b u t a b l e  to



14

F ig u re  1 Flow diagram o f  a c o n v e n t io n a l  sewage t r e a t m e n t  p rocess  

employing a c t i v a t e d  s ludge

INFLUENT
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e i t h e r  t h e i r  s i z e  or  s p e c i f i c  g r a v i t y .  C o l l o i d a l  p a r t i c l e s ,  fo r  

example,  a r e  c o n s id e r e d  to  have v i r t u a l l y  no s e t t l i n g  v e l o c i t y  

(T e b b u t t ,  1977; Degremont, 1979).  However, chem ica ls  may be added to  

remove c o l l o i d a l  s o l i d s  or  forr t h e  p r e c i p i t a t i o n  o f  phosphorus com

pounds d u r in g  pr im ary  s e t t l i n g  ( S t e e l  & McGhee, 1979).  Pr imary s e d i 

m e n ta t i o n  thus  e f f e c t s  the  removal  of  s e t t l e a b l e  s o l i d s  from sewage 

and c o n c e n t r a t e s  th e s e  s o l i d s  in  a s m a l l e r  volume, as raw pr im ary  

s lu d g e .  In a d d i t i o n ,  p r im ary  s e d im e n ta t i o n  produces  an e f f l u e n t  

s u i t a b l e  f o r  secondary  or  b i o l o g i c a l  t r e a t m e n t .

Aerobic  b i o l o g i c a l  o x i d a t i o n  i s  u s u a l l y  employed fo r  secondary  

t r e a t m e n t ;  m icroorganisms  m e t a b o l i s e  and remove s o l u b l e ,  c o l l o i d a l  and 

f i n e l y  suspended p a r t i c u l a t e  o rg a n ic  m a t t e r  from th e  s e t t l e d  sewage 

(o r  pr im ary  e f f l u e n t )  and a r e  i n t u r n  removed from the  secondary

e f f l u e n t  d u r in g  ' f i n a l  s e d i m e n t a t i o n ' .  Th is  p r i n c i p l e  i s  b a s i c  to  a l l  

secondary  b i o l o g i c a l  t r e a tm e n t  p r o c e s s e s ,  a l th o u g h  i t s  a p p l i c a t i o n  may 

va ry  as e i t h e r  a t t a c h e d  ( f i x e d  f i lm )  growth or  suspended p ro c e s s e s  

(M e tca l f  & Eddy, 1979; S te e l  & McGhee, 1979).  A t tached  growth p ro 

c e s s e s  a r e  seen in th e  t r i c k l i n g  or  p e r c o l a t i n g  f i l t e r  and r o t a t i n g  

b i o l o g i c a l  c o n t a c t o r s .  Suspended growth p ro c e s s e s  in c lu d e  th e  a c t i 

v a t e d  s ludge  p ro c e s s  and o x i d a t i o n  ponds. However, the  two most com

monly employed methods o f  secondary  t r e a t m e n t  a r e  b i o l o g i c a l

f i l t r a t i o n  and the  a c t i v a t e d  s lu d g e  p r o c e s s ,  each s e r v in g  approxima

t e l y  40% of  the  p o p u la t i o n  o f  t h e  UK (Downing, 1983).

The p e r c o l a t i n g  f i l t e r  o p e r a t e s  by t r i c k l i n g  s e t t l e d  sewage

over  a b i o f i l m  h e l d  on an i n e r t  medium, such as g r a n i t e ,  c l i n k e r ,  or

p l a s t i c .  The b i o f i l m  m e t a b o l i s e s  most o f  the  rem ain ing  i m p u r i t i e s  in 

th e  s e t t l e d  sewage and the  e f f l u e n t  l e a v e s  the  f i l t e r  in a s u i t a b l y  

p u r i f i e d  s t a t e .  However, as the  p o l l u t i n g  m a t t e r  i s  co n v e r t e d  i n t o  

biomass so exce ss  biomass,  o f t e n  termed 'hum us ' ,  i s  shed th u s  main

t a i n i n g  the  b i o f i l m  in  a s t a t e  o f  e q u i l i b r i u m .  The humus s ludge  i s  

s e p a r a t e d  from the  e f f l u e n t  by f i n a l  s e d im e n ta t i o n ,  and i s  then  f r e 

q u e n t ly  c o - s e t t l e d  w i th  p r im ary  s ludge  (Downing, 1983; Matthews, 

1984).

The a c t i v a t e d  s ludge  p ro c e s s  o f f e r s  the  advan tages  of  h ig h e r
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o rg a n ic  lo a d in g s  and a r e q u i r e m e n t  fo r  l e s s  land  a r e a  over  t h e  p e r 

c o l a t i n g  f i l t e r  method (Downing, 1983; Hawkes, 1983).  The conven

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

t a n k ,  a s e d im e n ta t io n  tank  and a s l u d g e - r e t u r n  l i n e  (F ig u re  1 ) .  In 

g e n e r a l  p r a c t i c e ,  r e c y c l e d  a c t i v a t e d  s ludge  f l o e s  a r e  mixed w i th  the  

i n f l u e n t  s e t t l e d  sewage a t  th e  i n l e t  o f  th e  a e r a t i o n  ta nk  t o  m a in ta i n  

a mixed l i q u o r  suspended s o l i d s  c o n c e n t r a t i o n  t y p i c a l l y  in  th e  range  

o f  2000 t o  8000 mgl“ l (Hawkes, 1983).  The 'mixed l i q u o r '  i s  sub

s e q u e n t l y  a e r a t e d  by r e l e a s i n g  a l a r g e  volume o f  compressed a i r  

th rough  porous  d i f f u s e r  domes i n s t a l l e d  a t  th e  base  o f  th e  a e r a t i o n  

t a n k .  A e r a t i o n  s e rv es  to  m a i n t a i n  a d i s s o l v e d  oxygen c o n c e n t r a t i o n  of  

1 t o  2 mgl“ l  in  the  mixed l i q u o r  s u s p e n s io n ,  as  r e q u i r e d  f o r  the  

r e s p i r a t o r y  a c t i v i t y  o f  t h e  a e r o b i c  m ic roorgan ism s ,  and a l s o  t o  main

t a i n  the  biomass f l o e s  in a con t inuous  s t a t e  o f  a g i t a t e d  s u s p e n s io n ,  

which e n s u r e s  maximum c o n t a c t  w i th  the  o rg a n ic  w as te .  The m i c r o b i a l  

f l o e s  th u s  a ch iev e  r a p i d  d e g r a d a t i o n  o f  the  o rg a n ic  was tes  and p ro v id e  

a good q u a l i t y  s ludge  w i th  r a p i d  s e t t l i n g  c h a r a c t e r i s t i c s  ( T e b b u t t ,  

1977; Hawkes, 1983).

S e p a r a t i o n  o f  the  a c t i v a t e d  s ludge  biomass from th e  p u r i f i e d  

e f f l u e n t  i s  ach ieved  by s e t t l e m e n t  w i th i n  f i n a l  s e d im e n ta t i o n  t a n k s .  

S e t t l e d  a c t i v a t e d  s ludge  has  a h i g h l y  w a t e r - r e t e n t i v e  ge l  s t r u c t u r e  

and i s  u s u a l l y  r e c y c l e d  as a s l u r r y  c o n t a i n i n g  between 0 .5  and 2.0% 

dry  s o l i d s  (Hawkes, 1983).  S u rp lu s  a c t i v a t e d  s lu d g e ,  r e p r e s e n t i n g  the  

b i o s y n t h e s i s e d  f r a c t i o n  o f  t h e  w as te ,  i s  withdrawn from th e  r e t u r n e d  

a c t i v a t e d  s ludge  as i t  i s  r e c y c l e d .  In th e  c o n v e n t io n a l  a c t i v a t e d  

s ludge  p r o c e s s ,  fo r  eve ry  kg o f  b iochem ica l  oxygen demand (BOD) 

removed,  0 .5  t o  0 .8  kg dry  w eigh t  o f  s ludge  i s  s y n t h e s i s e d  (Hawkes, 

1983).  S i m i l a r  to  humus s lu d g e ,  excess  a c t i v a t e d  s lu d g e  i s  

f r e q u e n t l y  cy c l e d  back t o  t h e  pr im ary  s e d im e n ta t i o n  tank  t o  produce 

p r im ary  c o - s e t t l e d  s lu d g e .

The u l t i m a t e  aim o f  such t r e a tm e n t  p r o c e s s e s  i s  t o  produce  an 

e f f l u e n t  o f  a q u a l i t y  s u i t a b l e  fo r  d i s c h a rg e  to  th e  s e l e c t e d  r e c e i v i n g  

w a te r .  The normal s t a n d a r d  a t t a i n e d  i s  an e f f l u e n t  w i th  a suspended 

s o l i d s  c o n c e n t r a t i o n  o f  30 mgl-  ̂ and a BOD o f  20 mgl”  ̂ o r  b e t t e r  

(T e b b u t t ,  1977; Downing, 1983).  However, where more s t r i n g e n t  or  spe
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c i f i c  c r i t e r i a  a re  d e f in e d  f o r  l i m i t i n g  e f f l u e n t  d i s c h a r g e ,  such as 

th e  10 :10 :10  s t a n d a r d  ( c o n c e n t r a t i o n  of  suspended s o l i d s ,  the  5 -day  

BOD and t h e  c o n c e n t r a t i o n  o f  ammoniacal n i t r o g e n  n o t  exceed ing  10 

tngl- ! )  r e q u i r e d  fo r  d i s c h a r g e  t o  r i v e r s  used as a source  o f  p o t a b l e  

w a te r  supp ly  (Downing, 1983),  t e r t i a r y  t r e a t m e n t  may be n e c e s s a r y  t o  

ach i e v e  t h i s .  I r r i g a t i o n  over  g r a s s  p l o t s  or  pa s sage  th rough  l a g o o n s ,  

m i c r o - s t a i n e r s  or  sand f i l t e r s  may be u t i l i s e d  in  the  p ro d u c t i o n  o f  

h ig h e r  q u a l i t y  e f f l u e n t s  (Matthews,  1984).

In a c h i e v in g  e f f l u e n t s  o f  a q u a l i t y  s u i t a b l e  fo r  d i s c h a r g e  t o  

r e c e i v i n g  w a t e r s ,  the  v a r i o u s  p o l l u t a n t s  a r e  c o n c e n t r a t e d  t o  form 

sewage s lu d g e s .  The p ro d u c t i o n  of  sewage s ludge  in  the  European 

Economic Community (EEC) exceeds  5 .9  x 10^ tonnes  of  dry  s o l i d s  

a n n u a l ly  ( C a l c u t t  & Moss, 1984),  t o  which the  UK c o n t r i b u t e s  1.22 x 

10^ tonnes  (Matthews et^ a l . , 1984; D avis ,  1984).  While i t  i s  u n l i k e l y  

t h a t  s ludge  p r o d u c t i o n  in th e  UK w i l l  i n c r e a s e  s i g n i f i c a n t l y  in the  

n e a r  f u t u r e  (H ea ley ,  1984),  p ro d u c t i o n  in o t h e r  EEC c o u n t r i e s ,  such as 

F rance  and I t a l y ,  i s  expec ted  t o  i n c r e a s e  s u b s t a n t i a l l y  above c u r r e n t  

r a t e s ,  as i n d i c a t e d  in Table 1 ( C a l c u t t  & Moss, 1984).  I t  has  been 

e s t i m a t e d  by Matthews (1983) t h a t  s ludge  p ro d u c t i o n  in the  EEC as a 

whole w i l l  i n c r e a s e  by about  50% over the  nex t  decade ,  w h i le  p roduc

t i o n  in  th e  U ni ted  S t a t e s ,  c u r r e n t l y  a t  4 .5  x 10^ tonnes  per  annum, i s  

expec ted  to  double  over  a s i m i l a r  p e r io d  (Bunch, 1982a) .

Raw sewage s ludges  t y p i c a l l y  c o n t a in  between 1 and 7% dry 

s o l i d s  and a r e  u s u a l l y  h i g h l y  p u t r e s c i b l e  and o f f e n s i v e  ( L e s t e r  £ £  

a l . ,  1983).  Approximate ly  70% of  the  s o l i d s  c o n t e n t  i s  o f  an o rg a n ic  

( v o l a t i l e )  n a t u r e ,  c o n s i s t i n g  p r i n c i p a l l y  o f  l ign in -hum us ,  w a t e r -  

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

c e l l u l o s e ,  a c i d - r e s i s t a n t  p r o t e i n s ,  n i t r o g e n  and su lphu r  compounds, 

v i t a m in s  and f a t t y  a c id s  (Sommers e t  a l . , 1977; S t r acha n  e t  a l .  , 1983; 

Matthews,  1984) ;  th e  r em a in ing  30% p redom inan t ly  com pris ing  i n o r g a n i c  

( n o n - v o l a t i l e )  c r y s t a l l i n e  m in e ra l  components,  such as q u a r t z ,

c a l c i t e ,  do lom i te  and k a o l i n i t e  ( S i l v i e r a  e_t a l . , 1977; Matthews,

1984).  In a d d i t i o n ,  raw sewage s ludges  w i l l  c o n t a i n  a v a r i e t y  of  

heavy m e t a l s ,  o rg a n ic  m i c r o p o l l u t a n t s  and p a th o g en ic  o rgan ism s .

C onsequen t ly ,  t r e a t m e n t  of  such s ludges  i s  f r e q u e n t l y  r e q u i r e d  t o  p ro -



Table 1 Produce ion and disposal of sewage sludge within the EEC 
(After Calcutt & Moss, 1984)

Current sludge production Use of disposal routes

Member state
DS

per annum 
(tonnesxlO^)

X of
est imated 
max imum

Agricultural 
land®
(X)

Landfil1̂
(X)

Incineration
(X)

Dumping at 
sea 
(X)

Discharge via 
pipelines 
(X)

Belgium 70 45 15 83 2 0 0

Denmark 130 85 45 45 10 0 0

France 840 50 30 50 20 0 0

West Germany 2200 80 39 49 8 0 0

Greece 3 <5 0 100 0 0 0

Republic of 
Ireland 20 20 4 51 0 45

Italy 1200 50 20c 55c 5 0 0

Luxembourg 11 70 90 10 0 0 0

Netherlands 230 70 53 32 3 0 13

a Includes small quantities for horticulture, allotments and gardens 
b Includes small quantities for land reclamation and forests 
c 20X unspecified
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Sludge t r e a tm e n t  and d i s p o s a l  may account fo r  up t o  50% of  the  

o p e r a t i n g  c o s t s  o f  a sewage t r e a tm e n t  f a c i l i t y  (Department o f  the  

Environment & N a t io n a l  Water Counc i l ,  1981; L e s t e r  et: al_. , 1983).  

Methods o f  s ludge  t r e a t m e n t  used s i n g l y  or  in combination  p r i o r  to  

d i s p o s a l  in c lu d e :  t h i c k e n i n g  by s t i r r i n g  or  f l o t a t i o n ;  d i g e s t i o n ,  

e i t h e r  a e r o b i c a l l y  or  a n a e r o b i c a l l y ;  composting w i th  domest ic  r e f u s e ;  

c o n d i t i o n i n g  by the  a d d i t i o n  o f  ch e m ic a ls ,  such as s y n t h e t i c  o rg an ic  

p o l y e l e c t r o l y t e s ,  l ime or  f e r r o u s  s u l p h a t e ;  d e w a te r in g ,  on d ry ing  

beds ,  in f i l t e r  p r e s s e s ,  by vacuum f i l t r a t i o n ,  c e n t r i f u g a t i o n  or  by 

h e a t  d ry in g  and i n c i n e r a t i o n  in  m u l t i p l e  h e a r t h  or  f l u i d i s e d  bed f u r 

naces  (Downing 1983; L e s t e r  et_ a l . ,  1983; Matthews,  1984).  The most 

w id e ly  used s ludge  t r e a t m e n t  p ro c e s s  i s  a n a e ro b ic  d i g e s t i o n  ( L e s t e r  e_t 

a l . , 1983),  ap p ro x im a te ly  50% of  the  t o t a l  s ludge  produced in the  UK 

be ing  s t a b i l i s e d  by t h i s  p ro c e s s  (Mosey, 1983).

Anaerobic d i g e s t i o n  i s  i d e a l l y  s u i t e d  t o  the  t r e a tm e n t  o f  a 

h igh  s t r e n g t h  waste  such as sewage s lu d g e ;  the  major  advan tages  of  

t h i s  p ro c e s s  be ing  i t s  r e l a t i v e l y  low energy  and n u t r i e n t  r e q u i r e 

m en ts ,  i t s  c a p a c i t y  f o r  u t i l i s a t i o n  o f  h igh  o rg an ic  lo a d in g  r a t e s ,  i t s  

l a c k  o f  n u i s a n c e  odour ,  i t s  low p r o d u c t i o n  o f  excess  ( s t a b i l i s e d )  

s ludge  and i t s  r e l e a s e  o f  econom ica l ly  v a l u a b l e  methane gas as a by

p ro d u c t  (P a rk e r  e t  a l . ,  1981; Forday & G r e e n f i e l d ,  1983).  

C onven t iona l  a n ae ro b ic  d i g e s t i o n  ca n n o t ,  however,  p ro v id e  a complete 

t r e a t m e n t  s in c e  d i g e s t e r  performance  in  terms o f  chem ical  oxygen 

demand (COD) removal and s o l i d s  d e s t r u c t i o n  i s  l i m i t e d  by th e  

d i s c h a r g e  o f  a l l  o f  i t s  biomass p ro d u c t i o n  in i t s  own e f f l u e n t  (Mosey, 

1981) .  Normal works p r a c t i c e  i s  t o  feed  pr im ary  or  c o - s e t t l e d  s ludge  

t o  a h e a t e d  mixed d i g e s t e r  r e a c t o r  m a in ta in e d  in  the  m e s o p h i l i c  tem

p e r a t u r e  range  of  25 t o  38°C (Mosey, 1983).  P u t r e f a c t i o n  and methane 

f e r m e n t a t i o n  occur  s im u l t a n e o u s l y  in the  same r e a c t i o n  v e s s e l ;  t y p i c a l  

r e t e n t i o n  t imes  fo r  m e s o p h i l i c  sewage works d i g e s t e r s  be in g  in the  

o r d e r  o f  20 t o  40 days (Mosey, 1983).

duce more stable and less offensive sludges of reduced volume and/or
pathogenic content, which are more amenable to disposal.

T r a d i t i o n a l l y  a n a e ro b ic  d i g e s t i o n  has  been c o n s id e re d  a two
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s t a g e  p r o c e s s ,  namely,  a non-methanogenic  fo l lowed by t h e  methanogenic 

s t a g e .  However, i t  i s  now r e c o g n i s e d  t h a t  the  f i r s t  s t a g e ,  fo r  which 

a v a r i a b l e  c o l l e c t i o n  o f  bo th  o b l i g a t e  and f a c u l t a t i v e  a n a e ro b ic  bac

t e r i a  a r e  r e q u i r e d ,  may in c lu d e  as many as t h r e e  s t e p s  (Mosey, 1982; 

Forday & G r e e n f i e l d ,  1983).  The f i r s t  s t e p  in vo lves  the  h y d r o l y s i s  of  

t h e  f a t s ,  p r o t e i n s  and p o l y s a c c h a r i d e s  p r e s e n t  in the  s ludge  t o  p ro 

duce long cha in  f a t t y  a c i d s ,  g l y c e r o l ,  s h o r t  cha in  p e p t i d e s ,  amino 

a c i d s ,  m onosacchar ides  and d i s a c c h a r i d e s .  During th e  second s t e p  

( a c i d  f o r m a t io n ) ,  t h e s e  s o l u b l e  o rg a n ic  compounds a r e  f u r t h e r  degraded 

to  y i e l d  a range  o f  low m o le c u la r  weigh t  v o l a t i l e  f a t t y  a c i d s ,  

i n c l u d i n g  formic and a c e t i c  a c i d s ,  k e t o n e s ,  a ldehydes  and a l c o h o l s  in 

a d d i t i o n  t o  ca rbon d io x i d e  and hydrogen .  Of th e s e  i n t e r m e d i a t e s ,  only  

hydrogen ,  formic a c i d  and a c e t i c  a c i d  can be u t i l i s e d  d i r e c t l y  as 

s u b s t r a t e s  by the  methanogenic  b a c t e r i a  ( L e s t e r  et: al_. , 1983),  the  

r em a inder  r e q u i r i n g  c o n v e r s io n  t o  a s s i m i l a b l e  i n t e r m e d i a t e s  by the  

o b l i g a t o r y  hydrogen p roduc ing  a c e to g e n i c  (OHPA) b a c t e r i a  ( V e r s t r a e t e  

e t  a l . , 1981).  This  co n v e r s io n  p ro ces s  c o n s t i t u t e s  th e  t h i r d  s t e p .  

Some b a c t e r i a  a r e  a b l e ,  however,  t o  u n d e r t a k e  bo th  s t e p s  1 and 2 and 

t o  produce hydrogen,  formic a c i d  and a c e t i c  a c i d ,  thus  e l i m i n a t i n g  the  

r e q u i r e m e n t  f o r  s t e p  3 ( L e s t e r  e t  a l . , 1983).  During th e  f i n a l  phase ,  

s t r i c t l y  anae ro b ic  methanogenic  b a c t e r i a  co n v e r t  the  lower v o l a t i l e  

a c i d s  t o  methane,  ca rbon  d io x id e  and o t h e r  t r a c e  g a s e s ,  which mix to  

form a gaseous f u e l  known v a r i o u s l y  as d i g e s t e r  gas ,  s ludge  gas or  

' B i o g a s ' .  These s t a g e s  o f  a n ae ro b ic  d i g e s t i o n  a r e  summarised in  

F ig u re  2.

As a r e s u l t  o f  th e  e q u i l i b r i u m  which e x i s t s  between th e  p hases ,  

v o l a t i l e  a c i d  l e v e l s  a r e  low in  a working d i g e s t e r ,  o f t e n  l e s s  than  

300 mgl“ l  e x p re s s e d  as  a c e t i c  a c i d  (Department o f  th e  Environment,  

1979).  The almos t  comple te  m i c r o b i a l  f e r m e n ta t i o n  o f  c a rb o h y d ra t e s  

d u r in g  a n a e ro b ic  d i g e s t i o n  r e s u l t s  in  a 60 to  75% r e d u c t i o n  in  v o l a 

t i l e  s o l i d s ,  th e  r e s u l t i n g  o rg a n ic  m a t t e r  c o n s i s t i n g  o f  a m ix tu r e  o f  

m i c r o b i a l  t i s s u e ,  l i g n i n ,  c e l l u l o s e ,  l i p i d s ,  o rg an ic  n i t r o g e n  com

pounds and humic a c i d - l i k e  m a t e r i a l s  (Baldwin e £  a l .  , 1983). 

Fo l low ing  a n ae ro b ic  d i g e s t i o n ,  th e  s t a b i l i s e d  s ludge  may be d isposed  

o f  d i r e c t l y  or  t r e a t e d  f u r t h e r  u s in g  secondary  d i g e s t e r s  ( a t  ambient  

t e m p e r a t u r e ) ,  s e d im e n ta t i o n  tanks  or  l a goons ,  from which the  s u p e r -



Figure 2 Phases of anaerobic digestion
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n a t a n t  l i q u o r ,  which may c o n s t i t u t e  30% o f  the  s ludge  volume and 15% 

o f  th e  o rg a n ic  load  on the  works,  may be withdrawn and r e t u r n e d  to  the  

head o f  the  works.

Trea tment o f  sewage s ludge  i s  f r e q u e n t l y  i n f l u e n c e d  by the  

f i n a l  d i s p o s a l  o p t i o n  s e l e c t e d .  In the  UK, 65% of  th e  t o t a l  s ludge  

produced i s  d i s p o s e d  t o  l a n d ,  31% i s  dumped a t  sea  and 4% i s  i n c i 

n e r a t e d .  Of t h e  s ludge  d i s p o s e d  to  l a n d ,  60% i s  a p p l i e d  t o  a g r i 

c u l t u r a l  and h o r t i c u l t u r a l  land  w hi le  the  remainder  i s  used 

p r i n c i p a l l y  f o r  land  r e c l a m a t io n  and land  f i l l  (D av is ,  1984; Matthews,  

1984).  Sludge a p p l i c a t i o n  t o  a g r i c u l t u r a l  land may have b e n e f i c i a l  

e f f e c t s  by adding p l a n t  n u t r i e n t s  and f e r t i l i s i n g  the  s o i l  in  a d d i t i o n  

t o  improving s o i l  s t r u c t u r e  ( S t e r r i t t  & L e s t e r ,  1980a; Department o f  

t h e  Environment & N a t io n a l  Water  C ounc i l ,  1981; Coker,  1983) .  I t  has 

been e s t i m a t e d  t h a t  only  1 . 2 % of  the  1 2  x 1 0 ^ h e c t a r e s  o f  land used 

f o r  a g r i c u l t u r a l  purposes  in  th e  UK r e c e i v e s  sewage s ludge  (Hea ley,  

1984),  i n d i c a t i n g  th e  p o t e n t i a l l y  l a r g e  a r e a s  o f  land  a v a i l a b l e  f o r  

i n c r e a s i n g  use o f  t h i s  d i s p o s a l  o p t i o n .  A comparison of  the  UK d i s p o 

s a l  f i g u r e s  w i th  th o se  r e p o r t e d  fo r  o t h e r  EEC c o u n t r i e s  (Tab le  1) 

i n d i c a t e s  t h a t  th e  UK i s  v i r t u a l l y  i s o l a t e d  in i t s  use o f  sea  dumping 

as a s ludge  d i s p o s a l  o p t i o n ,  w h i le  s im u l ta n e o u s ly  em phas i s ing  the  p r e 

dominance o f  land  d i s p o s a l  th ro u g h o u t  the  EEC. In the  USA the  v i r t u a l  

c e s s a t i o n  o f  ocean dumping o f  s ludge  i s  l i k e l y  t o  have in c r e a s e d  the  

u t i l i s a t i o n  o f  land  d i s p o s a l  in  excess  of  the  55% p r e v i o u s l y  r e p o r t e d  

(Bunch,  1982b).

Sewage s ludge  d i s p o s a l  i s  governed by b o th  economic and 

e nv i ronm en ta l  c o n s i d e r a t i o n s ;  th e  optimum d i s p o s a l  r o u t e  be ing  

i n f l u e n c e d  by l o c a l  c o n d i t i o n s .  P o t e n t i a l  env i ronm en ta l  h a z a rd s  a s s o 

c i a t e d  w i th  sewage s ludge  d i s p o s a l  have been d e f in e d  p r i n c i p a l l y  in 

te rms o f  odour ,  pa thogens ,  t r a c e  o rg an ic  compounds and heavy m e ta l s  

(Department o f  the  Environment & N a t io n a l  Water C o u n c i l ,  1981; 

Jam ieson ,  1981; D av is ,  1984; Hea ley ,  1984).  Heavy m e ta l s  p r e s e n t  in 

sewage s ludge  a re  o f  major  conce rn  due to  t h e i r  n o n - b i o d e g r a d a b i l i t y  

and t h e i r  t o x i c  p r o p e r t i e s .  D is p o sa l  o f  heavy m e ta l  con tam ina ted  

s lu d g e s  may t h e r e f o r e  have p o t e n t i a l l y  adve r se  e f f e c t s  on human 

h e a l t h ,  th e  eco logy  o f  the  r e c e i v i n g  envi ronment  and on s u r f a c e  and 

g round-w a te r  q u a l i t y  ( L e s t e r  e_t al_. , 1983).
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'Heavy'  m e ta l s  have been d e f in e d  as th o se  p o s s e s s in g  a s p e c i f i c  

g r a v i t y  g r e a t e r  than  f i v e  (Lapedes ,  1978; Lewin & B e c k e t t ,  1980; Coker 

& Matthews,  1983; C o t t e n i e  & V er lo o ,  1984; Matthews,  1984).  The range  

o f  e lem en ts  d e s c r i b e d  by such te rm ino logy  in c lu d e s  th e  m e ta l s  Cd, Cu, 

N i ,  Pb and Zn (S to v e r  e t  a l . ,  1976; Lewin & B e c k e t t ,  1980; S t e r r i t t  & 

L e s t e r ,  1980a; Jamieson ,  1981; L e s t e r ,  1983; McBride & Bould in ,  1984).  

These f i v e  heavy m e ta l s  a r e  c o n s id e re d  t o  be o f  pr im ary  conce rn  w i th  

r e s p e c t  to  s ludge  d i s p o s a l  ( S i l v i e r a  & Sommers, 1977; S p o s i to  e t  a l . , 

1982a; D av is ,  1984),  due t o  t h e i r  s p e c i f i c  t o x i c i t y  and t h e i r  u b i q u i t y  

which r e s u l t s  in e l e v a t e d  s ludge  c o n c e n t r a t i o n s ,  t y p i c a l l y  exceed ing  

s o i l  c o n c e n t r a t i o n s  by two o r d e r s  o f  magnitude or  more (D av is ,  1980).  

A l l  f i v e  m e ta l s  a r e  in c lu d ed  in the  U nited  S t a t e s '  Envi ronmenta l  

P r o t e c t i o n  Agency (USEPA) l i s t  o f  p r i o r i t y  p o l l u t a n t s  ( F i s h e r ,  1978; 

Anthony & B re im h u rs t ,  1981) and in  th e  EEC ' b l a c k  and g r e y '  l i s t s  o f  

dangerous  s u b s t a n c e s  d i s c h a r g e d  to  th e  a q u a t i c  env ironment (European 

Economic Community, 1976).  While Cu, N i,  Pb and Zn a r e  i n c o r p o r a t e d  

in  the  ' g r e y '  l i s t ,  o r  l i s t  I I ,  Cd occurs  in  the  ' b l a c k  l i s t ' ,  o r  l i s t  

I (European Economic Community, 1976).  All  o f  t h e s e  m e ta l s  have been 

examined f o r  t h e i r  p o t e n t i a l  c a r c i n o g e n i c i t y ;  Cd, Ni and Pb hav ing  

been found t o  induce c an c e r  in  an imals  or  man (Becking,  1981).

T o x i c i t y  has  been d e f in e d  as th e  a b i l i t y  o f  a chem ical  

s u b s t a n c e  t o  produce  i n j u r y  on r e a c h in g  a s u s c e p t i b l e  s i t e  in  o r  on an 

organism (Chalmers ,  1981).  I t  i s  g e n e r a l l y  r e c o g n i s e d  t h a t  the  

a b s o r p t i o n  o f  i n o r g a n i c  compounds depends t o  a g r e a t  e x t e n t  on t h e i r  

s o l u b i l i t y ;  m e ta l s  in  s o l u t i o n  be ing  most r e a d i l y  absorbed  (Oehme, 

1978).  The t o x i c  a c t i o n  o f  many heavy m e ta l s  i s  p r i m a r i l y  a r e s u l t  o f  

t h e i r  a f f i n i t y  fo r  complexing or  c h e l a t i n g  g roups ,  such as t h i o l  

g roups ,  in  b i o l o g i c a l  m olecu le s  (V a l le e  & Ulmer,  1972; Lerch ,  1980).  

T y p i c a l l y  they  cause  d i s r u p t i o n  o f  p r o t e i n  s t r u c t u r e  and f u n c t i o n  

l e a d i n g  t o  enzymic and m e ta b o l i c  d i s o r d e r s  (V a l l e e  & Ulmer,  1972).  

The t o x i c i t y  o f  Cd, Cu, Ni,  Pb and Zn t o  p l a n t s  (Brown & J o n e s ,  1975; 

Foy e_t al_. , 1978),  an imals  (S chroeder  & Darrow, 1973; Dulka & R isby ,  

1976) and man (Dulka & Risby ,  1976; Green,  1978; B e l i l e s ,  1979; Ryan 

e t  a l . , 1982) has  been e x t e n s i v e l y  rev iewed .  The c o n c e n t r a t i o n s  o f  

t h e s e  m e ta l s  which may produce n o t i c e a b l e  ac u t e  t o x i c  e f f e c t s  would 

on ly  a r i s e  from i n c i d e n t s  o f  g ro s s  p o l l u t i o n .  However, c h ro n ic  t o x i c
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e f f e c t s  from lo n g - t e rm  exposure  t o  r e l a t i v e l y  low c o n c e n t r a t i o n s  o f  

b io a ccu m u la t iv e  heavy m e ta l s  may r e p r e s e n t  a more s e r i o u s  h aza rd  w i th  

r e s p e c t  t o  sewage s ludge  d i s p o s a l  ( S t e r r i t t  & L e s t e r ,  1980a; Bunch, 

1982b).

In a d d i t i o n  to  t h e i r  l i m i t i n g  e f f e c t s  on s ludge  d i s p o s a l ,  Cd, 

Cu, N i ,  Pb and Zn a r e  th e  m e ta l s  most l i k e l y  t o  e x e r t  d e l e t e r i o u s  

e f f e c t s  on b i o l o g i c a l  s ludge  t r e a t m e n t  p r o c e s s e s ,  c au s in g  a r e d u c t i o n  

in  p ro c e s s  per formance (D av is ,  1980).  The t o x i c i t y  o f  t h e s e  m e ta l s  

may be a f f e c t e d  by many f a c t o r s  i n c lu d i n g  pH, t e m p e r a t u r e ,  o t h e r  t o x i c  

s u b s t a n c e s ,  c h e l a t i n g  ag e n t s  and compounds t h a t  form p r e c i p i t a t e s  

(Anthony & B re im h u rs t ,  1981).  Anaerobic  d i g e s t i o n  i s  more s u s c e p t i b l e  

t o  th e  t o x i c  e f f e c t s  of  heavy m e ta l s  than  a e ro b ic  sys tem s ,  due t o  th e  

narrow spec trum of  s p e c i e s  p r e s e n t  (B a r th ,  1975; Anthony & B re im hurs t ,  

1981) .  Although th e  s e n s i t i v i t y  o f  an a e ro b ic  d i g e s t i o n  to  t o x i c  i n h i 

b i t i o n  was once a t t r i b u t e d  to  the  methanogens ( S t e i n  & Malone,  1980),  

i t  has  s in c e  been r e c o g n i s e d  t h a t  the  OHPA p o p u la t i o n  i s  o f  p a r t i c u l a r  

s i g n i f i c a n c e  in govern ing  th e  e f f i c i e n c y  and s t a b i l i t y  o f  the  

d i g e s t i o n  p ro ces s  ( V e r s t r a e t e  e t  a l . , 1981).

I t  i s  w e l l  e s t a b l i s h e d  t h a t  heavy m e ta l s  i n h i b i t  an a e ro b ic  

d i g e s t i o n  by i n a c t i v a t i n g  a wide range  o f  enzymes, e s s e n t i a l l y  through 

r e a c t i n g  w i th  t h e i r  s u lp h y d ry l  f u n c t i o n a l  groups (Kugelman & McCarty,  

1965; Mosey & Hughes,  1975).  However, th e  d i a g n o s i s  o f  such to x i c  

i n h i b i t o r y  e f f e c t s  i s  r e n d e re d  d i f f i c u l t  by t h e  com plex i ty  o f  th e  

s lu d g e  m a t r i x  and th e  phenomena of  s t i m u l a t i o n ,  an tagonism,  synerg ism 

and a c c l im a t i o n  (Kugelman & Chin,  1971).  C onsequen t ly ,  exper im en t s  

concerned  w i th  th e  t o x i c  a c t i o n  o f  heavy m e ta l s  to  an a e ro b ic  d i g e s t i o n  

have g e n e r a l l y  been u nde r ta ken  under  c o n t r o l l e d  c o n d i t i o n s  w i th  s i n g l e  

m e t a l s .

T o ta l  c o n c e n t r a t i o n s  o f  Cd, Cu, Ni,  Pb and Zn r e p o r t e d  by Hayes 

& The is  (1978) t o  be i n h i b i t o r y  and t o x i c  to  a n a e ro b ic  d i g e s t i o n  a re  

p r e s e n t e d  in  Table  2; i n h i b i t o r y  and to x i c  c o n c e n t r a t i o n s  be ing  

d e f in e d  r e s p e c t i v e l y  as th o s e  a t  which gas p r o d u c t io n  f i r s t  d e c l in e d  

and a t  which a 70% r e d u c t i o n  in gas p ro d u c t i o n  o c c u r r e d .  C o n s id e ra b l e  

v a r i a t i o n  has been r e p o r t e d ,  however,  in the  t o x i c i t y  o f  i n d i v i d u a l  

m e ta l s  t o  a n ae ro b ic  d i g e s t i o n  when de te rm ined  as the  t o t a l  me ta l  con
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c e n t r a t i o n  (M asse l l  i  e t  al_. , 1961; McDermott et^ a_l. , 1963; 1965; Hayes 

& T h e i s ,  1976; 1978) ,  i n d i c a t i n g  th e  im por tance o f  m e ta l  form to  t o x i c  

i n h i b i t i o n .  I n s o l u b l e  m e ta l  forms a r e  g e n e r a l l y  r e g a rd e d  to  be of  

l e s s  t o x i c o l o g i c a l  s i g n i f i c a n c e  than  s o l u b l e  forms (Hayes & T h e i s ,  

1978; S t e r r i t t  & L e s t e r ,  1984a),  and th e  impor tance  o f  s u lp h id e s  and 

c a r b o n a te s  produced under th e  r e d u c in g  c o n d i t i o n s  o f  d i g e s t i o n  in  the  

p r e c i p i t a t i o n  o f  m e ta l  ions  and t h e i r  consequent  d e t o x i f i c a t i o n  has 

been dem ons t ra ted  (Mosey et_ £ l_ . , 1971; Mosey, 1976).  Thresho ld  i n h i 

b i t o r y  c o n c e n t r a t i o n s  o f  s o l u b l e  phase Cd, Cu and Zn r e p o r t e d  by 

Anthony & Bre im hurs t  (1981) a r e  a l s o  p r e s e n t e d  in  Tab le 2.

Tab le  2 Metal  c o n c e n t r a t i o n s  i n h i b i t o r y  and to x i c  t o  a n ae ro b ic  

d i g e s t i o n  (mgl“ l )

Metal

S o lu b le  i n h i b i t o r y  

c o n c e n t r a t  ion-*-

T o ta l  i n h i b i t o r y  

c o n c e n t r a t i o n ^

T o ta l  t o x i c  

c o n c e n t r a t i o n '

Cd 0 . 0 2 < 2 0 > 2 0

Cu 1 - 1 0 40 70

Ni - 1 0 30

Pb - 340 >340

Zn 5 - 2 0 400 600

1 Anthony & B re im hurs t  (1981)

2 Hayes & Theis  (1978)

Mosey (1976) proposed  t h a t  where p r e d i c t i o n  o f  t o x i c  i n h i b i t i o n  

t o  anae ro b ic  d i g e s t i o n  has to  be based  on the  t o t a l  c o n c e n t r a t i o n  o f  

heavy m e ta l s  p r e s e n t  the  c o n c e n t r a t i o n s  of  Cd, Cu, Ni,  Pb and Zn, 

when summed on an e q u i v a l e n t  weight  b a s i s  and ex p re s s e d  r e l a t i v e  to  

th e  s ludge  s o l i d s ,  cou ld  be used t o  r e p r e s e n t  the  t o t a l  m e ta l  load  of  

th e  s ludge  (K) in  the  pH range  6 .9  t o  7 .3 .  From an a p p r a i s a l  o f  

p u b l i s h e d  t o x i c i t y  d a t a ,  Mosey (1976) sugges ted  t h a t  d i g e s t e r  f a i l u r e  

i s  p o s s i b l e  when K exceeds  400 meqkg” * and almost  c e r t a i n  when K
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exceeds  800 meqkg- ! .  F a i l u r e  o f  t h e  d i g e s t i o n  p ro c e s s  may c r e a t e  d i f 

f i c u l t y  in  th e  f u r t h e r  t r e a t m e n t  o f  and the  d i s p o s a l  o f  th e  s e p t i c  

w a s t e ,  w h i le  r e s t o r a t i o n  of  d i g e s t i o n  i s  l i k e l y  t o  be an a d d i t i o n a l  

economic burden (Department o f  th e  Environment,  1973).

The p r e s e n c e  o f  s i g n i f i c a n t  q u a n t i t i e s  o f  heavy m e ta l s  in 

sewage s ludge  i s  due to  t h e i r  a s s o c i a t i o n  w i th  s e t t l e a b l e  s o l i d s  

d u r in g  pr im ary  and secondary  sewage t r e a t m e n t .  Heavy m e ta l s  p r e s e n t  

in sewage may o r i g i n a t e  from a v a r i e t y  o f  s o u r c e s ,  which may be c a t e 

g o r i s e d  as d o m e s t ic ,  i n d u s t r i a l  or  urban r u n - o f f  ( L e s t e r ,  1983; 

Matthews,  1984; S p ieg e l  e£  al_ . , 1985).  While some heavy m e t a l s ,  such 

as Cu and Zn, may occur  in a p p r e c i a b l e  c o n c e n t r a t i o n s  in sewage o f  

domest ic  o r i g i n ,  th e  most s i g n i f i c a n t  in p u t  i s  l i k e l y  to  be from 

i n d u s t r i a l  s ou rces  (Davis ,  1980; Department o f  th e  Environment & 

N a t i o n a l  Water  C o u n c i l ,  1981).  Many i n d u s t r i a l  u ses  o f  heavy m e ta l s  

in vo lve  the  d i s c h a r g e  o f  m e t a l - l a d e n  e f f l u e n t s  t o  th e  sewerage system, 

t h e  u b i q u i t y  o f  Cd, Cu, N i,  Pb and Zn in i n d u s t r i a l  e f f l u e n t s  be ing  

emphasised in  Table  3.  Wide r a n g in g  v a r i a t i o n s  o f  a c y c l i c ,  s e a s o n a l  

o r  i r r e g u l a r  n a t u r e  may occur  in  i n d u s t r i a l  d i s c h a r g e s  o f  th e s e  m e ta l s  

t o  sew ers ,  depending  on the  type  o f  m a n u fa c tu r in g  o p e r a t i o n s  employed 

(Chalmers ,  1981) .  Shock loads  o f  heavy m e ta l s  from i n d u s t r i a l  s ou rces  

have f r e q u e n t l y  been observed  to  e n t e r  sewage p l a n t s  ( O l iv e r  & 

Cosgrove,  1974; Funke,  1975).  Other  f a c t o r s  i n f l u e n c i n g  the  heavy 

m e ta l  lo a d in g  to  a sewage t r e a t m e n t  p l a n t  in c lu d e  wet w ea th e r ,  the  

t ime o f  day or  n i g h t  (Rober ts  et: a\_. , 1977), t h e  day o f  the  week and 

th e  season  o f  th e  y e a r  ( B e c k e t t ,  1980).  Typ ica l  c o n c e n t r a t i o n s  o f  Cd, 

Cu, Ni,  Pb and Zn found in i n f l u e n t  raw sewages a r e  p r e s e n t e d  in Table  

4 .  Such v a l u e s  dem ons t ra te  t h a t  up t o  t e n - f o l d  v a r i a t i o n s  in the  con

c e n t r a t i o n s  o f  each of  t h e s e  m e ta l s  may occur  in  raw sewage,  w h i le  

s im u l t a n e o u s l y  em phasi s ing  th e  predominance of  Zn in  t h i s  m a t r i x .

I t  i s  e s s e n t i a l  t h a t  h ig h  c o n c e n t r a t i o n s  o f  heavy m e ta l s  in raw 

sewage e n t e r i n g  a sewage t r e a t m e n t  p l a n t  a re  removed d u r in g  the  t r e a t 

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

c o u r s e s  may con tam ina te  the  h y d ro s p h e re ,  a f f e c t  th e  eco logy  o f  r i v e r s  

o r  the  use  o f  r i v e r  w a te r ,  o r  u l t i m a t e l y ,  may have e f f e c t s  on human 

h e a l t h ,  e s p e c i a l l y  in a r e a s  where w a te r  r e - u s e  i s  p r a c t i c e d  (Wilson,
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Table 3 Major industrial sources of Cd, Cu, Ni, Pb and Zn in sewage
(Compiled from Dean et a[., 1972; Barnhart, 1978; Patterson, 1979)

Mining & Metallurgy

Electroplating &
Metal finishing

Paints & Dyes

Pharmaceut icals

Batteries

Chemical Manufacturing 

Textiles

Electrical & Electronic

Explosives

Pesticides

Leather

Rubber & Plastics 

Petroleum & Coal 

Fert ilizer

Cd Cu Ni

X X X

X X X

X X X

X

X X

X X X  

X X X  

X X

X

X

X

X X X

X X X

Pb

X

X

X

X

X

X

X

X

X

X

Zn

X

X

X

X

X

X

X

X

X

X

X

X

X



Table 4 Mean concentrations of Cd, Cu, Ni, Pb and Zn in raw sewage (mgl 1)

Reference [ 1 ] [ 2 ] [3] [4 ,5 ] [6 ]
( a )  (b)

Metal

Cd 0.006 0.004 0.005 0 . 0 1 2 0.006 0.033

Cu 0.310 0.066 0.467 0.194 0.163 0.168

Ni 0.330 0.063 0.046 0.098 0.158 0.115

Pb 0.230 0.024 0 . 2 1 0 0.052 0.040 0.051

Zn 2.400 0.322 0.290 0.252 1.650 2.070

[ 1 ]
[ 2 ]

[3]
[4]
[5]
[6 ]

O l iv e r  & Cosgrove (1974) -  
Ca l lahan  e t  a l .  (1979)

F e i l e r  e t  a l .  (1979)
L e s t e r  £ t  a l .  (1979) 
S tove land  e_t a l .  (1979) 
Wukasch ej: a_l. (1979)

1 Canadian sewage t r e a tm e n t  works
2 USA t r e a tm e n t  works;
(a )=  low i n d u s t r i a l  f low (b)= h igh  
1 USA sewage t r e a tm e n t  works 
1 UK sewage t r e a tm e n t  works

it ii ii it

1 USA sewage t r e a tm e n t  works

i n d u s t r i a l f low

hOoo
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1976).  A wide range  o f  removal e f f i c i e n c i e s  have been observed  fo r  

i n d i v i d u a l  heavy m e ta l s  d u r in g  sewage t r e a t m e n t ,  t h i s  b e in g  a con

sequence o f  v a ry in g  o p e r a t i o n a l  and env i ronm en ta l  c o n d i t i o n s .  This  

r e f l e c t s  the  com plexity  o f  i n t e r a c t i o n s  which de te rmine  th e  d i s t r i b u 

t i o n  o f  each  me ta l  s p e c i e s  and t h e i r  r e s u l t a n t  b e h a v io u r .  R e s u l t s  

o b t a in e d  from s i x  o f  th e  numerous s t u d i e s  conducted  t o  a s s e s s  the  

removal e f f i c i e n c i e s  o f  Cd, Cu, Ni,  Pb and Zn d u r ing  sewage t r e a tm e n t  

a r e  summarised in  Tab le 5.  Although c o n s i d e r a b l e  v a r i a t i o n  in  pe rce n 

ta g e  removals  i s  d i s p l a y e d  f o r  each o f  t h e s e  m e t a l s ,  some t r e n d s  a re  

a p p a r e n t .  All  f i v e  heavy m e ta l s  have been r e p o r t e d  t o  be removed wi th  

an e f f i c i e n c y  in excess  o f  50%, Pb having  c o n s i s t e n t l y  the  h i g h e s t  and 

Ni the  low es t  p e r c e n ta g e  r em ova ls .

Heavy m e ta l s  e n t e r i n g  a sewage t r e a t m e n t  works may be p a r t i a l l y  

removed d u r in g  pr im ary  s e d im e n ta t i o n  ( L e s t e r ,  1981; Ross in  et_ a l . ,  

1983).  Such removal may occu r  as e i t h e r  s e t t l i n g  o f  p r e c i p i t a t e s  or  

a s s o c i a t i o n  o f  heavy m e ta l s  w i th  s e t t l e a b l e  s o l i d s .  The p r i n c i p a l  

d e t e r m in a n t s  o f  meta l  removal  d u r in g  p r im ary  s e d im e n ta t i o n  a r e  the  

e f f i c i e n c y  o f  suspended s o l i d s  removal and th e  chemica l  s p e c i e s  o f  the  

m e ta l  ( L e s t e r ,  1983).  Accord ing t o  S t e r r i t t  & L e s t e r  (1984a) ,  

ap p ro x im a te ly  30 to  40% o f  most heavy m e ta l s  a r e  removed from raw 

sewage d u r in g  pr im ary t r e a t m e n t .  M eta l s  removed may e x i s t  p r i n c i p a l l y  

in  i n s o l u b l e  forms; removal  e f f i c i e n c i e s  fo r  s o l u b l e  forms o f  Cu, Ni,  

Pb and Zn having  been r e p o r t e d  to  be l e s s  than  1% ( O l iv e r  & Cosgrove,  

1974).

Removal o f  s o l u b l e  m e ta l  forms i s  almost  e n t i r e l y  ach ieved  

d u r ing  the  secondary  or  b i o l o g i c a l  t r e a t m e n t  s t a g e .  The a c t i v a t e d  

s ludge  p ro c e s s  i s  c r u c i a l  in  e n s u r in g  minimal c o n c e n t r a t i o n s  o f  heavy 

m e ta l s  in f i n a l  e f f l u e n t s ,  and may a ch iev e  h ig h e r  removal e f f i c i e n c i e s  

fo r  most m e t a l s ,  w i th  th e  e x c e p t io n  o f  Ni,  than  p e r c o l a t i n g  f i l t e r  

t r e a t m e n t  ( S to n e s ,  1977).  P o s s i b l e  removal  mechanisms have  been 

o u t l i n e d  by Brown & L e s t e r  (1979) a s :

i )  p h y s i c a l  t r a p p i n g  o f  p r e c i p i t a t e d  m e ta l s  in the  s lu d g e  f lo e  

m a t r i x ;

i i )  b in d i n g  o f  s o l u b l e  m e ta l  to  e x t r a c e l l u l a r  polymers ;



Table 5 Typ ica l  pe rc e n ta g e  
in complete sewage

removal e f f i c i e n c i e s  
t r e a tm e n t

of  Cd, Cu, Ni, Pb and Zn

Reference

Metal
(a )

[ 1 ]
(b)

[ 2 ] [3]
(a) (b)

[4 ,5 ] [6 ]

Cd 80 78 35 60-65 55-100 89 81

Cu 73 71 55 8 6 81 96 85

Ni 16 18 45 59 33 70 29

Pb 93 91 65 58-100 - 92 95

Zn 77 78 60 64 81 94 89

[ 1 ] O l iv e r  & Cosgrove (1974) (a )
[ 2 ] Rober ts  £ t  a l .  (1977)
[3] F e i l e r  £ t  al_. (1979) (a)

[4] L e s t e r  et^ a}_. (1979)
[5] S tove land  £ t  a l .  (1979)
[6 ] Wukasch e t  a l .  (1979)

4 weeks s tudy  (b)  3 day s tudy

l a r g e  i n d u s t r i a l  c o n t r i b u t i o n  (b)  
commercial  c o n t r i b u t i o n

domest ic  and
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i i i )  a ccum ula t ion  o f  s o l u b l e  m e ta l  by th e  c e l l ;

iv )  v o l a t i l i s a t i o n  o f  m e ta l  t o  th e  a tmosphere .

Thus,  d u r in g  a c t i v a t e d  s ludge  t r e a t m e n t ,  heavy m e ta l s  i n i t i a l l y  p r e 

s e n t  as  s o l u b l e  forms may be removed by a s s o c i a t i o n  w i th  the  

s e t t l e a b l e  b iomass,  w h i l e  f u r t h e r  removal o f  i n s o l u b l e  m e ta l s  may a l s o  

occur  by a s s o c i a t i o n  w i th  t h i s  b iomass.  E f f i c i e n t  f l o c c u l a t i o n  and 

s e t t l i n g  i s  c r i t i c a l  t o  th e  removal o f  a l l  m e ta l  forms d u r in g  secon

dary  t r e a t m e n t  ( L e s t e r ,  1983) .  The wide ranges  o f  removal e f f i c i e n 

c i e s  o b t a i n e d  f o r  Cd, Cu, N i ,  Pb and Zn d u r in g  a c t i v a t e d  s ludge  

t r e a t m e n t  t o g e t h e r  w i th  t h e  major  f a c t o r s  i n f l u e n c i n g  t h e i r  removals  

have been rev iewed by Brown & L e s t e r  (1979) and L e s t e r  (1983) .

The env i ronm en ta l  d i s t r i b u t i o n  o f  heavy m e ta l s  from many s o u r 

ces i s  t h e r e f o r e  m ed ia ted  and,  t o  a d e g re e ,  c o n t r o l l e d  by sewage 

t r e a t m e n t .  S ince  l e s s  tha n  1% o f  the  t o t a l  f low o f  sewage to  a works 

i s  produced as s ludge  ( L e s t e r  e£  a l .  , 1983) and t h i s  t y p i c a l l y  con

t a i n s  more than  50 to  80% o f  th e  t o t a l  q u a n t i t y  o f  Cd, Cu, Ni,  Pb and 

Zn e n t e r i n g  the  works,  t h e s e  m e ta l s  a r e  c o n c e n t r a t e d  t o  a s i g n i f i c a n t  

d e g re e .  I t  has  been e s t i m a t e d  t h a t  a pp rox im a te ly  7000 t y “ * o f  t h e s e  

f i v e  m e ta l s  a r e  i n c o r p o r a t e d  i n t o  s lu d g es  in the  UK ( L e s t e r ,  1983; 

Ross in  et^ a_l. , 1983).  The c o n c e n t r a t i o n s  o f  t h e s e  m e ta l s  p r e s e n t  in 

sewage s ludges  v a ry  w id e l y ,  however,  a cc o rd in g  to  th e  ge o g ra p h ic a l  

l o c a t i o n ,  type  and q u a n t i t y  o f  i n d u s t r i a l  in p u t  and the  e f f i c i e n c y  of  

removal  ach ieved  by t r e a t m e n t  p r o c e s s e s  (Berrow & Webber, 1972; 

Horvath et^ a l . ,  1981; S p e ig e l  e t  a l . ,  1985).  Typ ica l  c o n c e n t r a t i o n s  

found in  surveys  conducted  in  th e  UK (Berrow & Webber, 1972; 

Department o f  th e  Environment & N a t io n a l  Water  Counc i l ,  1981; S t e r r i t t  

& L e s t e r ,  1981) and th e  USA (Bunch,  1982b; Mumma et^ a l . , 1984; Sp iege l  

e t  a l . , 1985) a r e  p r e s e n t e d  in  Table 6; th e  v a r i a b i l i t y  in  t o t a l  con

c e n t r a t i o n s  of  i n d i v i d u a l  m e ta l s  be ing  dem ons t ra ted  by th e  wide ranges  

e n c o u n te r e d  and the  d i v e r g e n t  mean v a l u e s .  Some c a s e s  o f  ex t rem ely  

h ig h  c o n c e n t r a t i o n s  ( 1 . 6  t o  5.0% w/w) o f  Cu, Pb and Zn have been 

r e c o r d e d ,  b u t  in g e n e r a l ,  th e  mean c o n c e n t r a t i o n s  o f  t h e s e  m e ta l s  a re  

in  th e  o r d e r  o f  0.1 to  0.4% (w/w), w h i le  th o s e  o f  Cd and Ni a r e  t y p i 

c a l l y  one t o  two o r d e r s  o f  magnitude lower.



Table 6 Typical concentrations 
sewage sludges (mgkg~l

of Cd, Cu, 
dry solids)

Ni, Pb and Zn found in UK and USA

Reference [1] [2] [3] [4] [5] [6]

Metal range mean range mean range mean range mean range mean range mean

Cd <60-1500 <200 0.4-183 29 2-110 25 ND-1100 88 3-198 41 0.04-14.6 6.3

Cu 200-8000 970 36-2889 613 170-2080 721 45-16000 1250 126-7729 1546 0.03-8763 1667

Ni 20-5300 510 5-3036 188 16-2020 290 ND-2800 410 29-800 259 0.2-930 140

Pb 120-3000 820 19-3538 550 28-45400 1550 80-26000 1940 80-676 326 2.0-472 190

Zn 700-49000 4100 199-19000 1820 94-9210 1930 50-28360 3480 475-10900 2213 4.4-1000 450

[1] Berrow & Webber (1972) -
[2] DOE/NWC (1981)
[3] Sterritt & Lester (1981) -
[4] Bunch (1982b)
[3] Mutnma e£ a_l. (1984) -
[6] Spiegel et al. (1985)

42 UK sludge samples analysed 
2400 UK sludge samples analysed 
40 UK sludge samples analysed
Typical values from the USEPA 'STORET' data system 
30 sludge samples analysed 
30 USA sludge samples analysed

to
N>



33

Background c o n c e n t r a t i o n s  o f  heavy m e ta l s  found in uncon

ta m in a t e d  s o i l s  s i m i l a r l y  show c o n s i d e r a b l e  v a r i a t i o n ,  r a n g in g  from 

0 .01  t o  0 .7  mgkg“ l fo r  Cd, 2 t o  100 mgkg” * fo r  Cu, 5 t o  500 mgkg"^ fo r  

N i ,  2 t o  200 mgkg“ l f o r  Pb and 10 t o  300 mgkg” ! fo r  Zn (Swaine,  1955; 

Bowen, 1966; Berrow & Webber, 1972). Such v a r i a t i o n  p r i m a r i l y  

r e f l e c t s  d i f f e r e n c e s  in  the  n a t u r e  o f  u n d e r ly i n g  p a r e n t  m a t e r i a l ,  the  

p r i n c i p a l  d e t e rm in in g  f a c t o r s  be ing  th e  s e l e c t i v e  i n c o r p o r a t i o n  of  

p a r t i c u l a r  e lements  in  s p e c i f i c  m i n e r a l s  d u r in g  igne ous - rock  

c r y s t a l l i s a t i o n ,  r e l a t i v e  r a t e s  o f  w e a th e r in g  and the  modes o f  f o r 

m a t ion  o f  s ed im en ta ry  rocks  ( M i t c h e l l ,  1964; Berrow & B u r r id g e ,  1979).  

D e s p i t e  such v a r i a t i o n ,  however,  i t  i s  ap p a re n t  in comparing t h i s  s o i l  

d a t a  w i th  d a t a  p r e s e n t e d  fo r  sewage s ludges  (Table  6 ) t h a t  t o t a l  con

c e n t r a t i o n s  of  Cd, Cu, Ni,  Pb and Zn tend  to  be much h ig h e r  in s ludges  

than  in s o i l s .  T h e r e f o re ,  any a d d i t i o n  o f  s ludge  to  a g r i c u l t u r a l  land 

would almos t  c e r t a i n l y  r e s u l t  in i n c r e a s e d  c o n c e n t r a t i o n s  o f  t h e s e  

m e ta l s  accum ula t ing  in the  s o i l .  Repea ted s ludge  a p p l i c a t i o n s  could  

c o n s e q u e n t ly  lead  t o  t o x i c  e f f e c t s  on crops  or  b io a ccu m u la t io n  to  

p o t e n t i a l l y  haza rdous  c o n c e n t r a t i o n s  in  th e  food cha in  (Hyde, 1976; 

M i t c h e l l  e £  al_. , 1978; S t e r r i t t  & L e s t e r ,  1980a; Webber £t^ al_ , , 1984; 

Bray £l_. , 1985).

In an a t t e m p t  to  minim ise  such r i s k s ,  many c o u n t r i e s  have f o r 

m ula ted  g u i d e l i n e s  t o  r e g u l a t e  heavy me ta l  a d d i t i o n s  t o  a g r i c u l t u r a l  

s o i l s  from sewage s ludge  a p p l i c a t i o n  (USEPA, 1977; F e d e ra l  R e g i s t e r ,  

1979; Thormann, 1979; Commission of  th e  European Communities , 1980a;b;  

Department o f  the  Environment & N a t i o n a l  Water Counc i l ,  1981; Evans e£  

a l . ,  1981),  rev iew s  o f  which have been p r e s e n t e d  by Matthews (1984) 

and Webber et_ a l .  (1984) .  While v a ry in g  c o n s i d e r a b ly  in d e t a i l ,  such 

g u i d e l i n e s  a re  g e n e r a l l y  based  on one or  more o f  th e  fo l lo w in g  c o n t r o l  

s t r a t e g i e s :

i )  l i m i t a t i o n  o f  the  heavy m e ta l  c o n c e n t r a t i o n s  in  the  s ludge  

a p p l i e d  to  a g r i c u l t u r a l  la nd ;

i i )  l i m i t a t i o n  o f  the  heavy m e ta l  l o a d in g s  to  a g r i c u l t u r a l  land ;

i i i )  l i m i t a t i o n  o f  the  heavy m e ta l  c o n c e n t r a t i o n s  in th e  s o i l .

In the  UK g u i d e l i n e s  (Depar tment o f  the  Environment & N a t io n a l
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Water C ounc i l ,  1981),  maximum p e r m i s s i b l e  a d d i t i o n s  o f  twelve  p o te n 

t i a l l y  t o x i c  heavy m e ta l s  in  sewage s ludge  t o  uncontamina ted  non-  

c a l c a r e o u s  s o i l s  over  a p e r io d  o f  a t  l e a s t  t h i r t y  y e a r s  a re  

s p e c i f i e d .  Maximum a d d i t i o n s  o f  Cd, Cu, Ni,  Pb and Zn a r e  recommended 

as  5,  280,  70, 1000 and 560 kgha” ! r e s p e c t i v e l y .  A d d i t i o n s  o f  th e  

p h y t o t o x i c  m e ta l s  Cu, Ni and Zn a re  s u b j e c t ,  however,  t o  an o v e r r i d i n g  

l i m i t a t i o n  in terms o f  th e  'Zn e q u i v a l e n t '  c o n c e p t ,  which supposes  

t h a t  Cu i s  tw ice  and Ni e i g h t  t imes  as t o x i c  as Zn on a w eight  b a s i s  

and t h a t  th e  t o x i c i t i e s  a r e  a d d i t i v e  (Chumbley, 1971).  Hence,  i t  i s  

recommended (Depar tment o f  th e  Environment & N a t io n a l  Water  Counc i l ,  

1981) t h a t  the  maximum a d d i t i o n  o f  Zn e q u i v a l e n t  in sewage s ludge  t o  

uncon tam ina ted  n o n -c a l c a r e o u s  s o i l s  shou ld  be l i m i t e d  t o  560 kgha-  ̂

over  a p e r io d  o f  t h i r t y  y e a r s  or  more.  There i s  ev idence  t o  s u g g e s t ,  

however,  t h a t  the  t o x i c i t i e s  o f  Cu, Ni and Zn may n o t  be a d d i t i v e  and 

t h a t  the  use  of  the  Zn e q u i v a l e n t  e q u a t io n  g r e a t l y  u n d e r e s t i m a t e s  the  

c o n c e n t r a t i o n s  o f  s l u d g e -b o rn e  m e ta l s  t h a t  can be s a f e l y  a p p l i e d  to  

a g r i c u l t u r a l  s o i l s  (Davis & B e c k e t t ,  1978; B eck e t t  & D av is ,  1982; 

Davis et^ a l .  , 1985).

I t  i s  a p p a re n t  t h a t  c o n f l i c t i n g  in fo rm a t io n  conce rn in g  accep

t a b l e  heavy m e ta l  l o a d in g s  t o  s o i l  has  r e s u l t e d  in w ide ly  d i f f e r e n t  

recommendations between some c o u n t r i e s .  The maximum annual  lo a d in g  

f o r  Cd, f o r  i n s t a n c e ,  i s  15 gha”  ̂ in  Denmark and Sweden, 20 gha-  ̂ in 

F in l a n d  and the  N e th e r l a n d s  and 30 gha” l  in  Norway, which may be com

pared  w i th  167 gha- l  f o r  the  UK, 280 gha” l  f o r  Canada ( O n t a r io )  and 

1250 g ha~ l  f o r  t h e  USA (Davis & Coker,  1980).  The proposed  EC 

D i r e c t i v e  on s ludge  d i s p o s a l  t o  land  (Commission o f  th e  European 

Communit ies ,  1982) has  been r e g a rd e d  as a s t e p  towards s t a n d a r d i s a t i o n  

o f  g u i d e l i n e s  c u r r e n t l y  fo l lowed by member c o u n t r i e s  (Webber ej: a l . ,  

1984),  b u t  acc o rd in g  t o  Matthews (1983) ,  unamended im plem en ta t ion  of  

th e  D i r e c t i v e  would r e s u l t  in  i n c r e a s e d  e x p e n d i tu r e  and,  p o s s i b l y ,  

l e s s  s lu d g e  u t i l i s a t i o n  on a g r i c u l t u r a l  land  in  the  UK.

G u id e l in e s  and l e g i s l a t i o n  des igned  to  l i m i t  heavy m e ta l  ad d i 

t i o n s  to  s o i l  a r e  based  a lmos t  e x c l u s i v e l y  on t o t a l  m e ta l  con

c e n t r a t i o n s .  While t o t a l  m e ta l  c o n t e n t  may i n d i c a t e  the  degree  of  

e n v i ro n m en ta l  c o n ta m in a t io n ,  i t  i s  n o t ,  however,  a s u f f i c i e n t  c r i 
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t e r i o n  fo r  a s sessm en t  o f  the  p o t e n t i a l  b i o a v a i l a b i l i t y  o f  th e  m e t a l s .  

A b e t t e r  u n d e r s t a n d in g  o f  th e  e f f e c t s  o f  heavy m e ta l s  on crops  can 

on ly  be a t t a i n e d  from a d e t a i l e d  knowledge o f  th e  m e ta l  s p e c i a t i o n  

( d e f in e d  as the  d i s t r i b u t i o n  o f  a m e ta l  between d i f f e r e n t  phys icoche

m ica l  s p e c i e s  ( F l o r e n c e ,  1982))  and th e  re sponse  o f  th e  p l a n t s  to  each 

s p e c i e s  ( S t e r r i t t  & L e s t e r ,  1980a) .  In a d d i t i o n  s p e c i a t i o n  w i l l  

de te rm ine  m e ta l  m o b i l i t y  and hence p o t e n t i a l  co n ta m in a t io n  o f  ground- 

w a te r  fo l low ing  s ludge  a p p l i c a t i o n  (Emmerich e£  al_. , 1982a).

The p r i n c i p a l  phys icochem ica l  forms in which heavy m e ta l s  a re  

l i k e l y  t o  occur  in a e r o b i c  and a n a e r o b ic  sewage s lu d g e s  have been 

c l a s s i f i e d  by Gould & G e n e t e l l i  (1975) a s :

i )  s o l u b l e  a)  i o n i c  b) o rg a n ic  complexes c)  in o r g a n i c  complexes;

i i )  c o - p r e c i p i t a t e s  in  m e ta l  o x id e s ;

i i i )  p r e c i p i t a t e s ;

i v )  a d s o r b a t e s  a) p h y s i c a l  b) c h e m is o rp t io n  c) c l a y  l a t t i c e ;

v)  o r g a n o m e ta l l i c  complexes a)  s im ple  complexes b) c h e l a t e s ;

v i )  b i o l o g i c a l  r e s i d u e s .

The d i s t r i b u t i o n  o f  m e ta l s  between the  s p e c i f i c  forms v a r i e s  widely  

a c c o rd in g  to  the  chemical  p r o p e r t i e s  o f  the  i n d i v i d u a l  m e ta l  and the  

c h a r a c t e r i s t i c s  o f  the  s lu d g e ,  which a r e  a fu n c t i o n  o f  th e  p h y s i c a l  

and chemical  p r o p e r t i e s  imposed by th e  p a r t i c u l a r  s ludge  t r e a tm e n t  

p r o c e s s .  These in c lu d e  such p a ram e te r s  as  pH, t e m p e r a t u r e ,  o x i d a t i o n -  

r e d u c t i o n  p o t e n t i a l ,  th e  p re s en ce  o f  complexing a g e n t s  and the  con

c e n t r a t i o n s  o f  p r e c i p i t a n t  l i g a n d s  (Gould & G e n e t e l l i ,  1978a) .

U n f o r t u n a t e l y ,  a n a l y t i c a l  l i m i t a t i o n s  imposed by i n t e r f e r e n c e s ,  

s e l e c t i v i t y  and s e n s i t i v i t y  have so f a r  p rec lu d ed  a comple te  d i f f e r e n 

t i a t i o n  o f  m e ta l s  between a l l  the  s p e c i f i c  chemical  forms in the  

complex s ludge  m a t r i x .  However, a number of  schemes have been p ro 

posed to  s e g r e g a t e  m e ta l s  i n t o  s e v e r a l  o p e r a t i o n a l l y  d e f i n e d  f r a c t i o n s  

on th e  b a s i s  o f  p a r t i c l e  s i z e  and e x t r a c t a b i l i t y  in  v a r i o u s  chemical  

r e a g e n t s .

Metal  forms in  s ludges  have most f r e q u e n t l y  been i n v e s t i g a t e d
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by s e l e c t i v e  chemica l  e x t r a c t i o n  t e c h n i q u e s .  Such t e c h n iq u e s  i n c o r 

p o r a t e  e i t h e r  a s i n g l e  r e a g e n t  to  e x t r a c t  an i n d i v i d u a l  m e ta l  f r a c t i o n  

( J e n k in s  & Cooper,  1964; Berrow & Webber, 1972; B loom fie ld  & Pruden ,  

1975; B radford  et^ a l . ,  1975; L a g e rw er f f  e t  a_l. ,  1976; S tover  et^ a l . ,  

1976; B loom fie ld  & McGrath, 1982; Adams, 1985) or  a s e r i e s  of  r e a g e n t s  

t o  remove m e ta l s  from v a r i o u s  component f r a c t i o n s  in  sequence (S to v e r  

e t  a l . ,  1976; S i l v i e r a  & Sommers, 1977; F o r s t n e r  e £  a l . ,  1981; 

Emmerich e t  £ l . ,  1982b; F r a s e r  & Lum, 1983; L e g r e t  e_t a l . , 1983; 

S t e i n h i l b e r  & Boswell ,  1983; Oake e t  al_,, 1984).  Mechanisms of  

e x t r a c t i o n  a r e  g e n e r a l l y  based  on d i s s o l u t i o n  o f  s o l i d s ,  r e v e r s a l  o f  

chemica l  r e a c t i o n s ,  fo rm at ion  o f  s t a b l e  non-adsorbed  complexes a n d / o r  

d i sp la c e m e n t  o f  adsorbed  or  ion -ex c h an g eab le  m e ta l s  ( P i c k e r i n g ,  1981; 

C o t t e n i e  & V er loo ,  1984).

Many o f  the  s i n g l e  chemical  e x t r a c t a n t  t e c h n iq u e s  a p p l i e d  to  

sewage s lu d g e ,  which invo lve  e i t h e r  shak ing  o f  a s ludge  sample in 

r e a g e n t  a t  a known s ludge  s o l i d s  t o  volume r a t i o  over  an optimum time 

p e r i o d  or  co n t in u o u s  l e a c h in g  o f  columns o f  s lu d g e ,  were based  on 

te c h n iq u e s  o r i g i n a l l y  developed  fo r  use in  s o i l  c h e m is t ry .  Simple 

aqueous e x t r a c t i o n s  have g e n e r a l l y  been employed t o  i n v e s t i g a t e  th e  

o c cu r ren c e  o f  w a t e r - s o l u b l e  heavy m e ta l s  in sewage s lu d g e s .  Th is  

f r a c t i o n  i s  c o n s id e r e d  to  approxim ate  the  c o n c e n t r a t i o n  o f  meta l  in 

t h e  s o l u t i o n  phase and hence t h a t  most r e a d i l y  a v a i l a b l e  f o r  p l a n t  

up take  ( V i e t s ,  1962; Cox & Kamprath,  1972; W or th ing ton ,  1979; Soon & 

B a te s ,  1982; C o t t e n i e  & V er loo ,  1984; Matthews, 1984).  L age rw er f f  e_t 

a l . (1976) dem ons t ra ted  t h a t  <1% o f  Pb and a p p ro x im a te ly  2% o f  Cu were 

le a c h e d  by t a p  w a te r  from columns o f  a i r - d r i e d  d i g e s t e d  s lu d g e ,  w h i l e  

11% o f  Cd and 36% o f  Zn were w a t e r - s o l u b l e  (Lage rw er f f  e£  al_. , 1976).  

However, f o l l o w in g  r e p e a t e d  p e r c o l a t i o n  o f  columns o f  d r i e d  d i g e s t e d  

s ludge  w i th  d i s t i l l e d  w a te r ,  J e n k in s  & Cooper (1964) c a l c u l a t e d  the  

t o t a l  Cu, Ni and Zn e x t r a c t e d  t o  be no g r e a t e r  than  0 . 3 ,  14.3 and 

1 . 7 % r e s p e c t i v e l y ;  r e d u c t i o n s  in the  w a te r  s o l u b i l i t y  o f  t h e s e  m e ta l s  

fo l l o w in g  s u c c e s s i v e  p e r c o l a t i o n s  be ing  a t t r i b u t e d  t o  the  development 

o f  a n a e ro b ic  c o n d i t i o n s .  B loom f ie ld  & Pruden (1975) s i m i l a r l y  

observed  c o n s i d e r a b l e  r e d u c t i o n s  in w a t e r - s o l u b l e  forms of  Cu, Ni and 

Zn fo l lo w in g  a n a e ro b ic  in c u b a t io n  f o r  t h r e e  months,  a l th o u g h  Cd and Pb 

in c r e a s e d  in s o l u b i l i t y  from <0.1 to  7% and <0.2 t o  0.6% r e s p e c t i v e l y .
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Subsequent  a e r a t i o n  i n c re a s e d  th e  w a t e r - s o l u b i l i t y  o f  Cu and Zn b u t  

had no c o r r e s p o n d in g  e f f e c t  on Cd, Ni and Pb. In c o n t r a s t ,  however, 

c o n s i s t e n t l y  low w a te r  s o l u b i l i t i e s  fo l low ing  a n a e ro b ic  i n c u b a t io n  fo r  

one week have been r e p o r t e d  f o r  Cd (<0• 1 %) and Pb (<0.03%) w h i le  Cu, 

Ni and Zn s o l u b i l i t i e s  were <0.1 t o  6.2%, 1.5 t o  9.2% and <0.01 to  

0.8% r e s p e c t i v e l y  (S to v e r  e£  a l . , 1976).  I t  i s  a p p a re n t  from th e s e  

o b s e r v a t i o n s  t h a t  m e ta l s  in  s lu d g e  g e n e r a l l y  e x h i b i t  low w a te r  s o l u b i 

l i t i e s ,  w i th  Ni c o n s i s t e n t l y  emerging as the  most and Pb as the  l e a s t  

w a t e r - s o l u b l e  m e t a l .  C o n s id e ra b l e  v a r i a t i o n  in m e ta l  s o l u b i l i t y  b e t 

ween s ludges  has  been r e p o r t e d ,  r e f l e c t i n g  d i f f e r e n c e s  in  s ludge  p ro

p e r t i e s  .

E x t r a c t i o n  t e c h n iq u e s  based  on me ta l  c h l o r i d e  s o l u t i o n s  and 

n e u t r a l  a c e t a t e  s a l t s ,  which have  f r e q u e n t l y  been u t i l i s e d  in th e  

d i sp la c e m e n t  o f  exchangeable  m e ta l  forms from s o i l s  (Adams, 1965; Cox 

& Kamprath,  1972; McLaren & Crawford,  1973; E l s o k a r r y  & Lagg,  1978; 

C a v a l l a r o  & McBride,  1984; C o t t e n i e  & V er loo ,  1984) and sed im ents  

( T e s s i e r  elt a l .  , 1979; M e g u e l l a t i  et^ al_. , 1983) have a l s o  been a p p l i e d  

t o  sewage s lu d g e s  (Lage rw er f f  e_t a l . , 1976; F o r s t n e r  e_t al_. , 1981; 

Adams, 1985).  Exchangeable forms have been d e f in e d  as c a t i o n s  which 

a r e  e a s i l y  i n t e r c h a n g e a b l e  between th e  s o i l  s o l u t i o n  and n e g a t i v e l y  

charged  s i t e s  on the  s u r f a c e  o f  s o i l  c o l l o i d s  (Doyle et_ aj_. , 1978) 

and hence may be a v a i l a b l e  f o r  up take  by p l a n t s .  E x t r a c t i o n  o f  a i r -  

d r i e d  d i g e s t e d  s ludge  wi th  0 .06  M CaCl2 s o l u t i o n  r e s u l t e d  in <1% of  Pb 

and <2% of  Cu be ing  le a c h e d ,  w h i l e  th e  e x t r a c t a b i l i t y  o f  Cd and Zn was 

g r e a t e r ,  a t  46 and 81% r e s p e c t i v e l y  (Lage rw er f f  ej: al_. , 1976). Using 

1 .0  M ammonium a c e t a t e  (NH^OAc) in  the  removal o f  exchangeab le  forms 

from a c t i v a t e d  s lu d g e s ,  F o r s t n e r  e t  a l .  (1981) s i m i l a r l y  observed  the  

e x t r a c t a b i l i t i e s  o f  Cd and Zn to  be r e l a t i v e l y  g r e a t e r  than th o s e  o f  

Cu and Pb, u s in g  the  term 'm e ta l  p a i r s '  t o  deno te  s i m i l a r i t y  in the  

behav iou r  of  Cu-Pb and Zn-Cd r e s p e c t i v e l y .  However, Zn d i s p l a c e d  from 

a r t i f i c i a l l y  m e t a l - l o a d e d  sewage s ludges  by BaCl2  was r e p o r t e d  to  

r e p r e s e n t  on ly  3.9% o f  the  t o t a l  (Adams, 1985),  w h i le  4.2% o f  the  Cu 

and 2.8% o f  th e  Ni was BaCl2 * ~ e x t r a c ta b le . Although c h l o r i d e  r e a g e n t s  

have been p r e f e r r e d  to  n e u t r a l  a c e t a t e  s a l t s  in e x t r a c t i n g  

exchangeab le  c a t i o n s  from s o i l s  (Gibbs ,  1973; McLaren & Crawford,  

1973),  o b j e c t i o n s  have been r a i s e d  r e g a r d i n g  t h e i r  s u i t a b i l i t y  in
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d e te rm in in g  t h i s  form due t o  th e  fo rm at ion  of  d i s s o l v e d  m e t a l - c h l o r o  

complexes (Doner,  1978; Calmano & F o r s t n e r ,  1983).

E x t r a c t i o n  t e c h n iq u e s  based  on a c i d i f i c a t i o n  o r  c h e l a t i n g  o rga 

n i c s ,  which have been used to  de te rm ine  ' a v a i l a b l e '  forms o f  m e ta l s  in 

s o i l s  (Wear & Evans,  1968; N o rv e l l  & L indsay ,  1969; 1972; T r i e r w e i l e r  

& L indsay ,  1969; Misra & Pande,  1974; L indsay  & N o r v e l l ,  1978; T iw ar i  

& Mohankumar, 1982),  have a l s o  been a p p l i e d  t o  s lu d g e s .  The term 

' a v a i l a b l e ' ,  which has  been u t i l i s e d  in  m i c r o n u t r i e n t  s o i l  t e s t s  to  

deno te  th e  n u t r i e n t  s t a t u s  o f  s o i l s  w i th  r e s p e c t  t o  p l a n t s ,  may r e l a t e  

t o  s e v e r a l  d i f f e r e n t  m e ta l  s p e c i e s ;  w a t e r - s o l u b l e ,  exchangeab le  and 

o r g a n i c a l l y  bound forms b e in g  o f  most s i g n i f i c a n c e  (Cox & Kamprath,  

1972) .  O r g a n i c a l l y  bound m e t a l s  i n c o r p o r a t e  th o s e  forms which a re  

complexed,  c h e l a t e d ,  or  adsorbed  to  o rg an ic  m a t t e r  in a d d i t i o n  t o  com

ponen ts  o f  l i v i n g  c e l l s ,  t h e i r  e x u d a t e s ,  and a spect rum of  d e g r a d a t io n  

p r o d u c t s  (Wildung e£  al_ . , 1979).

Acids used in th e  e x t r a c t i o n  o f  m e ta l s  from sewage s ludge  

in c lu d e  c i t r i c  ( J e n k in s  & Cooper,  1964),  a c e t i c  (Berrow & Webber, 

1972; B loom fie ld  & Pruden ,  1975; Neuhauser & H a r s t e i n ,  1980; 

B loom fie ld  & McGrath, 1982; Davis & C a r l to n -S m i th ,  1983),  h y d r o c h l o r i c  

(L age rw er f f  et: al_. , 1976; S to v e r  ert a l . , 1976; Neuhauser & H a r s t e i n ,  

1980; Logan & F e l t z ,  1985) and n i t r i c  (Bradford  e t  a l . ,  1975),  a t  con

c e n t r a t i o n s  r a n g in g  from 0 .01  to  4 .0  M H+ ; w h i le  e t h y l e n e d i a m i n e -  

t e t r a a c e t i c  a c i d  (EDTA) i s  th e  most f r e q u e n t l y  a p p l i e d  c h e l a t i n g  agent  

(B loom f ie ld  & Pruden,  1975; Wollan & B e c k e t t ,  1979; B loom fie ld  & 

McGrath,  1982; Davis & C a r l t o n - S m i t h ,  1983). The v a l i d i t y  o f  e q u a t in g  

e x t r a c t a b i l i t y  by such r e a g e n t s  w i th  ' a v a i l a b i l i t y '  has  been 

q u e s t i o n e d ,  however,  s i n c e  the y  tend  to  d i s s o l v e  forms o f  m e ta l s  which 

a r e  no t  ' a v a i l a b l e '  an d /o r  do n o t  d i s s o l v e  forms which a r e  ' a v a i l a b l e '  

(B eck e t t  et̂  a\_,, 1983).  N e v e r t h e l e s s ,  such e x t r a c t i o n  t e c h n iq u e s  may 

p ro v id e  i n fo rm a t io n  r e g a r d i n g  the  r e l a t i v e  b in d in g  s t r e n g t h s  of  

v a r i o u s  m e ta l s  to  s ludge  s o l i d s .

Between 50 and 75% of  Cu, Ni and Zn have been e x t r a c t e d  by p e r 

c o l a t i n g  0 .095 M c i t r i c  a c i d ,  b u f f e r e d  a t  pH 2 t o  6 , th rough  columns 

o f  d i g e s t e d  s ludge  ( J e n k in s  & Cooper,  1964),  w h i le  Ni and Zn have a l s o
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been found t o  be h ig h ly  s o l u b l e  in 0 .42  M a c e t i c  a c i d ,  w i th  over  95% 

o f  t o t a l  Zn be ing  p r e s e n t  in  r e a d i l y  s o l u b l e  forms in some cases  

(Berrow & Webber, 1972).  A c e t i c  a c i d - e x t r a c t a b l e  forms o f  Cu and Pb, 

however,  r e p r e s e n t e d  on average  only  6 .9  and 2 . 8 % o f  th e  t o t a l  r e s p e c 

t i v e  m e ta l  (Berrow & Webber, 1972).  A 0 .5  M HCl s o l u t i o n  e x t r a c t e d  

69 ,  59 and 73% o f  Cd, Ni and Zn r e s p e c t i v e l y  from d i g e s t e d  s lu d g e s ,  

w h i l e  only  24 and 18% o f  Cu and Pb were e x t r a c t e d  (S to v e r  et^ a J . ,

1976).  Logan & F e l t z  (1985) s i m i l a r l y  r e p o r t e d  >70% of  th e  Cd, Ni and 

Zn c o n t e n t  o f  a d i g e s t e d  s lu d g e  bu t  only  26% o f  th e  Cu and 4% o f  the  

Pb to  be H C l - e x t r a c t a b l e .  Such f i n d i n g s  s u gges t  t h a t  Cu and Pb may be 

more s t r o n g l y  bound w i t h i n  th e  s ludge  m a t r ix  than  Cd, Ni or  Zn.

The e f f e c t  o f  i n c u b a t i o n  on m e ta l  e x t r a c t a b i l i t y  in  0 .5  M ace

t i c  a c i d  and 0.05 M EDTA has  been i n v e s t i g a t e d  (B loom fie ld  & Pruden ,  

1975).  Under a n ae ro b ic  c o n d i t i o n s  the  p r o p o r t i o n  o f  th e  t o t a l  Cd, Cu 

and Zn e x t r a c t e d  by a c e t i c  a c i d  d ec re ase d  from 60 t o  50%, 10 t o  0.2% 

and 60 t o  20% r e s p e c t i v e l y ,  w i th  s i m i l a r  r e d u c t i o n s  from 75 t o  50%, 20 

to  0.5% and 70 t o  40% b e in g  observed  f o r  ED TA-extrac tab le  m e t a l s .  

However, a c e t i c  a c i d - e x t r a c t a b l e  Pb i n c r e a s e d  from 1.2  t o  5.7%, w h i le  

EDTA-extrac tab le  Pb i n c r e a s e d  from 8 t o  28%. Al though EDTA-extract 

a b l e  Ni i n c r e a s e d  from 29 t o  36% d u r in g  a n a e ro b ic  i n c u b a t i o n ,  a marked 

r e d u c t i o n  in  a c e t i c  a c i d - s o l u b l e  Ni from 39 to  5% o c c u r r e d .  

Subsequent  a e r a t i o n  g e n e r a l l y  in c r e a s e d  th e  a c e t i c  a c id  and EDTA 

e x t r a c t a b i l i t y  o f  m e t a l s .  Th is  change in  e x t r a c t a b i l i t y  in  s p e c i f i c  

m e ta l s  under  d i f f e r e n t  redox  c o n d i t i o n s  can be e x p l a in e d  by the  

changes in  m e ta l  form which o c c u r .  For example,  th e  i n c r e a s e  in the  

e x t r a c t a b i l i t y  o f  Pb by EDTA under  a n ae ro b ic  c o n d i t i o n s  cou ld  r e s u l t  

from an i n c r e a s e  in  PbC0 3 , which i s  r e a d i l y  s o l u b l e  in  EDTA (S to v e r  £ t  

a l . , 1976).

A p r o g r e s s i v e  a c i d i f i c a t i o n  t e c h n iq u e  based  on t h a t  developed  

by C o t t e n i e  (1981) f o r  use  on s o i l s  has  been a p p l i e d  t o  sewage 

s lu d g e s  t o  c h a r a c t e r i s e  c o n s t i t u e n t  heavy m e ta l s  acc o rd in g  to  t h e i r  

s o l u b i l i t i e s  a t  d i f f e r e n t  pH v a lu e s  (Adams & S anders ,  1983; 1984; 

Adams, 1985).  The pH v a l u e  i s  one o f  t h e  most i n f l u e n t i a l  pa ram e te rs  

c o n t r o l l i n g  th e  t r a n s f e r e n c e  o f  m e ta l s  from immobile s o l i d - p h a s e  forms 

to  more m o b i le ,  and p o s s i b l y  more b i o a v a i l a b l e ,  s o l u t i o n - p h a s e  forms
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( C o t t e n i e ,  1981; Soon, 1981; G e r r i t s e  et^ a_l. ,  1982; Sanders ,  1983; 

Adams & Sanders ,  1984).  A dso rp t ion  e q u i l i b r i a ,  the  s t a b i l i t y  of  

o rg an o -m in e ra l  complexes and the  r e d o x - p o t e n t i a l ,  which a l l  modify 

s o l u b i l i t y  r e l a t i o n s h i p s ,  a r e  p a r t i c u l a r l y  a f f e c t e d  by t h i s  pa ram ete r  

(Dhaese & C o t t e n i e ,  1979; C o t t e n i e  & V e r lo o ,  1984).  P r o g r e s s i v e  a c i 

d i f i c a t i o n  o f  raw s l u d g e s ,  which e s s e n t i a l l y  invo lved  e q u i l i b r a t i n g  

s l u d g e - w a te r  s u sp e n s io n s  a t  d e c r e a s i n g  pH v a lu e s  by a d d i t i o n  o f  HNO3 , 

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

b e in g  observed  fo r  each m e ta l  s t u d i e d  (Adams & Sanders ,  1983; 1984; 

Adams, 1985).  While Cu tended t o  pass  i n t o  s o l u t i o n  a t  app rox im ate ly  

pH 4 . 0 ,  Ni and Zn e x h i b i t e d  g r e a t e r  s o l u b i l i t y ,  w i th  t h r e s h o l d s  n e a r e r  

t o  pH 6 . 0 .  To d a t e ,  th e  e f f e c t  o f  p r o g r e s s i v e  a c i d i f i c a t i o n  on the  

s o l u b i l i t i e s  o f  Cd and Pb p r e s e n t  in sewage s ludge  has  no t  been 

i n v e s t i g a t e d .

S e q u e n t i a l  chemical  e x t r a c t i o n  schemes a re  c o n s id e re d  t o  be of  

g r e a t e r  v a l u e  than  s i n g l e  e x t r a c t a n t s  in  d e t e rm in in g  m e ta l  d i s t r i b u 

t i o n  in sewage s ludge  (S to v e r  £ £  a K , 1976) and,  a l th o u g h  more t im e-  

consuming,  they  p ro v id e  a d d i t i o n a l  in fo rm a t io n  r e g a r d i n g  meta l  

b i o a v a i l a b i l i t y  and m o b i l i t y  ( T e s s i e r  et^ a l . , 1979).  Examples o f  

s e q u e n t i a l  e x t r a c t i o n  schemes which have been a p p l i e d  t o  sewage 

s lu d g es  a r e  p r e s e n t e d  in  Table  7, th e  m a j o r i t y  o f  th e s e  be ing  m o d i f i 

c a t i o n s  o f  e x t r a c t i o n  te c h n iq u e s  developed  fo r  use  on s o i l s  (Hodgson, 

1963; L indsay ,  1972; McLaren & Crawford,  1973) and sed im ents  ( T e s s i e r  

e t  a l .  ,1979;  Salomons & F o r s t n e r ,  1980; M e g u e l l a t i  e£  al_. , 1983).  

Reagen ts  u t i l i s e d  were chosen on th e  b a s i s  of  t h e i r  s e l e c t i v i t y  and 

s p e c i f i c i t y  towards  p a r t i c u l a r  phys icochem ica l  forms.  I t  i s  a p p a r e n t ,  

however,  t h a t  much v a r i a t i o n  e x i s t s  between schemes in the  r e a g e n t s  

used t o  e x t r a c t  s p e c i f i c  m e ta l  forms.

S tove r  e_t al_. (1976) proposed  a s e q u e n t i a l  e x t r a c t i o n  t e ch n iq u e  

f o r  a p p l i c a t i o n  t o  sewage s ludge  which was based on a p rocedure  o r i g i 

n a l l y  developed  f o r  use on s o i l s  by McLaren & Crawford (1973) .  This  

m o d i f i e d  scheme in c o r p o r a t e d  1.0 M KNO3 , 0 .5  M KF (pH 6 . 5 ) ,  0 .1  M 

Na4 P2 0 7 , 0 .1  M EDTA (pH 6 . 5 )  and 1 .0  M HNO3 t o  f r a c t i o n a t e  m e ta l s  i n t o  

forms d e s ig n a t e d  as exchangeab le ,  ad so rbed ,  o r g a n i c a l l y  bound,  c a r 

b o n a t e ,  and s u lp h id e  r e s p e c t i v e l y .  E x t r a c t i o n  o f  exchangeab le  m e ta l s



Table 7 Reagents utilised in the sequential extraction of heavy metals from sewage sludges

Reference Silviera & 
Sommers(1977)

Stover et 
a U  (1976)

Oake et 
ai.(1984)

Emmerich et 
£l_. (1982b)

Steinhilber & 
Boswell (1983)

Fdrstner et 
alL (1981)

Fraser &
Lum (1983)

Legret et 
a U  (1983)

Sludge type Digested Digested Raw,Activated. 
Digested

Digested Digested Activated Digested
ash

Digested

Metals Cd,Cu,Pb,Zn Cd.Cu.Ni.Pb,
Zn

Cd.Cr,Cu,Ni, 
Pb.Zn

Cd.Cu.Ni.Zn Zn Cd.Cu,Pb.Zn A1.Cd.Co.Cr, 
Cu,Fe,Mn,Ni, 
Pb.Zn

Cd.Cu.Ni.Pb,
Zn

Des ignated 
Chemical Form

Soluble h2o b b

Exchangeable RNO3 KNO3 KNO3 KNO3 NH4OAC NH4OAC MgCl 2 BaCl 2

Adsorbed

Orgsnically
bound

KF

Na^P207

KF

Ha^P207

Ion-exchange
H20

NaOH

EDTA

NaOCl
NH4OAC

d
H202-HHO3
NH4OAC

d
H20 2-HN03
NH4OAC

d
H2O2-HNO3
NH4OAC

'Available' DTPA

Carbonate EDTA EDTA EDTA
NH20H.HC1-
HNO3

NaOAc-
HOAc

NaOAc-
HOAc

Sulphide HNO3 HNO3 HNO3
d
H2O2-HHO3
NH4OAC

d
H2O2-HHO3
NH4OAC

d
H20 2“HHO3
NH4OAC

Oxide bound*
Oxalatee 
Mixture 
(Dark & UV)

NH20H.HC1-
HNO3
Oxalatee

NH20H.HC1-
HOAc

NH20H.HC1-
HOAc
NH4OAC

Residual HNO3 HNO3 C.HMO3 h 2o 2-hf-
HCl

HC1-HF

a Co-precipitated with or occluded in Fe and Mn oxides; also designated the 'reducible' phase 
b Soluble phase sepsrated from solid phase
c Correct order of extraction scheme is: exchangeable; carbonate; oxide-bound; organic/sulphide; residual 
d Organic and sulphide forms classed as a single 'oxidisable' phase 
e Consists of oxalic acid (CO2IO2 and oxalate
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by KNO3  i s  based  on th e  a b i l i t y  o f  K+ in  excess  t o  d i s p l a c e  c a t i o n s  

from n e g a t i v e l y - c h a r g e d  exchange s i t e s  l o c a t e d  on s ludge  in o r g a n i c  and 

o rg a n ic  components (S to v e r  e t  a l . ,  1976; Koenig,  1976).  The d i s p l a c e d  

c a t i o n s  form s o l u b l e  n i t r a t e  s a l t s  w i t h i n  th e  e x t r a c t i n g  s o l u t i o n  

(Koenig,  1976).  U t i l i s a t i o n  o f  KF a t  th e  c o n c e n t r a t i o n  and pH v a lu e  

s p e c i f i e d  e f f e c t s  the  removal  o f  s u r f a c e  adsorbed  m e ta l s  th rough  the  

fo rm at ion  o f  s o l u b l e  m e t a l - f l u o r i d e  complexes w h i le  s im u l t a n e o u s l y  

m in im is in g  s o l u b i l i s a t i o n  o f  o r g a n i c a l l y  bound forms (S to v e r  et_ a l . ,

1 976 )  . Removal o f  o r g a n i c a l l y  bound m e ta l s  by d i l u t e  Na^^Oy has  been 

a t t r i b u t e d  t o  th e  a b i l i t y  o f  t h i s  r e a g e n t  t o  s o l u b i l i s e  o rg a n ic  m a t t e r  

and t o  form s t a b l e  s o l u b l e  c o - o r d i n a t i o n  complexes w i th  m e t a l l i c  

c a t i o n s  (Koenig,  1976; P i c k e r i n g ,  1981).  The r e a c t i o n  between s o i l  

o rg a n ic  m a t t e r  and Na4 P2 0 y has  been s i m p l i f i e d  by S c h n i t z e r  & Khan 

(1972) as fo l l o w s :

R ( 0 0 0 )4. Zn2  + Na4P207 1 ► R (C00Na)4 + Zx\2?2̂ 'J (1)
s o l u b l e  s o l u b l e

S e l e c t i o n  o f  EDTA f o r  t h e  e x t r a c t i o n  o f  meta l  c a rb o n a te s  was on the  

b a s i s  o f  i t s  dem ons t ra ted  removal e f f i c i e n c y  o f  pure m e ta l  p r e c i p i t a 

t e s  ( S to v e r  et^ a l . , 1976).  D i s s o l u t i o n  o f  m e ta l  ions  by EDTA i s  p r i n 

c i p a l l y  th rough  i t s  c h e l a t i n g  a b i l i t y ;  c h e l a t i o n  i n v o l v in g  the  

c o - o r d i n a t i o n  o f  two or  more e l e c t r o n - d o n a t i n g  atoms p r e s e n t  in  the  

c h e l a t i n g  l i g a n d  to  th e  same e l e c t r o n - a c c e p t i n g  meta l  ion so as  to  

form a h e t e r o c y c l i c  r i n g  termed a c h e l a t e  ( B e l l ,  1977; W or th ing ton ,  

1979).  EDTA i s  a s e x a - d e n t a t e  l i g a n d  ( i e .  c o n t a i n s  s i x  donor atoms 

capa b le  o f  c o - o r d i n a t i o n  t o  a s i n g l e  m e ta l  ion)  which forms f i v e  che

l a t e  r i n g s  when a l l  donor atoms a re  c o - o r d i n a t e d  t o  a m e ta l  ion ( B e l l ,

1977)  , as  i l l u s t r a t e d  (F ig u r e  3 ) .  F i n a l l y ,  d i s s o l u t i o n  o f  meta l  

s u lp h id e s  by HNO3  i s  based  on p H - s t a b i l i t y  p r o p e r t i e s  (S to v e r  et^ al_. , 

1976).

In ap p ly in g  t h i s  s e q u e n t i a l  e x t r a c t i o n  scheme t o  v a r io u s  

d i g e s t e d  sewage s lu d g e s ,  S tove r  ejt al_, (1976) found t h a t  w h i le  c a r 

bona te  forms predomina ted fo r  Cd (49%), Ni (32%) and Pb (61%), Zn and 

Cu were p redom inan t ly  p r e s e n t  in o r g a n i c a l l y  bound (50%) and su lp h id e  

(35%) forms r e s p e c t i v e l y .  Adsorbed and exchangeab le  f r a c t i o n s



Figure 3 Chelation of a metal ion (M) by EDTA
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t o g e t h e r  accounted  f o r  <10% of  th e  t o t a l  Cd, Pb and Zn, w h i le  a p p ro x i 

m a te ly  17% o f  th e  Cu and 22% of  the  Ni was p r e s e n t  in t h e s e  two f r a c 

t i o n s .  Using a s l i g h t l y  m od i f ied  v e r s i o n  o f  t h i s  t e c h n i q u e ,  Oake e£  

a l . (1984) observed  the  predominan t  forms o f  Cd, Cu, Ni,  Pb and Zn 

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

S to v e r  £ t  a l .  (1976) .  However, a s i m i l a r  e x t r a c t i o n  p rocedure  

a p p l i e d  by Emmerich e t  al_. (1982b) t o  d i g e s t e d  s ludge  (Tab le  7) i n d i 

c a t e d  t h a t  w h i le  Cd, Ni and Zn o c c u r r e d  p redom inan t ly  in  c a rb o n a te  

form, th e  major forms of  Cu e x t r a c t e d  were in the  o r d e r :  o r g a n i c a l l y  

bound > c a rb o n a te  > s u l p h i d e / r e s i d u a l ; more than 60% o f  th e  s ludge  Cu 

b e in g  in  the  o r g a n i c a l l y  bound form. This  sequence i s  th e  r e v e r s e  of  

t h a t  r e p o r t e d  f o r  Cu by S tove r  jet (1976) .  Also  in  app a re n t  

c o n t r a d i c t i o n  t o  th e  r e s u l t s  o f  S to v e r  £t^ al_. (1976) ,  L e g re t  e_t a l . 

(1983) s t a t e d  t h a t  Cu in d i g e s t e d  s ludges  was l a r g e l y  a s s o c i a t e d  with  

t h e  o rg a n ic  phase .  However, c l o s e r  i n s p e c t i o n  o f  the  form d e s ig n a t e d  

as ' o r g a n i c '  by L e g re t  et_ al_. (1983) r e v e a l s  th e  i n c l u s i o n  o f  s u l p h i 

des as an ' o x i d i s a b l e '  phase (Table  7 ) ,  s u g g e s t i n g  t h a t  th e  r an k in g s  

o f  Cu by S tover  a l .  (1976) and L e g re t  £ t  al_. (1983) may no t  be as 

d i s s i m i l a r  as  th e y  i n i t i a l l y  a p p ea r .

U n f o r t u n a t e l y ,  in t e r - c o m p a r i s o n  o f  the  r e s u l t s  o b ta in e d  from 

s e q u e n t i a l  e x t r a c t i o n  schemes i s  d i f f i c u l t  due t o  t h e  d i v e r s i t y  o f  

r e a g e n t s  used to  e x t r a c t  p a r t i c u l a r  m e ta l  forms (Table  7 ) .  Even when 

t h e  same r e a g e n t  i s  employed,  the  r a t e  and e f f i c i e n c y  o f  l e a c h in g  w i l l  

be i n f l u e n c e d  by th e  ty pe  o f  sample ,  th e  s i z e  o f  p a r t i c u l a t e s  and 

d u r a t i o n  o f  e x t r a c t i o n  t o g e t h e r  w i th  pH, t e m p e r a t u r e ,  s t r e n g t h  o f  

e x t r a c t a n t  and r a t i o  o f  s o l i d  m a t t e r  t o  volume o f  t h e  e x t r a c t a n t  

( S t e r r i t t  & L e s t e r ,  1980a; F o r s t n e r  e£  a l . , 1981).  I n v e s t i g a t i o n  in to  

t h e  e f f e c t  o f  v a r y in g  e x t r a c t i o n  scheme p a ram ete rs  has  been proposed 

w i th  a view t o  s t a n d a r d i s a t i o n  o f  e x t r a c t i o n  p ro ced u res  ( F o r s t n e r  e£ 

a l . ,  1981) b u t ,  t o  d a t e ,  has  r e c e i v e d  l i t t l e  a t t e n t i o n .

F r a c t i o n a t i o n  on the  b a s i s  o f  p a r t i c l e  s i z e  has  been under taken  

on d i g e s t e d  pr im ary  s ludge  u s in g  a scheme of  e l u t r i a t i o n  and f i l t r a 

t i o n  th rough  membranes o f  v a r i o u s  mesh s i z e s  (Gould & G e n e t e l l i ,  

1975).  A ll  m e ta l s  s t u d i e d ,  i n c l u d i n g  Cd, Cu, Ni,  Pb and Zn, were 

found to  be a s s o c i a t e d  w i th  the  s o l i d  phase ,  in excess  o f  90% be ing  in
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t h e  ' p a r t i c u l a t e '  f r a c t i o n  (hav ing  e f f e c t i v e  S t o k e ' s  d ia m e te r s  o f  >100 

pm). Most o f  the  b a l a n c e  was found in  th e  ' s u p r a c o l l o i d a l ' f r a c t i o n  

( 0 . 6 - 1 0 0  ym) w i th  th e  ' c o l l o i d a l '  ( 0 . 0 0 2  -  0 . 6  ym) and d i s s o lv e d  

(<0 . 0 0 2  ym) f r a c t i o n s  a c c o u n t in g  f o r  l e s s  than 1  t o  2 % o f  t o t a l  m e ta l .  

Although f r a c t i o n a t i o n  o f  heavy m e t a l s  based  on f i l t r a t i o n  w i l l  no t  

d i f f e r e n t i a t e  between p h y s i c a l  s o l i d  type s  ( S t e r r i t t  & L e s t e r ,  1984b), 

Gould & G e n e t e l l i  (1975) conc luded  t h a t  o r g a n o m e ta l l i c  i n t e r a c t i o n s  

were im p o r tan t  in  d i g e s t e d  s ludge  s i n c e  heavy m e ta l  c o n t e n t  c o r r e l a t e d  

t o  a g r e a t e r  e x t e n t  w i th  v o l a t i l e  s o l i d s  than  w i th  i n e r t  s o l i d s .

Using s i m i l a r  methods o f  f i l t r a t i o n  and e l u t r i a t i o n ,  Hayes & 

T h e i s  (1976; 1978) a t t e m p te d  to  c h a r a c t e r i s e  th e  d i s t r i b u t i o n  o f  Cd, 

Cu, Ni,  Pb and Zn in  a n a e r o b i c a l l y  d i g e s t e d  sewage s ludge  among 

s o l u b l e ,  p r e c i p i t a t e d ,  e x t r a c e l l u l a r  and i n t r a c e l l u l a r  components.  

The m e ta l s  were found to  be d i s t r i b u t e d  almost  e x c l u s i v e l y  (>95%) b e t 

ween the  in o r g a n i c  p r e c i p i t a t e d  and o rgan ic  i n s o l u b l e  f r a c t i o n s ;  

s e p a r a t i o n  of  t h e s e  two components hav ing  been ach ieved  by e l u t r i a t i o n  

in  a c o n i c a l  upf low c l a r i f i e r .  Although s e p a r a t i o n  was incom ple te ,  30 

t o  60% o f  the  t o t a l  o f  each heavy m e ta l  was found t o  be p redom inan t ly  

i n t r a c e l l u l a r ,  e x t r a c e l l u l a r  m e ta l s  ( e x t r a c t e d  by EDTA) be ing  i n s i g n i 

f i c a n t  (<1%). The a u t h o r s  concluded  t h a t  m i c r o b i a l  up take  a c t i v e l y  

competed w i th  p r e c i p i t a t i o n  in th e  removal o f  heavy m e ta l s  from 

d i g e s t e r  s u p e r n a t a n t .

F r a c t i o n a t i o n  by f i l t r a t i o n  i s  s u b j e c t  t o  s e v e r a l  ex p e r im en ta l  

e r r o r s ,  i n c lu d i n g  a d s o r p t i o n  o f  s o l u b l e  meta l  s p e c i e s  onto  th e  f i l t e r  

o r  f i l t e r  h o ld e r  (Hunt,  1979; G ardner ,  1982; S t e r r i t t  & L e s t e r ,  1984b) 

and c lo g g in g  o f  th e  f i l t e r  pores  under  c o n d i t i o n s  o f  h igh  s o l i d s  

l o a d in g  (Wagemann & B r u n s k i l l ,  1975; F a i s s t ,  1980; D a n ie l s s o n ,  1982).  

However, p rov ided  p r e c a u t i o n s  a r e  t aken  to  avoid  such problems,  

membrane f i l t r a t i o n  can be used to  o b t a i n  u s e f u l  in f o r m a t io n  r e l a t i n g  

t o  th e  s o l i d - p h a s e  d i s t r i b u t i o n  o f  heavy m e ta l s  in  complex m a t r i c e s  

such  as sewage s lu d g e  ( S t e r r i t t  & L e s t e r ,  1985).

Baldwin £ t  a l .  (1983) combined a p h y s i c a l  s o l i d s  s e p a r a t i o n  

method wi th  v a r i o u s  chemica l  e x t r a c t i o n  te c h n iq u e s  t o  produce an 

i n t e g r a t e d  approach t o  m e ta l  s p e c i a t i o n  in d i g e s t e d  sewage s ludge .
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Three s ludges  were f r a c t i o n a t e d  on the  b a s i s  o f  bo th  s i z e  and d e n s i t y  

by d i s p e r s i o n  and s e d im e n ta t i o n  in  w a te r  over a s p e c i f i e d  t ime p e r i o d .  

The r e s u l t a n t  f r a c t i o n s  were then  t r e a t e d  w i th  r e a g e n t s  in an a t t e m p t  

t o  de te rm ine  th e  l o c a t i o n  and form o f  Cu and Zn w i t h i n  th e  s lu d g e s .  

Both m e ta l s  were found to  be a s s o c i a t e d  w i th  o rg a n ic  c o l l o i d s  c o a t i n g  

th e  m in e ra l  f r ag m e n ts ,  which th e  a u th o r s  im plied  may have been com

posed of  b a c t e r i a l  e x t r a c e l l u l a r  m a t e r i a l .  Some o f  th e  Cu was 

r e t a i n e d  on th e  o rg a n ic  m a t t e r  in  exchangeab le  or  complexed forms 

( e x t r a c t e d  by H2 O2  t r e a t m e n t ) .  Z inc ,  however,  was d i s p l a c e d  more 

r e a d i l y  by a c i d  CaCl2 , i n d i c a t i n g  th e  p re sence  o f  a p r e c i p i t a t e  or  

more s t a b l e  c r y s t a l l i n e  form. Both m e ta l s  were though t  to  be a s s o 

c i a t e d  w i th  p r e c i p i t a t e s ,  bo th  on and in the  m in e ra l  f l a k e s  and g r a i n s  

found in th e  f r a c t i o n s  and a l s o ,  in a more amorphous form, combined 

w i th  o rg an ic  c o l l o i d a l  l a y e r s .

C e r t a in  s t u d i e s  on m e ta l  s p e c i a t i o n  in  sewage s ludge  have 

a t tem p ted  to  d e s c r i b e  the  b eh av io u r  o f  m e ta l s  in i n d i v i d u a l  f r a c t i o n s  

and the  dynamic n a t u r e  o f  c e r t a i n  m e ta l  s p e c ie s  between th e  s o l i d  and 

s o l u t i o n  p h a s e s .  Although s o l u b l e  me ta l  c o n c e n t r a t i o n s  in  sewage 

s ludge  a re  g e n e r a l l y  low, th e  p o t e n t i a l  s o l u b i l i t y  o f  some m e ta l s  in 

s ludge  s u p e r n a t a n t  has been found t o  be a p p r e c i a b l e .  P a t t e r s o n  & Hao 

(1979) r e p o r t e d  the  p o t e n t i a l  s o l u b i l i t i e s  o f  Cd, Cu, N i ,  Pb and Zn in 

a n a e r o b i c a l l y  d i g e s t e d  s ludge  f i l t r a t e  to  be r e s p e c t i v e l y  185, 54,  

173, 30 and 8 t im es  g r e a t e r  than  t h e i r  a c t u a l  de te rm ined  s o l u b l e  con

c e n t r a t i o n s ,  a l th o u g h  th e s e  a u t h o r s  f a i l e d  to  i n d i c a t e  th e  form o f  

m e ta l  a d d i t i o n .

While p r e c i p i t a t i o n  may c o n t r o l  th e  s o l u b l e  c o n c e n t r a t i o n  o f  

some m e ta l s  (Gould & G e n e t e l l i ,  1975; Mosey, 1976; Hayes & T h e i s ,

1978),  o rg a n o m e ta l1ic  com plexa t ion ,  which may in v o lv e  s imple complex 

fo rm at ion  a n d / o r  c h e l a t i o n ,  cou ld  a l s o  be a majo r  mechanism r e s p o n 

s i b l e  fo r  th e  a s s o c i a t i o n  o f  heavy m e ta l s  w i th  s ludge  s o l i d s ,  e spe 

c i a l l y  when a e r o b i c  c o n d i t i o n s  e x i s t .  Gould & G e n e t e l l i  (1978a) 

s t u d i e d  the  com plexa t ion  c h a r a c t e r i s t i c s  of  m e ta l s  in  a n a e r o b i c a l l y  

d i g e s t e d  s ludge  and,  on the  b a s i s  o f  Langmuir i s o th e rm  r e s u l t s ,  c a l c u 

l a t e d  the  s t a b i l i t y  c o n s t a n t  ( l o g  K) v a lu e s  f o r  Cd, Cu, Ni and Zn 

com plexat ion  by th e  s ludge  s o l i d  phase to  be 5 .1 9 ,  4 .6 7 ,  4 .69  and 4 .98
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r e s p e c t i v e l y  a t  pH 7 . 0 .  However, in  u s in g  an ion-exchange  t e c h n iq u e  

developed  by Cheng £ t  a l .  (1975) ,  P a t t e r s o n  & Hao (1979) de termined  

lo g  K v a lu e s  o f  m e t a l - s l u d g e  complexes to  be 1 .1 4 ,  1 .4 4 ,  1 .05 ,  1.62 

and 0 .69  fo r  Cd, Cu, Ni,  Pb and Zn r e s p e c t i v e l y ,  which c o n t r a s t  w i th  

th e  v a l u e s  r e p o r t e d  by Gould & G e n e t e l l i  (1978a) .  P a t t e r s o n  & Hao 

(1979) a l s o  s t u d i e d  m e ta l  com plexa t ion  in  the  s o l u b l e  phase  o f  anae ro

b i c a l l y  d i g e s t e d  s ludge  and found t h a t  log  K r e p r e s e n t e d  - 1 . 1 8  fo r  Cd, 

- 0 . 1 1  f o r  Cu, - 2 . 8 7  f o r  Ni,  0.001 f o r  Pb and - 5 .5 1  f o r  Zn. Such 

v a l u e s  i n d i c a t e  t h a t  s ludge  s o l i d  and s o l u b l e  phases  may have v a s t l y  

d i f f e r e n t  complexing c h a r a c t e r i s t i c s ,  a l though  the  d a t a  may only  be 

i n t e r p r e t e d  co m p a ra t iv e ly  s in c e  P a t t e r s o n  & Hao (1979) were unab le  to  

o b t a i n  an a c c u r a t e  va lu e  fo r  the  l i g a n d  c o n c e n t r a t i o n  and s u b s t i t u t e d  

s o l u b l e  COD and v o l a t i l e  suspended s o l i d s  for  the  s o l u t i o n  and s o l i d  

phases  r e s p e c t i v e l y  ( S t e r r i t t  & L e s t e r ,  1984b).

S e v e ra l  workers  have r e p o r t e d  i n c r e a s e s  in  o r g a n o m e ta l l i c  

complex s t a b i l i t y  w i th  i n c r e a s i n g  pH and s o l u b i l i s a t i o n  o f  m e t a l l i c  

io ns  w i th  d e c r e a s i n g  pH (Cheng e£  j i l . , 1975; Gould & G e n e t e l l i ,  1978a; 

1978b).  Such an e f f e c t  may r e s u l t  from the  c o m p e t i t i o n  which e x i s t s  

between the  m e ta l  and hydrogen ions  f o r  th e  weakly a c i d i c  complexat ion  

s i t e s .  F r e u n d l i c h  i s o th e rm  r e s u l t s  su g g e s t  t h a t  Cd, Ni and Zn tend  to  

d i s p l a c e  one hydrogen ion  and Cu two hydrogen ions  fo r  each complex 

formed (Gould & G e n e t e l l i ,  1978a).

M e th y l a t i o n ,  u s in g  d im ethy l  s u lp h a t e  to  c o n v e r t  c a r b o x y l i c  

a n d / o r  p h en o l ic  f u n c t i o n a l  groups t o  co r re sp o n d in g  methyl  e s t e r  or  

methoxy g roups ,  has  a l s o  been shown t o  a f f e c t  heavy m e ta l  b in d in g  in  

s lu d g e ,  r e s u l t i n g  in  a d e c r e a se  in b in d i n g  c a p a c i t y  f o r  Cd, Cu and Zn 

(Gould & G e n e t e l l i ,  1978b). However, m e th y la t i o n  had v i r t u a l l y  no 

e f f e c t  on Ni b in d i n g ,  s u g g e s t in g  t h a t  Ni i s  no t  p redom inan t ly  a s s o 

c i a t e d  w i th  the  c a r b o x y l i c  or  p h e n o l i c  f u n c t i o n a l  g roups .  Tan e_t a l . 

(1971) i n v e s t i g a t e d  complex fo rm at ion  between Zn and a l k a l i - e x t r a c t e d  

o rg a n ic  m a t t e r  from a n a e r o b i c a l l y  d i g e s t e d  sewage s ludge  and concluded 

from i n f r a r e d  s p e c t r a  t h a t  hydroxyl  and carboxyl f u n c t i o n a l  groups 

were inv o lv ed .  However, Boyd e_t a l .  (1979) s u g g e s te d ,  on the  b a s i s  o f  

i n f r a r e d  a n a l y s i s ,  t h a t  the  c o n c e n t r a t i o n  o f  ca rboxy l  f u n c t i o n a l  

groups p r e s e n t  in sewage s ludge  was minimal and t h a t  amide groups of
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p e p t i d e  bonds in  r e s i d u a l  p r o t e i n s  were invo lved  in heavy m e ta l  

b i n d i n g .  The invo lvement o f  t h i o l  f u n c t i o n a l  groups  has  a l s o  been 

d em ons t ra ted  (Baham e t  a l . ,  1978).  I n fo rm a t io n  r e l a t i n g  t o  th e  n a t u r e  

o f  s o l u b l e  complexing l i g a n d s  in  sewage s ludge  i s  s c a r c e .  However, 

Baham & S p o s i to  (1983) i d e n t i f i e d  55% o f  the  w a t e r - s o l u b l e  o rg a n ic  

ca rbon  e x t r a c t e d  from d i g e s t e d  s ludge  as be ing  cap a b le  o f  forming 

s o l u b l e  complexes w i th  heavy m e t a l s ,  t h i s  s o l u b l e  o rg a n ic  m a t t e r  be ing  

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

Heavy m e ta l s  may s i m i l a r l y  be p r e s e n t  in s o i l s  in s e v e r a l  d i f 

f e r e n t  phys icochem ica l  forms,  namely:

i )  in  i o n i c  or  complexed form in th e  s o i l  s o l u t i o n ;

i i )  as r e a d i l y  exchangeab le  ions  in  o rg a n ic  and in o r g a n i c  exchange 

a c t i v e  m a t e r i a l ;

i i i )  as more f i r m ly  bound ions  in th e  exchange complexes;

iv )  as  c h e l a t e d  ions  in an o rg a n ic  or  o rgano -m inera l  complex;

v)  i n c o rp o r a t e d  in  p r e c i p i t a t e d  s e s q u io x id e s  or  i n s o l u b l e  s a l t s ;

v i )  i n c o rp o r a t e d  i n t o  microorganisms  and t h e i r  b i o l o g i c a l  r e s i d u e s ;

v i i )  h e l d  in  th e  c r y s t a l  l a t t i c e  s t r u c t u r e  o f  pr im ary  and secondary  

m i n e r a l s  ( V i e t s ,  1962; Hodgson, 1963; McLaren & Crawford,  1973; 

Matthews,  1984).

Heavy m e ta l s  can thus  occur  in  th e  s o i l  s o l u t i o n  phase or  may 

be a t t e n u a t e d  in th e  s o l i d  phase th rough  c a t i o n - e x c h a n g e ,  a d s o r p t i o n ,  

c h e l a t i o n ,  p r e c i p i t a t i o n  or  c r y s t a l l i s a t i o n  (Kuo e t  e l . ,  1983; 

Matthews,  1984).  The d i s t r i b u t i o n  o f  a meta l  between th e  v a r io u s  

forms l i s t e d  i s  dependent  on th e  chemical  p r o p e r t i e s  o f  th e  i n d i v i d u a l  

m e ta l  and a number o f  s o i l  f a c t o r s ,  i n c lu d in g  the  pH v a l u e ,  redox 

p o t e n t i a l ,  t e x t u r e ,  c a t io n -e x c h a n g e  c a p a c i t y ,  t e m p e r a t u r e ,  m o i s tu r e  

c o n t e n t ,  c o n c e n t r a t i o n s  o f  o t h e r  m e t a l s ,  o rg an ic  m a t t e r  s t a t u s ,  

m i n e r a l  com pos i t ion  and p r o f i l e  c h a r a c t e r i s t i c s  (Doyle e£  a l . ,  1978; 

Davis & Coker,  1980; S t e r r i t t  & L e s t e r ,  1980a; Matthews,  1984).  

However, the  d i v i s i o n s  between th e s e  forms a re  no t  c l e a r - c u t ,  e i t h e r  

in  th e  s o i l  or  by th e  e x p e r im e n ta l  p rocedu re  used t o  i s o l a t e  them. 

D i s t i n c t i o n  between th e  d i f f e r e n t  forms thus  remains  l a r g e l y  a m a t t e r  

o f  d e f i n i t i o n  based  on ex p e r im e n ta l  p rocedu res  (Koenig,  1976).



49

I n v e s t i g a t i o n  i n t o  the  s o l i d - p h a s e  d i s t r i b u t i o n  o f  heavy m e ta l s  

in  s o i l s  has  g e n e r a l l y  in vo lved  th e  use  of  chemica l  e x t r a c t i o n  t e c h 

n iq u e s ;  examples o f  s e q u e n t i a l  schemes a p p l i e d  t o  t h i s  m a t r i x  be ing  

p r e s e n t e d  in  Table  8 . Al though in t e r - c o m p a r i s o n  o f  t h e  r e s u l t s  

o b t a in e d  from s e q u e n t i a l  e x t r a c t i o n  p rocedures  i s  c o m p l ica ted  by the  

d i v e r s i t y  o f  r e a g e n t s ,  e x t r a c t i o n  c o n d i t i o n s  and s o i l  t y p e s  used ,  

s i m i l a r i t i e s  between schemes w i th  r e s p e c t  to  th e  phys icochem ica l  

n a t u r e  o f  s p e c i f i c  m e ta l s  p r e s e n t  in s o i l s  a r e  o f t e n  a p p a r e n t .  

Copper, fo r  example,  has g e n e r a l l y  been found to  p redomina te  in the  

r e s i d u a l  f r a c t i o n  (McLaren & Crawford ,  1973; Emmerich et_ a l .  1982b; 

S p o s i to  £t_ a l . ,  1982a; Chang e_t al_ . , 1984; Hickey & K i t t r i c k ,  1984); 

McLaren & Crawford (1973) hav ing  r e p o r t e d  an ave rage  o f  50% of  th e  

t o t a l  Cu c o n t e n t  o f  24 B r i t i s h  s o i l s  t o  be p r e s e n t  in  t h i s  f r a c t i o n .  

In a d d i t i o n ,  Cu has f r e q u e n t l y  been observed  t o  be th e  on ly  m e ta l  

s i g n i f i c a n t l y  a s s o c i a t e d  w i th  th e  s o i l  o rg an ic  m a t t e r ,  t h i s  f r a c t i o n  

g e n e r a l l y  a c c o u n t in g  fo r  up to  30% o f  the  t o t a l  s o i l  Cu c o n t e n t  

(McLaren & Crawford ,  1973; Emmerich e_t al_. , 1982b; Hickey & K i t t r i c k ,  

1984) .  Th is  i s  c o n s i s t e n t  w i th  th e  known a f f i n i t y  o f  Cu f o r  o rg an ic  

l i g a n d s  (S tevenson  & Ardakan i ,  1972; K e rndo r f f  & S c h n i t z e r ,  1980).  

A dso rp t ion  to  Fe and Mn oxide  m a t e r i a l  has been r e p o r t e d  to  be o f  

app ro x im a te ly  th e  same s i g n i f i c a n c e  as o rg an ic  b in d in g  in th e  r e t e n 

t i o n  o f  Cu in th e  s o i l  s o l i d  phase (McLaren & Crawford,  1973; Hickey & 

K i t t r i c k ,  1984).  I t  would ap p e a r ,  however,  t h a t  Fe ox ides  a r e  o f  

r e l a t i v e l y  g r e a t e r  importance than  Mn ox ides  in t h i s  r o l e  (Kuo e t  a l . ,  

1983) .  S o lub le  and exchangeab le  forms o f  Cu have c o n s i s t e n t l y  been 

found to  r e p r e s e n t  <1% of  th e  t o t a l  s o i l  Cu c o n t e n t  u s in g  the  sequen

t i a l  e x t r a c t i o n  schemes p r e s e n t e d  in  Table  8 . Mercer & Richmond 

(1968) s i m i l a r l y  r e p o r t e d  t h a t  th e  p r o p o r t i o n  o f  th e  t o t a l  s o i l  Cu in 

s o l u t i o n  d id  no t  d i f f e r  g r e a t l y  between e leven  a g r i c u l t u r a l  s o i l s  o f  

w ide ly  d i f f e r i n g  t e x t u r e s ,  s u g g e s t i n g  t h a t  m e ta l  form e q u i l i b r i a  in 

s o i l s  may s h i f t  t o  m a in t a i n  a g iven  q u a n t i t y  in s o l u t i o n .  According 

t o  McLaren & Crawford (1973) ,  th e  c o n c e n t r a t i o n  o f  Cu in  s o i l  s o l u 

t i o n  i s  p r i m a r i l y  c o n t r o l l e d  by e q u i l i b r i a  i n v o l v in g  Cu adsorbed  to  

o rg a n ic  m a t t e r .

R e s id u a l  forms a l s o  tend  to  p redominate  f o r  Ni in s o i l s  

(Emmerich et^ al_. , 1982b; Chang e t  a l .  , 1984; Hickey & K i t t r i c k ,  1984);



Table 8 Reagents utilised in the sequential extraction of heavy metals from soils and sewage sludge-amended soils

SOILS AND SLUDCE-AHENDED SOILS SOILS ONLY

Reference Silviera A 
Sommers (1977)

Petruzxel1i 
et a K  (1981)

Emmerich 
et £l_. (1982b)

Schalscha 
et' a K (1982)

Sposito 
et al^.(1982a)

Chang
et al.(1984)

Hickey & 
Kittrick (1984)

McLaren & 
Crawford (1973)

Kuo et 
al_. (1983)

Miller et 
al_. (1983)

Metals Cd,Cu,Pb,Zn Cd,Cu,Ni,Pb
Zn

Cd,Cu,Ni,Zn Cr,Cu,Mn,Ni, 
Zn

Cd,Cu,Ni,Pb,
Zn

Cd,Cr,Cu,Ni,
Pb,Zn

Cd,Cu,Ni,Zn Cu Cd,Cu,Zn Cd,Cu,Pb,
Zn

Designated
Chemical
Form

Soluble h2o h2o b KNO3 H20

Exchangeable KMO3 KN03 KNO3 NaF KNO3 KNO3 HgCl2 CaCl2 MgCl2 KNO3

Adsorbed Ion-exchange
h 2o

Deionised
h2o

Deionised
h2o

HOAc NH4F

Organically
bound NaOH Na^P202 NaOH NaOH

h 2o 2-hno3
NH^OAc IC4 P2O7 NaOCl Na4P207

'Available' DTPA DPTA

Carbonate EDTA EDTA EDTA EDTA NaOAc EDTA

Sulphide HN03d HNO3 HN03d HN03d HN03

Oxide bound* NH20H.HC1
HOAc Oxalate*

Oxalate*
CDBf

NH2OH.HCl
CDBf

Res idual HNO3 HN03d HN03d HN0 3d HF-HC10A HF C.HNO3

a Co-precipitated with or occluded in Pe and Hn oxides 
b Soluble metals separated from saturation extract cake
c Correct order of extraction schesie is: exchangeable; carbonate; oxide-bound; organically bound; residual 
d Sulphide/residual forms classed as one fraction 
e Consists of oxalic acid (CO2IO2 end oxalate (C0 2NH4 ) 2 
f CDB ■ Citrate-dithionite-bicarbonate
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t h i s  f r a c t i o n  hav ing  been found to  r e p r e s e n t  up to  79% o f  the  t o t a l  Ni 

c o n c e n t r a t i o n  o f  th e  s o i l s  s t u d i e d  by Hickey & K i t t r i c k  (1984) .  

O ther  workers (Gupta & Chen, 1975; T e s s i e r  et̂  a l_. , 1979) have s im i 

l a r l y  s ugges ted  t h a t  the  m a j o r i t y  o f  th e  Ni in s o i l s  i s  d e t r i t a l  in 

n a t u r e ,  and N o r r i s h  (1975) has  i n d i c a t e d  t h a t  Ni i s  commonly occ luded  

by s i l i c a t e s  d u r in g  s o i l  w e a th e r in g .  However, up to  30% o f  the  Ni 

c o n t e n t  o f  s o i l s  may be a s s o c i a t e d  w i th  Fe and Mn ox ides  (Hickey & 

K i t t r i c k ,  1984).  According t o  Jenne (1968) ,  a d s o r p t i o n  to  Mn ox ides  

i s  p a r t i c u l a r l y  im por tan t  in  Ni r e t e n t i o n ,  s u b s t i t u t i o n  o f  Ni^+ f o r  

s u r f a c e  Mn in  mixed v a l e n c e  Mn ox ides  p o s s i b l y  a c c o u n t in g  f o r  much o f  

t h i s  a d s o r p t i o n  (McKenzie, 1972).

Although s u l p h i d e / r e s i d u a l  forms have f r e q u e n t l y  been found to  

predomina te  fo r  Zn in s o i l s  (Emmerich et̂  a l . ,  1982b; S p o s i t o  £ t  a l . ,  

1982a; Chang eit a l .  , 1984),  oxide-bound forms a l s o  appear  t o  be of  

im por tance  (Kuo ejt a l . , 1983; Hickey & K i t t r i c k ,  1984).  Hickey and 

K i t t r i c k  (1984) ,  f o r  i n s t a n c e ,  found an average  o f  39% o f  th e  t o t a l  Zn 

c o n t e n t  o f  fou r  s o i l s  t o  be a s s o c i a t e d  w i th  metal  o x id e s .  S i m i l a r  to  

Cu, the  m a j o r i t y  o f  the  Zn in  t h i s  f r a c t i o n  has  been r e p o r t e d  to  be 

adsorbed  to  amorphous Fe ox ides  (Kuo jet a l . , 1983).  Such f i n d i n g s  

s u p p o r t  t h e  c o n c l u s i o n s  o f  Jenne  (1968) and McBride & B l a s i a k  (1979) 

t h a t  s p e c i f i c  a d s o r p t i o n  on hydrous  Fe ox ides  i s  a major  p ro c e s s  o f  Zn 

r e t e n t i o n  in  s o i l s .

While M i l l e r  -elt _al. (1983) r e p o r t e d  Cd and Pb to  occur  main ly  

in  o r g a n i c a l l y  bound forms in s o i l s ,  Emmerich e t  a l .  (1982b) and Chang 

e t  a l . (1984) found t h a t  c a rb o n a te  forms predominated  f o r  t h e s e  

m e t a l s .  With r e s p e c t  t o  Cd, however,  exchangeab le  forms have occa

s i o n a l l y  been found t o  p redom ina te  (Kuo e£  a l .  , 1983; Hickey & 

K i t t r i c k ,  1984),  s u g g e s t i n g  t h a t  c a t i o n -e x c h a n g e  may p la y  a r e l a t i v e l y  

more im por tan t  r o l e  in  r e t a i n i n g  Cd in s o i l s  than  i t  does f o r  m e ta l s  

such as Cu, Ni,  Pb and Zn. Hickey & K i t t r i c k  (1984) found an average  

o f  37% o f  th e  t o t a l  Cd c o n t e n t  of  th e  s o i l s  i n v e s t i g a t e d  to  be 

exchangeab le  in  MgCl2 , w h i le  Kuo e t  a l . (1983) r e p o r t e d  from 30 t o  60% 

t o  be e x t r a c t e d  u s in g  the  same r e a g e n t .  Such h igh  p r o p o r t i o n s  o f  Cd 

in  exchangeab le  forms g e n e r a l l y  i n d i c a t e s  t h a t  th e  s o i l s  i n v e s t i g a t e d  

had q u i t e  l i m i t e d  s p e c i f i c  a d s o r p t i o n  c a p a c i t y  or  t h a t  they  co n ta in e d
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Cd in  c o n c e n t r a t i o n s  s u f f i c i e n t  to  cause  s a t u r a t i o n  o f  s p e c i f i c  

a d s o r p t i o n  s i t e s ,  r e s u l t i n g  in a l a r g e  p r o p o r t i o n  o f  th e  meta l  

occupying  exchange s i t e s  by mass a c t i o n  ( R i f f a l d i  & L ev i -M in z i ,  1975; 

S in gh ,  1979; Soon, 1981).  Accord ing to  M i l l e r  et^ a l . (1983) ,  s o i l s  o f  

low s p e c i f i c  a d s o r p t i o n  c a p a c i t y  w i l l  show h ig h e r  r e t e n t i o n  o f  Cu and 

Pb compared w i th  Cd and Zn a t  h igh  m e ta l  lo a d in g s  s in c e  c o m p e t i t io n  by 

Cu and Pb fo r  a d s o r p t i o n  s i t e s  reduce s  the  amount o f  o r g a n i c a l l y  

adso rbed  Cd and Zn. C o n s id e r a t i o n  o f  such f a c t o r s  i s  l i k e l y  to  be of  

g r e a t  impor tance  when h i g h l y  con tam ina ted  s ludges  a r e  a p p l i e d  t o  a g r i 

c u l t u r a l  s o i l s .

S e q u e n t i a l  e x t r a c t i o n  schemes have g e n e r a l l y  i n d i c a t e d  t h a t  

m e t a l s  n a t i v e  to  s o i l s  tend  to  be more r e s i s t a n t  t o  chemical  e x t r a c 

t i o n  than  th o se  ind igenous  to  s lu d g e s .  Th is  was emphasised by 

Emmerich e t  a l .  (1982b) who found t h a t  w h i le  Cu, Ni and Zn were p r e 

dominan t ly  p r e s e n t  in s ludges  in e i t h e r  o r g a n i c a l l y  bound 

(N aO H -ex t rac tab le )  or  c a rb o n a te  (EDTA-ext rac tab le )  forms,  in  excess  o f  

65% o f  each o f  t h e s e  m e ta l s  o c c u r r e d  in  loamy s o i l s  in more s t a b l e  

r e s i d u a l  forms ( e x t r a c t e d  by h o t  HNO3 d i g e s t i o n ) .  According to  

H a r r i s o n  e£  a l .  (1981) ,  th e  m o b i l i t y  and b i o a v a i l a b i l i t y  o f  a m e ta l  

d e c r e a s e s  app rox im ate ly  in  th e  o r d e r  o f  the  e x t r a c t i o n  sequence .  

Hence,  the  f i n d i n g s  o f  Emmerich et^ al_. (1982b) may i n d i c a t e  t h a t  Cu, 

Ni and Zn a r e  p r e s e n t  in s o i l s  in forms which a r e  p o t e n t i a l l y  l e s s  

m ob i le  and l e s s  b i o a v a i l a b l e  than  th o s e  in which the y  occur  in 

s l u d g e s .  In a com para t ive  e x e r c i s e ,  0 .42  M a c e t i c  a c id  was used to  

de te rm in e  ' a v a i l a b l e '  forms o f  m e ta l s  in  s ludges  and s o i l s  r e p r e s e n 

t a t i v e  o f  unamended a g r i c u l t u r a l  land  (Berrow & Webber, 1972).  

Although  r e s u l t s  v a r i e d  w id e ly ,  t y p i c a l  e x t r a c t a b l e  l e v e l s  o f  a l l  

m e t a l s  in  s o i l s ,  w i th  th e  e x c e p t io n  o f  A l , were g e n e r a l l y  found to  be 

lower  than  average  l e v e l s  in s l u d g e s ;  median v a lu e s  o f  ' a v a i l a b l e '  Cu, 

N i ,  Pb and Zn in  s ludge  be ing  140, 25,  16 and 550 t imes  t h e i r  r e s p e c 

t i v e  v a l u e s  in s o i l s .

The a p p l i c a t i o n  o f  sewage s ludge  t o  s o i l s  may t h e r e f o r e  a l t e r  

t h e  d i s t r i b u t i o n  o f  a m e ta l  c a t i o n  between the  d i f f e r e n t  physicochemi

c a l  forms and thus  a f f e c t  i t s  a v a i l a b i l i t y  t o  p l a n t s .  Chemical 

e x t r a c t i o n  t e c h n iq u e s  have f u r t h e r  been employed in e l u c i d a t i n g  the
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t r a n s i t i o n s  in  s o l i d - p h a s e  m e ta l  form which occur  when s ludge  i s  

d i s p o s e d  to  l a nd ;  th e  major s e q u e n t i a l  e x t r a c t i o n  schemes a p p l i e d  

be ing  p r e s e n t e d  in  Table  8 .

Such t e c h n iq u e s  have dem ons t ra ted  t h a t  t h e  a p p l i c a t i o n  o f  

sewage s ludge  t o  s o i l s  g e n e r a l l y  causes  a s h i f t  in  s o l i d - p h a s e  me ta l  

forms in  s o i l s  away from r e f r a c t o r y  s u l p h i d e / r e s i d u a l  forms to  th o s e  

e x t r a c t a b l e  w i th  m i ld e r  r e a g e n t s  (Emmerich e t  a l . , 1982b; S cha l scha  et^ 

a l . ,  1982; S p o s i to  et^ a_l. , 1982a; Chang £ t  a l . , 1984).  S u lp h id e /  

r e s i d u a l  forms in  t h r e e  unamended loamy s o i l  p r o f i l e s  c o n s t i t u t e d  the  

majo r  f r a c t i o n s  o f  Cu (65 to  82%), Ni (80 t o  94%) and Zn (92 t o  96%) 

(Emmerich et^ a l . , 1982b).  Fo llowing  s ludge  a p p l i c a t i o n ,  however,

l a r g e  r e d u c t i o n s  j in  s u l p h i d e / r e s i d u a l  Cu, Ni and Zn, t o  19 t o  24%, 61 

t o  69% and 28 t o  35% r e s p e c t i v e l y ,  were s im u l t a n e o u s l y  accompanied 

by s i g n i f i c a n t  i n c r e a s e s  in th e  l e s s  s t a b l e  and more e a s i l y  e x t r a c 

t a b l e  o r g a n i c a l l y  bound and c a rb o n a te  forms.  While o r g a n i c a l l y  bound 

forms r e p r e s e n t e d  50 t o  52%, 9 t o  13% and 19 t o  28% o f  th e  Cu, Ni 

and Zn c o n t e n t  o f  t h e  sludge-amended s o i l s  r e s p e c t i v e l y ,  c a rb o n a te  

forms c o n s t i t u t e d  23 t o  30%, 20 to  25% and 41 to  49% r e s p e c t i v e l y  

(Emmerich e£  a l . , 1982b).  Enhancement o f  s o l u b l e  and exchangeab le

m e ta l  forms in s o i l s  fo l l o w in g  s ludge  a p p l i c a t i o n  has  a l s o  been 

observed  u s in g  s e q u e n t i a l  e x t r a c t i o n  t e c h n iq u e s  ( S i l v i e r a  & Sommers, 

1977; P e t r u z z e l l i  e t  a K  , 1981; Emmerich et^ al_. , 1982b; S cha l scha  et_ 

a l . , 1982; S p o s i to  e£  al_. , 1982a) .

Such e f f e c t s  s u gges t  t h a t  the  a p p l i c a t i o n  o f  sewage s ludge  to  

s o i l s  cou ld  p ro v id e  m e ta l s  in l a b i l e  chemica l  forms t h a t  might  be 

p o t e n t i a l l y  more b i o a v a i l a b l e  than  those  in  non-amended s o i l s .  

Indeed ,  marked in c r e a s e s  in the  amounts o f  t o t a l  Cd, Cu, Pb and Zn 

e x t r a c t a b l e  by d i e t h y l e n e t r i a m i n e p e n t a a c e t i c  a c id  (DTPA) ( b e l i e v e d  to  

e s t i m a t e  ' a v a i l a b l e '  m e ta l  s p e c i e s )  were observed  in  two s i l t  loam 

s o i l s  28 days a f t e r  sewage s ludge  had been a p p l i e d  ( S i l v i e r a  & 

Sommers, 1977).  A s i m i l a r  e x t r a c t i o n  scheme r e s u l t e d  in  DTPA- 

e x t r a c t a b l e  forms o f  Cu, Ni,  Pb and Zn in an a c i d i c  sandy loam s o i l  

r e a c h in g  maximum v a l u e s  30 days a f t e r  th e  a d d i t i o n  o f  s ludge  

( P e t r u z z e l l i  et^ £ l . ,  1981).  The ap p a re n t  i n c r e a s e  in ' a v a i l a b l e '

m e ta l  forms in  s l u d g e - s o i l  m ix tu r e s  w i th  t ime has  been a s c r i b e d  to
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d i s s o l u t i o n  o f  m e ta l  p r e c i p i t a t e s  such as c a r b o n a t e s ,  hydrox ides  and 

p h o s p h a te s ,  th rough  changes in pH or gas com pos i t ion  o f  the  s o i l  

r e s u l t i n g  from m i c r o b i a l  a c t i v i t y ;  o x i d a t i o n  o f  m e ta l  s u lp h id e s  to  

s u l p h a t e s  by a u t o t r o p h i c  s u l p h u r - o x i d i s i n g  b a c t e r i a ;  and m ic r o b ia l  

r e l e a s e  o f  m e ta l s  complexed w i th  s ludge  o rg an ic  m a t t e r  (Huang e_t al_. , 

1977; S i l v i e r a  & Sommers, 1977; Davis & Coker, 1980; Lewin & B e c k e t t ,  

1980; Schauer et_ a l . , 1980; P e t r u z z e l l i  e t  a l . , 1981).  According to  

H in e s ly  et^ a l .  (1977) ,  even o r g a n ic  m a t t e r  in  a p p a r e n t l y  s t a b l e  

d i g e s t e d  s ludge  decomposes r a p i d l y  a f t e r  i n c o r p o r a t i o n  i n t o  the  s o i l .  

I t  has been su g g es ted  by T e r ry  e t  al_. (1979) t h a t  p a r t  o f  the  n a t i v e  

s o i l  o rg an ic  m a t t e r  may a l s o  b iode g ra de  fo l low ing  s lu d g e  a d d i t i o n .

Although th e  g e n e ra l  concensus i s  t h a t  th e  a d d i t i o n  o f  s ludge  

to  s o i l s  has  t h e  immediate e f f e c t  o f  i n c r e a s i n g  the  ' a v a i l a b l e '  me ta l  

p o o l ,  i t  has  been sugges ted  t h a t  over  lo n g e r  t ime p e r i o d s  t h e r e  may be 

a tendency f o r  me ta l  forms to  s t a b i l i s e  and to  e v e n t u a l l y  reach  the  

a p p r o p r i a t e  lo n g - t e rm  e q u i l i b r i u m  s t a t e  o f  the  s o i l  ( K e l l i n g  et^ al_, , 

1977; B e ck e t t  e£  a l .  , 1979; Lewin & B e c k e t t ,  1980; Will iams e t  a l . ,  

1980; Emmerich £ t  a l .  , 1982b). This  phenomenon has  been a s c r i b e d  to  

t h e  p r o g r e s s i v e  l o s s  o f  s o l u b l e - p h a s e  f u n c t i o n a l  groups  fo r  me ta l  

b in d i n g ,  as  dem ons t ra ted  by i n f r a r e d  s p e c t ro s c o p y  (Schaumberg e t  a l . ,  

1980; S t e i n h i l b e r  & Boswell ,  1983).

Repor t s  in th e  l i t e r a t u r e  r e l a t i n g  to  th e  chemica l  forms o f  

heavy m e ta l s  in  th e  s o l u t i o n  phase o f  s o i l s  and sludge-amended s o i l s  

a r e  l i m i t e d .  This  i s  p a r t i a l l y  due t o  th e  l a r g e  number of  p o s s i b l e  

chemica l  forms in which m e ta l s  can e x i s t  in  s o l u t i o n ,  t o g e t h e r  w i th  

the  a n a l y t i c a l  problems a s s o c i a t e d  w i th  t h e i r  d e t e r m i n a t i o n  (Emmerich 

e t  a l . ,  1982c) .  In a d d i t i o n ,  s t u d i e s  on s o i l  s o l u t i o n s  a re  r en d e red  

d i f f i c u l t  by th e  v e ry  low c o n c e n t r a t i o n s  o f  most m e ta l s  in  them (Cox & 

Kamprath,  1972).

Var ious  chromatograph ic  te c h n iq u e s  have been employed in  the  

c h a r a c t e r i s a t i o n  o f  me ta l  s p e c i e s  in  s o i l  s o l u t i o n ,  i n c lu d in g  ion -  

exchange,  a d s o rb e n t  r e s i n ,  g e l  pe rm eat ion  and h igh  performance  l i q u i d  

chromatography (HPLC). An ion-exchange  scheme was used  to  de te rmine  

th e  d i s t r i b u t i o n  o f  s e l e c t e d  m e ta l s  p r e s e n t  in w a t e r - s o l u b l e  and
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exchangeab le  f r a c t i o n s  o f  a sandy s o i l  among f r e e  i o n s ,  p o s i t i v e l y  and 

n e g a t i v e l y  charged complexes ,  n e u t r a l  s p e c i e s ,  and pH-dependent  ampho- 

t e r i c s  (Camerlynck & K iekens ,  1982) .  E s t i m a t io n  o f  th e  s t a b i l i t y  o f  

complexed me ta l  s p e c i e s  was made by o b s e rv in g  th e  pas sage  o f  s o l u t i o n s  

th rough  a column o f  Chelex-100 which r e t a i n e d  f r e e  i o n s ,  h i g h l y  l a b i l e  

and m ode ra te ly  l a b i l e  s p e c i e s ,  w h i l e  p a s s in g  s low ly  l a b i l e  and i n e r t  

s p e c i e s  (F ig u ra  & McDuffie,  1979; 1980).  While s o l u b l e  Cu was l a r g e l y  

p r e s e n t  as  s t a b l e  complexes ,  Zn was d i s t r i b u t e d  between f r e e  i o n i c  and 

complexed forms (Camerlynck & K iekens ,  1982).  Using an ion-exchange  

e q u i l i b r i u m  method,  log  K v a lu e s  were c a l c u l a t e d  f o r  complexes formed 

a t  pH 5 .0  between d i v a l e n t  m e ta l  io ns  and a f u l v i c  a c i d  p r e p a r a t i o n  

from s o i l  t o  be in  th e  o r d e r :

Cu > Pb > Fe > Ni > Mn, Co > Ca > Zn > Mg.

Log K v a lu e s  were r e p o r t e d  to  be much h ig h e r  a t  pH 5 .0  than  a t  pH 3 . 5 ;  

a r e s u l t  t h a t  was a t t r i b u t e d  to  p r o to n  co m p e t i t io n  w i th  d e c r e a s i n g  pH 

( S c h n i t z e r  & S k in n e r ,  1966; 1967).

Columns packed w i th  ' A m b e r l i t e ' IR-120 c a t i o n  exchange r e s i n  

were used t o g e t h e r  w i th  ' A m b e r l i t e ' XAD-2 a d s o rb e n t  r e s i n  t o  i n v e s t i 

g a t e  Cd s p e c i a t i o n  in  the  s o l u t i o n  phase o f  sewage sludge-amended 

s o i l s .  A c o n s i d e r a b l e  amount o f  Cd in  th e  sludge-amended s o i l  s o l u t i o n  

o c c u r r e d  in the  c a t i o n i c  (Cd2+) form ( B u t t e rw o r th  & Alloway,  1981).  

U t i l i s a t i o n  o f  io n -exchange  and c h e l a t i n g  r e s i n s  has  p e r m i t t e d  d i s c r i 

m in a t i o n  between s e v e r a l  s o l u b l e  m e ta l  s p e c i e s ,  a l th o u g h  the  cho ice  o f  

exchangeab le  c a t i o n  o r  an ion  i s  v e ry  im por tan t  t o  p r e v e n t  l a r g e  pH 

v a r i a t i o n s  which may g r e a t l y  modify heavy me ta l  s p e c i a t i o n  (A s t ruc  ej: 

a l . ,  1981).  In a d d i t i o n ,  c o n s i d e r a t i o n  o f  the  complexing a c t i v i t i e s  

o f  th e  exchanger  i s  n e c e s s a r y ;  a d s o r p t i o n  o f  a complex b e in g  dependent  

on th e  r e l a t i v e  s t r e n g t h s ,  and to  a deg ree ,  th e  r e l a t i v e  con

c e n t r a t i o n s  of  th e  i o n -e x c h a n g e r -m e ta l  complexes and th e  l i g a n d - m e t a l  

complexes (Laxen & H a r r i s o n ,  1981).

The use o f  g e l  permeat ion  chromatography to  s tudy  the  spe

c i a t i o n  o f  heavy m e t a l s  in th e  s o l u t i o n  phase o f  s o i l s  was f i r s t  

r e p o r t e d  by Mercer & Richmond (1968) ,  who i n v e s t i g a t e d  t h e  d i s t r i b u 
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t i o n  o f  Cu in the  s o l u t i o n  phase o f  a l i g h t  p e a t  s o i l  and a Lower 

Greensand s o i l  u s in g  ' Sephadex ' G-50 columns e l u t e d  w i th  0 .02  M ammo

nium s o l u t i o n ,  and m oni to red  f o r  UV absorbance  a t  254 nm. I t  was t e n 

t a t i v e l y  conc luded ,  on the  assumption  t h a t  e q u i l i b r i u m  was a t t a i n e d  

between the  Cu added and t h a t  a l r e a d y  p r e s e n t  in  th e  o rg a n ic  f r a c t i o n ,  

t h a t  f o r  the  p e a t  s o l u t i o n ,  about  50% s o l u b l e  Cu, and fo r  th e  

Greensand s o l u t i o n ,  about  25 to  30% s o l u b l e  Cu was a s s o c i a t e d  w i th  

th e  o rg a n ic  f r a c t i o n  of  m o le c u la r  weight  exceed ing  10000. I n e v i t a b l y ,  

any p h y s i c a l  method of  s p e c i a t i o n ,  such as ge l  permeat ion  chroma

to g ra p h y ,  which in v o lv es  t h e  s e p a r a t i o n  o f  f r e e  m e ta l  ion from 

complexed m e ta l  forms,  w i l l  r e s u l t  in d i sp la cem e n t  o f  the  i n h e r e n t  

chemica l  e q u i l i b r i a .  In a d d i t i o n ,  charged  s p e c i e s  may be r e t a r d e d  o r  

e l u t e d  r a p i d l y  due to  complex i n t e r a c t i o n s  w i th  the  ge l  ( S t e r r i t t  & 

L e s t e r ,  1984b).  Th is  may occur  as a r e s u l t  o f  t h e  weak ion-exchange  

c h a r a c t e r i s t i c s  o f  ' Sephadex ' g e l s  ( S t e r r i t t  & L e s t e r ,  1984b) or  may 

be due to  e f f e c t s  o f  the  e l u e n t  (Archer  et^ a l .  , 1981).  Such l i m i t a 

t i o n s  may be overcome by s e l e c t i v e  cho ice  of  e l u e n t s  and g e l s .

Over t h e  l a s t  t e n  y e a r s ,  t h e  development o f  HPLC has  enab led  

much improved r e s o l u t i o n  over  ge l  permeat ion  chromatography .  

Chromatographic  f r a c t i o n a t i o n  o f  s ludge-amended s o i l  s o l u t i o n s  th rough  

a p - 'B o n d a g e l '  E500 HPLC column o f  m o lecu la r  w eigh t  s e p a r a t i o n  range  

5000 to  500000 showed t h a t  a l l  s o l u b l e  Cd o c c u r r e d  in  a UV ab so rp 

t i o n  peak ( A 280 nm) a s s o c i a t e d  w i th  low m o le c u la r  weight  o rg a n ic  

m o le c u le s .  These low m o lecu la r  weight  Cd s p e c i e s  p robab ly  inc lu d ed  

bo th  o rg an ic  and in o rg a n ic  complexes ,  t o g e t h e r  w i th  f r e e  c a t i o n i c  Cd 

(Cd2+) ( T i l l s  & Alloway,  1983).  Higher  m o lecu la r  weight  complexes o f  

Cd have been s e p a r a t e d  u s in g  ' Sephadex ' G-100 ge l  columns (B u t t e rw o r th  

& Alloway,  1981) .  M e t a l - f u l v i c  a c i d  s o l u t i o n s  e x t r a c t e d  d i r e c t l y  from 

t h r e e  s l u d g e - s o i l  m ix tu r e s  were f r a c t i o n a t e d  on ' Sephadex ' G-10 g e l .  

N e i t h e r  Cd nor  Ni were a s s o c i a t e d  w i th  f u l v i c  a c i d ,  a l though  complexa- 

t i o n  between Cu, Zn and f u l v i c  a c i d  was a p p a r e n t .  P o t e n t i o m e t r i c  

t i t r a t i o n  ( S p o s i t o  & H o l tz c law ,  1977; S p o s i to  et^ a\_. , 1982b) t o g e t h e r  

w i th  i n f r a r e d  s p e c t r a  a n a l y s e s  ( S c h n i t z e r ,  1969; S tevenson & Goh, 

1971; S p o s i to  e t  al_ . , 1976; 1982b) o f  f u l v i c  a c id  f r a c t i o n s  e x t r a c t e d  

from s o i l s  and sewage s l u d g e - s o i l  m ix tu r e s  dem ons t ra ted  the  i n v o lv e 

ment o f  c a r b o x y l i c  t o g e t h e r  w i th  p h en o l ic  f u n c t i o n a l  groups  and
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p o s s i b l y  N - c o n ta i n in g  a c i d i c  groups  a s s o c i a t e d  w i th  p r o t e i n  decom

p o s i t i o n  in m e t a l - f u l v i c  a c i d  i n t e r a c t i o n s .  Involvement  o f  su lphonyl  

f u n c t i o n a l  groups in m e t a l - f u l v i c  a c id  i n t e r a c t i o n s  in sewage s l u d g e -  

amended s o i l s  has  been sugges ted  ( S p o s i to  e t  a l . , 1976; 1982b), b u t  i s  

n o t  a p p a re n t  in  unamended s o i l s .

I o n - s e l e c t i v e  e l e c t r o d e s  ( IS E s ) ,  which p r e s e n t  the  o p p o r t u n i t y  

f o r  d i r e c t  d e t e r m i n a t i o n  o f  f r e e  (uncomplexed) m e ta l  ion c o n c e n t r a t i o n  

in  s i t u , have been a p p l i e d  to  bo th  s o i l s  ( Jackson  & B o n d i e t t i ,  1977; 

Inskeep  & Baham, 1983; McBride & B ould in ,  1984) and sludge-amended 

s o i l s  ( S t r e e t  et^ , 1977; S p o s i to  et. al_. , 1981; 1982c).  E s t im a te s  

o f  uncomplexed Cu based  on ISE d a t a  i n d i c a t e d  t h a t  app rox im ate ly  99.5% 

o f  the  Cu in the  s o l u t i o n  phase o f  a c a l c a r e o u s  s o i l  (pH 7 .0 )  was in 

an o r g a n i c a l l y  complexed form, t h i s  p e r c e n ta g e  d e c r e a s i n g  t o  a p p r o x i 

m a te ly  95% a t  pH 6 .0  (McBride & B ould in ,  1984).  In c o n t r a s t ,  ISE 

measurements have s ugges ted  t h a t  th e  bu lk  o f  t h e  Cd p r e s e n t  in  a c i d i c  

s o i l  s o l u t i o n s  (pH 6 .0 )  e x i s t s  as the  f r e e  i o n i c  (Cd^+) form (Jackson  

& B o n d i e t t i ,  1977).  S im i l a r  f i n d i n g s  have been r e p o r t e d  fo r  Cd p r e 

s e n t  in a c i d i c  aqueous e x t r a c t s  o f  s ludge-amended s o i l s  on th e  b a s i s  

o f  ISE a n a l y s e s  ( S t r e e t  e_t al_. , 1977; S p o s i to  e t  al_. , 1982c) .  

However, under  a l k a l i n e  c o n d i t i o n s ,  th e  Cd^4- c o n c e n t r a t i o n  was 

observed  to  d e c r e a s e  app ro x im a te ly  1 0 0 - f o l d  fo r  each u n i t  i n c r e a s e  in 

pH ( S t r e e t  e_t a l . , 1977).  ISEs have been u t i l i s e d ,  in  c o n j u n c t io n  

w i th  t i t r a t i o n s ,  in  the  d e t e r m in a t io n  o f  c o n d i t i o n a l  s t a b i l i t y  

c o n s t a n t s  o f  complexes formed between Cd^+ , Cu^+ , Pb^+ and f u l v i c  a c i d  

e x t r a c t e d  from sludge-amended s o i l s  ( S p o s i to  et. al_. , 1981).  Two 

c l a s s e s  o f  complexes were found fo r  each o f  t h e s e  m e t a l s ;  log  K v a l u e s  

f o r  th e  s t r o n g e r  o f  t h e s e  complexes be ing  3 .0 4 ,  3 .88  and 4 .22  f o r  Cd^+ 

Cu^+ and Pb^+ r e s p e c t i v e l y .

From a p r a c t i c a l  p o i n t  o f  view, ISEs a r e  conven ien t  t o o l s  fo r  

s p e c i a t i o n  s i n c e  c a l i b r a t i o n  i s  s im ple  and an a lmos t  d i r e c t  r e a d o u t  o f  

th e  f r e e  m e ta l  ion  c o n c e n t r a t i o n  i s  o b t a i n a b l e  a f t e r  a s h o r t  p e r io d  o f  

t ime ( S t e r r i t t  & L e s t e r ,  1984b).  P rovided  i n t e r f e r e n c e  e f f e c t s  a re  

av o id ed ,  ISE a n a l y s i s  appea rs  t o  be f a i r l y  r e l i a b l e  f o r  s i n g l e  Jjn s i t u  

d e t e r m i n a t i o n s  o f  f r e e  m e ta l  io ns  and f o r  t i t r a t i o n  ( S t e r r i t t  & 

L e s t e r ,  1984c) .  One major advan tage  t h a t  ISEs have over  many o t h e r
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a n a l y t i c a l  methods o f  s p e c i a t i o n  i s  t h a t  they  may be used d i r e c t l y  on 

samples c o n t a i n i n g  suspended s o l i d s ,  th u s  a v o id in g  p r i o r  removal  o f  

th e  s o l i d s  and c o n s e q u e n t i a l  a l t e r a t i o n  o f  s p e c i a t i o n  e q u i l i b r i a  

(F lo r e n c e ,  1982; S t e r r i t t  & L e s t e r ,  1984b).  ISEs may t h e r e f o r e  have 

p o t e n t i a l  in  c h a r a c t e r i s i n g  heavy m e ta l s  in  sewage s lu d g e s ,  a l th o u g h ,  

t o  d a t e ,  t h e i r  a p p l i c a t i o n  t o  t h i s  m a t r i x  has r e c e i v e d  l i t t l e  a t t e n 

t i o n .

M u l t i p u rp o se  computer  programmes,  such as ' GEOCHEM', have been 

u s e f u l  t o o l s  in  s p e c i a t i o n  com pu ta t ions ,  p r e d i c t i n g  the  m e ta l  s p e c i e s  

l i k e l y  t o  occur  in th e  s o l u t i o n  phase o f  s o i l s  and sludge-amended 

s o i l s ,  under  g iven c o n d i t i o n s ,  on th e  b a s i s  o f  known chemica l  

e q u i l i b r i a  and p r o p e r t i e s  o f  th e  s o i l s  concerned  (M att igod  & S p o s i t o ,  

1977; Mahler  £ t  a l .  , 1980; M a t t ig o d ,  1981; S p o s i to  et^ al_. , 1982c; 

Emmerich et^ £l_. , 1982c) .  Applying 'GEOCHEM' t o  sludge-amended s o i l  

s o l u t i o n ,  i t  was p r e d i c t e d  t h a t  60% o f  s o l u b l e  Cd would be in  th e  f r e e  

c a t i o n i c  form, w h i le  about  30% would occur  as a s o l u b l e  complex w i th  

c h l o r i d e ;  th e  remainder  b e in g  a s s o c i a t e d  w i th  s u l p h a t e .  Complexes of  

Cd w i th  o r g a n ic s  were p r e d i c t e d  to  be i n s i g n i f i c a n t .  Free  i o n i c  Zn 

was p r e d i c t e d  to  be th e  predominant  form, t h e  rem ainder  be ing  

complexed w i th  s u l p h a t e .  Copper occu r red  a lmos t  e x c l u s i v e l y  in o rg a 

n i c a l l y  complexed forms (M a t t ig o d ,  1981).  In a s i m i l a r  s t u d y ,  f r e e  

i o n i c  Cd was e s t i m a t e d  to  account  f o r  64 t o  72% o f  s o l u b l e  Cd, w h i le  

o rg a n ic  complexes of  Cd were l e s s  than  10% and the  i n o r g a n i c  Cd 

complexes were in the  o r d e r  s u l p h a t e  > b i c a r b o n a t e  or  c a rb o n a te  > 

c h l o r i d e  (Mahler  et^ a\_. , 1980).

Computer models  a re  capa b le  o f  p r o v id i n g  p r e d i c t i o n s  o f  me ta l  

s p e c i a t i o n  in s o i l  s o l u t i o n s  under  s p e c i f i e d  c o n d i t i o n s ,  b u t  a re  

dependent  on th e  r e l i a b i l i t y  o f  the  e x p e r im e n ta l  d a t a  i n c o rp o r a t e d  

i n t o  th e  model .  A majo r  l i m i t a t i o n  o f  t h i s  t e c h n iq u e  i s  th e  lack  of  

r e l i a b l e  ex p e r im e n ta l  d a t a  r e l a t i n g  to  t o t a l  c o n c e n t r a t i o n s  o f  m e ta l s  

and l i g a n d s  in  s o l u t i o n ;  s t a b i l i t y  c o n s t a n t s  o f  t r a c e  m e ta l  complexes 

w i th  o r g a n i c ,  i n o r g a n i c  and mixed l i g a n d s ;  s o l u b i l i t y  p roduc t  

c o n s t a n t s  f o r  c l a y  s o i l  m i n e r a l s  and thermodynamic exchange c o n s t a n t s  

and exchanger  phase a c t i v i t y  c o e f f i c i e n t s  (M att igod  & S p o s i t o ,  1979).  

At p r e s e n t ,  t h e r e f o r e ,  m o d e l l i n g  t e c h n iq u e s  a re  u s e f u l  only fo r
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s e t t i n g  l i m i t s  on s p e c i a t i o n  ( F lo r e n c e ,  1982).

Al though a n a l y t i c a l  approaches  to  d i f f e r e n t i a t i n g  between f r e e  

and complexed m e ta l  forms in the  s o l u t i o n  phase o f  s o i l s  and s lu d g e -  

amended s o i l s  a re  r e a s o n a b l y  w e l l  e s t a b l i s h e d ,  v e r y  l i t t l e  i s  known 

r e g a r d i n g  the  r e l a t i v e  a v a i l a b i l i t i e s  o f  m e ta l s  in t h e s e  forms to  

p l a n t s .  According t o  H alvarson  & Lindsay  (1977) ,  however,  Zn i s  most 

r e a d i l y  taken  up by p l a n t s  in the  f r e e  c a t i o n i c  form (Zn^+) ,  w h i le  fo r  

Cd, complexes w i th  s o l u b l e  o rg an ic  s u b s t a n c e s  o f  low m o le c u la r  w e ig h t ,  

such as o rg a n ic  a c i d s ,  in  a d d i t i o n  to  the  f r e e  c a t i o n i c  form, appear  

t o  be the  most r e l e v a n t  t o  p l a n t  up take  (Davis & Coker,  1980; 

Matthews,  1984).  L ag e rw er f f  & M ilbe rg  (1978) r e p o r t e d  t h a t  th e  Cu 

up take  by soyabeans d e c re a s e d  w i th  the  fo l l o w in g  o rd e r  o f  chemica l  

forms:  i n o r g a n i c  c a t i o n i c  Cu > complexed c a t i o n i c  Cu > amphote r ic  Cu > 

a n i o n i c  Cu. Mercer & Richmond (1971) found t h a t  organo-Cu complexes 

in  pe a t  s o i l s  having  a m o le c u la r  w eigh t  o f  l e s s  than  1000 were 

r e a d i l y  a v a i l a b l e  t o  growing c ro p s ,  whereas complexes o f  m o le c u la r  

weigh t  exceed ing  5000 were n o t .

Many s t u d i e s  r e l a t i n g  t o  the  up take  o f  heavy m e ta l s  from 

sludge-amended s o i l s  by c rop  and g r a z in g  p l a n t s  have been conduc ted ,  a 

comprehensive rev iew o f  which has been p r e s e n t e d  by S t e r r i t t  & L e s t e r  

(1980a) .  The accum ula t ion  o f  m e ta l s  by p l a n t s  would appea r  to  be 

i n f l u e n c e d  by a v a r i e t y  o f  f a c t o r s ,  i n c lu d in g  th e  pH v a lu e  (John & Van 

Laerhoven,  1972; Andersson & N i l s s o n ,  1976; P in k e r t o n  & Simpson,  1977; 

Mahler  et_ a l . , 1978; M i t c h e l l  et^ a\_. , 1978),  o rg a n ic  m a t t e r  s t a t u s  

(H aghar i ,  1974; Gaynore & H a l s t e a d ,  1976; Maclean,  1976; Andersson,  

1977) and phosphate  c o n t e n t  ( M i l l e r  e t  a\_, , 1976; Rashid  e_t al_. , 1976; 

Wal lace «it al_. , 1978) o f  the  s o i l ;  s y n e r g i s t i c  and a n t a g o n i s t i c  

i n t e r a c t i o n s  between heavy m e ta l s  (T u rne r ,  1973; White e_t aj_. , 1974; 

B er ry ,  1976; M i l l e r  et_ a l_. , 1977; Chaney & H orn ick ,  1978);  seasona l  

e f f e c t s  (H aghar i ,  1974; Giordano e_t a l .  , 1975) and th e  t ime span b e t 

ween s ludge  a p p l i c a t i o n  and crop p l a n t i n g  (H in es ly  e_t a l . , 1977; 

K e l l i n g  et^ a l . , 1977; Davis & C o k e r ,1980).  In a d d i t i o n ,  m e ta l  accumu

l a t i o n  i s  dependent  on t h e  p l a n t  s p e c i e s ,  c u l t i v a r  and organ  or  p a r t .  

C e r e a l s ,  g r a s s e s  and legumes, f o r  i n s t a n c e ,  tend  to  accumula te  heavy 

m e ta l s  t o  a l e s s e r  e x t e n t  than  f a s t e r  growing l e a f y  p l a n t s  such as



60

l e t t u c e  and s p inach  (Bingham et a l .  , 1975; 1976; Dowdy, 1975; McIntyre  

e t  a l . ,  1977; Davis & C a r l t o n - S m i t h ,  1980; Bunch, 1982b; Chumbley & 

Unwin, 1982).  In a d d i t i o n ,  c a r r o t s  (Le R iche ,  1968; Symeonides & 

McRae, 1977),  tomatoes  (Thomas e t  a l .  , 1972; Dowdy & L a rson ,  1975) and 

r a d i s h e s  (Doyle et_ a l_. , 1978; Chumbley & Unwin, 1982) appea r  to  accu

m u la te  s e v e r a l  m e ta l s  to  a s i g n i f i c a n t  d eg ree .  However, th e  e d i b l e  

p o r t i o n s  o f  pea and bean p l a n t s  c o n c e n t r a t e  m e ta l s  t o  only  a l i m i t e d  

e x t e n t  compared to  th e  v in e s  and le a v e s  (Dowdy & L a rson ,  1975; 

Bradford  £ t  al_. , 1975; H in e s ly  e_t a l . , 1977),  w h i le  c e r e a l s  g e n e r a l l y  

do n o t  accumula te  m e ta l s  t o  a s i g n i f i c a n t  degree  in  th e  g r a i n  

(Kirkham, 1975; Sabey & H a r t ,  1975; Chumbley & Unwin, 1982; Vlamis e t  

a l . ,  1985).  I t  has  g e n e r a l l y  been found t h a t  Cd and Zn a re  accumu

l a t e d  by p l a n t s  to  a g r e a t e r  e x t e n t  than  Cu and Pb ( S t e r r i t t  & L e s t e r ,  

1980a) .  The behav iou r  o f  i n d i v i d u a l  m e ta l s  in  p l a n t  t i s s u e  a f t e r  

uptake  has  o c c u r re d  may a l s o  v a r y ,  s i n c e  w h i le  Cd and Zn appear  t o  be 

e a s i l y  absorbed  by r o o t s  and s u b se q u e n t ly  t r a n s l o c a t e d  to  the  a e r i a l  

p a r t s  o f  p l a n t s ,  Cu and Pb a r e  l a r g e l y  r e t a i n e d  in the  r o o t s  and Ni i s  

g e n e r a l l y  d i s t r i b u t e d  th roughou t  th e  p l a n t  (Leeper ,  1972; Counci l  fo r  

A g r i c u l t u r a l  S c ience  & Technology,  1976).

Contamina t ion  o f  c rops  t o  p h y to t o x ic  l e v e l s ,  which may reduce  

y i e l d s  and cause  economic l o s s ,  r e p r e s e n t s  one o f  the  p o t e n t i a l  

h a z a rd s  a s s o c i a t e d  w i th  th e  a p p l i c a t i o n  o f  m e ta l - c o n ta m i n a t e d  s ludges  

t o  land  (Webber, 1972; Cunningham et^ a K , 1975; S t e r r i t t  & L e s t e r ,  

1980a) .  Of more conce rn ,  however,  a r e  the  m e ta l s  accumula ted  from 

s ludge-amended s o i l s  i n t o  th e  e d i b l e  p a r t s  o f  c rops  a t  c o n c e n t r a t i o n s  

l e s s  than  th o s e  c o n s id e re d  to  be p h y to t o x ic  s in c e  t h e s e  may have a 

d i r e c t  e f f e c t  on man or  an i n d i r e c t  e f f e c t  whereby the y  a r e  f i r s t  

accumula ted  in  g r a z i n g  an imals  (Matthews,  1984). A d d i t i o n a l l y ,  m e ta l s  

which a re  l e ach ed  from sludge-amended s o i l s  may be m o b i l i s e d  i n t o  s u r 

face  w a te r  or  g roundw ater ,  p r e s e n t i n g  a p o t e n t i a l  r i s k  to  human h e a l t h  

where t h e s e  w a te r s  a r e  used as s ou rces  fo r  p o t a b l e  supp ly  ( L e s t e r  e t  

a l . ,  1983).  Al though t h e r e  i s  much ev idence  t o  su g g e s t  t h a t  no s i g n i 

f i c a n t  movement o f  heavy m e ta l s  occurs  from th e  sludge-amended s o i l  

l a y e r  i n t o  th e  s o i l  p r o f i l e  (Boswell ,  1975; Emmerich et^ a l . , 1982a; 

Kuo e t  a l . , 1983; M i l l e r  e_t a l .  , 1983),  movement o f  heavy m e ta l s  may 

occur  th rough  open s o i l  channe ls  or  f i s s u r e s  where the  . s o i l  has  had no
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o p p o r t u n i t y  t o  a t t e n u a t e  them (Dowdy & Volk,  1983).

I t  i s  e v i d e n t  t h a t  heavy m e ta l  con tam ina ted  sewage s ludges  

a p p l i e d  t o  l and  may have p o t e n t i a l l y  adverse  e f f e c t s  on p u b l i c  h e a l t h  

and the  env i ronm en t .  A knowledge o f  the  phys icochemica l  forms in 

which m e ta l s  occur  in  t h e s e  m a t r i c e s  and o f  th e  c o n t r o l l i n g  f a c t o r s  

which m a in t a i n  them as such i s  n e c e s s a r y  in  o rd e r  t o  be a b l e  t o  p r e 

d i c t  and thus  l i m i t  such e f f e c t s .
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2.  OBJECTIVES

In view o f  the  im por tance  o f  m e ta l  s p e c i a t i o n  in a s s e s s i n g  the  

f a t e  o f  sewage s l u d g e - d e r i v e d  heavy m e ta l s  in th e  env i ronm en t ,  the  

work r e p o r t e d  h e r e  aimed t o  more f u l l y  c h a r a c t e r i s e  f i v e  m e ta l s  of  

major  co n ce rn ,  namely Cd, Cu, Ni,  Pb and Zn, w i t h i n  th e s e  complex 

m a t r i c e s  u s in g  a v a r i e t y  o f  p h y s i c a l ,  chemical  and e l e c t r o c h e m i c a l  

t e c h n i q u e s .

More s p e c i f i c a l l y ,  th e  c u r r e n t  i n v e s t i g a t i o n  was u nde r ta ken  to  

i d e n t i f y  and q u a n t i f y  th e  d i f f e r e n t  chemica l  forms in which th e s e  

m e ta l s  occur  in  sewage s lu d g e s  th rough th e  use o f  a m o d i f ied  v e r s i o n  

o f  th e  s e q u e n t i a l  e x t r a c t i o n  p rocedure  proposed  by S tove r  a l .

(1976) .  The in f l u e n c e  o f  s ludge  type  on me ta l  d i s t r i b u t i o n  was eva

l u a t e d  by comparing the  f r a c t i o n a t i o n  p r o f i l e s  o b t a in e d  in  bo th  l i q u i d  

and d r i e d  forms o f  raw, a c t i v a t e d  and d i g e s t e d  s ludges  o r i g i n a t i n g  

from major  UK sewage t r e a t m e n t  works.  A p p l i c a t i o n  o f  a m o d i f ied  

v e r s i o n  o f  the  t e ch n iq u e  deve loped  by C o t t e n i e  (1981) to  the  same 

s ludge  samples was a l s o  u n d e r ta k en  in o rd e r  t o  make a q u a n t i t a t i v e  

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

a c i d i t y .  In an a t tem p t  t o  e l u c i d a t e  th e  n a t u r e  o f  m e ta l  s p e c i e s  

a f f e c t e d  by such pH changes ,  r e s i d u e s  from the  p r o g r e s s i v e  a c i d i f i c a 

t i o n  t r e a t m e n t  were s u b j e c t e d  t o  th e  s e q u e n t i a l  e x t r a c t i o n  t e c h n iq u e .

S e q u e n t i a l  chemica l  e x t r a c t i o n  was f u r t h e r  employed to  i n v e s t i 

g a t e  the  t r a n s i t i o n s  in  m e ta l  form which occur  fo l l o w in g  a n a e ro b ic  

d i g e s t i o n  o f  raw s ludge  samples in  l a b o r a t o r y - s c a l e  d i g e s t e r s .  The 

i n f l u e n c e  o f  s ludge  type on m e ta l  d i s t r i b u t i o n  d u r in g  a n a e ro b ic  

d i g e s t i o n  was e v a l u a t e d  by comparison  o f  the  f r a c t i o n a t i o n  p r o f i l e s  

o b t a in e d  f o r  bo th  pr im ary  and mixed pr im ary  ( i e .  c o - s e t t l e d  p r im ary  

and s u r p l u s  a c t i v a t e d )  s l u d g e s .  In a d d i t i o n ,  th e  h y p o th e s i s  t h a t  

t o t a l  m e ta l  c o n c e n t r a t i o n  may be an im por tan t  p a ram ete r  i n f l u e n c i n g  

m e ta l  d i s t r i b u t i o n  was i n v e s t i g a t e d  th rough  comparison o f  th e  f r a c 

t i o n a t i o n  p a t t e r n s  observed  as t o t a l  c o n c e n t r a t i o n s  of  Cd, Cu, Ni,  Pb 

and Zn w i t h i n  the  a n ae ro b ic  d i g e s t e r s  were s t e a d i l y  i n c r e a s e d .
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E v a l u a t i o n  o f  the  i n f l u e n c e  o f  bo th  p a r t i c l e  s i z e  and con

c e n t r a t i o n  on heavy m e ta l  d i s t r i b u t i o n s  in  raw, a c t i v a t e d  and d i g e s t e d  

s lu d g es  was unde r ta k en  u s in g  membrane f i l t r a t i o n .  F u r t h e r  u t i l i s a t i o n  

o f  t h i s  t e c h n iq u e  in com bina t ion  w i th  i o n - s e l e c t i v e  e l e c t r o d e  p o te n -  

t i o m e t r y  and m e ta l  t i t r a t i o n s  aimed to  a s s e s s  the  e f f e c t s  o f  p a r t i c l e  

s i z e  on m e t a l - s l u d g e  com plexa t ion  c h a r a c t e r i s t i c s .
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3. MATERIALS AND METHODS

3.1 C o l l e c t i o n ,  P r e p a r a t i o n  and S to rage  o f  Sludge Samples

3 . 1 . 1  Samples fo r  chemica l  e x t r a c t i o n

Sludge samples were c o l l e c t e d  from f i v e  d i f f e r e n t  sewage t r e a t 

ment works w i t h i n  the  UK. Raw s ludges  were c o l l e c t e d  from Beckton 

(Thames Water  A u th o r i t y )  and S h i e l d h a l l  ( S t r a t h c l y d e  Water A u t h o r i t y ) ,  

a c t i v a t e d  from Beckton and Hogsmill  (Thames Water  A u th o r i t y )  and 

d i g e s t e d  from Beckton,  Davyhulme (North West Water  A u t h o r i t y )  and 

P e r ry  Oaks (Thames Water  A u t h o r i t y ) .  These l i q u i d  s ludge  samples were 

s t o r e d  in  10 1 p o lyp ropy lene  c o n t a i n e r s  a t  4°C. A p o r t i o n  o f  each 

s ludge  was d r i e d  a t  105°C, ground to  pass  a 0 .5  mm s i e v e  and s t o r e d  

over s i l i c a  g e l .

3 . 1 . 2  Samples fo r  p a r t i c l e  s i z e  f i l t r a t i o n

Samples o f  mixed p r im ary  raw, a c t i v a t e d  and d i g e s t e d  s ludges  

were c o l l e c t e d  from Hogsmill  V a l l ey  Sewage Trea tm ent Works (Thames 

Water A u t h o r i t y ) .  The pH and e l e c t r i c a l  c o n d u c t i v i t y  o f  each s ludge  

was measured ,  then  each s ludge  was s t r a i n e d  th rough  a 6 mm mesh, to  

remove l a r g e  s o l i d  m a t t e r ,  and s t o r e d  in  p o lyp ropy lene  c o n t a i n e r s  a t  

4°C f o r  a maximum of  21 d p r i o r  to  e x p e r i m e n t a t i o n .

3 .2  A n a l y t i c a l  Techniques

3 . 2 . 1  Chemical e x t r a c t i o n  t e c h n iq u e s

3 . 2 . 1 . 1  P r e c o n c e n t r a t i o n  o f  l i q u i d  s ludge  samples

P r e p a r a t i o n  o f  th e  l i q u i d  s ludge  samples fo r  e x t r a c t i o n  

n e c e s s i t a t e d  o b t a i n i n g  s ludge  p e l l e t s  o f  a s p e c i f i c  dry  w eigh t  fo r  

c o m p a r a b i l i t y  w i th  the  d r i e d  samples and to  m a in t a i n  the  

s o l i d s : r e a g e n t  volume r a t i o .  The o r i g i n a l  10 1 s ludge  samples were 

shaken manua l ly  fo r  5 min b e f o r e  sampl ing ,  in  a d d i t i o n  t o  which the  

raw s lu d g e s  were s t r a i n e d  th rough  a 6  mm mesh.  Volumes o f  l i q u i d  

s ludges  c a l c u l a t e d  t o  c o n t a i n  a s p e c i f i c  dry  weight  were c e n t r i f u g e d  

in a bench c e n t r i f u g e  (Gallenkamp L t d . ,  UK) in p o l y t e t r a f l u o r o e t h y l e n e  

(PTFE) b o t t l e s  (Techmate L t d . ,  UK) a t  2500 xg f o r  30 min and s u f 

f i c i e n t  s u p e r n a t a n t  was removed to  l e av e  a f i n a l  known volume. The 

s ludge  p e l l e t s  were re suspended  and the  samples homogenised by mecha

n i c a l  shak ing  fo r  2 h .  Volumes of  the  s ludge  su sp e n s io n  c o n t a i n i n g
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the  r e q u i r e d  s o l i d s  were th e n  p i p e t t e d  d i r e c t l y  i n t o  the  c e n t r i f u g e  

tubes  to  be used fo r  the  e x t r a c t i o n s  and i n t o  Ni c r u c i b l e s  fo r  f i n a l  

d e t e r m i n a t i o n s  o f  t o t a l  s o l i d s .  The samples were s u b se q u e n t ly  c e n t r i 

fuged a t  2500 xg fo r  30 min,  t h e  s u p e r n a t a n t s  b e in g  r e t a i n e d  and a c i 

d i f i e d  t o  1% ( v / v )  HNO3 p r i o r  t o  heavy m e ta l  a n a l y s i s  w h i le  th e  s ludge  

p e l l e t s  were s u b j e c t e d  to  e x t r a c t i o n .

3 . 2 . 1 . 2  S e q u e n t i a l  e x t r a c t i o n

F r a c t i o n a t i o n  o f  th e  m e ta l s  Cd, Cu, Ni,  Pb and Zn p r e s e n t  in  

each s ludge  sample was u n d e r ta k e n  u s ing  a m o d i f i e d  v e r s i o n  o f  th e  

s e q u e n t i a l  e x t r a c t i o n  p ro c e d u re  d e s c r ib e d  by S to v e r  e t  al_. ( 1976 ) ,  as 

o u t l i n e d  in  Table  9.

Table  9 C o n d i t io n s  fo r  s e q u e n t i a l  chemica l  e x t r a c t i o n

D es igna ted  form 

e x t r a c t e d

Reagent  

(AR Grade)

E x t r a c t i o n  

t ime (h)

Sol i d s : r e a g e n t  

volume r a t i o

S o lu b le /

Exchangeable 1.0  M KNO3 16 1:50

Adsorbed 0.5  M KF (pH 6 .5 ) 16 1:80

O r g a n i c a l l y  bound 0.1  M Na4 P2 0 7 16 1:80

Carbona te 0 .1  M EDTA (pH 6 . 5) 16 1:80

Su lph ide 6 .0  M HNO3 16 1:50

M o d i f i c a t i o n s  to  th e  o r i g i n a l  t e ch n iq u e  in c lu d ed  the  use o f  a 

s i n g l e  16 h EDTA e x t r a c t i o n  as  opposed t o  a double  8 h e x t r a c t i o n  and 

th e  r ep la cem e n t  o f  1.0 M HNO3  w i th  6 .0  M HNO3 (Oake e£  a_l . , 1984),  in 

a d d i t i o n  t o  c e n t r i f u g a t i o n  a t  2500 xg,  which was found to  be as 

e f f e c t i v e  in  s o l i d s  s e p a r a t i o n  as the  10000 xg used  by S tover  et^ a l . 

(1976) .

Samples o f  0 .4  g were e x t r a c t e d  by shak ing  w i th  the  a p p r o p r i a t e  

volume o f  r e a g e n t  in 50 ml p o lyp ropy lene  c e n t r i f u g e  tubes  (MSE L t d . ,  

UK) fo r  16 h on a r e c i p r o c a t i n g  bench shaker  (Gallenkamp L t d . )  s e t  a t
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60 o s c i l l a t i o n s  per  min,  fo l lowed  by c e n t r i f u g a t i o n  a t  2500 xg fo r  30 

min in  a bench c e n t r i f u g e  (Gallenkamp L t d . ) .  The s u p e r n a t a n t s  were 

c a r e f u l l y  removed and f i l t e r e d  th rough  GF/D ( 2 .7  ym) f i l t e r s  (Whatman 

L t d . ,  UK) u s in g  a vacuum f i l t r a t i o n  u n i t  (Amicon L t d . ,  UK). The 

f i l t e r s  were p r e t r e a t e d  by soak ing  in  1% ( v / v )  HNO3  f o r  24 h (Laxen & 

Chand le r ,  1982).  The f i l t r a t e s  were a c i d i f i e d  to  1% ( v / v )  HNO3 p r i o r  

to  a n a l y s i s  by atomic a b s o r p t i o n  s p e c t ro p h o to m e t ry ,  w h i le  the  

r em a in ing  s ludge  p e l l e t s  were re suspended  in 25 ml d e i o n i s e d  d i s t i l l e d  

w a te r  and shaken manually  p r i o r  to  c e n t r i f u g a t i o n  and a d d i t i o n  o f  the  

n e x t  r e a g e n t .  Th is  p ro ced u re  was fo l lowed  fo r  the  sequence  of  

r e a g e n t s  p r e s e n t e d  in Tab le 9 and on t r i p l i c a t e  samples o f  each 

s lu d g e .  Metal  r em a in ing  in the  s ludge  p e l l e t s  fo l l o w in g  th e  6 .0  M 

HNO3 e x t r a c t i o n  was d e s i g n a t e d  as th e  ' r e s i d u a l '  f r a c t i o n .

3 . 2 . 1 . 3  P r o g r e s s i v e  a c i d i f i c a t i o n

P o t e n t i a l l y  s o l u b l e  me ta l  forms were a s s e s s e d  by p r o g r e s s i v e  

a c i d i f i c a t i o n  o f  s ludge  samples ,  based  on the  method o f  C o t t e n i e  

(1981) .  Samples o f  0 .5  g o f  d r i e d  s ludge  were suspended in 15 ml 

d i s t i l l e d  w a te r .  L iq u id  s ludges  were p r e c o n c e n t r a t e d  to  g iv e  com

p a r a b l e  s o l i d s  c o n c e n t r a t i o n s ,  as  p r e v i o u s l y  d e s c r ib e d  (S e c t i o n  

3 . 2 . 1 . 1 ) ,  t o t a l  s o l i d s  d e t e r m i n a t i o n s  be in g  made on t r i p l i c a t e  a l i 

quo ts  o f  each to  a s c e r t a i n  the  f i n a l  s o l i d s  c o n t e n t .  Both sample 

types  were p repa red  d i r e c t l y  in  50 ml p o lyp ropy lene  c e n t r i f u g e  tubes  

(MSE L t d ) ,  t o  o b v ia t e  s o l i d s  l o s s  on t r a n s f e r ,  and were s t i r r e d  by 

means o f  magnetic  f o l l o w e r s  fo r  15 min p r i o r  to  e x p e r i m e n t a t i o n  to  

a s s u r e  complete  m ix ing .  S e t s  of  t r i p l i c a t e  samples o f  each  s ludge  

type  were p re p a re d  a t  e i t h e r  ambient  pH or pH 4 . 0 ,  2 .0  o r  0 . 5 .  The 

samples were s t i r r e d  c o n t in u o u s l y  fo r  a p e r io d  o f  30 min d u r in g  which 

t ime th e  pH was m on i to red  and ad ju s tm e n t s  t o  m a in t a i n  the  pH a t  4 . 0 ,  

2 .0  o r  0 .5  were made by c o n t r o l l e d  a d d i t i o n  o f  6 .0  M, 4 .0  M, 2 .0  M or 

0 .5  M 'A n a l a r '  HNO3  and 6 .0  M or 1 .0  M 'A n a l a r '  KOH. No ad ju s tm e n t s  

were made to  the  c o n t r o l  s e t s  o f  samples a t  ambient  pH. A f t e r  30 min 

th e  e l e c t r o d e  and magne t ic  fo l l o w e r  were removed from the  sample and 

any a d h e r in g  s o l i d s  were r i n s e d  back i n t o  th e  s u spe ns ion  with  

d i s t i l l e d  w a te r .  The samples were then  made up to  25 ml w i th  

d i s t i l l e d  w a te r  and c e n t r i f u g e d  a t  3000 xg fo r  15 min.  S u p e r n a t a n t s  

were f i l t e r e d  th rough GF/D f i l t e r s  (Whatman L t d . )  as  in s e c t i o n
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3 . 2 . 1 . 2 ,  and the  f i n a l  pH o f  th e  f i l t r a t e s  measured p r i o r  to  a c i d i f i 

c a t i o n  t o  1% ( v /v )  HNO3  and a n a l y s i s  by atomic a b s o r p t i o n  s p e c t ro p h o 

to m e t ry .

Each s e t  o f  t r i p l i c a t e  r e s i d u a l  p e l l e t s  rem a in ing  from th e  o r i 

g i n a l  d r i e d  s ludges  were d r i e d  a t  30°C, ground t o  pass  a 0 .5  mm s i e v e  

and s t o r e d  over s i l i c a  g e l .  T r i p l i c a t e  samples o f  0 .3  g were then  

s u b j e c t e d  t o  the  s e q u e n t i a l  e x t r a c t i o n  p rocedu re  d e s c r i b e d  in s e c t i o n

3 . 2 . 1 . 2 ,  in  an a t t e m p t  t o  e l u c i d a t e  th e  n a t u r e  o f  th e  m e ta l  s p e c i e s  

e x t r a c t e d  by p r o g r e s s i v e  a c i d i f i c a t i o n .

3 . 2 . 2  P a r t i c l e  s i z e  f i l t r a t i o n

To s tu d y  th e  e f f e c t  o f  p a r t i c l e  s i z e  on th e  heavy m e ta l  b in d in g  

c h a r a c t e r i s t i c s  o f  raw, a c t i v a t e d  and d i g e s t e d  s ludge  s o l i d s  i t  was 

n e c e s s a r y  t o  f i r s t l y  pass  each s ludge  th rough  a range  o f  f i l t e r  pore 

s i z e s .  A microporous  c e l l u l o s i c  f i l t e r  o f  0.22 ym pore s i z e  (Amicon 

L t d . )  was used in c o n j u n c t io n  w i th  a 3 - p i e c e  g l a s s  f i l t r a t i o n  h o ld e r  

(Gallenkamp L t d . ) ,  w h i le  ny lon  meshes o f  pore s i z e s  10, 100 and 1000 

ym (Henry Simon L t d . ,  UK) were used in  c o n j u n c t io n  w i th  3 - p i e c e  

H a r t l e y  fu n n e l s  (Gallenkamp L t d . ) .  A l l  f i l t e r s  and meshes were 

p r e t r e a t e d  as d e s c r ib e d  p r e v i o u s l y  ( S e c t i o n  3 . 2 . 1 . 2 ) .  Th is  range  o f  

po re  s i z e s  was s e l e c t e d  in o r d e r  t o  o b t a i n  a s o l i d s  d i s t r i b u t i o n  

r a n g in g  from a s imple  s o l u b i l i t y  d i s t i n c t i o n  t o  i n c l u s i o n  o f  v i r 

t u a l l y  a l l  p a r t i c u l a t e  m a t t e r .  The s o l u b l e  phase was taken  t o  be th e  

f i l t r a t e  from the  0 . 2 2  ym f i l t e r ;  such a pore s i z e  has  been used p r e 

v i o u s l y  t o  s e p a r a t e  th e  s o l u b l e  f r a c t i o n  (Ross in  et^ al_. , 1982)

Raw and d i g e s t e d  s ludges  were d i l u t e d  by 1 in  25 p r i o r  to  

f i l t r a t i o n  in o rd e r  t o  o b t a i n  s u f f i c i e n t  f i l t r a t e  sample volume f o r  

ISE d e t e r m i n a t i o n s  and to  p r e v e n t  changes in th e  e f f e c t i v e  pore s i z e  

o f  th e  f i l t e r s  due t o  c l o g g in g .  D i l u t i o n  was ach ieved  u s in g  0 .1  M 

' A r i s t a r ' KNO3 , so as t o  m a in t a i n  an i o n i c  s t r e n g t h  e q u i v a l e n t  to  t h a t  

o f  the  o r i g i n a l  s ludge  samples .  The pH v a lu e  o f  the  d i l u t e d  samples 

was a d j u s t e d  t o  t h a t  of  th e  o r i g i n a l  u n d i l u t e d  s lu d g es  u s in g  ' A r i s t a r ' 

KOH and HNO3 .

Each s ludge  sample was a g i t a t e d  to  form a homogeneous suspen
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s io n  and a l i q u o t s  o f  s u f f i c i e n t  volume to  produce  1 0 0  ml o f  f i l t r a t e  

were a p p l i e d  t o  s i n g l e  1000 and 100 ym meshes.  In o r d e r  t o  produce 

1 0 0  ml o f  1 0  and 0 . 2 2  ym f i l t r a t e s ,  however,  s e v e r a l  f i l t e r  changes 

were n e c e s s a r y  s in c e  c lo g g in g  o f  t h e s e  f i l t e r s  o c c u r r e d  even when 

d i l u t e d  s ludge  samples were a p p l i e d  and f u r t h e r  d i l u t i o n  o f  the  

samples would have p rov ided  i n s u f f i c i e n t  s o l i d s  c o n c e n t r a t i o n s  fo r  

measurement o f  complexat ion  c h a r a c t e r i s t i c s  in  t h e s e  f i l t r a t e s .  

Although the  deg ree  o f  vacuum has  been r e p o r t e d  n o t  t o  a f f e c t  the  

r e t e n t i o n  c h a r a c t e r i s t i c s  o f  the  f i l t e r s  (Sheldon,  1972),  c a re  was 

ta ken  in  u s in g  the  minimum vacuum p r e s s u r e  n e c e s s a r y  t o  avoid  

d i s r u p t i n g  p a r t i c l e s  (B a te ly  & G ardner ,  1977).  The f i l t r a t e s  from 

each  f i l t e r  o r  mesh were s t o r e d  in  po lyp ropy lene  b eake rs  a t  4°C fo r  a 

maximum o f  4 d p r i o r  t o  complexat ion  t i t r a t i o n  and ISE d e t e r -  

m ina t  i o n s .

A s e p a r a t e  s e t  o f  f i l t r a t i o n s  was under taken  on each s ludge  

ty p e  t o  de te rm ine  th e  t o t a l  s o l i d s  c o n c e n t r a t i o n  and Cd, Cu and Pb 

c o n c e n t r a t i o n s  o f  each f i l t r a t e .  The a c t i v a t e d  s ludge  was f i l t e r e d  

u n d i l u t e d  w h i le  the  raw and d i g e s t e d  s ludges  were d i l u t e d  by 1 in  2.5 

u s in g  0 .1  M KNO3 . S u f f i c i e n t  sample was a p p l i e d  t o  each f i l t e r  to  

produce  15 ml of  f i l t r a t e ;  5 ml o f  which was used f o r  t o t a l  s o l i d s  

d e t e r m i n a t i o n ,  th e  rem ain ing  10 ml b e in g  a c i d i f i e d  t o  1% (v /v )  HNO3 

and s e a l e d  p r i o r  t o  heavy meta l  d e t e r m i n a t i o n s .  An i d e n t i c a l  p roce 

dure  was fo l lowed u s in g  only  0.1  M KNO3 or  d e i o n i s e d  w a te r  in the  

p r o d u c t i o n  o f  b lank  f i l t e r e d  samples .  Blank v a l u e s  i n d i c a t e d  t h a t  

f i l t e r  con tam inan ts  c o n t r i b u t e d  <1% of  th e  c o n c e n t r a t i o n  o f  Cd, Cu and 

Pb p r e s e n t  in the  sample f i l t r a t e s .  V e r i f i c a t i o n  t h a t  f i l t e r  adso rp 

t i o n  was n e g l i g i b l e  was under taken  u s in g  s t a n d a rd  u n a c i d i f i e d  meta l  

s o l u t i o n s .  Sludge samples were a l s o  an a ly se d  f o r  t o t a l  s o l i d s  and 

heavy m e ta l  c o n c e n t r a t i o n s .

3 . 2 . 3  I o n - s e l e c t i v e  e l e c t r o d e  d e t e r m i n a t i o n s

3 . 2 . 3 . 1  Apparatus

Free  Cd2+ , Cu^+ and Pb^+ c o n c e n t r a t i o n s  were de te rm ined  us ing  

Orion model 94-48 ,  94-29 and 94-82 e l e c t r o d e s  r e s p e c t i v e l y  in conjunc

t i o n  w i th  an Orion model 90-02 d o u b l e - j u n c t i o n  Ag/AgCl r e f e r e n c e  

e l e c t r o d e  (MSE L t d . ) .  I n t e r n a l  and o u t e r  f i l l i n g  s o l u t i o n s  o f  the
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r e f e r e n c e  e l e c t r o d e  were as recommended by the  e l e c t r o d e  m a n u fa c tu re r  

(Anon. ,  1980).  E l e c t r o d e  r e s p o n s e  was measured w i th  an Orion 701A 

d i g i t a l  p H / m i l l i v o l t  m e te r  (MSE L t d . ) ,  and an i d e n t i c a l  m e te r  was used 

f o r  pH measurements ( S e c t i o n  3 . 2 . 6 . 2 ) .  A l l  ISE d e t e r m i n a t i o n s  were 

conducted  in p o ly p ro p y len e  c o n t a i n e r s  t o  minimise  a d s o r p t i o n  e r r o r s .  

Samples and s t a n d a r d s  were s t i r r e d  m a g n e t i c a l l y  a t  a c o n s t a n t  r a t e  

u s in g  a PTFE-coated f o l l o w e r  and were m a in ta in e d  a t  a c o n s t a n t  tem

p e r a t u r e  o f  25 ± 1°C u s in g  a t h e r m o s t a t i c a l l y - c o n t r o l l e d  w a t e r - b a t h  

(Gallenkamp L t d . ) .  Cons tan t  l i g h t i n g  by f l u o r e s c e n t  means was main

t a i n e d  by e x c l u s i o n  o f  s u n l i g h t .  The a t t a in m e n t  o f  e q u i l i b r i u m  po ten 

t i a l  v a lu e s  was m on i to red  by means o f  a S e r v o s c r ib e  IS c h a r t  r e c o r d e r  

(Labda ta  In s t ru m en t  S e r v i c e ,  UK).

3 . 2 . 3 . 2  E l e c t r o d e  p r e t r e a t m e n t

D a i ly  p r e t r e a t m e n t  o f  the  ISEs comprised g e n t l e  b u f f i n g  o f  the  

s h in y  s u r f a c e  of  the  p e l l e t  f o r  30s w i th  Orion 948201 p o l i s h i n g  s t r i p s  

(MSE L t d . ) ,  f o r  improved e l e c t r o d e  r e s p o n s e ,  fo l low ed  by v ig o ro u s  

r i n s i n g  w i th  d e i o n i s e d  d i s t i l l e d  w a te r .  The e l e c t r o d e s  were sub

s e q u e n t l y  c l ean ed  in 0 .025 M H2 SO4  f o r  10 min (B la e d e l  & Dinwiddie ,  

1975; Avdeef et^ al_ . , 1983) and ag a in  r i n s e d  and soaked in  d e i o n i s e d  

w a te r  p r i o r  to  u se .  P r e t r e a t m e n t  o f  the  r e f e r e n c e  e l e c t r o d e  invo lved  

r ep la cem e n t  o f  i n n e r  and o u t e r  f i l l i n g  s o l u t i o n s  on a weekly b a s i s ,  

a c c o rd in g  to  th e  m a n u f a c t u r e r ' s  i n s t r u c t i o n s  (Anon. ,  1980).  When no t  

in  u s e ,  the  e l e c t r o d e s  were s t o r e d  in  d e i o n i s e d  w a te r .

3 . 2 . 3 . 3  E l e c t r o d e  c a l i b r a t i o n

The Cu ISE was c a l i b r a t e d  in th e  range  o f  10” ^  to  10“ ^ M Cu2+ 

w h i le  the  Cd and Pb ISEs were c a l i b r a t e d  in  the  range  o f  1 0 " ^  t o  1 0 ” 3  

M Cd^+ and Pb^+ r e s p e c t i v e l y .  C a l i b r a t i o n  in th e  range  o f  10”  ̂ to  

1 0 - 3  m jj2 + was performed u s in g  u n a c i d i f i e d  m e ta l  n i t r a t e  s o l u t i o n s  

p r e p a re d  by s e r i a l  d i l u t i o n  o f  more c o n c e n t r a t e d  s to c k  s o l u t i o n s  u s in g  

d e i o n i s e d  d i s t i l l e d  w a te r .  The pH v a lu e  o f  each s t a n d a r d  s o l u t i o n  was 

a d j u s t e d  to  and m a in ta in e d  a t  t h a t  o f  th e  samples by c o n t r o l l e d  a d d i 

t i o n s  of  ' A r i s t a r '  HNO3  and KOH, w h i le  i o n i c  s t r e n g t h  v a lu e s  were 

a d j u s t e d  to  th o s e  o f  th e  samples u s in g  ' A r i s t a r ' KNO3 .

E x tens ion  o f  a l i n e a r  N e r n s t i a n  c a l i b r a t i o n  t o  below 10“  ̂ M
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was ach ieved  u s in g  m e t a l - i o n  b u f f e r e d  s t a n d a r d s ,  which p ro v id e  a 

c o n t r o l l e d  sou rce  o f  f r e e  me ta l  ions  in a manner s i m i l a r  t o  the  

r e g u l a t i o n  o f  hydrogen ion  c o n c e n t r a t i o n  by pH b u f f e r s  (Blum & Fog, 

1972; Hansen ejt a l . , 1972; P e r r i n  & Dempsey, 1974).  R e g u la t i o n  o f  the  

f r e e  me ta l  ion  c o n c e n t r a t i o n  i s  based  on the  p r i n c i p l e s  o f  c o n d i t i o n a l  

s t a b i l i t y  c o n s t a n t s  (Ringbom, 1963) and s i d e - r e a c t i o n  c o e f f i c i e n t s  

(Schwarzenbach,  1957).  According to  P e r r i n  & Dempsey (1974) ,  a t

c o n s t a n t  i o n i c  s t r e n g t h ,  the  f r e e  m e ta l  ion c o n c e n t r a t i o n ,  [M], in  a 

s o l u t i o n  o f  m e ta l  ion ,  M, and a l i g a n d ,  L, forming th e  1:1 complex 

ML can be e x p re s s e d  a t  e q u i l i b r i u m  by th e  e q u a t io n :

[M] = [ML]_________  (2)

KML • [L]
<*L

where K^l i s  the  s t a b i l i t y  c o n s t a n t  o f  the  ML complex a t  the  i o n i c  

s t r e n g t h  used ;  [L] i s  the  t o t a l  c o n c e n t r a t i o n  o f  uncomplexed l i g a n d ;  

[ML] i s  th e  t o t a l  c o n c e n t r a t i o n  o f  th e  complex formed; and 0&l deno

t e s  the  s i d e - r e a c t i o n  c o e f f i c i e n t  o f  th e  l i g a n d ,  t h i s  term be ing  

c a l c u l a t e d  a c c o rd in g  to  the  e q u a t io n :

= 1  + 1 ()(PK 1 “ PH) + 1 0 (PK 1 + Pk 2  “ 2 PR) + . . .  (3)

Hence,  by m a i n t a i n i n g  th e  m e ta l  and l i g a n d  c o n c e n t r a t i o n s  a t  a f ix e d

r a t i o ,  th e  f r e e  me ta l  ion c o n c e n t r a t i o n  may be v a r i e d  by a l t e r i n g  the

pH v a l u e ,  s i n c e  the  OC^ term i s  e s s e n t i a l l y  a f u n c t i o n  o f  pH.

B u f fe red  s t a n d a r d s  were t h e r e f o r e  p re p a re d  by mixing 0.001 M

u n a c i d i f i e d  Cd, Cu or  Pb n i t r a t e  s o l u t i o n s  w i th  0.01 M of  the  'Gold

L a b e l '  t r i - s o d i u m  s a l t  o f  n i t r i l o t r i a c e t i c  a c id  (NTA) (A ld r i c h  

Chemical Company, UK); the  pH v a l u e  of  each s t a n d a r d  be ing  a d j u s t e d  

t o  g ive  the  f r e e  m e ta l  ion c o n c e n t r a t i o n s  r e q u i r e d  fo r  c a l i b r a t i o n ,  

a c c o rd in g  t o  e q u a t io n  ( 2 ) .  S t a b i l i t y  c o n s t a n t  and pKa v a l u e s  used 

were th o se  o f  Ringbom (1979) ,  w i th  the  e x c e p t io n  o f  th e  KquntA v a l u e ,  

which was taken  from S i l l e n  & M a r t e l l  (1971) .  Adjus tment to  and main

t e n an ce  o f  a p p r o p r i a t e  pH v a lu e s  and ad ju s tm en t  o f  i o n i c  s t r e n g t h
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v a l u e s  t o  th o s e  o f  the  samples was acc o rd in g  to  th e  p rocedu res  adopted  

in  th e  p r e p a r a t i o n  o f  u n b u f fe re d  s t a n d a r d s .

B u f fe red  and u n b u f fe re d  s t a n d a r d s  were p re p a re d  f r e s h l y  each 

day,  in  100 ml volumes.  C a l i b r a t i o n  was g e n e r a l l y  u nde r ta ken  u s ing  

fo u r  s t a n d a r d s  over  th e  sample c o n c e n t r a t i o n  range  t o  be measured,  

r e c a l i b r a t i o n  be ing  performed eve ry  4 h .  The l o g a r i t h m i c  r e s p o n s e  o f  

t h e  e l e c t r o d e s  was taken  i n t o  accoun t  when p l o t t i n g  a n a l y t i c a l  

r e s p o n s e  a g a i n s t  f r e e  m e ta l  ion  c o n c e n t r a t i o n .  Between measurements,  

th e  e l e c t r o d e s  were v i g o r o u s l y  r i n s e d  u s ing  d e i o n i s e d  d i s t i l l e d  

w a t e r .

3 . 2 . 4  D e te rm in a t io n  of  complexat ion  param ete rs

A q u a n t i t a t i v e  a ssessm en t  o f  m e t a l - s l u d g e  complexat ion  ch a ra c 

t e r i s t i c s  may be o b ta in e d  by th e  d e t e r m i n a t i o n  o f  th e  c o n d i t i o n a l  s t a 

b i l i t y  c o n s t a n t  f o r  th e  fo rm at ion  o f  the  complex and th e  c o n c e n t r a t i o n  

o f  m e ta l  b in d i n g  s i t e s  ( e f f e c t i v e l y  t h e  complexat ion  c a p a c i t y )  in  a 

g iven  sample.

Heavy m e ta l  complexat ion  may be r e p r e s e n t e d  by th e  e q u i l i b r i u m  

r e l a t i o n s h i p :

M + xL — MLX (4)

and the  s t a b i l i t y  c o n s t a n t ,  K, i s  g iven  by

K = [MLX] (5)

[M] [L]x

where [M] and [L] a r e  the  e q u i l i b r i u m  c o n c e n t r a t i o n s  o f  th e  u n re a c te d  

m e ta l  and l i g a n d  r e s p e c t i v e l y ,  [ML] i s  th e  e q u i l i b r i u m  c o n c e n t r a t i o n  

o f  th e  m e t a l - l i g a n d  complex and x i s  the  s t o i c h i o m e t r i c  r a t i o .  I f  a 

l i g a n d  i s  t i t r a t e d  w i th  i n c r e a s i n g  amounts of  me ta l  u s in g  a t e ch n iq u e  

f o r  the  d i f f e r e n t i a t i o n  o f  the  f r e e  m e ta l ,  [Mp] ( e q u i v a l e n t  t o  [M] in 

e q u a t i o n  ( 5 ) ) ,  from th e  bound or  complexed m e ta l ,  [Mg] ( e q u i v a l e n t  to  

[ML] in e q u a t io n  ( 5 ) ) ,  t h e n ,  f o r  th e  im por tan t  case  o f  1:1 

s t o i c h i o m e t r y  o f  th e  complex,  v a l u e s  o f  the  c o n d i t i o n a l  s t a b i l i t y
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[Mp] = [Mp] + 1 (6)

II7! k '[l ']

C o n d i t io n a l  s t a b i l i t y  c o n s t a n t s  and com plexa t ion  c a p a c i t i e s  fo r  

complexat  ion o f  Cd, Cu and Pb by s ludge  l i g a n d s  were de te rmined  

e x p e r i m e n t a l l y  by t i t r a t i n g  1 0 0  ml volumes o f  th e  f i l t e r e d  and

u n f i l t e r e d  samples p r e p a re d  in  s e c t i o n  3 . 2 . 2  w i th  i n c r e a s i n g  con

c e n t r a t i o n s  o f  each o f  t h e s e  m e ta l s  and u s in g  ISEs to  d i f f e r e n t i a t e  

between f r e e  and bound meta l  c o n c e n t r a t i o n s  a t  each t o t a l  con

c e n t r a t i o n .  Small a d d i t i o n s  o f  u n a c i d i f i e d  10” ^,  10” ^,  10”  ̂ and 1.0 M 

m e ta l  n i t r a t e  s o l u t i o n s  were made t o  th e  samples u s in g  Eppendorf  

p i p e t t e s  (Anderman & Co. L t d . ,  UK) t o  g ive  t o t a l  m e ta l  c o n c e n t r a t i o n s  

r a n g in g  from 10“  ̂ t o  10” ^ M. S ince  f i l t r a t i o n  induced  i n c r e a s e d  pH 

v a l u e s ,  th e  f i l t r a t e  samples were a d j u s t e d  t o  and m a in ta in e d  a t  the  pH 

v a l u e s  o f  the  o r i g i n a l  u n d i l u t e d  s ludge  samples u s in g  the  method 

d e s c r i b e d  in s e c t i o n  3 . 2 . 2 .  A f t e r  each m e ta l  a d d i t i o n ,  th e  samples 

were al lowed to  e q u i l i b r a t e ;  th e  e l e c t r o d e  p o t e n t i a l  be ing  r e c o rd e d  

when the  average  change in p o t e n t i a l  was <0.2 mV min- ^.

3 . 2 . 5  D e te rm in a t io n  o f  heavy m e ta l s

3 . 2 . 5 . 1  I n s t r u m e n t a t i o n

Heavy m e ta l s  were de te rm ined  by atomic a b s o r p t i o n  s p e c t r o p h o t o 

m etry  u s in g  P e rk in -E lm er  models  603 and 5000 atomic a b s o r p t i o n  

s p e c t ro p h o to m e te r s  (P e rk in -E lm er  L t d . ,  UK) f i t t e d  wi th  deu te r ium  a rc  

background c o r r e c t i o n .  Flame atomic a b s o r p t i o n  was u nder ta ken  w i th  a 

s i n g l e  s l o t  a i r - a c e t y l e n e  b u rn e r  and f l a m e le s s  atomic a b s o r p t i o n  was 

u nde r ta ken  u s in g  P e rk in -E lm er  HGA 400 and HGA 500 h e a t e d  g r a p h i t e  a t o 

m i s e r s  in c o n j u n c t io n  w i th  the  models  603 and 5000 r e s p e c t i v e l y .  

Pe rk in -E lm er  s i n g l e  e lement hollow ca thode  lamps were used  f o r  a l l  

f i v e  m e ta l s  s t u d i e d  and a b s o r p t i o n  s i g n a l s  were measured on

P erk in -E lm er  model 56 c h a r t  r e c o r d s .

constant, K', and the total ligand concentration, [L']> may be
obtained from the graphical solution of the linear relationship
derived by Ruzic (1982):
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3 . 2 . 5 . 2  Glassware

Al l  g la s s w a re  used was o f  g rade  A b o r o s i l i c a t e  g l a s s .  

C lean ing  invo lved  soak ing  in a 5% ( v / v )  s o l u t i o n  o f  'Decon 90'

d e t e r g e n t  (BDH chem ica ls  L t d . ,  UK) f o r  24 h fo l lowed  by l e a c h in g  in 

10% ( v /v )  ' A n a l a r ' HNO3 f o r  24 h .  Thorough r i n s i n g  w i th  d i s t i l l e d  

w a te r  was performed a f t e r  each o f  t h e s e  s t e p s .  P o lyp ropy le ne  and PTFE 

c o n t a i n e r s  and a p p a r a tu s  were s i m i l a r l y  c l e a n e d .

3 . 2 . 5 . 3  Reagents

A ll  r e a g e n t s  used  were o f  ' A n a l a r '  g rad e ,  w i th  t h e  e x c e p t io n s  

o f  HNO3 (S.G. 1 .42 )  and H2 O2 (100 volumes) used in sample p r e t r e a t m e n t  

methods ( S e c t i o n  3 . 2 . 5 . 5 ) ,  which were o f  ' A r i s t a r '  q u a l i t y  (BDH 

Chemicals  L t d . ) .

3 . 2 . 5 . 4  S tanda rd  s o l u t i o n s

Stock s o l u t i o n s  of  1 g l ” l were p repa red  from n i t r a t e  s a l t s  o f  

Cd, Cu, Ni,  Pb and Zn. A ll  were s t o r e d  in 1% (v /v )  HNO3 . Working 

s t a n d a r d s  were g e n e r a l l y  p re p a re d  by s e r i a l  d i l u t i o n s  o f  s to c k  s o l u 

t i o n s  to  c o n t a in  f i n a l  c o n c e n t r a t i o n s  o f  1% ( v / v )  HNO3 . However, a l l  

s t a n d a r d s  used fo r  m e ta l  d e t e r m i n a t i o n s  in  the  s e q u e n t i a l l y  e x t r a c t e d  

f r a c t i o n s  ( S e c t i o n  3 . 2 . 1 . 2 )  were made up in the  r e s p e c t i v e  r e a g e n t s  

t o  compensate fo r  any r e a g e n t  i n t e r f e r e n c e  e f f e c t s .  S i m i l a r l y ,  s t a n 

dards  used fo r  m e ta l  d e t e r m i n a t i o n s  o f  f i l t r a t e  samples o b t a in e d  from 

p a r t i c l e  s i z i n g  f i l t r a t i o n  ( S e c t i o n  3 . 2 . 2 )  were p r e p a re d  in  0 .1  M 

KNO3 .

3 . 2 . 5 . 5  Sample p r e t r e a t m e n t  methods

P r e t r e a t m e n t  o f  s ludge  samples fo r  d e t e r m i n a t i o n  o f  t o t a l  and 

r e s i d u a l  m e ta l  c o n c e n t r a t i o n s  invo lved  e i t h e r  homogenisa t ion  or 

d i g e s t i o n .

3 . 2 . 5 . 5 . 1  Homogenisat ion

P r e p a r a t i o n  o f  s lu d g es  f o r  t o t a l  m e ta l  d e t e r m i n a t i o n s  comprised 

hom ogen isa t ion  w i th  an U l t r a - T u r r a x  Model T45N ( S c i e n t i f i c  I n s t rum en ts  

Co. ,  UK) f i t t e d  w i th  a t i t a n i u m  s h a f t  (S to v e lan d  e t  al^, , 1978).

L iq u id  s ludge  samples d i l u t e d  to  10% ( v / v )  and d r i e d  samples d i l u t e d  

to  0.5% (w/v) w i th  1% HNO3 were homogenised in  100 ml volumes a t  8000
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r e v  min“ l fo r  10 min.  This  p rocedu re  was fo l lowed on t r i p l i c a t e  sub

samples ,  b lank  samples be ing  in c lu d e d .

Sludge p e l l e t s  remain ing  a f t e r  t h e  6 .0  M HNO3 e x t r a c t i o n s  

( S e c t i o n  3 . 2 . 1 . 2 )  were s i m i l a r l y  homogenised in 25 ml o f  1% (v /v )  HNO3 

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

3 . 2 . 5 . 5 . 2  HNO3 -H2 O2  d i g e s t i o n

A m o d i f i c a t i o n  o f  the  HNO3 -H2 O2 method proposed  by Kr ishnamurty  

e t  a l . (1976) was u t i l i s e d  in the  d i g e s t i o n  o f  s ludge  samples ;  p r e l i 

minary  o x i d a t i o n  w i th  HNO3  e n s u r in g  a c o n t r o l l e d  r e a c t i o n .  All  

d i g e s t i o n s  were performed in 1 0 0  ml b e a k e r s ,  f i t t e d  w i th  watch-  

g l a s s e s ,  on a t h e r m o s t a t i c a l l y  c o n t r o l l e d  h o t - p l a t e  s e t  a t  approxima

t e l y  100°C. P r e p a r a t i o n  o f  samples f o r  t o t a l  me ta l  d e t e r m i n a t i o n s  

i n i t i a l l y  comprised  the  a d d i t i o n  o f  20 ml o f  c o n c e n t r a t e d  HNO3  to  

e i t h e r  10 ml o f  a l i q u i d  or  0 .5  g o f  a d r i e d  s ludge  sample,  w h i le  the  

same volume o f  HNO3  was a l s o  added to  th e  r e s i d u a l  s ludge  p e l l e t s .  

These m ix tu r e s  were ev ap o ra ted  to  n e a r  d ryness  and,  a f t e r  c o o l i n g ,  a 

f u r t h e r  10 ml o f  c o n c e n t r a t e d  HNO3  was added.  S u c c e s s iv e  a d d i t i o n s  o f  

10 ml o f  HNO3  were made to  en s u re  p r e l i m i n a r y  o x i d a t i o n  o f  the  more 

r e a c t i v e  o rg a n ic  m a t t e r  b e fo re  adding H2 O2 . D i g e s t i o n  was then  con

t i n u e d  w i th  r e p e a t e d  a d d i t i o n s  o f  5 ml o f  H2 O2  and 5 ml o f  con

c e n t r a t e d  HNO3 , e v a p o r a t i n g  and c o o l in g  between each a d d i t i o n ,  u n t i l  

cop ious  w h i te  fumes were evo lved  and th e  d i g e s t a t e  was a p a l e  s t r a w  

c o l o u r .

A f t e r  c o o l i n g ,  the  d i g e s t a t e  and washings  r e s u l t i n g  from 

r i n s i n g  of  the  b eak e r  w a l l s  and w a t c h - g l a s s e s  w i th  1% ( v / v )  HNO3 were 

t r a n s f e r r e d  t o  a 50 ml v o lu m e t r i c  f l a s k  and s u b s e q u e n t ly  made up to  

volume w i th  1% ( v / v )  HNO3 .

D i g e s t i o n s  were under taken  on a t  l e a s t  t h r e e  r e p l i c a t e  samples;  

b la n k s  be ing  in c lu d e d  in each b a t c h  o f  d i g e s t i o n s .

3 . 2 . 5 . 6  A n a l y t i c a l  p rocedu res

Flame atomic a b s o r p t i o n  s p e c t ro p h o to m e t ry  was used where the  

c o n c e n t r a t i o n s  o f  th e  m e ta l s  o f  i n t e r e s t  were above the  l i m i t s  of
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d e t e c t i o n .  O the rw ise ,  f l a m e le s s  atomic a b s o r p t i o n ,  which o f f e r s  

improved s e n s i t i v i t y  fo r  m e ta l s  p r e s e n t  a t  low c o n c e n t r a t i o n s  

( S t e r r i t t  & L e s t e r ,  1980b),  was employed.

The o p e r a t i n g  c o n d i t i o n s  u t i l i s e d  fo r  flame and f l a m e le s s  a t o 

mic a b s o r p t i o n  were r e s p e c t i v e l y  based  on th o s e  sugges ted  by 

P e rk in -E lm er  (1982) and those  d e s c r i b e d  by S t e r r i t t  & L e s t e r  (1980b),  

summaries o f  which a r e  p r e s e n t e d  in  Table  10.

For f l a m e le s s  atomic a b s o r p t i o n  sp e c t ro p h o to m e t ry ,  b o th  samples 

and s t a n d a r d s  were i n j e c t e d  i n t o  th e  g r a p h i t e  fu rn a c e  u s in g  Eppendor f  

p i p e t t e s  (Anderman & Co L t d . )  f i t t e d  w i th  p o lyp ropy lene  ’S t a n d a r t i p s ' 

(Anderman & Co L t d . ) .  The t i p s  were c leaned  between i n j e c t i o n s  by 

r i n s i n g  t h r e e  t imes  in  bo th  10% ( v / v )  HNO3  and d i s t i l l e d  w a te r  and 

were r e p l a c e d  f r e q u e n t l y .  Samples and s t a n d a r d s  were i n j e c t e d  in 

d u p l i c a t e  or  u n t i l  a r e p r o d u c i b l e  s i g n a l  was o b t a i n e d .  I n i t i a l l y ,  a 

method o f  s t a n d a r d  a d d i t i o n s  was used and compared w i th  the  d i r e c t  

c a l i b r a t i o n  method;  where a p p r o p r i a t e  the  l a t t e r  method was adopted  

f o r  s i m p l i c i t y  and speed .  C a l i b r a t i o n  was per formed u s in g  four  s t a n 

dards  e x t e n d in g  over th e  sample c o n c e n t r a t i o n  range  to  be measured and 

was no rm al ly  checked a f t e r  a p p ro x im a te ly  twenty i n j e c t i o n s ,  r e c a l i b r a 

t i o n  be ing  per formed i f  n e c e s s a r y .  However, when d e t e r i o r a t i o n  o f  th e  

g r a p h i t e  tubes  was r a p i d ,  as in  th e  a n a l y s i s  o f  samples c o n t a i n i n g  

a g g r e s s i v e  r e a g e n t s  such as KNO3 , KF and 6 .0  M HNO3 , c a l i b r a t i o n  was 

checked more f r e q u e n t l y .  For samples w i th  h ig h  heavy m e ta l  con

c e n t r a t i o n s ,  a p p r o p r i a t e  d i l u t i o n s  were performed u s in g  1% (v /v )  HNO3 

i n  o rd e r  to  a d j u s t  the  de te rminand  c o n c e n t r a t i o n  t o  w i t h i n  the  l i n e a r  

working r ange .

3 . 2 . 6  Rout ine  a n a ly s e s

3 . 2 . 6 . 1  T o ta l  and v o l a t i l e  s o l i d s

T o ta l  and v o l a t i l e  s o l i d s  c o n c e n t r a t i o n s  o f  s ludge  samples were 

de te rm ined  u s in g  s t a n d a r d  recommended methods (Depar tment o f  the  

Environment,  1972).

3 . 2 . 6 .2 pH v a l u e
An Orion model 701A pH m e te r  f i t t e d  wi th  a g l a s s  combinat ion



Table 10 O pera t ing  c o n d i t i o n s  fo r  f lame and f l a m e le s s  atomic a b s o r p t i o n  s p e c t r o p h o t o m e t r i c  
d e t e r m in a t io n  of  heavy m e ta l s  (m od i f ied  from Perk in -E lm er  (1982) and S t e r r i t t  & 
L e s t e r  (1980b) r e s p e c t i v e l y )

Metal Wavelength

(nm)

S p e c t r a l
Band

Width
(nm)

Temperature 
Drying Ashin 

(°C ) 5  (°C)

F lam eless  AAS 
Programme^ 
g Atomising
3 (°c)4

Working L inea r  
Ranged 
(mgl- 1 )

Flame AAS 
Working L in ea r  

Range 
(mgl- 1 )

Cd 228.8 0 .7 1 2 0 250 2 1 0 0 0 . 0 0 2  -  0 . 0 2 0 . 1  -  2 . 0

Cu 324.8 0 .7 1 2 0 800 2700 0 . 0 2  -  0 . 2 0 0 .2  -  5 .0

Ni 232.0 0 . 2 1 2 0 900 2700 0.05 -  0.40 0 . 2  -  2 . 0

Pb 283.3 0 .7 1 2 0 350 2300 0 . 0 1  -  0 . 2 0 0 .5  -  20

Zn 307.6 0 .7 1 2 0 450 2500 0.05 -  1.00
2 1 3 .91 0.7 0 . 2  -  1 . 0

1 High s e n s i t i v i t y wavelength  used fo r  d e t e r m in a t io n  of Zn by flame atomic a b s o r p t i o n sp ec t ro p h o to m e t ry  (AAS)
2 Uncoated g r a p h i t e  tubes  used f o r  a l l  m e ta l s
3' Hold t imes o f  30 to  60s used fo r  both  d ry ing  and ash ing  s t e p s ,  dependent  on whether  20 or  50 yl sample 

volumes i n j e c t e d .  All  programmes used a ramp t ime o f  10s.
^ Atomising programmes a l l  used a ho ld  t ime o f  5 s ,  exce p t  Cu w i th  4 s ,  and a ramp t ime o f  I s .
5 Working range fo r  50 y l  i n j e c t i o n ;  l i m i t s  o f  u s e f u l  working range  app rox im ate ly  tw ice  th e s e  v a l u e s  fo r  

2 0  yl i n j e c t i o n s .



77

e l e c t r o d e  (MSE Ltd)  was used  f o r  pH d e t e r m i n a t i o n s .  Before  each pH 

measurement ,  the  e l e c t r o d e  and me te r  were c a l i b r a t e d  a g a i n s t  s u i t a b l e  

commercial  b u f f e r  s o l u t i o n s  of  known pH v a l u e s  (BDH Chemicals  L t d . ) .

3 . 2 . 6 .3  E l e c t r i c a l  c o n d u c t i v i t y

A PT1-20 d i g i t a l  w a te r  a n a l y s e r  w i th  au tom a t ic  t e m p e ra tu re  

c o n t r o l  (Chemlab L t d . ,  UK) was used f o r  c o n d u c t i v i t y  measurements.  

C a l i b r a t i o n  was per formed u s in g  s t a n d a rd  KNO3 s o l u t i o n s .

3 . 2 . 6 .4  A l k a l i n i t y

P h e n o lp h t h a l e i n  and methyl  r e d  ( t o t a l )  a l k a l i n i t y  o f  s ludge  

samples removed from th e  l a b o r a t o r y —s c a l e  a n a e ro b ic  d i g e s t e r s  were 

de te rm ined  by t i t r a t i o n  w i th  HCl acc o rd in g  t o  th e  recommended method 

(Department  o f  the  Environment,  1981). Sample p r e t r e a t m e n t  in vo lved  

c e n t r i f u g a t i o n  fo r  30 min a t  27000 xg and 15°C u s in g  a H i -S p in  21 

c e n t r i f u g e  (MSE L t d . )  fo l low ed  by vacuum f i l t r a t i o n  th rough GF/C (1 .2  

ym pore  s i z e )  f i l t e r s  (Whatman L t d . ) ;  t h i s  b e in g  n e c e s s a r y  f o r  the  

removal  o f  any t u r b i d i t y ,  which may i n t e r f e r e  w i th  the  v i s u a l  d e t e c 

t i o n  o f  the  t i t r a t i o n  e n d - p o i n t .

3 . 2 . 6 .5 V o l a t i l e  a c i d s

V o l a t i l e  a c id  c o n c e n t r a t i o n s  o f  s ludge  samples removed from the  

d i g e s t e r s  were de te rm ined  s p e c t r o p h o t o m e t r i c a l l y  acc o rd in g  t o  the  

s t a n d a r d  method (Depar tment o f  the  Environment,  1979). Sample 

p r e t r e a t m e n t  invo lved  c e n t r i f u g a t i o n  and f i l t r a t i o n  as in  s e c t i o n

3 . 2 . 6 . 4 .

3 . 2 . 6 . 6  D i g e s t e r  gas com pos i t ion

A m o d i f ied  the rm al c o n d u c t i v i t y  Gas Chromatograph (Gallenkamp 

L t d . )  c o n t a i n i n g  a column packed w i th  M olecu la r  S ieve  5A

( H e w le t t -P a c k a rd ,  UK) and equipped  w i th  a S e r v o s c r ib e  IS c h a r t  

r e c o r d e r  (Labda ta  In s t ru m e n t  S e rv i c e )  was used t o  de te rm ine  methane 

c o n c e n t r a t i o n s  in the  d i g e s t e r  gas .  The chromatograph was c a l i b r a t e d  

u s in g  pure methane (BOC S p e c i a l  Gases L t d . ,  UK).

3 .3  Anaerobic  D i g e s t e r  S im u la t io n

3 . 3 . 1  D i g e s t e r  d e s ign

The l a b o r a t o r y - s c a l e  a n a e ro b ic  d i g e s t i o n  s i m u l a t i o n  used was
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e s s e n t i a l l y  t h a t  d e s c r i b e d  p r e v i o u s l y  by Kirk  e£  al_. (1982) .  All  

p a r t s  o f  th e  a p p a ra tu s  (F ig u re  4) in  c o n t a c t  w i th  th e  s ludge  were 

c o n s t r u c t e d  o f  b o r o s i l i c a t e  g l a s s  or  PTFE. In  t h i s  d e s c r i p t i o n  

Q u i c k f i t  (Corning L t d . ,  UK) r e f e r e n c e  numbers fo r  each component a re  

appended in  b r a c k e t s .

A wide neck r e a c t i o n  v e s s e l  (FR2LF) was f i t t e d  w i th  a f i v e  

so c k e t  f l a t  f l a n g e  l i d  (MAF 2 / 2 ) ,  s i l i c o n e  g r e a s e  be ing  a p p l i e d  t o  the  

ground g l a s s  j o i n t  p r i o r  t o  clamping th e  two s e c u r e l y  t o g e t h e r  (JC 

100F).  A PTFE s t i r r e r  (ST 7 /3 )  and b o r o s i l i c a t e  s h a f t  (ST 6 /7 )  were 

l o c a t e d  th rough  a ground s l e e v e  g land  (ST 20 /2 )  in  the  c e n t r e  neck of  

th e  l i d  u s in g  'A n a l a r '  g l y c e r o l  as l u b r i c a n t .  Sludge i n l e t  and o u t l e t  

l i n e s ,  gas o u t l e t  and a thermometer  were connec ted  th rough  the  

r em a in ing  s o c k e t s ,  each v i a  a screwcap g land  (ST5) which inc luded  a 

PTFE s e a l .  Sludge i n l e t s  and o u t l e t s  were a t t a c h e d  to  s h o r t  l e n g th s  

o f  s i l i c o n e  ru b b e r  t u b i n g ,  clamped n e a r  t h e i r  base  d u r in g  normal 

o p e r a t i o n .  Gas was c o l l e c t e d  by the  d i sp la c e m e n t  o f  w a te r  which had 

been a c i d i f i e d  to  l e s s  than  pH 4 t o  p r e v e n t  CO2 a b s o r p t i o n  (Department 

o f  th e  Environment,  1978),  and was measured a t  a tm ospher ic  p r e s s u r e  by 

t h e  use o f  a b a l a n c in g  r e s e r v o i r .

An assembly o f  f o u r  d i g e s t e r s  was clamped in a w a te r  b a t h  main

t a i n e d  a t  35°C; the  s t i r r e r  s h a f t s  connec ted  v i a  f l e x i b l e  co u p l in g s  to  

e l e c t r i c  motors  t imed to  o p e r a t e  fo r  15 min in each hour  a t  approxima

t e l y  100 r e v  min“ l .  Th is  p re v e n te d  th e  b u i l d - u p  o f  s o l i d s  a t  th e  base 

o f  th e  d i g e s t e r s  and m a in ta in e d  uniform mixing  n e c e s s a r y  fo r  e f f i c i e n t  

d i g e s t i o n .  D ig es ted  s ludge  was removed under vacuum and f r e s h  s ludge  

was i n t r o d u c e d  under n i t r o g e n  (oxygen f r e e )  p r e s s u r e .  Gas samples 

were ta ken  th rough  a s i l i c o n e  ru b b e r  septum a t t a c h e d  to  th e  apex of  

each  gas  c o l l e c t o r .

3 . 3 . 2  Feed s ludge

Two o f  th e  d i g e s t e r s  were i n i t i a l l y  seeded w i th  1 .0  1 of  

f r e s h l y  d i g e s t e d  pr im ary  s ludge  and 0 . 5  1  o f  raw p r im ary  s ludge  

c o l l e c t e d  from D a r t f o r d  Sewage Trea tm ent Works (Thames Water 

A u t h o r i t y )  w h i le  the  rem a in ing  two were seeded  w i th  t h e  same r a t i o  of  

f r e s h l y  d i g e s t e d  mixed pr im ary  to  raw mixed pr im ary  s ludge  c o l l e c t e d



Figure 4 Schematic diagram of an anaerobic digester simulation
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from Hogsmill  V a l l ey  Sewage Trea tm ent Works (Thames Water  A u t h o r i t y ) .  

Sewage s ludges  from b o th  l o c a t i o n s  were o f  mixed i n d u s t r i a l  domestic  

o r i g i n .  The raw mixed p r im ary  s ludge  c o n t a in e d  25% (w/w) s u r p lu s

a c t i v a t e d  s lu d g e ,  in  accordance  w i th  normal works p r a c t i c e .

Subsequent  a d d i t i o n s  to  t h e  d i g e s t e r s  c o n s i s t e d  o f  raw pr im ary  or 

mixed pr im ary  s lu d g e s ,  as  a p p r o p r i a t e ,  d i l u t e d  from ind igenous  t o t a l  

s o l i d s  c o n c e n t r a t i o n s  o f  6.4% (w/v) and 5.1% (w/v) r e s p e c t i v e l y  to  

4.0% (w/v) w i th  d i s t i l l e d  w a te r .  A d d i t i o n a l  p r e t r e a t m e n t  o f  th e  raw 

feed  s ludges  comprised s t r a i n i n g  th rough  a 6 mm mesh f o r  th e  removal 

o f  f i b r o u s  m a t e r i a l ,  hom ogen isa t ion  f o r  10 min u s in g  a T45N 

U l t r a - T u r r a x  d i s i n t e g r a t o r  ( S c i e n t i f i c  In s t ru m e n t s  Co. L t d . )  f i t t e d  

w i th  a t i t a n i u m  s h a f t  and s t o r a g e  in po ly p ro p y len e  c o n t a i n e r s  a t  -10°C 

u n t i l  r e q u i r e d .  An a p p r o p r i a t e  volume o f  s ludge  was e q u i l i b r a t e d  a t  

35°C immediately  p r i o r  to  f e e d i n g .

3 . 3 . 3  O p e r a t i o n a l  c o n t r o l

The d i g e s t e r s  were o p e ra t e d  w i th  a h y d r a u l i c  r e t e n t i o n  t ime o f  

20 d .  D ig es ted  s ludge  (150 ml) was removed eve ry  48 h ,  fo l l o w in g  

s t i r r i n g  f o r  30 min,  and raw pr im ary  o r  mixed pr im ary  s ludge  was 

i n t ro d u c e d  to  m a in t a i n  a t o t a l  d i g e s t e r  volume o f  1.5 1. Each

d i g e s t e r  was o p e ra t e d  fo r  a p e r io d  o f  t h r e e  r e t e n t i o n  t imes  (60 d) 

p r i o r  to  m e ta l  a d d i t i o n  t o  a l low  f o r  s t a b i l i s a t i o n .  The e s t a b l i s h m e n t  

o f  s t a b l e  d i g e s t i o n  was a s s e s s e d  th rough  r o u t i n e  m o n i to r in g  o f  t o t a l  

and v o l a t i l e  s o l i d s ,  t o t a l  a l k a l i n i t y ,  pH, v o l a t i l e  a c i d s ,  p e r c e n ta g e  

methane c o n t e n t  o f  th e  d i g e s t e r  gas ( s e c t i o n  3 . 2 . 6 )  and t o t a l  gas p ro 

d u c t i o n .

3 . 3 . 4  A d d i t io n  of  heavy m e ta l s

One d i g e s t e r  o f  each s ludge  type  was d e s ig n a t e d  as ' c o n t r o l '  t o  

which no m e ta l  feed was dosed w hi le  the  rem ain ing  two d i g e s t e r s  were 

d e s ig n a t e d  ' e x p e r i m e n t a l ' .

T o ta l  c o n c e n t r a t i o n s  o f  the  m e ta l s  Cd, Cu, Ni,  Pb and Zn w i th i n  

th e  ' e x p e r i m e n t a l '  d i g e s t e r s  were g r a d u a l l y  i n c r e a s e d  from b a s e l i n e  

v a l u e s  t o  c o n c e n t r a t i o n s  c o n s id e re d  to  be t y p i c a l  o f  more con tam ina ted  

mixed i n d u s t r i a l  domest ic  sewage s lu d g es  w i t h i n  th e  UK ( S t e r r i t t  & 

L e s t e r ,  1981),  bu t  below th o s e  r e p o r t e d  t o  be i n h i b i t o r y  to  the
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a n a e ro b ic  d i g e s t i o n  p ro ces s  (Hayes & T h e i s ,  1978; Anthony & 

B re im h u rs t ,  1981).  Th is  was ach ieved  by a d d i t i o n  o f  1 .0  ml o f  an a c i 

d i f i e d  m e ta l  s o l u t i o n  c o n t a i n i n g  135, 1125, 285, 2910 and 5700 mgl” l 

o f  Cd, Cu, Ni,  Pb and Zn n i t r a t e s  r e s p e c t i v e l y  t o  fou r  feed  a l i q u o t s  

fo l lowed  by cum ula t ive  a d d i t i o n s  o f  0 .5  ml eve ry  fou r  s u c c e s s iv e  

f e e d s ,  u n t i l  c o n c e n t r a t i o n s  o f  ap p ro x im a te ly  2 .0  mgl"^ Cd, 30 .0  mgl” l 

Cu, 5 .0  mgl“ l Ni,  50 mgl”  ̂ Pb and 100 mgl“ l Zn were o b t a in e d .  At 

t h e s e  c o n c e n t r a t i o n s ,  the  maximum t o t a l  m e ta l  load  o f  each s ludge  (K), 

as  c a l c u l a t e d  u s in g  the  formula developed  by Mosey (1976) (Appendix 

1 ) ,  would be app rox im ate ly  175 meq kg” l ,  assuming a d i g e s t e d  s ludge  

s o l i d s  c o n c e n t r a t i o n  o f  0.025 k g l ” l  and a pH v a l u e  between 6 .9  and 

7 . 3 .  Th is  f i g u r e  i s  s i g n i f i c a n t l y  l e s s  than  the  K -value  o f  400 meq 

k g " l  i n d i c a t i v e  o f  p o t e n t i a l  d i g e s t e r  f a i l u r e  (Mosey, 1976).  Thus,  

t h e  maximum m e ta l  c o n c e n t r a t i o n s  s e l e c t e d  would n o t  be expec ted  to  

i n h i b i t  d i g e s t i o n  e i t h e r  i n d i v i d u a l l y  or  on an a d d i t i v e  b a s i s .

3 . 3 . 5  Sampling

Sludge samples r e q u i r e d  f o r  m o n i to r in g  o f  d i g e s t e r  per fo rmance ,  

in  terms o f  t o t a l  and v o l a t i l e  s o l i d s ,  a l k a l i n i t y  and v o l a t i l e  a c i d s  

c o n t e n t  in a d d i t i o n  t o  pH v a l u e ,  were removed from each d i g e s t e r  a t  

i n t e r v a l s  o f  2 d d u r ing  the  i n i t i a l  s t a b i l i s a t i o n  p e r io d  bu t  every  4 d 

f o l l o w in g  th e  i n i t i a t i o n  o f  heavy m e ta l  a d d i t i o n .  Gas samples were 

ta ken  over i d e n t i c a l  t ime p e r i o d s  fo r  a n a l y s i s  o f  th e  p e r c e n ta g e  

methane c o n t e n t .  Raw i n f l u e n t  s ludges  were sampled i n t e r m i t t e n t l y  to  

m on i to r  t o t a l  and v o l a t i l e  s o l i d s  c o n c e n t r a t i o n s .  Samples fo r  t o t a l  

and f r a c t i o n a t e d  m e ta l  d e t e r m i n a t i o n s  were taken  eve ry  4 d from ' e x 

p e r i m e n t a l '  d i g e s t e r s  d u r in g  th e  p e r io d  o f  m e ta l  a d d i t i o n  and eve ry  8 

d from th e  ' c o n t r o l '  d i g e s t e r s ,  b u t  on feed days which a l t e r n a t e d  w i th  

t h o s e  s e l e c t e d  fo r  r o u t i n e  m o n i to r in g .  These samples ,  in  a d d i t i o n  to  

raw s ludge  a l i q u o t s ,  were d r i e d  a t  30°C, ground to  pass  a 0 .5  mm s i e v e  

and s t o r e d  over  s i l i c a  ge l  f o r  up t o  14 d p r i o r  t o  t o t a l  ( s e c t i o n  

3 . 2 . 5 )  and f r a c t i o n a t e d  ( s e c t i o n  3 . 2 . 1 . 2 )  meta l  d e t e r m i n a t i o n s .
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4.  RESULTS

4 .1  C h a r a c t e r i s a t i o n  o f  Heavy M eta ls  in Sewage Sludges  Using 

Chemical E x t r a c t i o n  Techniques

4 . 1 . 1  P r o p e r t i e s  o f  the  sewage s ludge  samples

The seven sewage s lu d g es  s e l e c t e d  fo r  i n v e s t i g a t i o n  were con

s i d e r e d  t o  be r e p r e s e n t a t i v e  o f  the  major  ty p e s  produced in the  UK. 

The t o t a l  and v o l a t i l e  s o l i d s  c o n c e n t r a t i o n s  t o g e t h e r  w i th  th e  Cd, Cu, 

N i ,  Pb and Zn c o n t e n t s  o f  each o f  t h e s e  s lu d g es  a r e  p r e s e n t e d  in Table  

11. The t o t a l  m e ta l  c o n c e n t r a t i o n s  g iven  r e p r e s e n t  means o f  th e  

v a l u e s  de te rm ined  in  t r i p l i c a t e  samples of  bo th  the  l i q u i d  and d r i e d  

forms o f  each s ludge  u s in g  d i g e s t i o n  fo l lowed  by atomic a b s o r p t i o n  

s p e c t ro p h o to m e t ry  ( s e c t i o n  3 . 2 . 5 ) .  T o ta l  c o n c e n t r a t i o n s  o f  each meta l  

v a r i e d  w ide ly  between s lu d g e s ,  r e f l e c t i n g  p r i m a r i l y  the  n a t u r e  o f  the  

i n f l u e n t  r e c e i v e d  by th e  r e s p e c t i v e  sewage t r e a t m e n t  works.

4 . 1 . 2  F r a c t i o n a t i o n  o f  m e ta l s  in  sewage s lu d g es  by s e q u e n t i a l  

chemical  e x t r a c t i o n

An assessm en t  o f  th e  d i s t r i b u t i o n  o f  Cd, Cu, Ni,  Pb and Zn 

among v a r i o u s  chemica l  forms in  th e  raw, a c t i v a t e d  and d i g e s t e d  

s lu d g e s ,  which were e i t h e r  m a in ta in e d  in the  o r i g i n a l  l i q u i d  s t a t e  or 

d r i e d ,  was made th rough  u t i l i s a t i o n  o f  a s e q u e n t i a l  chemical  e x t r a c 

t i o n  p rocedu re  ( s e c t i o n  3 . 2 . 1 . 2 ) .

4 . 1 . 2 . 1  I n v e s t i g a t i o n  of  th e  s e q u e n t i a l  chemica l  e x t r a c t i o n  t e c h n iq u e  

P r e l i m i n a r y  i n v e s t i g a t i o n  o f  th e  s e q u e n t i a l  e x t r a c t i o n  t e c h 

n iq u e  o r i g i n a l l y  d ev i sed  by S tover  et^ a\_. (1976) was u nder ta ken  u s in g  

s lu d g e  sample D7, in  i t s  d r i e d  s t a t e .  F ive  r e p l i c a t e s  o f  each e x t r a c 

t i o n  were conducted  in  o rd e r  t o  v a l i d a t e  s t a t i s t i c a l  a n a l y s i s .

4 . 1 . 2 . 1 . 1  The e f f e c t  of  c e n t r i f u g a t i o n  speed on m e ta l  e x t r a c t i o n

A comparison o f  low and h igh  speed c e n t r i f u g a t i o n  was i n c o r 

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

t e c h n iq u e  to  s ludge  sample D7 in o rd e r  t o  de te rm ine  whether  p o s s i b l e  

s o l i d s  l o s s  s u f f e r e d  d u r in g  low speed c e n t r i f u g a t i o n  a f f e c t e d  meta l  

r e c o v e r y .  Fo llowing  each e x t r a c t i o n  s t e p ,  samples were c e n t r i f u g e d  a t  

bo th  1000 xg and 27000 xg ( t h e  maximum speed recommended fo r  the



Table 11 Solids and heavy metal contents of the sewage sludge samples

Source Sludge
Type

Design-  
a t  ion

T o ta l  
so l  ids 
(% w/v)

V o l a t i l e  
s o l i d s  
(% w/w) Cd

T o ta l  me ta l  
(mgkg- 1  

Cu

c o n c e n t r a t i o n  
dry s o l i d s )

Ni Pb Zn

Beckton
(TWA)

Raw R1 3.10 67.6 17.3 416 61 431 2460

S h i e l d h a l l
( S t r a t h c l y d e )

Raw R2 1.70 57.4 6.36 806 51.8 362 963

Beckton
(TWA)

A c t iv a te d A3 1.50 74.8 2 2 . 0 593 98.6 385 2370

Hogsmill
(TWA)

A c t iv a te d A4 0.60 6 6 . 1 3.25 432 36.2 223 510

Beckton
(TWA)

D iges ted D5 0.80 59.5 24.5 614 93.9 723 2880

Davyhulme
(NWWA)

D iges ted D6 3.00 57.5 1 0 . 6 563 114 941 1430

P er ry  Oaks 
(TWA)

D iges ted
(Dewatered)

D7 8.80 61.7 26.3 708 213 527 1300

oou>
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ty pe  o f  c e n t r i f u g e  tube  used)  in an MSE Hi Spin c e n t r i f u g e .  A na lys is  

o f  t h e  f i l t e r e d  s u p e r n a t a n t s  by atomic a b s o r p t i o n  s p e c t ro p h o to m e t ry  

(Tab le  12) i n d i c a t e d  t h a t  c e n t r i f u g a t i o n  speed g e n e r a l l y  had minimal 

e f f e c t  on the  c o n c e n t r a t i o n s  o f  m e ta l  e x t r a c t e d  by a p a r t i c u l a r  

r e a g e n t  and on the  m e ta l  r e c o v e re d  by summation of  t h e  f i v e  f r a c t i o n s .  

T h e r e f o r e ,  fo r  r e a s o n s  o f  p r a c t i c a l i t y  and s a f e t y ,  a c e n t r i f u g a l  speed 

o f  2500 xg,  c o n s i s t e n t  w i th  t h a t  used by Oake j i t  jil_. (1984) ,  was 

adop ted  in p r e f e r e n c e  t o  the  10000 xg o r i g i n a l l y  used  by S tover  e t  

a l .  (1976) .

4 . 1 . 2 . 1 . 2  The e f f e c t  o f  HNO3 c o n c e n t r a t i o n  on m e ta l  e x t r a c t i o n

Oake ejt al_. (1984) f u r t h e r  m o d i f ied  the  t e c h n iq u e  of  S tove r  £ t  

a l . (1976) by r e p l a c i n g  th e  1 .0  M HNO3  used in the  e x t r a c t i o n  of  

' s u l p h i d e '  m e ta l  forms w i th  6 .0  M HNO3 . S u b s t i t u t i o n  of  the  l a t t e r  

r e a g e n t  fo r  the  former in  th e  e x t r a c t i o n  sequence r e s u l t e d  in 15.7 

mgkg” ! Cd, 592 mgkg-  ̂ Cu, 23 .7  mgkg-  ̂ N i ,  50.7 mgkg- -̂ Pb and 403

mgkg-1 Zn be ing  e x t r a c t e d  in  the  ' s u l p h i d e '  form from s ludge  sample 

D7. A comparison o f  t h e s e  v a l u e s  w i th  the  c o n c e n t r a t i o n s  o f  each 

m e ta l  e x t r a c t e d  by 1 .0  M HNO3  from th e  same s ludge  (Table  12) i n d i 

c a t e d  t h a t  6 .0  M HNO3  i n c r e a s e d  the  p e r c e n ta g e  o f  th e  t o t a l  meta l  

e x t r a c t e d  by 4 9 .5 ,  5 7 . 9 ,  2 .46 ,  5.49  and 20.1% f o r  Cd, Cu, Ni,  Pb 

and Zn r e s p e c t i v e l y .

4 . 1 . 2 . 1 . 3  A comparison o f  flame and f l a m e le s s  atomic a b s o r p t i o n  

s p e c t ro p h o to m e t ry  fo r  a n a l y s i s  o f  th e  e x t r a c t s

Samples produced d u r ing  the  p r e l i m i n a r y  e x t r a c t i o n  o f  s ludge  D7 

were ana ly sed  fo r  heavy m e ta l s  by f l a m e le s s  atomic a b s o r p t i o n  

s p e c t ro p h o to m e t ry .  However, the  l e n g th  o f  time r e q u i r e d  to  complete 

t h e  a n a l y s i s  combined w i th  the  r a p i d  d e t e r i o r a t i o n  o f  th e  g r a p h i t e  

tu b e s  caused  by the  p r e s e n c e  of  th e  e x t r a c t a n t s  ( 6  M HNO3 , KNO3 and KF 

in  p a r t i c u l a r )  prompted an e v a l u a t i o n  o f  the  use o f  f lame atomic 

a b s o r p t i o n  fo r  a l l  o r  p a r t  o f  th e  a n a l y s i s .  Samples s u b j e c t e d  to 

c e n t r i f u g a t i o n  a t  27000 xg were t h e r e f o r e  an a ly se d  by b o th  methods to  

a s s e s s  whether  s i g n i f i c a n t  i n t e r f e r e n c e  occu r red  d u r in g  f lame a n a ly 

s i s .  While r e s u l t s  produced by f l a m e le s s  atomic a b s o r p t i o n  have been 

p r e s e n t e d  in Table  12,  th o se  o b ta in e d  u s in g  the  f lame mode a re  given  

in  Table  13. A p p l i c a t i o n  o f  a t - T e s t  (Bowker & Lieberman,  1972) to



Table 12 Effect of centrifugation speed on the sequential extraction of metals from sludge sample D7

F r a c t i o n Cd Cu Ni Pb Zn
lOOOxg 27000xg lOOOxg 27000xg lOOOxg 27000xg lOOOxg 27000xg lOOOxg 27000xg

KN03 (mgkg-1) 0 0 19.6 15.6 17.4 18.5 0 0 40.5 65.0
(% RSD) ( 0 ) ( 0 ) (4 .90 ) (1 .5 0 ) (2 .6 0 ) (3 .70 ) ( 0 ) ( 0 ) (4 4 .9 ) ( 3 5 .0 )

KF 0 0 53.0 58.2 24.2 2 2 . 8 0 0 80.0 75.0
( 0 ) ( 0 ) (1 .9 0 ) (5 .9 0 ) (3 .1 0 ) (5 .3 0 ) ( 0 ) ( 0 ) (1 3 .3 ) ( 1 1 . 2 )

Na4 P2 0 7 8.31 8 . 1 0 58.0 59.0 48.9 42.5 344 330 825 805
( 2 .4 0 ) (1 .4 0 ) ( 2 . 2 0 ) (4 .80 ) (1 4 .4 ) ( 7 .9 0 ) (3 .10 ) (4 .1 0 ) ( 1 . 2 0 ) (0 .7 0 )

EDTA 5.62 5.63 136 140 96.5 96.2 190 181 151 141
(9 .20 ) ( 1 1 . 6 ) (0 .8 0 ) ( 2 . 0 0 ) (5 .9 0 ) (1 .3 0 ) (1 .7 0 ) ( 2 . 1 0 ) (2 6 .4 ) (5 .60 )

HNO3 ( 1 .0  M) 2.79 2.57 172 192 18.2 18.7 23.1 20.4 141 133
(4 .00 ) (5 .2 0 ) (2 .7 0 ) (4 .8 0 ) (3 .5 0 ) (4 .5 0 ) ( 1 5 .4 ) (9 .1 0 ) (5 .4 0 ) ( 8 . 0 0 )

Sum To ta l 16.7 16.3 439 465 205 199 557 531 1240 1 2 2 0

Recovery 63% 62% 62% 6 6 % 96% 93% 106% 1 0 1 % 95% 94%

00Ln
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the  d a t a  i n d i c a t e d  t h a t  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  between 

th e  two s e t s  o f  a n a ly se s  a t  t h e  0.05  l e v e l  o f  s i g n i f i c a n c e .  

T h e r e f o r e ,  where m e ta l  c o n c e n t r a t i o n s  were above the  p r a c t i c a l  l i m i t  

o f  d e t e r m i n a t i o n ,  flame atomic a b s o r p t i o n  was used .

Table  13 Metal  c o n t e n t  o f  samples produced by s e q u e n t i a l  e x t r a c t i o n  

o f  s ludge  sample D7, as  de te rm ined  by f lame atomic abso rp 

t i o n  s p e c t ro p h o to m e t ry

F r a c t i o n Cd Cu Ni Pb Zn

KNO3  (mgkg*-1) 0 16.4 18.5 0 54.5

(% RSD) ( 0 ) (5 .0 0 ) (1 .30 ) ( 0 ) (4 0 .3 )

KF 0 59.0 24.2 0 74.3

( 0 ) (4 .8 0 ) (3 .00 ) ( 0 ) (1 1 .5 )

Na4P207 8.16 64.3 44.5 325 766

( 1 . 0 0 ) ( 4 .2 0 ) (8 .4 0 ) ( 2 7 .1 ) (8 .5 0 )

EDTA 5.92 140 97.3 193 143

(0 .7 0 ) (1 .6 5 ) ( 6 . 0 0 ) (2 .9 0 ) (7 .00 )

HNO3  ( 1 .0  M) 2.62 2 0 1 21.7 2 1 . 1 137

(4 .5 0 ) (9 .8 0 ) ( 6 . 2 0 ) ( 3 .9 0 ) (8 .40 )

4 . 1 . 2 . 2  S t a t i s t i c a l  e v a l u a t i o n  o f  the  s e q u e n t i a l  chem ical  e x t r a c t i o n  

p rocedu re

The r e p r o d u c i b i l i t y  o f  th e  s e q u e n t i a l  e x t r a c t i o n  te c h n iq u e  

a p p l i e d  to  th e  sewage s ludge  samples was s t a t i s t i c a l l y  e v a l u a t e d  u s ing  

f r a c t i o n a t i o n  d a t a  o b ta in e d  from f i v e  r e p l i c a t e  samples o f  both  l i q u i d  

and d r i e d  forms o f  s ludge  sample D5 (Table  14) .  The degree  of  r e p r o 

d u c i b i l i t y  was found to  va ry  g r e a t l y  between d i f f e r e n t  f r a c t i o n s  and 

was dependent  on the  c o n c e n t r a t i o n s  o f  m e ta l s  p r e s e n t .  Thus,  w h i le  

r e l a t i v e  s t a n d a r d  d e v i a t i o n  (RSD) v a l u e s  o f  <10% were observed  con

s i s t e n t l y  f o r  the  Na4 P2 0 y, EDTA and HNO3  f r a c t i o n s ,  which co n ta in e d



Table 14 Metal content of fractions derived by sequential extraction from liquid and dried forms of sludge sample D5

F r a c t i o n
Cd Cu Ni Pb Zn

( d r i e d ) ( 1 i q u i d ) ( d r i e d ) ( l i q u i d ) ( d r i e d ) ( l i q u i d ) ( d r i e d ) ( l i q u i d ) ( d r i e d ) ( l i q u i d )

KN0 3  (tngkg-1 ) 0 .04 0.55 16.1 4.96 8.70 8.65 1.37 15.3 11.4 1 1 2
(% RSD) (3 7 .7 ) (1 9 .3 ) ( 1 . 1 0 ) (1 5 .4 ) ( 8 . 1 0 ) (2 0 .3 ) ( 1 1 . 1 ) ( 1 0 .5 ) (1 9 .3 ) (2 3 .4 )

KF 0.27 0.64 30.0 0.91 6.80 6.81 2.36 0 79.8 103
(1 0 .9 ) (1 9 .1 ) (3 .60 ) (1 7 .5 ) (1 1 .7 ) ( 1 3 .2 ) ( 2 1 . 8 ) ( 0 ) (9 .7 0 ) (6 .5 0 )

Na4 P2 0 7 0.94 1.69 34.6 36.5 13.1 12.9 291 157 1470 1150
(3 .80 ) (8 .70 ) (5 .4 0 ) (1 0 .5 ) (3 .50 ) (6 .8 0 ) (8 .4 0 ) (1 .8 0 ) ( 2 . 1 0 ) ( 1 . 2 0 )

EDTA 14.9 9.81 88.4 67.9 49 .6 44.2 426 344 653 782
( 1 . 2 0 ) (1 .4 0 ) (3 .60 ) ( 1 . 2 0 ) (2 .90 ) (5 .7 0 ) ( 1 .3 0 ) ( 2 .5 0 ) (0 .80 ) (0 .7 0 )

HNO3 8.46 5.76 459 387 1 2 . 1 1 1 . 6 78.6 108 671 598
(0 .60 ) ( 2 . 0 0 ) ( 2 . 0 0 ) ( 1 .7 0 ) (7 .3 0 ) (8 .4 0 ) (4 .0 0 ) (2 .4 0 ) ( 2 . 2 0 ) ( 2 . 2 0 )

Res idua l 0.14 0.14 25.0 14.7 6.52 4.00 7.25 7.38 46 .0 37.9
(6 7 .3 ) (5 5 .9 ) (4 .3 0 ) (1 4 .5 ) (1 0 .3 ) ( 1 3 .4 ) (1 3 .5 ) ( 1 7 .4 ) (1 4 .8 ) (3 .80 )

00'si



88

the  h ig h e r  m e ta l  c o n c e n t r a t i o n s ,  much g r e a t e r  v a r i a t i o n  between r e p l i 

c a t e s  was a p p a re n t  fo r  th e  KNO3 , KF and r e s i d u a l  f r a c t i o n s ,  p a r 

t i c u l a r l y  w i th  r e s p e c t  t o  Cd, where c o n c e n t r a t i o n s  o f t e n  approached 

th e  d e t e c t i o n  l i m i t .  I t  was g e n e r a l l y  found,  however,  t h a t  l i q u i d  

samples d i s p l a y e d  more v a r i a t i o n  betwen r e p l i c a t e s  than  co r re sp o n d in g  

d r i e d  forms.  This  was p a r t i c u l a r l y  ap p a re n t  from f r a c t i o n a t i o n  d a t a  

o b t a in e d  f o r  Cu, which r e s u l t e d  in  RSD v a l u e s  o f  <5% in  d r i e d  s ludge  

bu t  f r e q u e n t l y  >10% in l i q u i d  samples .  The p e r c e n ta g e s  of  m e ta l  r e c o 

ve red  by summation o f  th e  e x t r a c t e d  f r a c t i o n s  ( i n c l u d i n g  me ta l  

e x t r a c t e d  from th e  r e s i d u a l  p e l l e t s  fo r  bo th  th e  l i q u i d  and d r i e d  

s lu d g es  and t h a t  p r e s e n t  in th e  o r i g i n a l  s u p e r n a t a n t s  decan ted  from 

th e  l i q u i d  s ludges  ( s e c t i o n  3 . 2 . 1 . 1 ) )  a r e  p r e s e n t e d  in Table  15. 

R ecove r ie s  were r e a s o n a b l y  c o n s i s t e n t  fo r  each m e ta l  a c ro s s  th e  range  

o f  s ludges  s t u d i e d ,  a v e ra g in g  96, 101, 100, 109 and 101% f o r  Cd, 

Cu, Ni,  Pb and Zn r e s p e c t i v e l y .

4 . 1 . 2 . 3  Metal  d i s t r i b u t i o n s  r e s u l t i n g  from s e q u e n t i a l  chemica l  

e x t r a c t i o n

Metal  f r a c t i o n a t i o n  p r o f i l e s  r e s u l t i n g  from s e q u e n t i a l  e x t r a c 

t i o n  o f  bo th  l i q u i d  and d r i e d  forms o f  each s ludge  sample a re  

i l l u s t r a t e d  in  F ig u re s  5 -9 .  Metal  c o n c e n t r a t i o n s  de te rmined  in  the  

i n d i v i d u a l  f r a c t i o n s  a r e  p r e s e n t e d  as p e r c e n ta g e s  o f  the  t o t a l  me ta l  

c o n c e n t r a t i o n s  de te rmined  f o r  each s ludge  t o  f a c i l i t a t e  comparison 

between th e  d i f f e r e n t  m e ta l s  and between the  d i f f e r e n t  s lu d g e s .  With 

r e s p e c t  t o  th e  l i q u i d  s lu d g e s ,  v a l u e s  r e p r e s e n t i n g  the  p e r c e n ta g e  o f  

th e  t o t a l  m e ta l  p r e s e n t  in the  KNO3 f r a c t i o n  in c lu d e  the  me ta l  c o n t e n t  

o f  the  s u p e r n a t a n t s  produced d u r ing  p r e - c o n c e n t r a t i o n  o f  t h e s e  

samples ;  t h e s e  l a t t e r  v a l u e s  a re  a l s o  p r e s e n t e d  s e p a r a t e l y  in 

Appendix I I .

I t  i s  ap p a re n t  from F ig u re s  5-9 t h a t  f r a c t i o n a t i o n  p r o f i l e s  

te nded  to  e x h i b i t  g r e a t e r  v a r i a t i o n  between i n d i v i d u a l  m e ta l s  than  

between s ludge  ty p e .

4 . 1 . 2 . 3 . 1  Copper

The d i s t r i b u t i o n  p a t t e r n  o f  Cu was dominated in a l l  seven 

s ludges  by th e  HNO3  -  e x t r a c t a b l e  f r a c t i o n  (F ig u re  5 ) ,  which was p a r 

t i c u l a r l y  prominen t  in th e  d r i e d  d i g e s t e d  s lu d g e s ,  r e p r e s e n t i n g  >50%



Table 15 P ercen tage  m e ta l  r e c o v e r i e s  from samples o f  raw (R),  a c t i v a t e d  (A) and d i g e s t e d  (D) s ludges  fo l l o w in g  s e q u e n t i a l  
e x t r a c t i o n

Metal  Recovery (%)
R1 R2 A3 A4 D5 D6  D7

(d r  ie<d) ( 1 i q u id ) ( d r i e d ) ( 1 i q u id ) (drie<d) ( 1 i q u i d ) ( d r i e d ) ( 1 i q u i d ) ( d r i e d ) ( 1 i q u i d ) ( d r i e d ) ( 1 i q u i d ) ( d r i e d ) ( 1 i q u i d )

Cd 1 0 2 72 77 97 103 95 117 129 1 0 1  * 78 93 87 1 1 0 8 8

Cu 1 0 0 83 108 136 94 97 94 93 106 85 103 1 0 1 125 85

Ni 108 1 2 0 106 99 1 0 0 92 92 97 114 98 8 6 89 105 87

Pb 105 108 1 2 0 154 96 115 108 1 2 2 1 1 2 8 8 97 1 0 2 108 87

Zn 92 85 106 125 1 0 2 103 1 0 2 117 1 0 2 98 87 103 1 1 2 8 6

* means o f  f i v e  r e p l i c a t e s ,  d a t a  fo r  o th e r  s ludges  be ing  means o f  t h r e e  r e p l i c a t e s

oo
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Figure 5 Percentage total Cu content of fractions derived by
sequential chemical extraction of dried (|§§3) and
liquid ( □ )  forms of sewage sludge
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Figure 6 Percentage total Cd content of fractions derived by
sequential chemical extraction of dried (ESI) and
liquid (CH) forms of sewage sludge
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Figure 7 Percentage total Ni content of fractions derived by
sequential chemical extraction of dried (E3) and
liquid ( □  ) forms of sewage sludge
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Figure 8 Percentage total Pb content of fractions derived by
sequential chemical extraction of dried (^§3) and
liquid (T ~1) forms of sewage sludge
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F i g u r e 9 Percentage total Zn content of fractions derived by
sequential chemical extraction of dried (Pfffl) and
liquid ( □ )  forms of sewage sludge
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o f  the  t o t a l  Cu c o n t e n t  o f  each sample.  The r a n k in g  o f  the  Cu f r a c 

t i o n s  was t y p i c a l l y :

HNO3  > EDTA > Na4 P2 0 7  > KNO3  > KF, r e s i d u a l ,

which a c c o rd in g  t o  the  te c h n iq u e  d e s i g n a t i o n  r e p r e s e n t e d :

s u lp h id e  > c a rb o n a te  > o r g a n i c a l l y  bound > s o lu b le / e x c h a n g e a b le  > 

adso rbed ,  r e s i d u a l .

The d i s t r i b u t i o n  p a t t e r n  o f  Cu in  l i q u i d  s ludges  was almost  i d e n t i c a l  

t o  t h a t  of  co r r e s p o n d in g  d r i e d  s lu d g e s ,  a l though  th e  magnitude o f  the  

EDTA and KF f r a c t i o n s  tended  t o  be g r e a t e r  in th e  d r i e d  forms.

4 . 1 . 2 . 3 . 2  Cadmium

According to  F igure  6 , th e  r an k in g s  o f  th e  forms o f  Cd observed  

in  the  d r i e d  forms o f  the  raw, a c t i v a t e d  and d i g e s t e d  s ludges  r e s p e c 

t i v e l y  were:

Na4 P2 0 7  > EDTA, HNO3  > KF, r e s i d u a l  > KNO3 ,

EDTA > Na4 P2 07 , HNO3  > KF > r e s i d u a l  > KN03>

HNO3  > Na4 P2 0 7  > EDTA > KF > r e s i d u a l  > KNO3 , 

r e s p e c t i v e l y  r e p r e s e n t i n g :

o r g a n i c a l l y  bound > c a r b o n a te ,  s u lp h id e  > ad so rb ed ,  r e s i d u a l  > 

s o l u b l e / e x c h a n g e a b l e ,

c a rb o n a te  > o r g a n i c a l l y  bound,  s u lp h id e  > adsorbed  > r e s i d u a l  > 

s o l u b l e / e x c h a n g e a b l e ,

s u lp h id e  > o r g a n i c a l l y  bound > c a rb o n a te  > adsorbed  > r e s i d u a l  > 

s o l u b l e / e x c h a n g e a b l e .

Such changes in the  j u x t a p o s i t i o n  o f  the  t h r e e  l a r g e s t  f r a c t i o n s  w i th  

s ludge  type i n d i c a t e s  an i n c r e a s e d  s t a b i l i t y  o f  Cd fo l low ing  s ludge  

d i g e s t i o n .  The same f r a c t i o n s  appea red  t o  dominate  in bo th  l i q u i d  and 

d r i e d  forms o f  th e  a c t i v a t e d  and d i g e s t e d  s lu d g e s  a l though  f r a c 

t i o n a t i o n  p r o f i l e s  o f  Cd in l i q u i d  and d r i e d  forms o f  the  raw s ludges



96

were d i f f e r e n t .  The KNO3  f r a c t i o n  was of  g r e a t e r  s i g n i f i c a n c e  fo r  the  

l i q u i d  s ludges  than  f o r  the  co r r e s p o n d in g  d r i e d  samples ;  con

c e n t r a t i o n s  of  Cd e x t r a c t e d  by KNO3  from l i q u i d  forms ran g in g  from 

4 .0  t o  19%, whereas <2.0% o f  the  Cd c o n t e n t  o f  the  d r i e d  forms was 

p r e s e n t  in  t h i s  f r a c t i o n .  In c o n t r a s t ,  however,  d ry in g  appeared  to  

enhance the  p e r c e n ta g e  Cd c o n t e n t  o f  th e  Na4 P2 0 7  f r a c t i o n .

4 . 1 . 2 . 3 . 3  Nickel

Nicke l  was th e  on ly  metal  e x t r a c t e d  in s i g n i f i c a n t  p r o p o r t i o n s  

by KNO3  (F ig u re  7 ) ,  t h i s  f r a c t i o n  be ing  o f  g r e a t e r  impor tance  fo r  the  

raw s lu d g es  ( a v e ra g in g  32.0% of  t h e  t o t a l  Ni)  than  f o r  e i t h e r  the  

a c t i v a t e d  or  d i g e s t e d  s lu d g es  ( a v e r a g i n g  21 .4  and 12.5% of  th e  t o t a l  

Ni r e s p e c t i v e l y ) .  However, the  l a r g e s t  s i n g l e  f r a c t i o n  in  which Ni 

o c c u r r e d  was the  EDTA- e x t r a c t ,  which co n ta in e d  from 28 .2  t o  55.0% of  

t o t a l  Ni.  The most f r e q u e n t  r an k in g  o f  the  metal  forms i n t o  which Ni 

was p a r t i t i o n e d  in  th e  raw and a c t i v a t e d  s ludges  was:

EDTA > KNO3 > Na4 P2 0 7 > HNO3  > KF > r e s i d u a l ,  

r e p r e s e n t i n g :

c a r b o n a te  > s o lu b le / e x c h a n g e a b le  > o r g a n i c a l l y  bound > su lp h id e  > 

adso rbed  > r e s i d u a l .

With r e s p e c t  to  th e  d i g e s t e d  s lu d g e s ,  however, Ni appea red  to  be 

d i s t r i b u t e d  more ev en ly  among a l l  b u t  the  predominant  EDTA f r a c t i o n .  

Sludge sample R2 was unique in t h a t  the  d ry ing  p ro c e s s  appeared  to  

g r e a t l y  enhance th e  r e s i d u a l  f r a c t i o n ,  b u t  t h i s  was n o t  observed  to  

the  same e x t e n t  in any of  the  o t h e r  s ludge  samples ,  where the  quan

t i t i e s  of  Ni e x t r a c t e d  from the  two forms of  s ludge  were almost  iden

t i c a l  .

4 . 1 . 2 . 3 . 4  Lead

In c o n t r a s t  t o  N i ,  <2.0% of  th e  t o t a l  Pb c o n t e n t  o f  the  d r i e d  

s lu d g e s  i n v e s t i g a t e d  was e x t r a c t e d  by KNO3 . In a d d i t i o n ,  s i g n i f i c a n t  

c o n c e n t r a t i o n s  of  K F - e x t r a c t a b l e  Pb, av e ra g in g  5.4% of  th e  t o t a l ,  were 

found only  in the  a c t i v a t e d  s lu d g e s .  The m a j o r i t y  o f  th e  Pb p r e s e n t
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was d i s t r i b u t e d  between th e  Na^^Oy and EDTA f r a c t i o n s ,  t h e  predomi

nance o f  e i t h e r  form b e in g  i n f l u e n c e d  by s ludge  type  (F ig u re  8 ) .  

Thus, t h e  Pb f r a c t i o n a t i o n  sequences  observed  f o r  the  d r i e d  forms of  

raw, a c t i v a t e d  and d i g e s t e d  s ludges  r e s p e c t i v e l y  were:

Na4 P2 0 7  > EDTA > HN03 > r e s i d u a l  > KF > KNO3 ,

Na4 P2 0 7 , EDTA > HNO3  > KF > r e s i d u a l  > KNO3 ,

EDTA > Na4 P2 0 7 > HNO3  > r e s i d u a l  > KF > KNO3 ,

r e s p e c t i v e l y  r e p r e s e n t i n g :

o r g a n i c a l l y  bound > c a r b o n a te  > s u lp h id e  > r e s i d u a l  > adsorbed  > 

s o l u b l e / e x c h a n g e a b l e ,

o r g a n i c a l l y  bound,  c a rb o n a te  > s u lp h id e  > adsorbed  > r e s i d u a l  > 

s o l u b l e / e x c h a n g e a b l e ,

c a r b o n a te  > o r g a n i c a l l y  bound > s u lp h id e  > r e s i d u a l  > adsorbed  > 

s o l u b l e / e x c h a n g e a b l e .

The r a n k in g s  o f  the  t h r e e  most s i g n i f i c a n t  f r a c t i o n s  were r e p e a t e d  in 

th e  l i q u i d  forms o f  the  raw and d i g e s t e d  s lu d g e s ,  w h i le  the  EDTA f r a c 

t i o n  p redominated  in th e  l i q u i d  a c t i v a t e d  s lu d g e s .  In a l l  b u t  one 

l i q u i d  s ludge  (sample A4), th e  r a n k in g  o f  th e  minor f r a c t i o n s  was 

a l t e r e d  t o  KNO3  > r e s i d u a l  > KF. O v e r a l l ,  d ry in g  appeared  to  have the  

e f f e c t  o f  r e d u c in g  th e  magnitude  o f  th e  KNO3 , EDTA and HNO3  f r a c t i o n s  

bu t  enhanc ing  the  KF and Na4 P2 0 y f r a c t i o n s .

4 . 1 . 2 . 3 . 5  Zinc

From F igu re  9 i t  i s  e v i d e n t  t h a t  Zn was p redom inan t ly  p r e s e n t  

in  th e  Na4 P2 0 y f r a c t i o n  in  a l l  seven o f  t h e  d r i e d  s ludge  samples ;  t h i s  

f r a c t i o n  com pris ing  from 46 t o  62% o f  the  t o t a l  Zn c o n t e n t .  The 

m a j o r i t y  o f  the  r em a in ing  Zn was f a i r l y  even ly  d i s t r i b u t e d  between 

th e  EDTA and HNO3  f r a c t i o n s .  C o n c e n t r a t i o n s  e x t r a c t e d  by KF were 

h i g h e r  f o r  Zn than f o r  any o t h e r  m e ta l  i n v e s t i g a t e d ,  r e p r e s e n t i n g  from 

2 .8  t o  15% of  the  t o t a l  Zn c o n t e n t  o f  t h e  d r i e d  s lu d g e s .  Based on the  

f req u en cy  o f  o c c u r r e n c e ,  the  r an k in g  o f  Zn f r a c t i o n s  in  the  d r i e d  

s lu d g e s  was:

Na4 P2 0 7  > EDTA, HNO3  > KF > KNO3 , r e s i d u a l ,
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r e p r e s e n t i n g :

o r g a n i c a l l y  bound > c a r b o n a te ,  s u lp h id e  > adsorbed  > s o l u b l e /  

ex ch a n g eab le ,  r e s i d u a l .

In th e  l i q u i d  forms o f  th e  s lu d g e s ,  however,  Zn was d i s t r i b u t e d  more 

even ly  between the  Na4 P2 0 y, EDTA and HNO3  f r a c t i o n s ,  s u g g e s t i n g  t h a t  

the  d ry in g  p rocess  may have enhanced the  Na4 P2®7  f r a c t i o n  b u t  reduced 

the  o t h e r  two f r a c t i o n s .  S i m i l a r  to  o b s e r v a t i o n s  made fo r  Cd and Pb, 

c o n c e n t r a t i o n s  of  Zn p r e s e n t  in the  KNO3 f r a c t i o n  o f  a l l  l i q u i d  

samples ,  which ranged from 3 .9  to  12% of  the  t o t a l ,  were g r e a t e r  than 

th o s e  in  c o r re s p o n d in g  d r i e d  samples ,  in  which t h i s  f r a c t i o n  g e n e r a l l y  

r e p r e s e n t e d  <3.0% of  the  t o t a l  Zn c o n t e n t .

4 . 1 . 3  Metal  s o l u b i l i s a t i o n  from sewage s ludges  fo l l o w in g  p r o g r e s s i v e

a c i d i f i c a t i o n

C h a r a c t e r i s a t i o n  o f  Cd, Cu, Ni,  Pb and Zn a c c o rd in g  t o  t h e i r  

s o l u b i l i t i e s  a t  d i f f e r e n t  pH v a lu e s  was under taken  in bo th  l i q u i d  and 

d r i e d  forms o f  each s ludge  sample u s in g  a p r o g r e s s i v e  a c i d i f i c a t i o n  

te c h n iq u e  ( s e c t i o n  3 . 2 . 1 . 3 ) .

4 . 1 . 3 . 1  I n v e s t i g a t i o n  o f  th e  p r o g r e s s i v e  a c i d i f i c a t i o n  t e c h n iq u e

The method of  C o t t e n i e  (1981) was m od i f ied  s l i g h t l y  in  t h a t  the  

ambient  pH samples were not  m a in ta in e d  a t  t h e i r  o r i g i n a l  pH v a lu e s  by 

a d d i t i o n  o f  a c id  or  a l k a l i ,  bu t  were a l lowed to  d r i f t .  The r a t i o n a l e  

f o r  t h i s  was to  make t h i s  f i r s t  s t e p  of  th e  p r o g r e s s i v e  a c i d i f i c a t i o n  

t e c h n iq u e  more r e a d i l y  comparable w i th  the  f i r s t  s t a g e  of  th e  sequen

t i a l  e x t r a c t i o n  t e c h n iq u e ,  as bo th  a re  e f f e c t i v e l y  an e v a l u a t i o n  of  

th e  e a s i l y  e x t r a c t a b l e  forms of  m e ta l s  p r e s e n t .  Having a l r e a d y  been 

mixed f o r  15 min p r i o r  t o  e x p e r i m e n t a t i o n ,  the  pH of  th e  ambient  dry  

samples was found to  v a ry  by on ly  ± 0 .2  pH u n i t s  and t h a t  o f  the  

l i q u i d  samples by ± 0 .1  pH u n i t  over the  30 min e x p e r im e n ta l  p e r io d .  

There was, however,  some d i f f e r e n c e  in pH between the  l i q u i d  s ludge 

samples and the  d r i e d  samples r e suspended  in d i s t i l l e d  w a te r ,  which 

i t s e l f  has  a pH va lu e  o f  app rox im ate ly  5 . 0 .  A comparison o f  the  con

c e n t r a t i o n s  o f  m e ta l s  s o l u b i l i s e d  from a sample o f  resuspended  d r i e d  

s ludge  m a in t a i n e d  a t  the  pH v a lu e  o f  the  o r i g i n  l i q u i d  sample w i th
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those  s o l u b i l i s e d  from an u n a d ju s t e d  d r i e d  sample i n d i c a t e d  d i f f e r e n 

ces  o f  <2.0% of  t h e  t o t a l  me ta l  p r e s e n t .  D i f f e r e n c e s  o f  t h i s  magni

tude  were c o n s id e re d  n e g l i g i b l e ,  t h e r e f o r e  no pH a d ju s tm en t s  to  the  

resuspended  d r i e d  samples were made.

A f u r t h e r  o b s e r v a t i o n  made d u r in g  p r e l i m i n a r y  e x t r a c t i o n s  was 

t h a t  a l th o u g h  the  samples cou ld  be m a in ta in e d  a t  pH 4 . 0 ,  2 .0  o r  0 .5  

f o r  30 min w i th  only  minor v a r i a t i o n s  (± 0 .0 2 )  o c c u r r i n g  in pH, the  

subsequen t  a d d i t i o n  of  d i s t i l l e d  w a te r  ( t o  make up th e  volume) and 

c e n t r i f u g a t i o n  and f i l t r a t i o n  o f  the  sample tended to  g ive  f i n a l  pH 

v a l u e s  w i t h i n  the  ranges  3 .67  to  4 . 2 4 ,  1 .74 t o  2 .52 and 0 .54  t o  1 .33 .  

In an a t t e m p t  to  reduce  the  f i n a l  pH, a r e p e a t  pH 0 .5  e x t r a c t i o n  was 

made on s ludge  sample R2 (which had p r e v i o u s l y  shown a f i n a l  pH of 

1 .33 )  u s in g  d i s t i l l e d  w a te r  which had been a d j u s t e d  to  pH 0 .5  u s in g  

HNO3 . Following a d d i t i o n  of  the  a c i d i f i e d  w ate r  and c e n t r i f u g a t i o n  

and f i l t r a t i o n  o f  the  sample,  the  f i n a l  pH was 0 .6 7 .  A n a ly s i s  o f  th e  

f i l t r a t e  gave m e ta l  c o n c e n t r a t i o n s  t h a t  d i f f e r e d  from th o s e  o f  th e  

i n i t i a l  pH 0 .5  e x t r a c t  by -33% of  t o t a l  Cu, -11.6% of  t o t a l  Cd, +2.64% 

of  t o t a l  Ni,  +23.2% of  t o t a l  Pb and -23.5% of  t o t a l  Zn. Since  t h e s e  

r e s u l t s  were i n c o n s i s t e n t ,  pH ad ju s tm en t  o f  th e  d i s t i l l e d  w a te r  was 

d i s c o n t i n u e d .

4 . 1 . 3 . 2  S t a t i s t i c a l  e v a l u a t i o n  o f  th e  p r o g r e s s i v e  a c i d i f i c a t i o n  t e c h 

n ique

The mean c o n c e n t r a t i o n s  and RSDs o f  m e ta l s  s o l u b i l i s e d  from 5 

r e p l i c a t e s  of  bo th  l i q u i d  and d r i e d  forms o f  s ludge  sample D7 

fo l lo w in g  p r o g r e s s i v e  a c i d i f i c a t i o n  a r e  g iven  in Table 16. The method 

was found to  be r e p r o d u c i b l e  f o r  d r i e d  samples ,  w i th  RSD v a l u e s  of  

<10%, exce p t  where Cd and Pb c o n c e n t r a t i o n s  approached the  l i m i t s  of  

d e t e c t i o n .  Metal  s o l u b i l i s a t i o n  from th e  l i q u i d  samples ,  however,  

e x h i b i t e d  a lower degree  o f  r e p r o d u c i b i l i t y ,  f r e q u e n t l y  p roduc ing  RSD 

v a lu e s  of  >1 0 %, even where m e ta l  c o n c e n t r a t i o n s  were h ig h .

4 . 1 . 3 . 3  Metal  s o l u b i l i s a t i o n  p a t t e r n s  r e s u l t i n g  from p r o g r e s s i v e  

a c i d i f i c a t i o n

The s o l u b i l i s a t i o n  p a t t e r n s  o b ta in e d  fo r  each meta l  were 

g e n e r a l l y  independen t  o f  s ludge  type (F ig u re s  10 -14 ) .  A d e f i n i t e



Table 16 Metal solubilised by progressive acidification of liquid and dried forms of sludge sample D7

PH
Cd Cu Ni Pb Zn

( d r i e d ) ( l i q u i d ) ( d r i e d ) ( l i q u i d ) ( d r i e d ) ( l i q u i d ) ( d r i e d ) ( l i q u i d ) ( d r i e d ) ( 1 i q u i d )

Ambien t  (mgkg“ *) 0 . 1 2 2.37 6.48 77.3 2 1 . 1 25.8 1 . 1 0 32.2 0.50 1 2 2

(% RSD) (2 4 .0 ) (6 .60 ) (5 .5 0 ) ( 4 .5 0 ) (3 .40 ) (7 .7 0 ) ( 1 2 .7 ) (5 .6 0 ) (5 .7 0 ) (n.i)

4 .0 2 . 2 2 0.29 2 . 1 2 4 .54 82.7 108 1.26 4.43 217 72.1
(16 .0 ) (25 .0 ) (7 .7 0 ) (0 .80 ) (8 .80 ) (7 .2 0 ) (1 1 .7 ) ( 1 0 . 1 ) (8 .70 ) (1 6 .5 )

2 . 0 23.4 0.76 83.6 1.41 172 164 239 74.9 763 359
(1 .4 0 ) (1 7 .6 ) (3 .8 0 ) (1 3 .6 ) ( 2 . 1 0 ) (1 1 .9 ) (5 .0 0 ) (n.i) (4 .0 0 ) (6 .3 0 )

0 .5 19.3 3.24 307 1.56 2 0 2 2 1 2 558 2 2 0 761 771
(5 .80 ) ( 1 2 . 0 ) (4 .30 ) (3 5 .5 ) (4 .00 ) ( 1 4 .9 ) (4 .5 0 ) ( 1 1 . 6 ) (6 .5 0 ) (7 .4 0 )

100
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Figure 10 Percentage total Cu content solubilised by progressive
acidification of dried ( O ) and liquid ( # ) forms of
sewage sludge
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Figure 11 Percentage total Cd content solubilised by progressive
acidification of dried ( O ) and liquid ( • ) forms of
sewage sludge
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Figure 12 Percentage total Pb content solubilised by progressive
acidification of dried ( O ) and liquid ( # ) forms of
sewage sludge
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Figure 13 Percentage total Zn content solubilised by progressive
acidification of dried ( O ) and liquid ( # ) forms of
sewage sludge
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Figure 14 Percentage total Ni content solubilised by progressive
acidification of dried ( o ) and liquid ( # ) forms of
sewage sludge
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b r e a k - p o i n t  or  t h r e s h o l d  pH was i d e n t i f i e d  f o r  four  o f  the  m e t a l s ,  

above which the  p e r c e n ta g e  s o l u b i l i s a t i o n  was r e l a t i v e l y  low and 

s t a b l e  and below which s o l u b i l i s a t i o n  tended  to  i n c r e a s e  e x p o n e n t i a l l y  

w i th  d e c r e a s i n g  pH.

4 . 1 . 3 . 3 . 1  Copper

For Cu, the  t h r e s h o l d  o f  s o l u b i l i s a t i o n  was between pH 4 .0  and 

pH 2 .0  f o r  d r i e d  s ludges  b u t  no b r e a k - p o i n t  cou ld  be i d e n t i f i e d  fo r  

c o r r e s p o n d in g  l i q u i d  forms as the  p e r c e n ta g e  of  m e ta l  e x t r a c t e d  tended 

to  d e c r e a s e  w i th  i n c r e a s i n g  a c i d i t y  from a l l  bu t  sample R1 (F ig u re  

10) .  Even a t  pH 0 . 5 ,  t h e  c o n c e n t r a t i o n  o f  Cu e x t r a c t e d  from the  

l i q u i d  s ludges  was g e n e r a l l y  <1 % of  the  t o t a l  meta l  c o n t e n t ,  w h i le  

c o n c e n t r a t i o n s  s o l u b i l i s e d  a t  ambient  pH v a l u e s  were from 4 -  t o  100- 

f o l d  g r e a t e r .  I t  became a p p a re n t  t h a t  fo l l o w in g  a c i d i f i c a t i o n  o f  the  

f i l t r a t e s  o f  ambient  pH samples ,  humic m a t e r i a l  was be ing  p r e c i p i 

t a t e d .  A comparison o f  th e  Cu c o n te n t  o f  t h e  s e t t l e d  s u p e r n a t a n t  w i th  

t h a t  o f  t h e  shaken sample i n d i c a t e d  t h a t  app rox im a te ly  90% o f  th e  Cu 

e x t r a c t e d  from the  l i q u i d  samples was c o n t a in e d  in t h i s  p r e c i p i t a t e d  

o rg a n ic  f r a c t i o n ,  and t h i s  may e x p l a in  th e  reduced  s o l u b i l i s a t i o n  

a p p a re n t  a t  lower pH. S o l u b i l i s a t i o n  was g r e a t e r  in co r r e s p o n d in g  

d r i e d  s l u d g e s ,  an average  31% o f  the  t o t a l  Cu be ing  e x t r a c t e d  a t  pH 

0 . 5 .  S i g n i f i c a n t  v a r i a t i o n s  in the  c o n c e n t r a t i o n s  e x t r a c t e d  from 

d r i e d  samples a t  t h i s  pH were a p p a r e n t ,  however,  p a r t i c u l a r l y  between 

s ludges  o f  s i m i l a r  ty p e ,  as dem ons t ra ted  by s ludge  samples A4 and A3, 

from which 27 and 4.3% r e s p e c t i v e l y  o f  th e  t o t a l  Cu c o n te n t  o f  each 

was s o l u b i l i s e d  a t  pH 0 . 5 .

4 . 1 . 3 . 3 . 2  Cadmium

The t h r e s h o l d  va lu e  fo r  Cd was pH 4 .0  f o r  the  d r i e d  samples bu t

n e a r e r  to  pH 2 .0  f o r  the  l i q u i d  forms (F ig u re  11 ) .  The m a j o r i t y  of

th e  p o t e n t i a l l y  s o l u b l e  Cd in the  d r i e d  s ludges  appeared  t o  be 

e x t r a c t e d  a t  pH 2 .0  as s i g n i f i c a n t  i n c r e a s e s  a t  pH 0 .5  were only  

observed  fo r  s ludge  samples A3 and D5. With r e s p e c t  t o  t h e  l i q u i d  

samples ,  however,  most o f  the  p o t e n t i a l l y  s o l u b l e  Cd was r e l e a s e d  a t  

pH 0 . 5 .  A phenomenon s i m i l a r  t o  t h a t  o c c u r r i n g  fo r  Cu was observed  in

t h a t  l e s s  Cd was e x t r a c t e d  from l i q u i d  s ludges  a t  pH 4 .0  than  a t  th e

ambient  pH v a l u e s ,  b u t  no comparable r e d u c t i o n  was observed  fo r  d r i e d
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fo rm s .

4 . 1 . 3 . 3 . 3  Lead

Lead e x h i b i t e d  a c l e a r  b r e a k - p o i n t  a t  pH 4 .0  in  th e  d r i e d  

s l u d g e s ,  below which s o l u b i l i s a t i o n  i n c r e a s e d  r a p i d l y ,  t o  between 62 

and 100% a t  pH 0 .5  (F ig u r e  12) .  I t  was a p p a re n t  t h a t  Pb was l e s s  

e a s i l y  e x t r a c t e d  from d r i e d  d i g e s t e d  s ludges  than from raw or  a c t i v a 

t e d  t y p e s ,  and some ev idence  fo r  t h i s  o c c u r r i n g  in  the  l i q u i d  s ludges  

was a l s o  a p p a r e n t .  The s o l u b i l i s a t i o n  p a t t e r n  d i s p l a y e d  by th e  l i q u i d  

s lu d g es  d i f f e r e d  from t h a t  o f  the  d r i e d  forms in t h a t  the  m a j o r i t y  of  

Pb was r e l e a s e d  a t  below pH 2 . 0 .  However, w i th  the  e x c e p t io n  o f  

s ludge  sample D5, the  p e r c e n ta g e  o f  Pb e x t r a c t e d  from th e  l i q u i d  

s lu d g es  a t  pH 0 .5  was lower than t h a t  e x t r a c t e d  from c o r re s p o n d in g  

d r i e d  forms.  Again,  Pb s o l u b i l i s e d  from l i q u i d  s ludges  a t  t h e i r  

ambient  pH v a l u e s  was up t o  8 t imes  h ig h e r  than  t h a t  r e l e a s e d  a t  

pH 4 . 0 .

4 . 1 . 3 . 3 . 4  Zinc

The t h r e s h o l d  o f  s o l u b i l i s a t i o n  fo r  Zn in d r i e d  s ludges  

approached  pH 6 .0  ( F ig u r e  13) .  The m a j o r i t y  o f  th e  p o t e n t i a l l y  

s o l u b l e  Zn was e x t r a c t e d  a t  a pp rox im a te ly  pH 2 . 0 ,  w i th  only  s l i g h t  

i n c r e a s e s  in  the  c o n c e n t r a t i o n  r e l e a s e d  be ing  observed  a t  pH 0 . 5 ,  a t  

which p o i n t  v a lu e s  ranged from 53 to  94%. Zinc appea red  t o  be more 

e a s i l y  e x t r a c t e d  from raw s ludges  than from d r i e d  forms o f  a c t i v a t e d  

and d i g e s t e d  s lu d g e s .  The t h r e s h o l d  o f  s o l u b i l i s a t i o n  f o r  Zn in 

l i q u i d  samples was t y p i c a l l y  pH 4 . 0 .  D e s p i t e  th e  i n i t i a l  r e s i s t a n c e  

t o  a c i d i f i c a t i o n  d i s p l a y e d  by Zn in l i q u i d  s lu d g e s ,  the  s o l u b i l i s a t i o n  

t h a t  o c c u r r e d  a t  pH 0 .5  was in s e v e r a l  cases  g r e a t e r  than  t h a t  

a p p a re n t  fo r  co r r e s p o n d in g  d r i e d  samples .  A degree  o f  r e s i s t a n c e  to  

s o l u b i l i s a t i o n  from b o th  l i q u i d  and d r i e d  forms appeared  t o  be con

f e r r e d  by th e  d i g e s t i o n  p r o c e s s ,  and was p a r t i c u l a r l y  ap p a re n t  in  

samples D6 and D7. As fo r  Cd, Cu and Pb, c o n c e n t r a t i o n s  o f  Zn 

r e l e a s e d  a t  the  ambient  pH v a lu e s  o f  th e  l i q u i d  s ludges  were s l i g h t l y  

h ig h e r  than  th o se  r e l e a s e d  a t  pH 4 . 0 .

4 . 1 . 3 . 3 . 5  N icke l
In c o n t r a s t  to  Cu, Cd, Pb and Zn, no d e f i n i t e  t h r e s h o l d  a t
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which Ni s o l u b i l i s a t i o n  markedly  i n c r e a s e d  cou ld  be i d e n t i f i e d  fo r  

l i q u i d  or  d r i e d  s ludges  (F ig u re  14) .  In a d d i t i o n ,  c o n c e n t r a t i o n s  of  

Ni r e l e a s e d  a t  ambient  pH v a lu e s  from b o th  forms were lower than  those  

r e l e a s e d  a t  the  o t h e r  t h r e e  pH v a l u e s  and the  p e r c e n ta g e  o f  Ni s o l u b i 

l i s e d  thus  i n c r e a s e d  g r a d u a l l y  w i th  i n c r e a s i n g  a c i d i t y  t o  produce 

n e a r - l i n e a r  p l o t s .  The c o n c e n t r a t i o n  o f  Ni r e l e a s e d  a t  pH 0 .5  ranged 

from 25 to  100% o f  th e  t o t a l  s ludge  c o n t e n t ,  the  h i g h e r  v a l u e s  be ing  

e x h i b i t e d  by th e  t h r e e  s ludges  o r i g i n a t i n g  from the  same works,  namely 

samples R1, A3 and D5, in  a d d i t i o n  t o  the  dewate red  d i g e s t e d  s ludge  

sample D7. In c o n t r a s t  to  the  b eh av io u r  o f  the  o t h e r  m e ta l s  s t u d i e d ,  

Ni s o l u b i l i s e d  from th e  d r i e d  s ludges  fo l lowed  a v e ry  s i m i l a r  p a t t e r n  

t o  t h a t  e x h i b i t e d  by analogous  l i q u i d  forms,  w i th  only  s l i g h t  

v a r i a t i o n s  in  th e  c o n c e n t r a t i o n s  e x t r a c t e d  a t  a p a r t i c u l a r  pH be ing  

a p p a r e n t .

4 . 1 . 4  Cross-compar ison  of  the  p r o g r e s s i v e  a c i d i f i c a t i o n  and

s e q u e n t i a l  e x t r a c t i o n  t e c h n iq u e s

In an a t t e m p t  to  e l u c i d a t e  some of  th e  r e a c t i o n s  o c c u r r i n g  

d u r in g  p r o g r e s s i v e  a c i d i f i c a t i o n ,  r e s i d u e s  o f  the  d r i e d  forms o f  

s lu d g e s  which had been a d j u s t e d  to  pH 4 . 0 ,  2 .0  and 0 .5  were s u b je c t e d  

t o  s e q u e n t i a l  e x t r a c t i o n .  Res idues  o f  the  l i q u i d  s ludges  were no t  

t r e a t e d  in  t h i s  way, however,  as  the  r e p r o d u c i b i l i t y  of  the  

p r o g r e s s i v e  a c i d i f i c a t i o n  and s e q u e n t i a l  e x t r a c t i o n  te c h n iq u e s  (Tab les  

16 and 14 r e s p e c t i v e l y )  was found to  be c o n s i s t e n t l y  lower fo r  l i q u i d  

th a n  f o r  co r r e s p o n d in g  d r i e d  samples .  The r e s u l t a n t  f r a c t i o n a t i o n  

p a t t e r n s ,  t o g e t h e r  w i th  d a t a  from a c i d i f i c a t i o n  and s e q u e n t i a l  e x t r a c 

t i o n  o f  the  o r i g i n a l  d r i e d  samples a t  ambient  pH have been p r e s e n t e d  

f o r  each o f  th e  f i v e  m e ta l s  u s in g  samples R1, A3 and D7, which were 

c o n s id e re d  to  be most r e p r e s e n t a t i v e  o f  each s ludge  ty pe  (F ig u re s  

15 -19 ) .  F r a c t i o n a t i o n  d a t a  fo r  th e  rem ain ing  s ludges  a r e  t a b u l a t e d  in 

Appendix I I I .

The r e l a t i v e l y  low c o n c e n t r a t i o n s  of  m e ta l s  s o l u b i l i s e d  a t  

ambient  pH r e p r e s e n t e d  the  r e a d i l y  s o l u b l e  s p e c i e s  o f  each and were 

comparable t o  th o s e  e x t r a c t e d  by KNO3 in  the  s e q u e n t i a l  e x t r a c t i o n  o f  

th e  o r i g i n a l  d r i e d  samples ,  exce p t  where a s i g n i f i c a n t  p r o p o r t i o n  of  

th e  m e ta l  e x i s t e d  in an ' e x c h a n g e a b le '  form. Q u a n t i f i c a t i o n  of
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' e x c h a n g e a b le '  m e ta l  by s u b t r a c t i o n  i n d i c a t e d  t h a t  t h i s  f r a c t i o n  was 

on ly  o f  s i g n i f i c a n c e  f o r  Ni and Cu, com pr is ing  up t o  15 and 10% of  

r e s p e c t i v e  t o t a l  c o n c e n t r a t i o n s .  The ' e x c h a n g e a b le '  forms o f  Cu were 

more prominen t  in  th e  a c t i v a t e d  s lu d g es  than  in  t h e  raw or  d i g e s t e d  

s a m p le s .

The most n o t i c e a b l e  e f f e c t  o f  r e d u c in g  th e  pH by p r o g r e s s i v e  

a c i d i f i c a t i o n  was th e  r e d i s t r i b u t i o n  o f  m e ta l  s p e c i e s  p r e s e n t  in the  

r e s i d u e s  towards  more e a s i l y  e x t r a c t a b l e  forms.  Th is  was p a r t i c u l a r l y  

a p p a r e n t  fo r  Zn, which ,  as i l l u s t r a t e d  in  F igu re  15, g r a d u a l l y  s h i f t e d  

from a p redom inan t ly  Na4 P2 0 y - e x t r a c t a b l e  form a t  ambient  pH to  

KN0 3 - e x t r a c t a b l e  and K F - e x t r a c t a b l e  forms a t  pH 0 . 5 .  The dem ons t ra ted  

i n c r e a s e  in K F - e x t r a c t a b l e  Zn fo l l o w in g  a c i d i f i c a t i o n ,  which was p a r 

t i c u l a r l y  s i g n i f i c a n t  fo r  s ludge  sample A4, was n o t  observed  fo r  any 

o t h e r  m e ta l  s t u d i e d .

N ickel  f r a c t i o n a t i o n  a t  ambient  pH was p o o r ly  d e f in e d  bu t  as  

s u c c e s s i v e  p r o p o r t i o n s  o f  m e ta l  were removed by a c i d i f i c a t i o n ,  th e  

p r o f i l e s  became skewed towards the  more e a s i l y  e x t r a c t a b l e  forms 

(F ig u re  16) .  The p e r c e n ta g e  o f  the  t o t a l  Ni in a l l  t h e  f r a c t i o n s  sub

s eq u en t  to  KNO3  d e c r e a s e d  w i th  i n c r e a s i n g  a c i d i t y ,  th e  most marked 

d im in u t io n  be ing  t h a t  of  th e  EDTA f r a c t i o n ,  which r e p r e s e n t e d  l e s s  

tha n  5.0% of  t o t a l  Ni a t  pH 0 .5  in  a l l  b u t  s ludge  sample A3.

The t r a n s i t i o n s  which o c c u r re d  in  the  d i s t r i b u t i o n  o f  Cd 

fo l lo w in g  a c i d i f i c a t i o n  were s i m i l a r  f o r  a l l  s ludge  types  d e s p i t e  

v a r i a t i o n  in th e  f r a c t i o n a t i o n  p r o f i l e s  a t  ambient  pH (F ig u re  17 ) .  

D i s s o l u t i o n  o f  th e  EDTA-extrac tab le  f r a c t i o n ,  which was i n i t i a l l y  one 

o f  the  most dominan t ,  commenced between ambient  pH and pH 4 . 0 .  

However, c o n s i d e r a b l e  changes in  the  f r a c t i o n a t i o n  p r o f i l e  o f  Cd 

o c c u r r e d  between pH 4 .0  and pH 2 . 0 ,  whereby th e  EDTA f r a c t i o n  was 

s e v e r e l y  reduced  and a s i g n i f i c a n t  p r o p o r t i o n  o f  Cd, ave ra g ing  33%, 

became e x t r a c t a b l e  by KNO3 . Gradual  r e d u c t i o n s  in  th e  p e r c e n ta g e s  o f  

Cd removed by Na4 ? 2 0 7  and HNO3  were a l s o  obse rved ,  a l th o u g h  th e  l a t t e r  

f r a c t i o n  appeared  to  be more r e s i s t a n t  a t  th e  lower pH v a l u e s .

Lead was un ique  in i t s  r e s p o n s e  t o  a c i d i f i c a t i o n  in  t h a t  i t  was
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almost  e n t i r e l y  s o l u b i l i s e d ,  as  was e v i d e n t  from th e  r e s i d u a l  Pb con

c e n t r a t i o n  a t  pH 0 .5  (F ig u re  18) .  Although no s i g n i f i c a n t  i n c r e a s e  in  

Pb s o l u b i l i s a t i o n  was ap p a re n t  between ambient  pH and pH 4 . 0 ,  a r e d u c 

t i o n  in  the  ED TA-extrac tab le  f r a c t i o n  c o i n c id e d  w i th  an a c c e n t u a t i o n  

o f  the  N a ^ I ^ O y -e x t r a c t . The EDTA and HNO3 f r a c t i o n s  d e c re a se d  between 

pH 4 .0  and pH 2 .0  b u t  in c o n t r a s t  t o  what was observed  fo r  Zn, the  

f r a c t i o n a t i o n  p r o f i l e  o f  Pb d id  n o t  show a p r o g r e s s i v e  s h i f t  th rough 

each  o f  th e  f r a c t i o n s  towards  the  s o l u b l e  s t a t e ,  as th e  

Na4 P2 0 7 ~ e x t r a c t a b l e  f r a c t i o n  p redominated  even a t  pH 2 . 0 .  An a p p ro x i 

mate 6 - f o l d  r e d u c t i o n  in  t h i s  l a t t e r  f r a c t i o n  between pH 2.0 and pH 

0 .5  w i th  no accompanying i n c r e a s e  in the  KN0 3 ~ e x t r a c t a b l e  f r a c t i o n  

would seem to  su g g e s t  t h a t  the  i n c r e a s e d  s o l u b i l i s a t i o n  observed  a t  pH 

0 .5  was p r i m a r i l y  th e  r e s u l t  o f  th e  d i r e c t  d i s s o l u t i o n  o f  th e  Na^I^Oy 

f r a c t i o n .

Copper remained  p redom inan t ly  in th e  HN0 3 ~ e x t r a c t a b l e  f r a c t i o n  

in  the  a c i d i f i e d  r e s i d u e s  u n t i l  pH 0 . 5 ,  when i t  was t r a n s f e r r e d  to  

KN0 3 - e x t r a c t a b l e  forms (F ig u re  19) .  V i r t u a l l y  no t r a n s i t i o n s  in  the  

f r a c t i o n a t i o n  p r o f i l e s  were a p p a r e n t  between ambient  pH and pH 2 . 0 ,  

a p a r t  from a s l i g h t  i n c r e a s e  in  KN0 3 ~ e x t r a c t a b l e  forms a t  th e  l a t t e r  

pH v a l u e .  However, subsequen t  d i s s o l u t i o n  o f  HN0 3 ~ e x t r a c t a b l e  forms 

r e s u l t e d  in  a r e d u c t i o n  of  t h i s  f r a c t i o n  from an average  o f  70% o f  

t o t a l  Cu a t  pH 2 .0  t o  4.0% a t  pH 0 . 5 ,  and a s im u l tan e o u s  i n c r e a s e  in 

th e  KNO3  f r a c t i o n .  This  t r a n s i t i o n  was p a r t i c u l a r l y  e v i d e n t  fo r  the  

a c t i v a t e d  s lu d g e s .  While s l i g h t  r e d u c t i o n s  in  ED TA-extrac tab le  Cu in 

raw and a c t i v a t e d  s ludges  were a l s o  observed  between pH 2.0  and pH 

0 . 5 ,  the  Na^^Oy f r a c t i o n  remained  c o n s t a n t .  In d i g e s t e d  s lu d g e s ,  

however,  c o n c e n t r a t i o n s  o f  Cu e x t r a c t e d  by EDTA remained  uniform b u t  

th o s e  e x t r a c t e d  by Na^^Oy t y p i c a l l y  i n c r e a s e d  2 - f o l d ,  perhaps  i n d i 

c a t i n g  t h a t  Cu a s s o c i a t e d  w i th  o r g a n ic  m a t e r i a l  e x h i b i t e d  a c e r t a i n  

degree  of  r e s i s t a n c e  to  a c i d i f i c a t i o n .  D e s p i t e  th e  dem ons t ra ted  

o c c u r re n c e  o f  Cu in  r e l a t i v e l y  u n s t a b l e  forms,  in  ex ce ss  o f  50% of  the  

t o t a l  remained w i t h i n  the  s ludge  r e s i d u e s  fo l l o w in g  a c i d i f i c a t i o n  to  

pH 0 . 5 .
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4 .2  E v a l u a t i o n  o f  Heavy Metal  D i s t r i b u t i o n s  Dur ing  the  Anaerobic

D ig e s t i o n  of  Sewage Sludge

4 . 2 . 1  E q u i l i b r a t i o n  and performance  o f  th e  an a e ro b ic  d i g e s t e r s

P r i o r  t o  i n v e s t i g a t i n g  m e ta l  d i s t r i b u t i o n s  i t  was n e c e s s a r y  to

e s t a b l i s h  t h a t  t h e  a n a e ro b ic  d i g e s t e r s  had ach iev ed  e q u i l i b r i u m  and 

were pe r fo rm ing  e f f i c i e n t l y .

Through r o u t i n e  m o n i to r in g  of  t o t a l  and v o l a t i l e  s o l i d s ,  t o t a l  

a l k a l i n i t y ,  pH, v o l a t i l e  a c i d s ,  pe rc e n ta g e  methane c o n t e n t  o f  the  

d i g e s t e r  gas  and t o t a l  gas p r o d u c t i o n  i t  was a p p a r e n t  t h a t  each o f  the  

fou r  d i g e s t e r s  had reached  s t a b l e  c o n d i t i o n s  w i t h i n  40 d .  However, an 

a d d i t i o n a l  r e t e n t i o n  p e r io d  ( 2 0  d) was al lowed p r i o r  t o  exper imen

t a t i o n  to  en s u re  optimum d i g e s t i o n .  Mean v a l u e s  o f  d i g e s t i o n  p e r f o r 

mance p a ram e te r s  o b ta in e d  f o r  each s ludge  type  upon s t a b i l i s a t i o n  a r e  

p r e s e n t e d  in Table  17. I t  i s  ap p a re n t  t h a t  th e  d i g e s t e r s  fed  on p r i 

mary s ludge  ach ieved  g r e a t e r  r e d u c t i o n s  in  v o l a t i l e  s o l i d s ,  d i s p l a y e d  

lower v o l a t i l e  a c i d s  c o n c e n t r a t i o n s  and produced g r e a t e r  volumes o f  

d i g e s t e r  gas than those  t r e a t i n g  mixed pr im ary  s lu d g e ,  d e s p i t e  v i r 

t u a l l y  i d e n t i c a l  v o l a t i l e  s o l i d s  l o a d in g s .  Such behav iour  i n d i c a t e s  

t h a t  the  d i g e s t e r s  o p e r a t i n g  on a feed  o f  p r im ary  s ludge  were p e r 

forming more e f f i c i e n t l y  than  th o s e  o p e r a t i n g  on a feed o f  mixed p r i 

mary s lu d g e .

4 . 2 . 2  The in f l u e n c e  o f  an a e ro b ic  d i g e s t i o n  on m e ta l  d i s t r i b u t i o n

A compar ison o f  m e ta l  d i s t r i b u t i o n s  in  raw and d i g e s t e d  pr im ary  

and mixed pr im ary  s ludges  was under taken  t o  a s s e s s  the  e f f e c t s  o f  

an a e ro b ic  d i g e s t i o n  on s ludge  me ta l  forms.  A l iq u o t s  o f  d i g e s t e d  

s ludge  removed from th e  p r im ary  and mixed pr im ary  ' e x p e r i m e n t a l '  

d i g e s t e r s  in  a d d i t i o n  to  the  r e s p e c t i v e  raw s ludge  samples were sub

j e c t e d  to  s e q u e n t i a l  e x t r a c t i o n .  T o ta l  c o n c e n t r a t i o n s  o f  Cd, Cu, Ni,  

Pb and Zn ( i n  terms of  mgl“ l )  were t h e r e f o r e  c o n s t a n t  in  raw and 

d i g e s t e d  samples o f  th e  same s ludge  type (Tab le  18) .  To d a t e ,  no

o t h e r  comparison has been r e p o r t e d  between raw s ludge  f r a c t i o n a t i o n  

and the  same s ludge  f r a c t i o n a t e d  fo l low ing  a n a e ro b ic  d i g e s t i o n .

The r e s u l t a n t  m e ta l  d i s t r i b u t i o n s  observed  in raw and d i g e s t e d



Table 17 Mean values of stabilised digestion parameters prior to metal addition

Vola t  i l e
Loading Tota l Sol ids V o l a t i l e Gas Gas

Rate S o l id s Reduct ion Acids A l k a l i n i t y P ro d u c t io n Composit ion
Sludge PH (gVSl- 1 d- 1 ) ( g i _ 1 ) VSR(%) (mgl- 1 ) (mgl- 1 ) (mlgVSR- 1 d- 1 ) %CH4

Hogsmill
Mixed 7.52
Primary

1 . 6 6 25 .4 46 155 4177 501 60

Dart  ford 
Primary 7.35 1.60 23.9 55 51 2954 549 58



Table  18 Comparison o f  i n i t i a l  and f i n a l  t o t a l  me ta l  c o n c e n t r a t i o n s  
observed  in  the  ' e x p e r i m e n t a l '  d i g e s t e r s

C o n c e n t r a t i o n  (m g l" l )

Metal

I n i t i a l Observed F in a l Observed F in a l  Expec ted

Mixed 
Primary

Primary Mixed
Primary

Primary Both
Sludges

Cd 0.14 0.16 1 . 8 8 1.61 2 . 0 0

Cu 14.1 15.2 29.0 28.5 30.0

Ni 1.32 1.39 4.60 4.10 5.00

Pb 1 0 . 2 6.30 51.0 44.9 50.0

Zn 2 0 . 6 30.2 93.3 84.7 1 0 0

00
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forms o f  the  mixed pr im ary  and pr im ary  s ludges  a r e  i l l u s t r a t e d  in 

F ig u r e s  20 and 21 r e s p e c t i v e l y .  I t  i s  ap p a re n t  t h a t  Cd e x t r a c t e d  by 

Na4 ? 2 0 7  p redominated  in  bo th  types  o f  raw s lu d g e .  However, a n ae ro b ic  

d i g e s t i o n  had the  e f f e c t  o f  r e d u c in g  t h i s  f r a c t i o n  w h i le  s i m u l t a 

n e o u s ly  i n c r e a s i n g  the  EDTA-extrac tab le  and HN0 3 - e x t r a c t a b l e  forms,  

w i th  th e  EDTA-extrac tab le  f r a c t i o n  p redom ina t ing  in  b o th  ty pes  of  

d i g e s t e d  s lu d g e .  In a d d i t i o n ,  an a e ro b ic  d i g e s t i o n  i n c r e a s e d  the  p ro 

p o r t i o n  o f  th e  t o t a l  Cd c o n t e n t  e x t r a c t e d  by KNO3  from th e  pr im ary 

s l u d g e ,  a l though  such an e f f e c t  was n o t  ap p a re n t  w i th  r e s p e c t  t o  the  

mixed pr im ary  s lu d g e .

The changes which o c c u r re d  in th e  d i s t r i b u t i o n  o f  Pb fo l low ing  

a n a e ro b ic  d i g e s t i o n  were v e ry  s i m i l a r  t o  th o s e  e x h i b i t e d  by Cd, excep t  

t h a t  s l i g h t  i n c r e a s e s  in KN0 3 - e x t r a c t a b l e  forms o f  Pb were observed  in 

bo th  type s  of  d i g e s t e d  s lu d g e .

The r an k in g  of  the  most dominant forms between which Cu was 

d i s t r i b u t e d  in bo th  raw s ludges  was:

EDTA > HNO3  > Na4 P2 0 7 ,

r e p r e s e n t i n g :

c a rb o n a te  > s u lp h id e  > o r g a n i c a l l y  bound

However, the  HNO3  f r a c t i o n  was marked ly  i n c r e a s e d  as a consequence of  

a n a e ro b ic  d i g e s t i o n  and became predominant  in bo th  types  o f  d i g e s t e d  

s lu d g e ,  a l th o u g h  more so in the  mixed pr im ary  d i g e s t e d  s lu d g e .  While 

t h e  KNO3 , Na4 P2 0 7 , EDTA and r e s i d u a l  f r a c t i o n s  were reduced  fo l low ing  

d i g e s t i o n ,  t h i s  p ro c e s s  had a v a r i a b l e  e f f e c t  on t h e  p r o p o r t i o n  o f  

t o t a l  Cu e x t r a c t e d  by KF, depending on th e  s ludge  ty p e .

N icke l  e x t r a c t e d  by KNO3  was o f  p a r t i c u l a r  s i g n i f i c a n c e  wi th  

r e s p e c t  t o  the  raw s lu d g e s ,  av e ra g in g  30% of  th e  t o t a l  Ni c o n t e n t  of  

e a c h .  In a d d i t i o n ,  r e s i d u a l  s p e c i e s  were g r e a t e r  f o r  Ni than  fo r  any 

o t h e r  m e ta l  s t u d i e d ,  t h i s  be ing  p a r t i c u l a r l y  e v i d e n t  w i th  r e s p e c t  to  

th e  mixed pr im ary  s ludge  in which th e s e  forms c o n s t i t u t e d  48% of  the
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Comparison of  m e ta l  d i s t r i b u t i o n s  in mixed pr im ary  raw 

(E±J) and d i g e s t e d  ( d l )  s ludges

Cd

Cu

Ni

Pb

Zn

Extractant



21

100

50

O

80

40

0

80

40

0

80

40

0

80

40

0

121

Comparison o f  me ta l distributions in primary raw
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t o t a l  Ni c o n t e n t .  Anaerobic d i g e s t i o n  caused a marked r e d u c t i o n  in 

KN0 3 - e x t r a c t a b l e  and r e s i d u a l  forms o f  Ni in bo th  s lu d g e s ,  a l though  

t h e s e  forms remained o f  g r e a t e r  s i g n i f i c a n c e  f o r  t h i s  m e ta l  than fo r  

Cd, Cu, Pb or  Zn in  the  d i g e s t e d  s lu d g e s .  In a d d i t i o n ,  a n ae ro b ic  

d i g e s t i o n  had the  e f f e c t  o f  i n c r e a s i n g  th e  Na/^^Oy-, EDTA- and HNO3 -  

e x t r a c t a b l e  forms o f  Ni.  Thus, o v e r a l l ,  Ni appea red  t o  r e d i s t r i b u t e  

e v e n ly  between a l l  b u t  the  KF f r a c t i o n  in both  the  pr im ary  and mixed 

p r im ary  s ludges  as a r e s u l t  o f  d i g e s t i o n .

The KF f r a c t i o n  was o f  g r e a t e r  s i g n i f i c a n c e  f o r  Zn in th e  raw 

s lu d g e s  than  fo r  any o t h e r  m e ta l  s t u d i e d ,  c o n s t i t u t i n g  app rox im ate ly  

18% o f  the  t o t a l  Zn c o n t e n t  o f  th e  mixed p r im ary  raw s lu d g e .  

Fo llowing  d i g e s t i o n ,  however,  K F - e x t r a c t a b l e  and KN0 3 - e x t r a c t a b l e  

forms o f  Zn were r ed u ce d ,  c o r re s p o n d in g  to  s l i g h t  i n c r e a s e s  in the  

EDTA and HNO3 f r a c t i o n s .  In c o n t r a s t  t o  the  o t h e r  m e ta l s  s t u d i e d ,  Zn 

remained p redom inan t ly  in the  Na^^Oy f r a c t i o n  in  bo th  th e  raw and 

d i g e s t e d  s lu d g e s .

4 . 2 . 3  The e f f e c t  o f  i n c r e a s i n g  t o t a l  me ta l  c o n c e n t r a t i o n  on meta l

d i s t r i b u t i o n

The ' e x p e r i m e n t a l '  d i g e s t e r s  were sp iked  w i th  me ta l  in each 

mixed pr im ary  and pr im ary  feed  fo r  40d and 32d r e s p e c t i v e l y .  S ince 

t h e  raw s ludges  from th e  two works p o sse ssed  d i s s i m i l a r  ind igenous  

t o t a l  m e ta l  c o n c e n t r a t i o n s ,  t h e s e  p e r io d s  o f  m e ta l  dos ing  were 

s e l e c t e d  to  a ch iev e  comparable t o t a l  m e ta l  c o n c e n t r a t i o n s  ( i n  terms of  

mgl“ l )  a t  th e  end o f  the  r e s p e c t i v e  ex p e r im en ta l  p e r i o d s  (Table 18) .

T o ta l  m e ta l  c o n c e n t r a t i o n s  in the  ' e x p e r i m e n t a l '  d i g e s t e r s  

i n c r e a s e d  s t e a d i l y  over  the  p e r io d  o f  e x p e r i m e n t a t i o n ,  w h i le  the  

' c o n t r o l '  d i g e s t e r s  were m a in ta in e d  a t  i n h e r e n t  m e ta l  c o n c e n t r a t i o n s .  

Sum t o t a l  m e ta l  c o n c e n t r a t i o n s  re c o v e re d  by s e q u e n t i a l  e x t r a c t i o n  ana

l y s i s  o f  d i g e s t e d  s ludge  samples removed from t h e  ' c o n t r o l '  and 

' e x p e r i m e n t a l '  d i g e s t e r s  th roughou t  th e  p e r io d  o f  m e ta l  a d d i t i o n  were 

c o n s i s t e n t l y  w i t h i n  ± 1 0 % o f  th e  t o t a l  me ta l  c o n c e n t r a t i o n s  d e t e r 

mined.  Mean r e c o v e r i e s  f o r  i n d i v i d u a l  m e ta l s  a r e  p r e s e n t e d  in  Table  

19. In c o n t r a s t  t o  the  o t h e r  m e ta l s  s t u d i e d ,  th e  sum t o t a l  Zn r e c o 

ve red  by s e q u e n t i a l  e x t r a c t i o n  c o n s i s t e n t l y  exceeded r e s p e c t i v e  d e t e r -



Table  19 P e rcen tag e  o f  t o t a l  m e ta l  r eco v e re d  by s e q u e n t i a l  e x t r a c t i o n  over 
the  p e r io d  of  meta l  a d d i t i o n  (mean ± SD)

Mean Recovery (%)

'E x p e r i m e n ta l '  D ig e s t e r s____  _______ ' C o n t r o l '  D ig e s t e r s

Mixed Mixed

Metal
Primary Sludge 

(n = 11)
Primary  Sludge 

(n = 9)
Primary 

(n =
Sludge
6 )

Pr imary Sludge 
(n = 5)

Cd 98.7  ± 6 .57 101.4 ± 1.94 95.5 ± 4.68 93.6  ± 3 .58

Cu 100.4 ± 2.42 98.0 ± 2.29 99.5 ± 2.66 99.6  ± 4 .62

Ni 94.1 ± 4 .80 97.4 ± 4 .10 88.8 ± 4.49 97.0  ± 1.87

Pb 97.8  ± 1.72 100.1 ± 2.37 96.5 ± 1.38 97 .8  ± 2 .68

Zn 105.0 ± 2.69 107.4 ± 3.17 104.2 ± 5.12 101.6 ± 1.82
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mined t o t a l s .

To e l u c i d a t e  the  e f f e c t s  o f  i n c r e a s i n g  t o t a l  m e ta l  con

c e n t r a t i o n  on m e ta l  d i s t r i b u t i o n  between i n d i v i d u a l  f r a c t i o n s ,  F ig u re s  

22-29 p r e s e n t  the  f r a c t i o n s  as p e r c e n ta g e s  of  th e  t o t a l  m e ta l  d e t e r 

mined on th e  r e s p e c t i v e  e f f l u e n t  s l u d g e s .  In a d d i t i o n ,  th e  o v e r a l l  

e f f e c t s  o f  i n c r e a s i n g  t o t a l  m e ta l  c o n c e n t r a t i o n  on th e  a c t u a l  con

c e n t r a t i o n s  in  i n d i v i d u a l  f r a c t i o n s  a re  p r e s e n t e d  in Appendix IV. In 

a l l  c a s e s ,  an assessm ent  o f  th e  r e l a t i o n s h i p  between t o t a l  me ta l  con

c e n t r a t i o n  and c o n c e n t r a t i o n s  in  i n d i v i d u a l  f r a c t i o n s  (bo th  in  terms 

o f  mgkg“ l d ry  s o l i d s )  was u n d e r ta k en  by l i n e a r  r e g r e s s i o n  a n a l y s i s  

(Bowker & Lieberman,  1972).

The r e s u l t i n g  c o r r e l a t i o n  c o e f f i c i e n t s  and a n a l y s i s  o f  v a r i a n c e  

(Bowker & Lieberman,  1972) f o r  each r e g r e s s i o n  a r e  p r e s e n t e d  in  Tab les  

20 and 21.  L in e a r  r e g r e s s i o n  a n a l y s e s  were a l s o  performed t o  s t a 

t i s t i c a l l y  e v a l u a t e  the  r e l a t i o n s h i p  between th e  d i f f e r e n t  f r a c t i o n s  

among which th e  m e ta l s  d i s t r i b u t e d  th roughou t  the  p e r io d  o f  m e ta l  

a d d i t i o n ,  th e  r e s u l t i n g  c o r r e l a t i o n  c o e f f i c i e n t s  and a n a l y s e s  o f  

v a r i a n c e  be ing  p r e s e n t e d  in Tab les  22 and 23.

Metal  d i s t r i b u t i o n  v a l u e s  o b t a in e d  f o r  th e  ' c o n t r o l '  d i g e s t e r s  

were c o n s i s t e n t  (Appendix V), g e n e r a l l y  e x h i b i t i n g  RSDs o f  <10%.

4 . 2 . 3 . 1  Cadmium.

I n c r e a s i n g  the  t o t a l  Cd c o n c e n t r a t i o n  in  the  ' e x p e r i m e n t a l '  

d i g e s t e r s  had markedly  d i f f e r e n t  e f f e c t s  on th e  d i s t r i b u t i o n  o f  c e r 

t a i n  f r a c t i o n s  in the two d i g e s t e d  s ludge  type s  ( F ig u r e s  22 and 2 3 ) .  

Most n o t a b l y ,  the  c o n s i d e r a b l e  i n c r e a s e  in the  p r o p o r t i o n  o f  t o t a l  Cd 

p r e s e n t  in th e  KNC>3 - e x t r a c t a b l e  form in  the  mixed pr im ary  d i g e s t e d  

s ludge  was in  complete c o n t r a s t  t o  the  t r e n d  e x h i b i t e d  by t h i s  f r a c 

t i o n  in  th e  pr im ary  d i g e s t e d  s lu d g e .  In a d d i t i o n ,  th e  r e d u c t i o n  in 

th e  Na^^Oy f r a c t i o n  a t  a t o t a l  Cd c o n c e n t r a t i o n  o f  app ro x im a te ly  50 

rngkg” ! in  th e  former s ludge  was n o t  e x h i b i t e d  by the  l a t t e r .  However, 

t r e n d s  e x h i b i t e d  by th e  KF, EDTA, HNO3  and r e s i d u a l  f r a c t i o n s  as a 

r e s u l t  o f  i n c r e a s i n g  t o t a l  Cd c o n c e n t r a t i o n  were s i m i l a r  in  bo th  

s lu d g e s .  Thus,  i n c r e a s e s  in th e  p e r c e n ta g e  o f  t o t a l  Cd p r e s e n t  in the
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F ig u re  22 E f f e c t  o f  i n c r e a s i n g  t o t a l  Cd c o n c e n t r a t i o n  on Cd d i s t r i b u 

t i o n  between KNO3  -  ( o ) ,  KF -  ( • ) ,  ^ ^ 2 0 7  -  ( a ) ,  EDTA 

( ▲ ) and HNO3  -  ( □ ) e x t r a c t a b l e  and r e s i d u a l  ( ■ ) 

forms in mixed p r im ary  d i g e s t e d  s ludge
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Figure 23 Effect of increasing total Cd concentration on Cd distribu
tion between KNO3 - ( o ) >  KF - ( •), Na/^Oy - ( a  ), 
EDTA - ( ▲ ) and HNO3 - ( □ ) extractable and residual 
( ■ ) forms in primary digested sludge
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Figure 24 Effect of increasing total Ni concentration on Ni distribu
tion between KNO3 - ( o  ), K F -  ( •), Na4P20y - ( a  ), EDTA 
- ( A ) and HNO3 - ( □ ) extractable and residual ( ■ ) 
forms in mixed primary digested sludge



128

F ig u re  25 E f f e c t  o f  i n c r e a s i n g  t o t a l  Ni c o n c e n t r a t i o n  on Ni d i s t r i b u 

t i o n  between KNO3  - ( o ) ,  KF -  ( #  ) ,  Na^P2 0 7  -  ( a ) ,

EDTA -  ( ▲ ) and HNO3  -  ( □ ) e x t r a c t a b l e  and r e s i d u a l  

( ■ ) forms in pr im ary  d i g e s t e d  s ludge
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F igu re  26 E f f e c t  o f  i n c r e a s i n g  t o t a l  Pb c o n c e n t r a t i o n  on Pb d i s t r i b u 

t i o n  between KNO3  -  ( o  ) ,  K F -  ( #  ) ,  ^ ^ 2 0 7  -  ( a ) ,

EDTA -  ( ▲ ) and HNO3  -  ( □ ) e x t r a c t a b l e  and r e s i d u a l  

( ■ ) forms in mixed pr im ary  d i g e s t e d  s ludge
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F ig u re  27 E f f e c t  o f  i n c r e a s i n g  t o t a l  Pb c o n c e n t r a t i o n  on Pb d i s t r i b u 

t i o n  between KNO3  — ( O ) ,  KF — ( •  ) ,  Na^PyOy — ( A ) ,

EDTA -  ( a ) and HNO3  r  ( □ ) e x t r a c t a b l e  and r e s i d u a l  

( B ) forms in  p r im ary  d i g e s t e d  s ludge
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F ig u re  28 E f f e c t  o f  i n c r e a s i n g  t o t a l  Zn c o n c e n t r a t i o n  on Zn d i s t r i b u 

t i o n  between KNO3  -  ( o  ) ,  KF -  ( •  ) ,  Na^P2 0 y -  ( a ) ,

EDTA -  ( ▲ ) and HNO3 -  ( □ ) e x t r a c t a b l e  and r e s i d u a l  

( ■ ) forms in  mixed pr imary d i g e s t e d  s ludge
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F ig u re  29 E f f e c t  o f  i n c r e a s i n g  t o t a l  Zn c o n c e n t r a t i o n  on Zn d i s t r i b u 

t i o n  between KNO3  -  ( o  ) ,  KF -  ( •  ) ,  Na4 P2 0 7  -  ( a ) ,

EDTA -  ( ▲ ) and HNO3 -  ( □ ) e x t r a c t a b l e  and r e s i d u a l  

( ■ ) forms in pr im ary d i g e s t e d  s ludge
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Table 20 Linear regression analysis of Cotal versus fractionated metal in
mixed primary digested sludge

Total Metal

Fraction Cd Cu Ni Pb Zn

kno3 0.950** 0.300 0.993** 0.570 0.986**
KF 0.975** 0.371 0.930** -0.868** 0.338
^a4p2®7 0.537 0.544 0.137 0.997** 0.995**
EDTA 0.998** 0.685* 0.991** 1.000** 0.988**
hno3 0.979** 0.788** 0.884** -0.034 0.988**
Residual 0.313 0.559 -0.858** 0.576 -0.423

Table 21 Linear regression analysis 
primary digested sludge

of total versus fractionated metal in

Total Metal

Fraction Cd Cu Ni Pb Zn

kno3 0.836** -0.369 0.993** 0.710* 0.920**
KF 0.952** -0.255 0.844** 0.890** 0.459
N*4p2°7 0.989** -0.143 0.114 0.994** 0.997**
EDTA 0.997** 0.536 0.994** 1.000** 0.963**
hno3 0.962** 0.886** 0.282 0.954** 0.971**
Residual 0.880** 0.819** -0.405 0.977** 0.709*

*,** a Correlation coefficients (£ values) significant at the 0.05 and 0.01 
levels respectively
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Table 22 Linear regression analysis between different metal fractions
in mixed primary digested sludge

F r a c t i o n s
R egressed

r  v a lu e s  fo r  m e ta l s

Cd Ni Pb Zn

kno3

KF 0.884** 0.951** -0 .262 0.266
Na4p2°7 0.288 0.095 0.581 0.979**
EDTA 0.934** 0.977** 0.570 0.975**
hno3 0.991** 0.910** -0 .155 0.977**
R e s id u a l 0 .512 -0 .889** 0.443 -0 .461

KF

Na4p2°7 0.644* 0.175 -0 .851** 0.348
EDTA 0.983** 0.892** -0 .865** 0.311
HN 03 0.923** 0.788** - 0 . 1 2 2 0 . 2 2 0

R es id u a l 0.191 -0 .872** -0 .398 -0 .7 2 4 *

Na^l^Oy

EDTA 0.581 0.161 0.998** 0.969**
hno3 0.384 -0 .1 7 3 -0 .0 8 0 0.980**
Res i d u a l - 0 .1 9 0 -0 .0 8 9 0.582 -0 .4 6 3

EDTA

hno3 0.968** 0.867** -0 .043 0.977**
R es id u a l 0 .293 -0 .811** 0.579 -0 .3 3 2

hno3

Res idua l 0.451 -0 .871** -0 .038 -0 .3 5 3

= correlation coefficients Cr values) significant at the 0.05 and
0.01 levels respectively

•k  * *
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Table 23 Linear regression analysis between different metal fractions
in primary digested sludge

F r a c t i o n s
Regressed

r  v a l u e s  f o r  m e ta l s

Cd Ni Pb Zn

KNO3

KF 0.744* 0.791* 0.574 0.333
Na^P907 0.852** 0.150 0.756* 0.894**
EDTA 0.850** 0.997** 0.708* 0.922**
HN03 0.729* 0.193 0.657 0.927*
R es id u a l 0.630 -0 .3 7 2 0.644 0.701*

3

KF

Na^P^Oy 0.933** 0.508 0.848** 0.506
EDTA 0.953** 0.796* 0.885** 0.357
HNO3 0.918** 0.624 0.932** 0.323
R e s id u a l 0.800** -0 .4 1 8 0.825** 0 . 1 0 2

Na^^Oy

EDTA 0.996** 0 . 0 1 2 0.994** 0.946**
HNO3 0.914** 0.717* 0.936** 0.955**
R e s id u a l 0.862** -0 .5 2 9 0.976** 0.679*

EDTA

HNO3 0.940** 0.208 0.947** 0.993**
R e s id u a l 0.859** -0 .3 6 8 0.977** 0.762*

HNO3

Res id u a l 0 .904** -0 .115 0.906** 0.772*

= correlation coefficients Cr values) significant at the 0.05 and
0.01 levels respectively

* **
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HNO3  f r a c t i o n  were s im u l ta n e o u s ly  accompanied by r e d u c t i o n s  in the  

EDTA and r e s i d u a l  f r a c t i o n s ,  w h i l e  th e  KF f r a c t i o n  remained r e a s o 

n a b ly  c o n s i s t e n t  th roughou t  the  e x p e r im e n ta l  p e r i o d .  With the  excep

t i o n s  o f  t h e  Na^^Oy and r e s i d u a l  f r a c t i o n s  in t h e  mixed primary 

s lu d g e ,  a l l  o f  th e  i n d i v i d u a l  f r a c t i o n s  were l i n e a r l y  c o r r e l a t e d  to  

t h e  t o t a l  Cd c o n c e n t r a t i o n s  in b o th  s ludge  types  (Tab les  20 and 21) .  

L i n e a r  c o r r e l a t i o n s  were s i m i l a r l y  dem ons t ra ted  between the  KNO3 , KF, 

EDTA and HNO3  f r a c t i o n s  and between the  KF and Na4 P2 0 y f r a c t i o n s  w i th  

r e s p e c t  to  the  mixed primary s ludge  (Table  22 ) ,  w h i l e  a l l  b u t  the  

KNO3 and r e s i d u a l  f r a c t i o n s  were c o r r e l a t e d  in th e  pr im ary  s ludge  

(Tab le  23).

4 . 2 . 3 . 2  Copper

The d i s t r i b u t i o n  p a t t e r n s  observed  fo r  Cu in the  ' e x p e r i m e n t a l '  

d i g e s t e r s  th roughou t  the  p e r io d  o f  m e ta l  a d d i t i o n  a re  n o t  i l l u s t r a t e d  

due t o  the  l a c k  o f  s i g n i f i c a n t  c o r r e l a t i o n s  between t o t a l  Cu con

c e n t r a t i o n s  and c o n c e n t r a t i o n s  in  the  i n d i v i d u a l  f r a c t i o n s  (Tab les  20 

and 21) .  This  i s  l i k e l y  to  be due t o  the  random v a r i a t i o n  in con

c e n t r a t i o n  d a t a  o b ta in e d  f o r  s p e c i f i c  f r a c t i o n s  and the  l i m i t e d  

i n c r e a s e  in  t o t a l  Cu c o n c e n t r a t i o n  which could  be under taken  due to  

t h e  h igh  i n h e r e n t  s ludge  Cu c o n t e n t .  O v e r a l l ,  however,  the  ran k in g  of  

Cu f r a c t i o n s  appea red  to  be l i t t l e  a f f e c t e d  by i n c r e a s i n g  t o t a l  Cu 

c o n c e n t r a t i o n s  in e i t h e r  s lu d g e ,  w i th  th e  HNO3 f r a c t i o n  p redom ina t ing  

th ro u g h o u t .

4 . 2 . 3 . 3  N icke l

From an a p p r a i s a l  o f  F ig u re s  24 and 25 i t  i s  e v i d e n t  t h a t  

i n c r e a s i n g  the  t o t a l  Ni c o n c e n t r a t i o n  in the  ' e x p e r i m e n t a l '  d i g e s t e r s  

had the  e f f e c t  o f  i n c r e a s i n g  th e  p e r c e n ta g e  o f  t h i s  meta l  p r e s e n t  in 

KNO3  and EDTA f r a c t i o n s  in bo th  s lu d g e s ,  the  p e r c e n ta g e  o f  Ni p r e s e n t  

in  the  former f r a c t i o n  be ing  e s s e n t i a l l y  doubled over  th e  ex p e r im en ta l  

p e r i o d .  In a d d i t i o n ,  bo th  s ludges  e x h i b i t e d  o v e r a l l  r e d u c t i o n s  in the  

p e r c e n ta g e  o f  Ni p r e s e n t  in t h e  Na^P2 0 7  and r e s i d u a l  f r a c t i o n s ,  

w h i l e  the  KF f r a c t i o n  remained r e a s o n a b l y  c o n s t a n t .  I t  i s  a p p a r e n t ,  

however,  t h a t  c o n f l i c t i n g  t r e n d s  were observed  between the  two s ludges  

w i th  r e s p e c t  to  t h e  HNO3  f r a c t i o n .  The p r o g r e s s i v e  i n c r e a s e  in the  

c o n c e n t r a t i o n  o f  Ni p r e s e n t  in  th e  HNO3 f r a c t i o n  in th e  mixed pr im ary
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digested sludge was demonstrated to be linearly correlated to the 
total Ni concentration (Table 20) and to the concentration of Ni pre
sent in all but the Na^P207 fraction (Table 22). In contrast, 
however, the concentration of Ni present in the HNO3 fraction in the 
primary digested sludge was extremely variable throughout the experi
mental period. Hence, this fraction was correlated only to the 
Na4P207 fraction (Tables 21 and 23).

4.2.3.4 Lead
The distribution of Pb among the individual fractions was not 

markedly affected by increasing total concentrations in either sludge 
(Figures 26 and 27). Overall, however, there was a redistribution of 
Pb away from the KNO3, KF, HNO3 and residual forms towards Na4P207 
and EDTA forms as the total concentration in each sludge increased, 
the latter fraction increasing in predominance throughout.
Unfortunately, no significant linear correlations were observed bet
ween total Pb and KNO3, HNO3 and residual fractions of the mixed pri
mary digested sludge (Table 20), the concentrations of Pb in these 
fractions remaining reasonably constant despite increasing total con
centrations (Appendix IV). Consequently, only three significantly 
linear correlations were observed between the fractions, with the 
^a4^2^7 anc* EDTA fractions being negatively correlated to the KF frac
tion but positively correlated to one another (Table 22). In 
contrast, however, all of the individual fractions were positively 
correlated to total Pb with respect to the primary digested sludge 
(Table 21). In addition, all of the individual fractions were
linearly related to one another, with the exception of the KNO3 frac
tion, which was significantly correlated to neither the KF, HNO3 nor 
residual fractions (Table 23).

4.2.3.5 Zinc
Similar to Pb, the distribution patterns of Zn in the two 

digested sludges were little affected by increasing total con
centrations (Figures 28 and 29). Zinc extracted by Na4P207 remained 
pre-eminent throughout the experimental period, this fraction being of 
greater significance with respect to Zn than for any of the other 
metals studies. It was apparent, however, that the rank order of the
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other fractions was slightly altered in both sludge types from EDTA > 
HNO3 > KF > residual > KNO3, at the beginning of the experimental 
period, to HNO3 > EDTA > KF > KNO3 > residual (primary sludge) and 
HNO3 > EDTA > KNO3 > KF > residual (mixed primary sludge) at the 
end of the experimental period. Thus overall, a redistribution away 
from the KNO3, KF, EDTA and residual forms towards HNO3 and Na^^Oy 
fractions was evident. Trends exhibited by the majority of these 
fractions, with the exception of the KF fractions in both sludges in 
addition to the residual fraction in the mixed primary sludge, were, 
in terms of concentration, significantly correlated to the total Zn 
(Tables 20 and 21). In addition, significant positive correlations 
were observed between the KNO3, ^ ^ 207, EDTA, HNO3 and residual frac
tions in the primary sludge as the total Zn concentration increased 
(Table 23). With respect to the mixed primary sludge, however, the 
KNO3, Na^I^Oy, EDTA and HNO3 fractions were positively correlated to 
one another while the KF and residual fractions were negatively corre
lated (Table 22).

4.2.4 The effects of metal concentration on digester performance
The effects of increasing total concentrations of Cd, Cu, Ni, 

Pb and Zn on digester performance were assessed through routine moni
toring of process parameters (Section 3.3.3) in both the 'control' and 
'experimental' digesters of each sludge type throughout the period of 
metal addition. Results obtained for each digester with respect to pH 
value, total solids concentration, volatile solids reduction, alkali
nity and gas composition are presented in Appendix VI. Since inhibi
tion of anaerobic digestion by toxic substances is generally 
exemplified by a reduction in gas production and an increase in vola
tile acids concentration (Kirk et: al_., 1982), values obtained for 
these two process parameters in the digesters receiving mixed primary 
and primary sludges are illustrated in Figures 30 and 31 
respectively.

It is evident from Table 39 (Appendix VI) and Figure 31 that 
the 'experimental' digester receiving primary sludge was not adversely 
affected by increasing metal concentrations. Trends exhibited in 
terms of gas production and composition, pH, total solids con-



Figure 30 Gas production ( ▲ ) and volatile acids concentration ( ■ ) in 'control' (--) and 'experimental' (— )
anaerobic digesters receiving mixed primary sludge throughout the period of metal addition

Metal Addition To The 'Experimental' Digester
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Figure 31 Gas production ( ▲ ) and volatile acids concentration ( ■ ) in 'control' (-- ) and 'experimental' (— )
anaerobic digesters receiving primary sludge throughout the period of metal addition

Metal Addition To The 'Experimental' Digester
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centration, volatile solids reduction and alkalinity were similar in 
both the ’control' and 'experimental' digesters throughout the period 
of metal dosing. In addition, volatile acids concentrations remained 
consistently below 200 mgl“l in both digesters, with the values 
obtained for the 'experimental' digester actually decreasing to 
slightly below those of the 'control' digester towards the end of the 
period of metal dosing.

In contrast, however, the volatile acids concentration in the 
'experimental' digester receiving mixed primary sludge exhibited a 
marked increase from 164 mgl”l on day 74 to 690 mgl”l on day 98, which 
coincided with a reduction in gas production from 479 to 116 ml g 
VSR“1 d”l over the same period (Figure 30). Concentrations of Cd, Cu, 
Ni, Pb and Zn present in the 'experimental' digester increased from 
approximately 30.0 to 71.0, 776 to 1120, 109 to 117, 920 to 1940 and 
1970 to 3550 rngkg”! respectively from day 74 to day 98. Meanwhile, 
the 'control' digester displayed no such effects, consistently pro
ducing less than 250 mgl”l of volatile acids but greater than 375 ml 
g VSR”1 d”l of gas. Such discrepancies between the 'control' and 'ex
perimental' digesters receiving mixed primary sludge suggest that the 
latter digester was exhibiting preliminary signs of inhibition as a 
result of heavy metal toxicity.

4.3 Elucidation of Metal-Solids Associations in Sewage Sludges

4.3.1 Investigation of sludge solids and heavy metal distributions
using particle size filtration
Prior to determination of complexation parameters for complex 

formation between Cd, Cu, Pb and sludge solids of varying particle 
size it was necessary to evaluate the individual distributions of 
these metals and the total solids in each of the selected mixed pri
mary raw, activated and digested sludge samples according to particle 
size. The resulting distributions among the < 0.22 ym, 0.22 - 10 ym, 
10 - 100 ym, 100 - 1000 ym and > 1000 ym particle size fractions,
expressed as percentages of the total solids and metal concentrations 
determined in bulk samples of each sludge type (Table 24), have been 
presented in Figure 32. Due to the large volumes of undiluted acti
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vated sludge required for filtration it was necessary to collect a 
second sample from Hogsmill Valley Sewage Treatment Works in order to 
study Pb complexation in this sludge type. Although the two activated 
sludge samples differed in terms of total solids concentration (Table 
24), the particle size distributions were similar (Figure 32).

Table 24 Total solids and metal concentrations determined in mixed 
primary raw, activated and digested sewage sludges

Sludge Type Total solids Metal concentration
(gi-1) (mgl"1)

Cd Cu Pb

Raw 25.6 0.08 5.84 3.80
Activated I 2.12 0.01 0.78 -
Activated II 4.19 - - 0.70
Digested 27.1 0.16 10.5 8.00

It is evident from Figure 32 that the solids content of the
mixed primary raw sludge was fairly evenly distributed between the >
1000 ym, 100-1000 ym, 10-100 ym and 0.22 - 10 ym particle size frac-
tions, with no one fraction predominating. Following sludge treat-
ment, however, substantially greater proportions of the total solids 
were found to be less than 1000 ym in size, the 10-100 ym fraction 
predominating in both the activated and digested sludge samples. In 
all three sludge types, less than 30% of the total solids passed 
through the 10 ym filter, with significant quantities of dissolved 
solids being found in the activated sludge samples only.

The resulting metal fractionations (Figure 32) indicated that in 
all three sludge types Cu and Pb were present exclusively in the inso
luble phase (ie. associated with particles of > 0.22 ym in diameter). 
In contrast, however, Cd was found to be present in the soluble phase, 
although this fraction represented only 9% of the total Cd content of 
the activated sludge and only 1% of that of both the raw and digested 
sludges.

The percentages of all three metals observed in the 0.22 - 10 ym



Figure 32 Distributions of the total solids (TS) 
sludges among the <0.22 ym (Hi), 0.22 
particle size fractions

Cd, Cu and Pb content of mixed primary raw, 
10 ym (B9 ), 10-100ym ( E3 ), 100-1000 ym ( 0±

activated and digested 
) and >1000 ym ( □ )

RAW D IG ESTED ACTIVATED
r r r l

TS Cd Cu Pb TS Cd Cu Pb TS Cd Cu TS Pb
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fraction were lower in the activated and digested sludges than in the 
raw sludge. However, relatively higher percentages were generally 
observed to be associated with particles in excess of 10 ym, espe
cially in the 10 - 100 ym range, in the activated and digested sludges 
than in the raw sludge. Such differences indicated that Cd, Cu and Pb 
preferentially associated with the relatively larger sludge particles 
during treatment. This was particularly apparent with respect to Cu 
and Pb in activated sludge.

It would thus appear that solids distribution is an important 
factor influencing the establishment of heavy metal fractionation 
equilibria in sewage sludges. In order to verify this, linear 
regression analyses between the solids concentration and the con
centration of each of the three metals determined in each sludge 
sample and each filtrate produced by membrane filtration were per
formed. The resulting correlation coefficients (r-values), presented 
in Table 25, were consistently above + 0.970, indicating that a direct 
proportionality existed between the Cd, Cu and Pb concentrations and 
the corresponding total solids concentrations of bulk samples and 
filtrates of each sludge type.

Table 25 Correlation coefficients (r-values) determined for heavy 
metal concentrations of bulk sludge samples and filtrates 
versus respective total solids concentrations

Sludge Type
Cd

Metal
Cu Pb

Raw 0.973 0.969 0.988
Activated 0.983 0.999 0.999
Digested 0.998 0.989 0.999

4.3.2 Determination of metal-sludge complexation parameters
Conditional stability constants (K1) and complexation capacities
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([!■']) were determined in order to quantitatively assess the charac
teristics of complexes formed between Cd, Cu and Pb and sludge solids 
of varying particle size. Values of [Mp] and [Mg] obtained over a 
range of total metal concentrations by ISE determinations were used to 
calculate K' and [L'] values from a graphical solution of equation (6) 
(Section 3.2.4). Plotting [Mp]/[Mg] against [Mp] produced either a 
single straight line, with a slope of 1 / [ L ' ]  and an intercept of 1/K'  

[L' ]> or a bi-phasic straight line relationship. Examples of both 
types of plot are presented in Figures 33 and 34 respectively. 
Resultant values of log K' and [L ' ]  for complexes formed between Cd, 
Cu and Pb and solids of varying particle sizes in mixed primary raw, 
activated and digested sludges are presented in Tables 26-28. Values 
of [L ' ] obtained for the various samples have been expressed as the 
number of available binding sites per unit mass of total solids to 
enable assessment of the effect of the size of particles on this para
meter.

Generally, two types of complex were formed by each metal, the 
second having relatively lower conditional stability constant values 
than the first (ie. log K '2 values were lower than log K'^ values).
This indicates that at low metal ion concentrations the complexation
was controlled mainly by stronger binding sites whereas at high metal 
ion concentrations the stronger sites became fully occupied and weaker 
sites started to effect complexation. However, the concentrations of 
binding sites available for participation in the second type of
complex (ie. [L * 21) were greater than those available for par
ticipation in the first type (ie. [L' 1 ]) * Values of K'i and K '2
obtained for Cu in the activated and digested sludges differed by 
approximately two orders of magnitude, whereas those obtained for Cu 
in the raw sludge and Cd and Pb in all three sludge types differed by 
less than one order of magnitude. This indicates that the two groups 
of ligands involved in Cu binding in the activated and digested 
sludges were more clearly distinguishable than those involved in all 
other complex formation.

It is clearly apparent from Tables 26-28 that the order of the 
stability of complexes formed in each sludge type was Cu>Pb>Cd.
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F ig u re  33 P l o t  o f  f r e e  Pb/complexed Pb a g a i n s t  f r e e  Pb over a range  o f  con- 

s ludge

F ig u re  34 P l o t  o f  f r e e  Cd/complexed Cd a g a i n s t  f r e e  Cd over a range  of  

c o n c e n t r a t i o n s  in a bu lk  a c t i v a t e d  s ludge  sample



( I o n i c  s t r e n g t h  = 0 .1  M; pH = 6 . 0 ,  7.2 and 7 .0  fo r  raw, a c t i v a t e d  and d i g e s t e d
s ludges  r e s p e c t i v e l y )

Table 26 Conditional stability constants and complexation capacities for
Cu-sludge complex formation

Sludge sample Log K*i Log K' 2 [L’ i ]  [L’2 ]
(mmol g 1 TS)

Raw
Bulk 6.99 6.29 0.484 0.808
1 0 0 0  pm f i l t r a t e 6 .94 6.35 0.788 1.27
1 0 0  ym f i l t r a t e 6 .90 6.29 0.803 1.35
1 0  ym f i l t r a t e 6 .24 5.77 1.83 2.84
0 . 2 2  ym f i l t r a t e 6 . 1 2 5.53 9.50* 17.4*

A c t iv a te d
Bulk 9.86 8.33 0.327 0.557
1 0 0 0  ym f i l t r a t e 9.44 8.30 0.345 0.519
1 0 0  ym f i l t r a t e 8.98 8.30 0.284 0.390
1 0  ym f i l t r a t e 8.15 6.76 0.055 0.157
0 . 2 2  ym f i l t r a t e 8.09 6.16 0.039 0.257

Diges ted
Bulk 9.82 7.59 0.140 0.515
1 0 0 0  ym f i l t r a t e 9.80 7.64 0.161 0.620
1 0 0  ym f i l t r a t e 9.79 7.84 0.208 0 . 6 6 8

1 0  ym f i l t r a t e 8 . 0 1 6.83 1.14 2.76
0 . 2 2  ym f i l t r a t e 7.83 7.10 5.90* 11.3*

* [L ' ]  c a l c u l a t e d u s ing  the l i m i t  o f  d e t e c t i o n o f  the  s o l i d s c o n c e n t r a t  ion
i . e .  0 . 1  gl 1
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Table 27 Conditional stability constants and complexation capacities for
Cd-sludge complex formation

( I o n i c  s t r e n g t h  = 0 .1  
s ludges  r e s p e c t i v e l y )

M; pH = 6 . 0 , 7.2  and 7 .0 fo r  raw, a c t i v a t e d and d i g e s t e d

Sludge sample Log K ' i Log K' 2 [ L ' l l  .
(mmol g 1

[l *2 ]
TS)

Raw
Bulk 5.22 4.85 0.297 0.463
1 0 0 0  ym f i l t r a t e 5.01 4.61 0.410 0.586
1 0 0  ym f i l t r a t e 4.85 - 0.337 -
1 0  ym f i l t r a t e 4 .53 - 0.306 -
0 . 2 2  ym f i l t r a t e NC NC NC NC

A c t iv a ted
Bulk 5.53 4.70 0.115 0.327
1 0 0 0  ym f i l t r a t e 5.52 4.78 0.114 0.327
1 0 0  ym f i l t r a t e 5 .54 4.70 0.135 0.374
1 0  ym f i l t r a t e NC NC NC NC
0 . 2 2  ym f i l t r a t e NC NC NC NC

D iges ted
Bulk 4 .90 4.55 0.577 0.891
1 0 0 0  ym f i l t r a t e 4 .84 4.46 0.574 0.840
1 0 0  ym f i l t r a t e 4 .88 4.55 0.713 1 . 0 1

1 0  ym f i l t r a t e 3.89 - 2.93 -
0 . 2 2  ym f i l t r a t e NC NC NC NC

NC -  No complex fo rm at ion  d e t e c t e d  s in c e  [Mp] = [M^]
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( I o n i c  s t r e n g t h  = 0 .1  M; pH = 6 . 0 ,  7.2 and 7.0  fo r  raw, a c t i v a t e d  and d i g e s t e d
s ludges  r e s p e c t i v e l y )

Table 28 Conditional stability constants and complexation capacities for
Pb-sludge complex formation

Sludge sample Log K ' i Log K' 2 [L ' x ] [ L ' 2 ]
(mmol g 1 TS)

Raw
Bulk 5.90 - 2.34 -

1 0 0 0  ym f i l t r a t e 5.81 - 3.42 -

1 0 0  ym f i l t r a t e 5 .80 - 3.91 -
1 0  ym f i l t r a t e ND ND ND ND
0 . 2 2  ym f i l t r a t e ND ND ND ND

A c t iv a te d
Bulk 8.67 8 . 1 1 0.138 0.294
1 0 0 0  ym f i l t r a t e 8 . 6 8 8 . 1 1 0.141 0.301
1 0 0  ym f i l t r a t e 8.67 7.94 0 . 1 2 2 0.325
1 0  ym f i l t r a t e ND ND ND ND
0 . 2 2  ym f i l t r a t e ND ND ND ND

Digested
Bulk 6.52 5.84 5.63 6.97
1 0 0 0  ym f i l t r a t e 6.43 5.79 6.29 7.64
1 0 0  ym f i l t r a t e 6.43 5.79 7.87 9.42
1 0  ym f i l t r a t e 6 .32 5.52 55.9 70.4
0 . 2 2  ym f i l t r a t e ND ND ND ND

ND Log K' and [L ' ]  v a lu e s  not  d e t e rm in a b le  u s ing  the  p l o t  o f  Ruzic (1982)
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Cadmium e x h i b i t e d  s i m i l a r  s t a b i l i t y  c o n s t a n t s  in  each s ludge  ty p e ,  

w h i l e  g r e a t e r  v a r i a t i o n  was a p p a re n t  between s ludge  ty pe  w i th  r e s p e c t  

t o  Cu and Pb. Both Cu and Pb formed more s t a b l e  complexes in the  

t r e a t e d  s ludges  than  in  the  raw s lu d g e ,  w i th  t h e  h i g h e s t  s t a b i l i t y  

c o n s t a n t s  be ing  observed  in  a c t i v a t e d  s ludge  samples .  Trends e x h i 

b i t e d  by [L ' ] v a l u e s  were more v a r i a b l e  than  th o s e  e x h i b i t e d  by K* 

v a l u e s .

Values  o b t a in e d  f o r  each com plexa t ion  pa ram e te r  in each p a r t i c l e  

s i z e  f r a c t i o n  d i s p l a y e d  s e v e r a l  t r e n d s .  Very s t a b l e  complexes were 

formed between Cu and both  s o l u b l e  and i n s o l u b l e  l i g a n d s  in a l l  t h r e e  

s l u d g e s ,  th e  s t a b i l i t y  o f  th e s e  complexes i n c r e a s i n g  w i th  i n c r e a s i n g  

p a r t i c l e  s i z e  (Tab le  26 ) .  Values o f  [L *] o b ta in e d  f o r  Cu in  the  a c t i 

v a t e d  s ludge  s i m i l a r l y  i n c r e a s e d  w i th  i n c r e a s i n g  p a r t i c l e  s i z e ,  

i n d i c a t i n g  bo th  an i n c r e a s e  in  th e  s t a b i l i t y  o f  t h e s e  complexes and in 

t h e  number o f  b in d in g  s i t e s  a v a i l a b l e  f o r  com plexat ion  per  u n i t  mass 

o f  s o l i d s  w i th  i n c r e a s i n g  p a r t i c l e  s i z e .  C onve rse ly ,  however,  [L ' ]  

v a l u e s  o b ta in e d  fo r  Cu in  th e  raw and d i g e s t e d  s lu d g es  were s m a l l e s t  

in  the  bu lk  samples and l a r g e s t  in  the  0 . 2 2  ym f i l t r a t e s ,  i n d i c a t i n g  

an i n c r e a s e  in  the  s t a b i l i t y  o f  t h e s e  complexes b u t  a r e d u c t i o n  in the  

c o n c e n t r a t i o n  o f  a v a i l a b l e  b in d in g  s i t e s  w i th  i n c r e a s i n g  p a r t i c l e  

s i z e .

In comparing the  d a t a  p r e s e n t e d  in Table 26 w i th  t h a t  p r e s e n t e d  

in Table  27,  i t  would appear  t h a t  th e  s i z e  o f  p a r t i c l e s  has l e s s  

e f f e c t  on the  c h a r a c t e r i s t i c s  o f  Cd-s ludge complexes than  on th o se  o f  

Cu-s ludge  complexes,  p a r t i c u l a r l y  w i th  r e s p e c t  t o  th e  a c t i v a t e d  

s lu d g e .  The la ck  o f  complex fo rm a t ion  between Cd and p a r t i c l e s  o f  

l e s s  than  10 ym in  t h i s  s ludge  type  s u g g e s t s  t h a t  Cd p r e f e r e n t i a l l y  

complexes w i th  a c t i v a t e d  s ludge  s o l i d s  exceed ing  1 0  ym in  d ia m e te r .  

Complexation pa ram e te rs  were s i m i l a r  fo r  th e  100 ym and 1000 ym 

f i l t r a t e s  in a d d i t i o n  t o  the  bu lk  sample,  p o s s i b l y  i n d i c a t i n g  t h a t  the  

same l i g a n d s  p a r t i c i p a t e  in Cd b in d i n g  in a l l  t h r e e  f r a c t i o n s .  

C h a r a c t e r i s t i c s  o f  complexes formed between Cd and d i g e s t e d  s ludge  

s o l i d s  in the  1 0 0  ym and 1 0 0 0  ym f i l t r a t e s  and bu lk  sample a l s o  e x h i 

b i t e d  l i t t l e  v a r i a t i o n .  However, in  c o n t r a s t  t o  o b s e r v a t i o n s  made 

w i th  r e s p e c t  to  a c t i v a t e d  s lu d g e ,  p a r t i c l e s  o f  between 0 . 2 2  ym and
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lOym appea red  to  p a r t i c i p a t e  in Cd com plexa t ion  in the  d i g e s t e d  

s lu d g e .  Such complexes were weak r e l a t i v e  t o  th o s e  formed w i th  p a r 

t i c l e s  exceed ing  1 0  ym in  s i z e ,  a l th o u g h  a g r e a t e r  c o n c e n t r a t i o n  o f  

b in d in g  s i t e s  appeared  t o  be a v a i l a b l e  fo r  p a r t i c i p a t i o n  in the  

weaker complexes .  S i m i l a r  t o  Cu, Cd e x h i b i t e d  an i n c r e a s e  in 

com plexa t ion  s t a b i l i t y  w i th  i n c r e a s i n g  p a r t i c l e  s i z e  in  th e  raw 

s lu d g e .  Values  o f  [L '^ ]  and [ L ^ ]  o b ta in e d  f o r  Cd com plexat ion  in 

each  s ludge  d id  n o t  e x h i b i t  such c l e a r  t r e n d s  as t h o s e  o b ta in e d  f o r  Cu 

com plexa t ion ;  a c t i v a t e d  s ludge  v a l u e s  be ing  a lmos t  c o n s t a n t  in the  

b u lk ,  1 0 0 0  ym and 1 0 0  ym f r a c t i o n s .

S i m i l a r  t o  o b s e r v a t i o n s  made w i th  r e s p e c t  t o  Cd, com plexat ion  

c h a r a c t e r i s t i c s  o f  Pb in a c t i v a t e d  s ludge  were more dependent  on the  

t o t a l  s o l i d s  c o n c e n t r a t i o n  than  on the  s i z e  o f  p a r t i c l e s .  However, in 

raw and d i g e s t e d  s lu d g e s ,  Pb complexes e x h i b i t e d  an in c r e a s e d  s t a b i 

l i t y  w i th  i n c r e a s i n g  p a r t i c l e  s i z e ,  a l though  such in c r e a s e s  were l e s s  

pronounced than  th o se  observed  fo r  Cu in t h e s e  s lu d g e s .  These 

i n c r e a s e s  in  complex s t a b i l i t y  were accompanied by r e d u c t i o n s  in 

com plexa t ion  c a p a c i t i e s  w i th  i n c r e a s i n g  p a r t i c l e  s i z e .
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5. DISCUSSION

There i s  an i n c r e a s i n g  awareness  t h a t  th e  env i ronm en ta l  impact 

o f  t o x i c  heavy m e ta l s  depends to  a s i g n i f i c a n t  e x t e n t  on t h e i r  p h y s i 

cochemical  forms.  In  n a t u r a l  w a t e r s ,  o b t a i n i n g  d a t a  amenable to  

b i o l o g i c a l  i n t e r p r e t a t i o n  i s  p robab ly  th e  most common re a s o n  fo r  

s t u d y in g  m e ta l  s p e c i a t i o n  (Neubecker & A l l e n ,  1983),  w h i l e  in  more 

complex m a t r i c e s ,  such as sewage s lu d g e ,  approaches  t o  s p e c i a t i o n  have 

been conce rned  more w i th  an u n d e r s t a n d i n g  o f  t h e  p a r t i t i o n  o f  heavy 

m e ta l s  i n t o  v a r i o u s  forms or  f r a c t i o n s  which c o n t r o l  t h e i r  m o b i l i t y  

and env i ronm en ta l  d i s p e r s i o n .  Although i n s o l u b l e  forms o f  heavy 

m e ta l s  g e n e r a l l y  predomina te  in  sewage s ludges  ( S t e r r i t t  & L e s t e r ,  

1984b),  the y  have been s t u d i e d  to  a much l e s s e r  e x t e n t  than  the  

s o l u b l e  phase forms.  This  i s  main ly  because  th e y  a r e  o f  l e s s  t o x i c o 

l o g i c a l  s i g n i f i c a n c e  and they  a r e  no t  as amenable t o  s tudy  ( S t e r r i t t  

& L e s t e r ,  1984b).  However, th e  range  o f  types  o f  p a r t i c u l a t e  m a t t e r  

w i th  which heavy m e ta l s  may become a s s o c i a t e d  in  sewage s lu d g es  i s  

p ro b ab ly  as complex as th e  s o l u b l e  phase l i g a n d s .  Thus,  much i n f o r 

mation  r e l a t i n g  to  p a r t i c u l a t e  forms o f  heavy m e ta l s  p r e s e n t  in t h i s  

m a t r i x  remains  to  be d i s c o v e r e d .  While no comprehensive or  r e l i a b l e  

s p e c i a t i o n  schemes f o r  d e t e rm in in g  d i s c r e t e  heavy m e ta l  s p e c i e s  or  

groups  o f  s p e c i e s  in th e  s o l i d  phase o f  sewage s ludges  have y e t  been 

deve loped ,  two types  o f  approach ,  in v o l v in g  e i t h e r  a p h y s i c a l  s e p a r a 

t i o n  by means o f  membrane f i l t r a t i o n  or  a chemica l  s e p a r a t i o n  by means 

o f  s e l e c t i v e  e x t r a c t a n t s ,  a f f o r d  c o n s i d e r a b l e  i n s i g h t  i n t o  s o l i d  phase 

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

The r e s u l t s  o b t a in e d  from the  i n i t i a l  s e q u e n t i a l  e x t r a c t i o n  o f  

Cd, Cu, N i,  Pb and Zn in seven d i f f e r e n t  types  o f  sewage s ludge  showed 

t h a t  each me ta l  had a c h a r a c t e r i s t i c  f r a c t i o n a t i o n  p r o f i l e .  For Cu, 

Ni and Zn, such d i s t r i b u t i o n s  were e s s e n t i a l l y  independen t  o f  s ludge  

ty p e ,  i n d i c a t i n g  t h a t  majo r  mechanisms o f  m e ta l  r e t e n t i o n ,  such as 

ion -exc hange ,  a d s o r p t i o n ,  com plexa t ion  and p r e c i p i t a t i o n ,  were common 

to  a l l  t ype s  o f  m a t r i x .  In c o n t r a s t ,  mechanisms o f  r e t e n t i o n  o f  Cd 

and Pb were found to  be v a r i a b l e  depending on th e  phys icochem ica l  p ro

p e r t i e s  o f  the  s lu d g e .  There was some i n d i c a t i o n  t h a t  t h e s e  l a t t e r  

m e ta l s  tended  towards more s t a b l e  forms in  the  d i g e s t e d  s ludges  than
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in t h e  raw and a c t i v a t e d  samples ;  t h i s  phenomenon has  p r e v i o u s l y  been 

observed  by L e g re t  et^ a l .  (1983) .

The f r a c t i o n a t i o n  r a n k in g s  o f  Cu, Pb and Zn observed  in the  

o r i g i n a l  s ludge  samples were almost  i d e n t i c a l  t o  th o s e  o b t a in e d  fo r  

raw, a c t i v a t e d  and d i g e s t e d  s ludges  by Oake £ t  al_. (1984) and fo r  

d i g e s t e d  s ludge  by S to v e r  et̂  a l .  (1976) .  With r e s p e c t  t o  Cd and Ni,  

however,  much l e s s  agreement was a p p a r e n t ,  a l th o u g h  the  f r a c t i o n s  in 

which th e s e  m e ta l s  were found to  predomina te  were s i m i l a r  t o  those  

r e p o r t e d  by Oake e £  a K  (1984) f o r  a c t i v a t e d  and d i g e s t e d  s ludge  

t y p e s .  A summary o f  th e  predominant  t h e o r e t i c a l  m e ta l  s p e c i e s  

o b t a in e d  d u r ing  the  c u r r e n t  i n v e s t i g a t i o n  and th o s e  r e p o r t e d  by o t h e r  

w orkers  u s in g  s e q u e n t i a l  e x t r a c t i o n  t e c h n iq u e s  has  been p r e s e n t e d  in 

Table  29.

The predominance o f  a l l  f i v e  m e ta l s  s t u d i e d  in e i t h e r  ^ ^ 2 0 7 - ,  

EDTA-or HN0 3 - e x t r a c t a b l e  forms in  a l l  t h r e e  s ludge  types  i n d i c a t e d  the  

im por tance  o f  p r e c i p i t a t i o n  and o rg a n ic  b in d in g  as mechanisms re s p o n 

s i b l e  fo r  the  a s s o c i a t i o n  o f  heavy m e ta l s  w i th  i n s o l u b l e  s ludge  

s o l i d s .  O r g a n i c a l l y  a s s o c i a t e d  forms appeared  to  be o f  p a r t i c u l a r

s i g n i f i c a n c e  in the  a e r o b i c  s lu d g e s ,  Zn be ing  the  on ly  me ta l  predomi

n a n t l y  p r e s e n t  in th e  Na^P2 0 7  f r a c t i o n  in  the  a n a e r o b i c a l l y  d i g e s t e d  

s lu d g e  samples .  Copper was p redom inan t ly  i d e n t i f i e d  in  a l l  t h r e e  

s lu d g e  types  in the  HNO3  f r a c t i o n ,  which was o r i g i n a l l y  des ig n ed  to  

e x t r a c t  s u lp h id e  forms by S tover  a l .  (1976) .  Although Cu has  been 

dem ons t ra ted  to  have a h igh  a f f i n i t y  f o r  s u lp h id e  l i g a n d s  ( F lo r e n c e ,  

1982) ,  th e  predominance o f  such forms in  a c t i v a t e d  s lu d g es  in  p a r 

t i c u l a r  would appea r  t o  be anomalous,  as  s u lp h id e s  a r e  n o t  g e n e r a l l y  

formed under the  a e r o b i c  c o n d i t i o n s  which p r e v a i l  in  th e  a c t i v a t e d  

s ludge  system ( P a i n t e r ,  1983).  Th is  would seem to  su g g e s t  t h a t  HNO3 

was no t  com ple te ly  s e l e c t i v e  fo r  Cu s u lp h id e s  b u t  may have been 

e x t r a c t i n g  o t h e r  fo rms.  Some doubt has  been e x p re s s e d  as t o  the  e f f i 

cacy o f  Na4 P2 0 7  as  an e x t r a c t a n t  f o r  C u-organ ic  s p e c i e s  (McBride & 

B ou ld in ,  1984),  t h e r e f o r e  the  p o s s i b i l i t y  e x i s t s  t h a t  the  HNO3  f r a c 

t i o n  may c o n t a in  some o rg a n ic  forms o f  Cu. The o r g a n i c a l l y  bound 

f r a c t i o n  has  been i d e n t i f i e d  as the  most s i g n i f i c a n t  fo r  Cu by o th e r  

workers  u s in g  d i f f e r e n t  s e q u e n t i a l  chemica l  e x t r a c t i o n  t e c h n iq u e s



Table 29 Predominant  t h e o r e t i c a l me ta l  s p e c i e s  i d e n t i f i e d  in sewage s ludges  by means of  s e q u e n t i a l  chemical e x t r a c t i o n

Reference Stover  
e t  a l . 
(1976)

Emmerich 
e t  a l . 

(1982b)

L eg re t  
e t  a l . 
(1983)

Oake 
e t  a l . 
(1984)

This*
s tudy

Sludge
Type

A n a e ro b ic a l ly  
d i g e s t e d Raw

A n a e r o b ic a l ly  
A c t iv a te d  d i g e s t e d Raw A c t iv a te d

Anaerob ic a l  ly  
d i g e s t e d

Metal

Cd C03 CO3 C03 CO3 CO3 CO3 /S Org. C03 S

Cu S Org. Org. S S S S S S

Ni C03 CO3 Org. Exch. CO3 C03 CO3 CO3 CO3

Pb CO3 - Res . Org. Org. CO3 Org. O rg . / CO3 CO3

Zn Org. CO3 Oxide Org. Org. Org. Org. Org. Org.

C03 : 
R es . :

Carbonate ,  
R e s i d u a l ,

E x c h . : Exchangeable ,  Org 
S: Su lph ide

. :  O r g a n ic a l ly  bound, Oxide: bound t o  Fe and Mn ox ides

* Predominant  meta l s p e c i e s  based on o r i g i n a l d e f i n i t i o n  o f  f r a c t i o n s by S tover  e t  a l . (1976)

tn
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(Emmerich £ l . , 1982b; L e g re t  £ t  a l . ,  1983) and concurs  w i th  o b s e r 

v a t i o n s  o f  i t s  in c r e a s e d  a f f i n i t y  fo r  o rg a n ic  m a t e r i a l  in bo th  a c t i 

v a t e d  (Rudd e t  al_. , 1984; F o r s t e r  et^ al_. , 1985) and d i g e s t e d  s ludges  

(Gould & G e n e t e l l i ,  1984; S t e r r i t t  & L e s t e r ,  1984c) in  comparison 

t o  o t h e r  m e t a l s .  F u r th e r  e l u c i d a t i o n  of  th e  n a t u r e  o f  the  Cu s p e c ie s  

e x t r a c t e d  by HNO3 would thus  seem n e c e s s a r y  f o r  a more a c c u r a t e  

i n t e r p r e t a t i o n  o f  the  mechanisms by which t h i s  m e ta l  i s  r e t a i n e d  

w i t h i n  th e  s ludge  m a t r ix .

One i n t e r e s t i n g  a s p e c t  o f  Ni f r a c t i o n a t i o n  was t h a t  th e  most 

r e a d i l y  e x t r a c t a b l e  KNO3  f r a c t i o n  was o f  g r e a t e r  s i g n i f i c a n c e  than  fo r  

any o t h e r  m e ta l  s t u d i e d ,  com pr is ing  an average  o f  21% o f  th e  t o t a l  Ni 

c o n t e n t .  The KNO3  r e a g e n t  was o r i g i n a l l y  i n c o rp o r a t e d  i n t o  the  

s e q u e n t i a l  e x t r a c t i o n  scheme by S tover  e l  a l .  (1976) in o r d e r  to  

e x t r a c t  exchangeab le  m e t a l .  According t o  Adams & Sanders  (1984) ,  

exchangeab le  forms o f  Ni a r e  p redom inan t ly  a s s o c i a t e d  w i th  o rg a n ic  

s u r f a c e s  in  the  s ludge  m a t r i x .  I t  i s  l i k e l y ,  however,  t h a t  KNO3  would 

a l s o  e x t r a c t  r e a d i l y  s o l u b l e  Ni s p e c i e s .  S ince  Ni has  been observed  

t o  have a p a r t i c u l a r  a f f i n i t y  fo r  r e a d i l y  s o l u b l e  o rg an ic  m a t t e r  in 

a c t i v a t e d  s ludges  (Rudd et̂  a l . ,  1984),  the  KNO3  e x t r a c t  cou ld  p o s s i b l y  

c o n t a i n  r e a d i l y  s o l u b l e  N i - o r g a n ic  complexes.  S ince  me ta l  m o b i l i t y  

and b i o a v a i l a b i l i t y  a re  c o n s id e r e d  to  d e c r e a s e  app rox im ate ly  in  the  

o r d e r  o f  th e  e x t r a c t i o n  sequence ,  the  predominance o f  Ni over  the  

o t h e r  m e t a l s  s t u d i e d  in i t s  occu r renc e  in the  KNO3 f r a c t i o n  im p l ie s  

t h a t  i t  w i l l  be the  most r e a d i l y  a v a i l a b l e  fo r  p l a n t  up take .

In comparing th e  b e h a v io u r  o f  th e  l i q u i d  and d r i e d  s ludges  

under  s e q u e n t i a l  e x t r a c t i o n ,  i t  was ap p a re n t  t h a t  a l th o u g h  q u a l i t a t i 

v e l y  s i m i l a r ,  the  f r a c t i o n s  y i e l d e d  by th e  two forms d i f f e r e d  in  t h e i r  

m agn i tude .  Drying appeared  to  r e s u l t  in a h ig h e r  p r o p o r t i o n  o f  Cu and 

Pb as K F - e x t r a c t a b l e  forms,  a l th o u g h  t h i s  may have been caused  by 

d e s o r p t i o n  t o  the  s o l u b l e  phase  d u r ing  s t o r a g e  o f  the  l i q u i d  samples .  

Oake ej: al_. (1984) observed  a t r a n s f e r  o f  ap p ro x im a te ly  20% o f  Pb and 

Zn from t h e  Na4 P2 0 7  e x t r a c t  to  the  EDTA and HNO3 e x t r a c t s  fo l lo w in g  

s t o r a g e  o f  l i q u i d  s ludges  fo r  one month.  The r e d u c t i o n  in the  

Na4 P2 0 y - e x t r a c t a b l e  Cd, Pb and Zn in the  l i q u i d  s ludges  as opposed to  

th e  d r i e d  forms in t h i s  s tudy  su g g e s t s  the  o c cu r ren c e  o f  a s i m i l a r
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phenomenon, p o s s i b l y  due t o  l o s s  o f  s p e c i f i c  b in d in g  s i t e s  on the  

o rg a n ic  m a t e r i a l .  For Cd, Pb and Zn in  p a r t i c u l a r ,  d r y in g  o f  the  

s lu d g es  e f f e c t i v e l y  reduced  the  magnitude  o f  the  most r e a d i l y  e x t r a c 

t a b l e  KNO3  f r a c t i o n .  In c o n t r a s t ,  however,  th e  d r i e d  samples tended 

t o  r e l e a s e  t h e s e  m e ta l s  i n t o  s o l u t i o n  a t  h ig h e r  pH v a l u e s  than  the 

l i q u i d  samples when s u b j e c t e d  t o  p r o g r e s s i v e  a c i d i f i c a t i o n .  The 

c o n t r a s t i n g  r e s p o n s e s  o f  th e  l i q u i d  and d r i e d  p r e p a r a t i o n s  seems 

s i g n i f i c a n t  as  many s t u d i e s  on meta l  e x t r a c t a b i l i t y  and a v a i l a b i l i t y  

a r e  conducted  u s in g  d r i e d  s ludge  samples .  S ince  the  w a te r  c o n t e n t  of  

s ludge  as d i s p o s e d  to  land  u s u a l l y  exceeds  65% even a f t e r  dew a te r ing  

t r e a t m e n t  (Oake e t  £ l . ,  1984),  i t  may be more r e a l i s t i c  t o  use the

o r i g i n a l  l i q u i d  s ludge  fo r  e x p e r i m e n t a t i o n .  However, the  reduced 

homogeneity  and g radua l  a l t e r a t i o n  o f  the  l i q u i d  s ludge  c h a ra c 

t e r i s t i c s  on s t o r a g e  (Oake ^ t  a l .  , 1984) r e n d e r s  the  use  o f  d r i e d  

s ludge  samples p r e f e r a b l e .

The p a t t e r n s  o f  s o l u b i l i s a t i o n  which r e s u l t e d  from s u b j e c t i n g  

s ludge  samples to  p r o g r e s s i v e  a c i d i f i c a t i o n  were found t o  be ch a ra c 

t e r i s t i c  o f  th e  i n d i v i d u a l  m e ta l s  s t u d i e d  bu t  e s s e n t i a l l y  independen t  

o f  s ludge  ty p e ,  even f o r  Cd and Pb. The s o l u b i l i t i e s  observed  l a r g e l y  

conf irmed the  r e l a t i v e  ea se  o f  e x t r a c t i o n  shown by each m e ta l  when 

s u b j e c t e d  t o  s e q u e n t i a l  e x t r a c t i o n .  Copper showed v e ry  l i t t l e  s o l u b i 

l i t y  c o n s i s t e n t  w i th  i t s  emergence in  th e  r e f r a c t o r y  HNO3  f r a c t i o n  

f o l l o w in g  s e q u e n t i a l  e x t r a c t i o n .  This  was s i m i l a r  to  o b s e r v a t i o n s  

made by Adams & Sanders  (1984) f o r  an unamended s ludge  sample ,  where 

no t h r e s h o l d  pH v a l u e  fo r  Cu would be i d e n t i f i e d .  I n i t i a t i o n  of  Ni 

s o l u b i l i s a t i o n  a t  n e a r  n e u t r a l  pH v a l u e s  was in  accordance  w i th  i t s  

emergence in th e  KNO3  ( s o l u b l e / e x c h a n g e a b l e )  e x t r a c t ,  w h i le  Zn, which 

was a l s o  s o l u b i l i s e d  a t  h igh  pH v a l u e s ,  was found t o  be l a r g e l y  

e x t r a c t e d  by N a^^O y,  s p e c i f i c  fo r  o r g a n i c a l l y  bound forms o f  t h i s  

m e t a l .  Al though Pb was found to  be a s s o c i a t e d  p r i m a r i l y  w i th  o rgan ic  

and c a rb o n a te  l i g a n d s ,  i t s  observed  t h r e s h o l d  a t  pH 2 .0  in  t h e  l i q u i d  

samples su g g e s te d  t h a t  o rg a n ic  i n t e r a c t i o n s  may have been c o n t r o l l i n g  

t h e  s o l u b i l i t y  o f  t h i s  m e t a l ,  s i n c e  c a r b o n a te s  may be expec ted  to  

d i s s o l v e  a t  pH v a l u e s  o f  ap p ro x im a te ly  5 .0  ( T e s s i e r  et̂  a\_. , 1979).

The d i f f e r e n t  t h r e s h o l d  v a l u e s  e x h i b i t e d  by Pb and Zn, a l th o u g h  both  

a p p a r e n t l y  r e t a i n e d  by i n t e r a c t i o n s  w i th  o rg an ic  m a t e r i a l ,  r e f l e c t  the
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r e l a t i v e  s t r e n g t h  o f  b in d in g  o f  t h e s e  m e ta l s  to  o rg a n ic  l i g a n d s  in 

sewage s ludge  ( P a t t e r s o n  & Hao, 1979; S p o s i to  e_t £ l . ,  1981; S t e r r i t t  & 

L e s t e r ,  1984b).  With r e s p e c t  to  Cd, s o l u b i l i s a t i o n  began a t  s l i g h t l y  

h i g h e r  pH v a l u e s  in  th e  d r i e d  raw s ludges  than  in th e  d r i e d  a c t i v a t e d  

and d i g e s t e d  s lu d g e s .  Such d i f f e r e n c e s  would appea r  t o  conf i rm  the  

r e l a t i v e l y  g r e a t e r  r e s i s t a n c e  shown by Cd p r e s e n t  in th e  t r e a t e d  

s lu d g e s  when s u b j e c t e d  to  s e q u e n t i a l  e x t r a c t i o n .

A comparison o f  t h e  t h r e s h o l d  pH v a lu e s  o b t a in e d  d u r in g  t h i s  

i n v e s t i g a t i o n  w i th  th o s e  observed  in  samples o f  raw s ludge  (Adams & 

S a n d e r s ,  1983; 1984; Adams, 1985) and sludge-amended s o i l s  (Sauerbeck  

& R i e t z ,  1983; Kiekens & C o t t e n i e ,  1984) u s ing  s i m i l a r  t e c h n iq u e s  i s  

g iven  in  Tab le 30. F a i r l y  good agreement  i s  a p p a r e n t ,  a l th o u g h  the  

e x i s t e n c e  o f  a t h r e s h o l d  pH v a lu e  fo r  Ni s o l u b i l i s a t i o n  appea rs  to  be 

q u e s t i o n a b l e .  A f u r t h e r  comparison o f  the  average  p e r c e n ta g e  t o t a l  

m e ta l  e x t r a c t e d  a t  a pp rox im a te ly  pH 2 ( a r b i t r a r i l y  d e f in e d  as 

' a v a i l a b l e '  me ta l  ( S t e r r i t t  & L e s t e r ,  1985)) from a range  o f  sewage 

s l u d g e s ,  i e . ,  78% Zn, 73% N i ,  62% Cd, 42% Pb and 24% Cu, w i th  th e  d a t a  

o b t a in e d  h e re  shows a s i m i l a r  s e r i e s  o f  r e l a t i v e  a v a i l a b i l i t y  o f  the  

f i v e  m e ta l s  ( S c o t t  & H o r l i n g s ,  1975; Hayes e t  a l . ,  1979; J e n k in s  £ t  

a l . ,  1981; Wozniak & Huang, 1982; Logan & F e l t z ,  1985).  Copper and Pb 

emerged as th e  m e ta l s  most r e s i s t a n t  t o  th e  e f f e c t s  o f  d e c r e a s i n g  pH, 

as p r e v i o u s l y  observed  in  s i n g l e  a c e t i c  a c i d  (Berrow & Webber, 1972) 

and HC1 (S to v e r  e t  a !U , 1976; Logan & F e l t z ,  1985) e x t r a c t i o n s .  

G e r r i t s e  & Van D r i e l  (1984) s i m i l a r l y  found t h a t  Cu and Pb e x h i b i t e d  

l e s s  r e a c t i v i t y  to  b o th  d e c r e a s i n g  pH and i n c r e a s i n g  i o n i c  s t r e n g t h  in 

compar ison  to  Cd and Zn. Such f i n d i n g s  i n d i c a t e  a s i m i l a r i t y  in the  

mechanisms by which Cu and Pb a re  r e t a i n e d  in s lu d g e ,  w h i le  d i f f e r e n t  

mechanisms a r e  l i k e l y  t o  be r e s p o n s i b l e  f o r  the  r e t e n t i o n  o f  th e  more- 

e a s i l y  e x t r a c t a b l e  Cd, Ni and Zn.

I t  has been sugges ted  t h a t  Cu and Pb a r e  l a r g e l y  a s s o c i a t e d  

w i th  o rg a n ic  m a t e r i a l s  (Kiekens & C o t t e n i e ,  1984).  O b se rv a t io n s  made 

f o l l o w in g  s e q u e n t i a l  e x t r a c t i o n  o f  th e  a c i d i f i e d  r e s i d u e s  would seem 

t o  su p p o r t  t h i s  in  r e s p e c t  o f  Pb, l a r g e  i n c r e a s e s  in  th e  s o l u b i l i s a 

t i o n  o f  t h i s  me ta l  a t  pH 0 .5  r e s u l t i n g  p r i m a r i l y  from the  d i r e c t  

d i s s o l u t i o n  o f  the  predominan t  Na^I^Oy ( o r g a n i c a l l y  bound) f r a c t i o n .



Table 30 Comparative threshold pH values obtained for solubilisation of metals from sewage sludges and
sludge-amended soils by progressive acidification -

Reference Adams
&
Sanders
(1983)

Adams
&
Sanders
(1984)

Adams
(1985)

This study

Sauerbeck
&
Rietz
(1983)

Kiekens
&

Cottenie
(1984)

Sample

Metal-enriched 
filter-pressed 
raw sludge

Thawed, metal- 
enriched 
filter-pressed 
raw sludge

Thawed, filter-
pressed
raw sludge

Raw, activated & 
digested sludge

Liquid Dried

Air-dried
sludge-amended

soil

Air-dried 
s1udge-amended 

soil

Metal

Cd - - - 2.0 4.0 4.0 4.0

Cu 4.0 4.5 <4.5
No
solubilisation 2.0-4.0 - 2.0-4.0

Ni 6.0 6.3 6.4
No
threshold

No
threshold -

No
threshold

Pb - - - 2.0 4.0 2.0 2.0

Zn 6.0 5.8 6.1 4.0 6.0 5.0 4.0
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Since  a h ig h  p e rc e n ta g e  o f  t h e  s ludge  o rg an ic  m a t t e r  i s  l i k e l y  to  

remain  i n s o l u b l e  th roughou t  a c i d i f i c a t i o n  (Adams & Sanders ,  1984),  

hydrogen ion  s u b s t i t u t i o n  may p la y  an im por tan t  r o l e  in  th e  s o l u b i l i 

s a t i o n  o f  t h i s  m e ta l  a t  low pH v a l u e s .  Al though th e  predominance 

o f  Cu in the  HNO3  f r a c t i o n  in  th e  a c i d i f i e d  r e s i d u e s  would seem to  

r e f u t e  t h e  a s s o c i a t i o n  o f  t h i s  m e ta l  w i th  s ludge  o rg a n ic  m a t e r i a l ,  

some ev id en ce  t h a t  Cu was bound t o  o rg a n ic  m a t t e r  was p rov ided  by i t s  

observed  a s s o c i a t i o n  w i th  p r e c i p i t a t e d  humic m a t e r i a l  in  the  ambient  

pH f i l t r a t e s .  Two types  o f  Cu b in d in g  t o  humic m a t e r i a l s  o ccu r ,  

e i t h e r  hydrogen exchange o r ,  th rough  the  fo rm at ion  o f  i n t e r m o l e c u l a r  

b r i d g e s  m ed ia ted  by the  m e ta l  i o n s ,  c o a g u l a t i o n  and f l o c c u l a t i o n  o f  

th e  humic m a t e r i a l  (Pagenkopf ,  1978).  Any Cu th u s  p r e c i p i t a t e d  d u r in g  

th e  e x p e r im e n ta l  p e r io d s  a t  low pH would be l o s t  t o  th e  r e s i d u a l  

p e l l e t  and would n o t  appea r  as s o l u b l e  m e ta l .  The s l i g h t  i n c r e a s e  in 

Cu s o l u b i l i s a t i o n  a t  pH 0 .5  may a l s o  have been due t o  hydrogen ion  

s u b s t i t u t i o n .  S e q u e n t i a l  e x t r a c t i o n  o f  the  pH 0 .5  r e s i d u e s  r e v e a l e d  

t h a t  i n t e r a c t i o n s  a t  t h i s  pH v a l u e  were dominated by io n -exchange .  

The c o n t r a s t  observed  in th e  c o n c e n t r a t i o n s  o f  Cu and Pb s o l u b i l i s e d  

a t  pH 0 .5  cou ld  p o s s i b l y  i n d i c a t e  t h a t  Cu i s  more s t r o n g l y  bound t o  

s ludge  o r g a n ic s  than  i s  Pb.

The r e l e a s e  o f  Cd, Ni and Zn to  s o l u t i o n  a t  c o m p a ra t iv e ly  

h i g h e r  pH v a l u e s  than  e i t h e r  Cu or  Pb i n d i c a t e d  t h a t  th e  former t h r e e  

m e ta l s  were l e s s  s t r o n g l y  r e t a i n e d  w i t h i n  the  s lu d g e  s o l i d  phase than  

th e  l a t t e r  two. S e q u e n t i a l  e x t r a c t i o n  o f  the  a c i d i f i e d  r e s i d u e s  sub

s e q u e n t l y  r e v e a l e d  t h a t  d i s s o l u t i o n  o f  th e  ^ ^ 3 0 7  f r a c t i o n  commenced 

between pH 6 .0  and 4 .0  w i th  r e s p e c t  t o  Zn and between pH 4 .0  and 2 .0  

w i th  r e s p e c t  to  Cd and Ni,  s u g g e s t i n g  t h a t  a l l  t h r e e  m e ta l s  were l e s s  

s t r o n g l y  bound to  the  s ludge  o r g a n ic s  than  Pb and,  p o s s i b l y ,  Cu. 

S t a b i l i t y  c o n s t a n t  v a l u e s  de te rm ined  p r e v i o u s l y  f o r  complexes formed 

between each o f  t h e s e  m e ta l s  and o rg a n ic  c o n s t i t u e n t s  o f  s ludge  

( P a t t e r s o n  & Hao, 1979; S p o s i t o  e£  al_. , 1981; S t e r r i t t  & L e s t e r ,  

1984c) conf i rm  such r a n k i n g s .  I t  was a p p a r e n t ,  however,  t h a t  th e  

i n c r e a s e d  s o l u b l e  c o n c e n t r a t i o n s  o f  Cd, Ni and Zn observed  upon 

d e c r e a s i n g  the  pH o f  th e  s ludge  samples d id  n o t  r e s u l t  from the  d i r e c t  

d i s s o l u t i o n  o f  th e  Na4 P2 0 7 , EDTA and HNO3 f r a c t i o n s  which dominated a t  

ambient  pH v a l u e s  s in c e  m e ta l  s p e c i e s  p r e s e n t  in  th e  a c i d i f i e d  r e s i -



160

dues i n d i c a t e d  a p r o g r e s s i v e  s h i f t  towards  the  more e a s i l y  e x t r a c t a b l e  

forms.  The predominance of  Cd and Ni in  the  KNO3  f r a c t i o n  and o f  Zn 

in  both  the  KNO3  and KF f r a c t i o n s  in th e  pH 0 .5  r e s i d u e s  sugges ted  

t h a t  a d s o r p t i o n - d e s o r p t i o n  p r o c e s s e s ,  p a r t i c u l a r l y  t h o s e  i n v o lv in g  

c a t i o n - e x c h a n g e ,  were c o n t r o l l i n g  th e  s o l u b i l i t y  o f  t h e s e  t h r e e  m e ta l s  

a t  low pH v a l u e s .  Accord ing to  R i f f a l d i  et^ al_. (1983) and Adams & 

Sanders  (1984) ,  exchange s i t e s  and o t h e r  weak a d s o r p t i o n  s i t e s  l o c a t e d  

on o rg a n ic  m a t e r i a l  p l a y  an im p o r tan t  r o l e  in d e t e rm in in g  th e  s o l u b i 

l i t y  o f  Cd, Ni and Zn in  sewage s ludges  a t  low pH v a l u e s .

The s e q u e n t i a l  e x t r a c t i o n  o f  t h e  a c i d i f i e d  r e s i d u e s  gave some 

i n d i c a t i o n  o f  th e  p o t e n t i a l  b eh av io u r  o f  m e ta l s  under  c o n d i t i o n s  o f  

reduced  pH. Thus a l th o u g h  Cu appea red  to  be immobile even a t  pH 0 .5 ,  

i t  had been t r a n s f e r r e d  to  l e s s  s t a b l e  forms in the  r e s i d u a l  s ludge  

m a t r i x .  Cadmium would seem l i k e l y  t o  be r e l a t i v e l y  s t a b l e  down to  pH 

v a l u e s  o f  4 . 0 ,  b u t  w i l l  then  change i t s  d i s t r i b u t i o n  c o n s i d e r a b l y  b e t 

ween pH 4 .0  and 2 . 0 ,  w h i le  Pb may be d i r e c t l y  s o l u b i l i s e d  below pH 2 .0  

w i th  l i t t l e  r e d i s t r i b u t i o n  o c c u r r i n g .  In terms o f  s ludge  d i s p o s a l  to  

l a n d ,  however,  t h e  most i n t e r e s t i n g  t r a n s i t i o n  i s  l i k e l y  t o  be t h a t  

from ambient  t o  pH 4 . 0 ;  the  r e s u l t s  o b t a in e d  h e re  imply t h a t  t h i s  may 

be o f  s i g n i f i c a n c e  fo r  Ni and Zn, two o f  th e  m e ta l s  c r i t i c a l  in d e t e r 

mining  l i m i t s  f o r  s ludge  a p p l i c a t i o n .  The s o l u b i l i t y  o f  Zn a t  low H+ 

c o n c e n t r a t i o n s  emphasi ses  i t s  im por tance  as a l i m i t i n g  m e t a l ,  as i t s  

t h r e s h o l d  pH approaches  th o s e  recommended fo r  a r a b l e  l and  (pH 6 . 5 )  and 

g r a s s l a n d  (pH 6 . 0 )  by th e  Department o f  the  Environment & N a t io n a l  

Water  Counci l  (1981) .  This  i s  of  p a r t i c u l a r  concern  s in c e  f a c t o r s  n o t  

c o n s id e r e d  in  g u i d e l i n e s ,  such as s o i l  p r o p e r t i e s  and r h i z o s p h e r e  

e f f e c t s  ( i n c l u d i n g  carbon d io x i d e  r e s p i r a t i o n  by r o o t s  and a s s o c i a t e d  

m icroorgan isms  in  a d d i t i o n  to  t h e  p r o d u c t io n  of  a c i d i c  o rg an ic  

e x u d a t e s ) ,  may f u r t h e r  reduce  th e  pH in the  v i c i n i t y  o f  p l a n t  r o o t s ,  

r e s u l t i n g  in i n c r e a s e d  up take  of  Zn by p l a n t s  (Adams & Sanders ,  1984).  

Although a d e f i n i t e  t h r e s h o l d  pH cou ld  no t  be i d e n t i f i e d  f o r  Ni,  p e r 

c e n t a g e  c o n c e n t r a t i o n s  o f  t h i s  me ta l  s o l u b i l i s e d  between ambient  pH 

v a l u e s  and pH 4 .0  were h ig h e r  than  th o s e  of  any o t h e r  m e ta l  s t u d i e d .  

Th i s  i n d i c a t e s  t h a t  th e  minimum pH v a l u e s  recommended fo r  s o i l s  t o  

which s ludge  i s  a p p l i e d  a r e  l i k e l y  t o  be l e a s t  e f f e c t i v e  in  m in im is ing  

t h e  a v a i l a b i l i t y  o f  Ni to  p l a n t s .
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G u id e l in e s  f o r  s ludge  a p p l i c a t i o n  t o  a g r i c u l t u r a l  land a re  

r e s t r i c t i v e  f o r  raw s ludges  (Department o f  th e  Environment & 

N a t i o n a l  Water Counc i l ,  1981) and s t a b i l i s a t i o n  o f  s ludge  p r i o r  to  

such d i s p o s a l  i s  l i k e l y  t o  become manda tory  th ro u g h o u t  the  EEC 

(Commission o f  the  European Communities ,  1982).  The most w ide ly  

a p p l i e d  s ludge  s t a b i l i s a t i o n  p ro c e s s  in the  UK i s  m e s o p h i l i c  a n ae ro b ic  

d i g e s t i o n  (Depar tment o f  th e  Environment & N a t i o n a l  Water C ounc i l ,  

1981).  A knowledge o f  th e  changes in  heavy m e ta l  form i n c u r r e d  by 

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

l i t y  and m o b i l i t y  in  s o i l s  t o  which the  d i g e s t e d  s ludge  i s  u l t i m a t e l y  

d i s p o s e d .  A p p l i c a t i o n  o f  s e q u e n t i a l  e x t r a c t i o n  to  ' g r a b '  samples of  

raw and d i g e s t e d  s lu d g es  i n d i c a t e d  few d i f f e r e n c e s  in me ta l  d i s t r i b u 

t i o n  between th e s e  two m a t r i c e s .  E l u c i d a t i o n  o f  the  t r a n s i t i o n s  in 

m e ta l  form which occur  f o l l o w in g  a n a e ro b ic  d i g e s t i o n  was t h e r e f o r e  

u n d e r ta k en  under  more c o n t r o l l e d  c o n d i t i o n s  w i t h i n  l a b o r a t o r y - s c a l e  

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

o f  t o t a l  m e ta l  c o n c e n t r a t i o n  on m e ta l  form to  be i n v e s t i g a t e d .

Once they  had e q u i l i b r a t e d ,  the  fou r  d i g e s t e r s  were found t o  be 

o p e r a t i n g  s a t i s f a c t o r i l y  w i t h i n  no rm al ly  a c c e p te d  l i m i t s  (Pohland & 

Ghosh, 1971; M e tc a l f  & Eddy, 1979; S t e i n  & Malone,  1980) in  terms o f  

pH, v o l a t i l e  s o l i d s  r e d u c t i o n ,  v o l a t i l e  a c id s  c o n c e n t r a t i o n ,  a l k a l i 

n i t y ,  gas p ro d u c t i o n  and gas c o m pos i t ion .  I t  was a p p a r e n t ,  however,  

t h a t  the  two d i g e s t e r s  o p e r a t i n g  on a feed  o f  p r im ary  s ludge  were p e r 

forming more e f f i c i e n t l y  than  the  two o p e r a t i n g  on a feed  o f  mixed

pr im ary  s lu d g e .  This  was p ro b ab ly  r e l a t e d  t o  th e  r e f r a c t a b i l i t y  o f  

th e  o rg a n ic  f r a c t i o n  o f  th e  w a s t e - a c t i v a t e d  s lu d g e ,  which has been 

r e p o r t e d  to  be on ly  30 to  45% d i g e s t i b l e  in c o n v e n t io n a l  a n a e ro b ic  

t r e a t m e n t  (M alina ,  1961; G a r r i s o n  et^ a l . ,  1978) .  I t  i s  p o s s i b l e ,

however,  t h a t  th e  p re s e n c e  o f  an u n i d e n t i f i e d  i n h i b i t o r y  agen t  may 

have c o n t r i b u t e d  to  the  r e l a t i v e l y  lower e f f i c i e n c y  o f  the  mixed p r i 

mary d i g e s t e r s .  In p a r t i c u l a r ,  a t  a pH above 7 .4  t o  7 .6 ,  an

i n c r e a s i n g  p r o p o r t i o n  of  ammonium io ns  i s  co n v e r t e d  t o  t o x i c  d i s s o l v e d  

ammonia gas which can i n h i b i t  b i o l o g i c a l  a c t i v i t y  (McCarty & McKinney, 

1961; G a r r i s o n  et^ a l .  , 1978; Mosey, 1983).

The r e s u l t s  o b ta in e d  from s e q u e n t i a l  e x t r a c t i o n  o f  Cd, Cu, Ni,
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Pb and Zn in p r im ary  and mixed pr im ary  raw s ludges  i n d i c a t e d  t h a t  both  

t y p e s  o f  s ludge  d i s p l a y e d  many s i m i l a r i t i e s  in m e ta l  form. The predo

minance o f  Cd, Pb and Zn in forms e x t r a c t e d  by Na4 P2 0 y was c o n s i s t e n t  

w i th  r e s u l t s  o b t a i n e d  fo r  th e  raw s lu d g es  used in  the  p r e v io u s  e x p e r i 

ment.  However, th e  predominance o f  Cu in  the  EDTA e x t r a c t  and Ni in 

bo th  K N C^-ex t rac tab le  and r e s i d u a l  forms was n o t  observed  p r e v i o u s l y .  

Oake e t  a l .  (1984)  s i m i l a r l y  found KNC^-ex t rac tab le  forms o f  Ni to  

p redom ina te  in  raw s ludges  (Tab le  29 ) .  L i t e r a t u r e  r e l a t i n g  to  r e s i 

dua l  m e ta l  d e t e r m i n a t i o n s  in raw s lu d g es  i s  c u r r e n t l y  u n a v a i l a b l e  fo r  

compar ison ,  b u t  th e  impor tance  o f  t h i s  f r a c t i o n  w i th  r e s p e c t  t o  Ni in 

s o i l s  has been r e p o r t e d  (Emmerich e£  a \_., 1982b; Chang e t  a l . , 1984; 

Hickey & K i t t r i c k ,  1984).

S i g n i f i c a n t  changes in the  d i s t r i b u t i o n  o f  each me ta l  o ccu r red  

f o l l o w in g  a n a e ro b ic  d i g e s t i o n .  Both s ludge  type s  e x h i b i t e d  s i m i l a r  

changes in m e ta l  d i s t r i b u t i o n  a l th o u g h  c e r t a i n  d i f f e r e n c e s  were e v i 

den t  in the  magnitude  o f  t h e s e  changes .  In c o n t r a s t  t o  Cd and Pb, 

c o n c e n t r a t i o n s  o f  Cu, Ni and Zn in th e  K NC^-ex t rac tab le  

( s o l u b l e / e x c h a n g e a b l e )  f r a c t i o n  were markedly  reduced  as a consequence 

o f  d i g e s t i o n .  This  i s  c o n s i s t e n t  w i th  the  i n c r e a s e  in  w a te r  s o l u b i 

l i t y  o f  the  former two m e ta l s  and r e d u c t i o n  o f  th e  l a t t e r  t h r e e  

observed  by B loom f ie ld  & Pruden (1975) fo l l o w in g  a n a e ro b ic  i n c u b a t io n  

in  d i g e s t e d  s lu d g e  fo r  t h r e e  months.  The g r e a t e r  s i g n i f i c a n c e  o f  

s o l u b l e  an d /o r  exchangeab le  forms o f  Cu, Ni and Zn in  a e r o b i c  as 

opposed to  a n a e ro b ic  s ludge  has  a l s o  been r e p o r t e d  by J e n k in s  & Cooper 

(1964) ,  L e g re t  e t  £l_. (1983) and Oake a K  (1984) .  According to  

Mosey (1976) ,  t h i s  r e d u c t i o n  in  heavy m e ta l  s o l u b i l i t y  may be a t t r i 

bu ted  to  th e  fo rm a t ion  of  heavy m e ta l  su lp h id e  p r e c i p i t a t e s .

In g e n e r a l ,  however,  t h e  o v e r a l l  e f f e c t  o f  a n a e ro b ic  d i g e s t i o n  

was t o  cause  a s h i f t  away from th e  m o r e - r e a d i l y  e x t r a c t a b l e  forms 

which p redominated  in  th e  raw s lu d g es  towards the  l e s s - r e a d i l y  e x t r a c 

t a b l e  p r e c i p i t a t e d  forms.  This  was p a r t i c u l a r l y  e v i d e n t  w i th  r e s p e c t  

t o  Cd, Cu and Pb. According t o  Mosey (1976) ,  Cd, Cu, Ni,  Pb and Zn 

form e x t re m e ly  i n s o l u b l e  s u lp h id e  s a l t s  under the  r e d u c i n g  c o n d i t i o n s  

o f  a n a e ro b ic  d i g e s t i o n ,  v i a  th e  r e d u c t i o n  o f  s u lp h u r  compounds 

i n c l u d in g  s u l p h a t e  and the  amino a c i d s  c y s t e i n e  and m e th io n in e .
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S o l u b i l i t y  p r o d u c t s  o f  m e ta l  s u l p h id e s  r e l e v a n t  t o  t h i s  s tudy  range  

from 1 x 10“ 24 f o r  NiS and ZnS to  1 x 10“ ^® f o r  CU2 S (Mosey et^ a l .  , 

1971) .  Al though each o f  th e  m e ta l s  s t u d i e d  e x h i b i t e d  an i n c r e a s e  in 

forms e x t r a c t e d  by HNO3  f o l l o w in g  d i g e s t i o n ,  t h i s  f r a c t i o n  was p r e 

em inent  f o r  Cu a lo n e ,  which i s  though t  to  be p r e c i p i t a t e d  predomi

n a n t l y  in  the  CU2 S form (Mosey, 1976; Hayes & T h e i s ,  1978).

The predominance o f  Cd and Pb as c a rb o n a te  p r e c i p i t a t e s  does 

n o t  concur  w i th  t h e i r  e x p ec ted  predominance as CdS and PbS r e s p e c 

t i v e l y  (Hayes & T h e i s ,  1978).  However, the  r e l a t i v e l y  h igh  pH v a l u e  

observed  in  bo th  ' e x p e r i m e n t a l '  d i g e s t e r s  may e x p l a i n  t h i s  d i s t r i b u 

t i o n ,  a t  l e a s t  w i th  r e s p e c t  t o  Cd, s i n c e  t h i s  l a t t e r  m e ta l  has  been 

found to  be p r e c i p i t a t e d  as th e  s p a r i n g l y  s o l u b l e  c a rb o n a te  s a l t  under  

r e d u c i n g  c o n d i t i o n s  where the  pH v a l u e  exceeds  7 .2  (Mosey, 1971).

In c o n t r a s t  to  the  o t h e r  m e ta l s  s t u d i e d ,  Zn remained predomi

n a n t l y  in  the  o r g a n i c a l l y  bound form in both  the  raw and d i g e s t e d  

s l u d g e s .  Hayes & Thei s  (1978) r e p o r t e d  Zn to  be p r e s e n t  in  a n a e ro 

b i c a l l y  d i g e s t e d  s ludge  in  a p redom inan t ly  i n t r a c e l l u l a r  form, 

s u g g e s t i n g  t h a t  Zn i s  a c t i v e l y  taken  up by the  m i c r o b i a l  p o p u la t i o n  

w i t h i n  th e  d i g e s t e r s .

The predominant  forms in  which Cd, Cu, Pb and Zn were found to  

occur  in  bo th  the  pr im ary  and mixed pr im ary d i g e s t e d  s ludges  a r e  com

p a r a b l e  to  th o s e  r e p o r t e d  f o r  th e  d i g e s t e d  s lu d g e s  i n v e s t i g a t e d  by 

S to v e r  e t  a l .  (1976) and Oake et^ a l .  (1984) (Tab le  2 9 ) .  With r e s p e c t  

t o  Ni,  however,  t h e r e  a r e  l a r g e  d i s c r e p a n c i e s .  Dur ing t h i s  i n v e s t i g a 

t i o n ,  the  r e s p o n s e  o f  Ni to  a n a e r o b ic  d i g e s t i o n  d i f f e r e d  from t h a t  o f  

th e  o t h e r  m e ta l s  s t u d i e d  in  t h a t  no one f r a c t i o n  predominated  in 

e i t h e r  d i g e s t e d  s lu d g e .  Al though markedly  reduced  as a consequence o f  

d i g e s t i o n ,  a s i g n i f i c a n t  p r o p o r t i o n  o f  the  t o t a l  Ni ( a v e ra g in g  18.7% 

between th e  two s lu d g e s )  remained  in  th e  KNO3  f r a c t i o n .  This  f i g u r e  

i s  comparable t o  the  16.5% o f  th e  sum t o t a l  Ni found in  t h i s  f r a c t i o n  

in  d i g e s t e d  s ludges  e x t r a c t e d  by Oake e t  al_. (1984) and i s  w i th i n  the  

range  (2.5% -  27.0%) r e p o r t e d  by S tove r  e t  a l .  (1976) .
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D i s t r i b u t i o n  p a t t e r n s  obse rved  fo r  Cu, Pb and Zn d u r in g  an ae ro 

b i c  d i g e s t i o n  o f  bo th  s ludge  ty p e s  were l i t t l e  a f f e c t e d  by i n c r e a s i n g  

t o t a l  m e ta l  c o n c e n t r a t i o n s ,  th e  HNO3 , EDTA and Na^P2 0 y f r a c t i o n s  

r e s p e c t i v e l y  rem a in ing  p re -e m in e n t  th ro u g h o u t .  Accord ing to  Hayes & 

The is  (1978) ,  Zn remains  p red o m in an t ly  i n t r a c e l l u l a r  up t o  a t o t a l  Zn 

c o n c e n t r a t i o n  o f  around 400 mgl” l  ( i e .  a p p ro x im a te ly  fou r  t imes  the  

maximum c o n c e n t r a t i o n  reac hed  d u r in g  t h i s  s t u d y ) ,  a f t e r  which t h i s  

predominance  d im i n i s h e s .

In c o n t r a s t ,  d i s t r i b u t i o n  p a t t e r n s  observed  fo r  Cd and Ni were 

markedly  a f f e c t e d  by i n c r e a s i n g  t o t a l  m e ta l  c o n c e n t r a t i o n s ,  i n c r e a s e d  

p e r c e n ta g e s  o f  Cd e x t r a c t e d  by KNO3  from mixed pr im ary  d i g e s t e d  

s ludge  and Ni e x t r a c t e d  by th e  same r e a g e n t  from bo th  d i g e s t e d  s lu d g e s  

be ing  the  most s i g n i f i c a n t  e f f e c t s .  As ment ioned  p r e v i o u s l y ,  i t  i s  

l i k e l y  t h a t  KNO3  e x t r a c t s  b o th  s o l u b l e  and exchangeab le  me ta l  s p e c i e s .  

According t o  M a s s e l l i  e t  a l .  (1961) and Mosey (1971 ) ,  the  s o l u b i l i t y  

o f  heavy m e ta l s  in  a n ae ro b ic  d i g e s t e r s  i s  r e g u l a t e d  by the  s o l u b i l i t y  

p r o d u c t s  o f  t h e i r  s u lp h id e  s a l t s .  However, th e  s i g n i f i c a n t  p o s i t i v e  

c o r r e l a t i o n s  observed  between th e  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  Cd and 

Ni in bo th  HNO3  and KNO3  forms in the  mixed p r im ary  s ludge  d u r in g  t h e  

p e r i o d  of  m e ta l  a d d i t i o n  would seem t o  suppor t  th e  view o f  C a l l a n d e r  & 

B ar fo rd  (1983) t h a t  the  k e n e t i c s  o f  p r e c i p i t a t i o n  a r e  u n l i k e l y  t o  

c o n t r i b u t e  s i g n i f i c a n t l y  to  i n c r e a s i n g  the  c o n c e n t r a t i o n  o f  s o l u b l e  

m e ta l s  in an an a e ro b ic  d i g e s t e r .  I t  would a p p e a r ,  however,  t h a t  t h e  

i n c r e a s e  in  KN0 3 - e x t r a c t a b l e  forms o f  Cd in th e  mixed pr im ary  s ludge  

and o f  Ni in bo th  s ludge  ty p e s  was a s s o c i a t e d  w i th  a r e d u c t i o n ,  in 

te rms o f  p e r c e n ta g e  c o n c e n t r a t i o n ,  in  c o r r e s p o n d in g  N a ^ ^ C ^ - e x t r a c t -  

a b l e  forms.  S ince  the  a c t u a l  c o n c e n t r a t i o n s  o f  Cd and Ni p r e s e n t  in 

th e  Na4 ? 2 0 7  f r a c t i o n  in th e s e  s lu d g e s  had d e c re a s e d  a t  the  end o f  t h e  

e x p e r im e n ta l  p e r i o d ,  i t  would seem t h a t  the  r e d u c t i o n  o f  t h i s  f r a c t i o n  

in  terms o f  p e r c e n ta g e  of  t o t a l  m e ta l  was the  r e s u l t  o f  a r e l e a s e  of  

Cd and Ni t o  th e  KNO3 f r a c t i o n  r a t h e r  than  a t t a i n m e n t  o f  th e  maximum 

b in d in g  c a p a c i t y  between each  o f  t h e s e  m e ta l s  and o rg a n ic  complexing 

s i t e s .  C o n c e n t r a t i o n s  o f  Pb and Zn p r e s e n t  in  the  Na4 P2 0 y f r a c t i o n  

were g r e a t l y  enhanced in bo th  t h e  pr im ary  and mixed pr im ary  d i g e s t e d  

s lu d g e s  as t o t a l  m e ta l  c o n c e n t r a t i o n s  i n c r e a s e d .  T h e re fo re ,  i t  i s  

p o s s i b l e  t h a t  c o m p e t i t io n  by Pb and Zn fo r  com plexa t ion  s i t e s  may have 

reduced  th e  c o n c e n t r a t i o n  o f  o r g a n i c a l l y  complexed Cd and Ni,
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r e s u l t i n g  in a r e l e a s e  o f  t h e s e  m e ta l s  onto  exchange s i t e s  or  i n t o  

s o l u t i o n .  The d i s p a r a t e  e f f e c t s  observed  w i th  r e s p e c t  to  Cd f r a c 

t i o n a t i o n  in the  two s ludge  type s  as t o t a l  Cd lo a d ing  i n c r e a s e d  

s u g g e s te d  t h a t  the  Cd b in d i n g  c h a r a c t e r i s t i c s  o f  th e s e  s ludges  d i f 

f e r e d .

While i n c r e a s i n g  t o t a l  m e ta l  c o n c e n t r a t i o n s  d id  no t  a d v e r s e l y  

a f f e c t  th e  performance o f  t h e  d i g e s t e r  t r e a t i n g  pr im ary  s lu d g e ,  the  

d i g e s t e r  t r e a t i n g  mixed p r im ary  s ludge  e x h i b i t e d  p r e l i m i n a r y  s ig n s  of  

i n h i b i t i o n  as a r e s u l t  o f  heavy m e ta l  t o x i c i t y .  This  was unexpec ted  

s in c e  i n d i v i d u a l  me ta l  c o n c e n t r a t i o n s  a t t a i n e d  in  the  mixed pr im ary  

' e x p e r i m e n t a l '  d i g e s t e r  a t  th e  end of  the  p e r io d  o f  m e ta l  dos ing  were 

below r e p o r t e d  i n d i v i d u a l  t o x i c  i n h i b i t o r y  v a l u e s  (Hayes & T h e i s ,  

1978; Anthony & B re im hurs t ,  1981) .  However, l i t t l e  i n fo rm a t io n  i s  

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

a c c l i m a t i o n  e f f e c t s  fo r  com bina t ions  o f  m e ta l s  (Kugelman & Chin,  

1971).  K -v a lu e s ,  i n d i c a t i n g  th e  a d d i t i v e  e f f e c t s  o f  Cd, Cu, Ni,  Pb 

and Zn (Mosey, 1976),  were c a l c u l a t e d  (by d e l e t i o n  o f  the  Cd te rm as 

pH v a l u e s  were above pH 7 .2 )  a t  th e  end o f  m e ta l  dos ing  to  be 160 and 

149 meqkg- ! fo r  the  ' e x p e r i m e n t a l '  d i g e s t e r s  r e c e i v i n g  mixed pr im ary  

and pr im ary  s ludge  r e s p e c t i v e l y .  The s i m i l a r i t y  o f  t h e s e  v a l u e s  

would tend  to  imply t h a t  no s i g n i f i c a n t  d i f f e r e n c e  in meta l  t o x i c i t y  

shou ld  be p r e s e n t .  In a d d i t i o n ,  bo th  a r e  s i g n i f i c a n t l y  l e s s  th an  the  

K-value  proposed  by Mosey (1976) t o  be i n d i c a t i v e  o f  p o t e n t i a l  

d i g e s t e r  f a i l u r e  i e .  400 meqkg” ^. I t  would th us  appea r  t h a t  the  i n h i 

b i t e d  d i g e s t i o n  o f  the  mixed pr im ary  s ludge  cannot  be e x p l a in e d  by 

t o t a l  m e ta l  c o n c e n t r a t i o n s  a l o n e .

The most pronounced d i f f e r e n c e  between th e  two s ludges  in terms 

o f  m e ta l  f r a c t i o n a t i o n  was th e  c o n c e n t r a t i o n  o f  Cd p r e s e n t  in  th e  KNO3 

f r a c t i o n .  At the  end o f  m e ta l  d o s in g ,  0 .12  mgl” l o f  Cd was e x t r a c t e d  

by KNO3  from th e  mixed pr im ary  s lu d g e ,  which r e p r e s e n t s  app ro x im a te ly  

f i v e  t imes  th e  c o n c e n t r a t i o n  e x t r a c t e d  by t h i s  r e a g e n t  from th e  p r i 

mary s lu d g e .  Although n o t  de te rm ined  e x p e r i m e n t a l l y ,  i t  i s  p o s s i b l e  

t h a t  s o l u b l e  Cd in  th e  mixed pr im ary  s ludge  may have reac hed  the  

t h r e s h o l d  i n h i b i t o r y  c o n c e n t r a t i o n  of  0 .02  mgl" l  (Mosey, 1971; Anthony 

& B re im h u rs t ,  1981).  Such i n h i b i t i o n  dem o n s t r a te s  t h a t  o p e r a t i o n  of
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the  d i g e s t i o n  p ro ces s  can i t s e l f  be a v a l u a b l e  s a f e g u a rd  a g a i n s t  heavy 

m e ta l  con tam ina ted  sewage s lu d g e s  be ing  sp read  on land i n a d v e r t e n t l y .

The d a t a  o b ta in e d  from s e q u e n t i a l  chem ical  e x t r a c t i o n  i n d i c a t e d  

t h a t  s t a b i l i s a t i o n  o f  m e ta l  forms in  sewage s lu d g e s  occurs  as  a r e s u l t  

o f  a n a e ro b ic  d i g e s t i o n .  Hence i t  fo l lows  t h a t  heavy m e ta l s  p r e s e n t  in 

sewage s ludge  d i s p o s e d  o f  t o  land  would be o f  l e s s  immediate concern  

f o l l o w in g  an a e ro b ic  d i g e s t i o n .  However, th e  observed  i n f l u e n c e  of  

bo th  t o t a l  m e ta l  c o n c e n t r a t i o n  and s ludge  c h a r a c t e r i s t i c s  on meta l  

s p e c i a t i o n ,  p a r t i c u l a r l y  w i th  r e s p e c t  t o  Cd and Ni,  emphasises  the  

n e c e s s i t y  f o r  c o n s i d e r a t i o n  o f  a l l  t h r e e  f a c t o r s  in  the  e f f i c i e n t  

t r e a t m e n t  and s a f e  d i s p o s a l  o f  sewage s lu d g e s .

S e q u e n t i a l  e x t r a c t i o n  o f  Cd, Cu, Ni,  Pb and Zn p r e s e n t  in  the  

v a r i o u s  sewage s ludges  i n v e s t i g a t e d  d u r in g  t h i s  s tudy  r e v e a l e d  t h a t  

t h e s e  m e ta l s  were p redom inan t ly  a s s o c i a t e d  w i th  the  i n s o l u b l e  phase ,  

in  agreement w i th  th e  f i n d i n g s  o f  Gould & G e n e t e l l i  (1978a) and L e g re t  

e t  a l . (1983 ) .  Such a s s o c i a t i o n s  were v e r i f i e d  fo r  Cd, Cu and Pb 

u s in g  membrane f i l t r a t i o n ,  in  excess  of  90% o f  th e  t o t a l  Cd c o n t e n t  

and 99% of  th e  t o t a l  Cu and Pb c o n t e n t  o f  th e  s ludges  s t u d i e d  be ing  

r e t a i n e d  by a 0 . 2 2  ym f i l t e r .

Using e l u t r i a t i o n  and f i l t r a t i o n ,  Gould & G e n e t e l l i  (1975) 

i n v e s t i g a t e d  the  i n s o l u b l e  phase d i s t r i b u t i o n  o f  heavy m e ta l s  in a 

d i g e s t e d  s ludge  and found in  exce ss  o f  90% of  each me ta l  s t u d i e d  t o  be 

a s s o c i a t e d  w i th  p a r t i c l e s  exceed ing  1 0 0  ym in  d i a m e te r ,  which 

comprised a s i m i l a r  p e r c e n t a g e  o f  th e  t o t a l  s ludge  s o l i d s .  Dur ing the  

c u r r e n t  i n v e s t i g a t i o n ,  e xam ina t ion  o f  th e  p a r t i c l e  s i z e  d i s t r i b u t i o n s  

o f  Cd, Cu and Pb p r e s e n t  in  the  i n s o l u b l e  phase o f  raw, a c t i v a t e d  and 

d i g e s t e d  s lu d g e s  c o l l e c t e d  from the  same sewage t r e a tm e n t  works i n d i 

ca t e d  t h a t  th e  major  p r o p o r t i o n  o f  each m e ta l  was a t t r i b u t e d  t o  the  

s i z e  range  0 . 2 2  t o  1 0 0  ym, c o i n c i d e n t  w i th  the  t o t a l  s o l i d s  d i s t r i b u 

t i o n .  While m e ta l s  in the  a c t i v a t e d  and d i g e s t e d  s ludges  e x h i b i t e d  a 

p r e f e r e n t i a l  a s s o c i a t i o n  w i th  p a r t i c l e s  in  th e  s i z e  f r a c t i o n  1 0  t o  1 0 0  

ym, a s s o c i a t i o n s  w i th  p a r t i c l e s  o f  0 . 2 2  t o  1 0  ym were o f  r e l a t i v e l y  

g r e a t e r  impor tance  in  the  raw s lu d g e .  These m e ta l  d i s t r i b u t i o n s  s im i 

l a r l y  r e f l e c t e d  c o r r e s p o n d in g  t o t a l  s o l i d s  d i s t r i b u t i o n s ,  d i f f e r e n c e s
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between the  s o l i d s  d i s t r i b u t i o n  observed  in  th e  raw s ludge  and those 

observed  in  th e  a c t i v a t e d  and d i g e s t e d  s lu d g es  i n d i c a t i n g  t h a t  

i n c r e a s e d  homogeneity was c o n f e r r e d  by t h e s e  t r e a t m e n t  p r o c e s s e s .  The 

c o r r e l a t i o n s  observed  between the  Cd, Cu and Pb c o n c e n t r a t i o n s  and 

c o r r e s p o n d in g  t o t a l  s o l i d s  c o n c e n t r a t i o n s  o f  bu lk  samples and f i l t r a 

t e s  f o r  each s ludge  ty pe  f u r t h e r  i n d i c a t e d  a c l o s e  a s s o c i a t i o n  between 

t h e s e  m e ta l s  and p a r t i c u l a t e  m a t t e r .

Although f i l t r a t i o n  th rough  a s e r i e s  o f  f i l t e r  pore  s i z e s  p ro 

v id e s  a comprehensive s p e c i a t i o n  o f  p a r t i c u l a t e  forms o f  heavy m e t a l s ,  

th e  a c t u a l  d i f f e r e n t i a t i o n  between p h y s i c a l  ty pes  i s  d i f f i c u l t  

( S t e r r i t t  & L e s t e r ,  1984b).  However, u t i l i s a t i o n  o f  t h i s  s e p a r a t i o n  

t e c h n iq u e  in  combination  w i th  i o n - s e l e c t i v e  e l e c t r o d e  p o t e n t io m e t r y  

p ro v id ed  a q u a n t i t a t i v e  a s ses sm en t  o f  the  c h a r a c t e r i s t i c s  o f  the  

complexes formed between heavy m e ta l s  and s ludge  s o l i d s  o f  v a ry in g  

p a r t i c l e  s i z e .  Of the  t h r e e  m e ta l s  s t u d i e d ,  Cu was th e  on ly  one 

observed  to  form complexes w i th  s o l u b l e  l i g a n d s .  C o n d i t i o n a l  s t a b i 

l i t y  c o n s t a n t s  ( lo g  K ' i  and log  K ^ )  o b t a in e d  f o r  com plexa t ion  between 

Cu and d i s s o l v e d  a c t i v a t e d  s ludge  p a r t i c l e s  compare w e l l  w i th  those  

p r e v i o u s l y  de te rmined  f o r  Cu complexat ion  w i th  a c t i v a t e d  s ludge  e x t r a 

c e l l u l a r  polymers by Rudd £ t  a l .  (1983) (Table  31 ) ,  s u g g e s t i n g  t h a t  

e x t r a c e l l u l a r  polymers predominated  in th e  s o l u b l e  phase com plexa t ion  

o f  t h i s  m e t a l .  S i m i l a r l y ,  s t a b i l i t y  c o n s t a n t s  de te rm ined  fo r  Cu 

com plexa t ion  w i th  d i s s o l v e d  raw s ludge  p a r t i c l e s  a r e  comparable to  

t h o s e  o b t a in e d  fo r  f u l v i c  a c i d  e x t r a c t e d  from d i g e s t e d  s ludge  by 

S t e r r i t t  & L e s t e r  (1984c) ,  a l th o u g h  th e  v a lu e s  r e p o r t e d  by th e s e  

a u t h o r s  a r e  lower than  th o s e  de te rm ined  f o r  Cu complexes in  the  

s o l u b l e  phase o f  the  d i g e s t e d  s ludge  i n v e s t i g a t e d .  The lower pH a t  

which S t e r r i t t  & L e s t e r  (1984c) conducted  t h e i r  exper im en t s  (Tab le  31) 

may be r e s p o n s i b l e  fo r  t h i s  d i s c r e p a n c y ,  however,  s i n c e  the  pKa o f  the  

l i g a n d  and the  pH o f  th e  system a f f e c t  th e  p o t e n t i a l  a v a i l a b i l i t y  of  

s i t e s  on th e  l i g a n d  (Tan et^ al_. , 1971; Gould & G e n e t e l l i ,  1978b),  

e s p e c i a l l y  t h o s e  of  a h e t e ro g e n e o u s  n a t u r e  such as a r e  d e r i v e d  from 

sewage.  While v i s i b l e  p r e c i p i t a t i o n  p re v e n te d  d e r i v a t i o n  o f  complexa

t i o n  p a ram e te r s  fo r  s o l u b l e  Pb complexes ,  Cd appeared  to  predominate  

in  s o l u t i o n  in the  f r e e  c a t i o n i c  form. L i t e r a t u r e  r e l a t i n g  t o  the  

n a t u r e  o f  s o l u b l e  Cd s p e c i e s  in sewage s lu d g es  i s  s c a r c e ,  b u t  th e  f r e e



Table 31 Conditional stability constants for complexes formed between some organic ligands and metals

Ligand
Log K']

Cd
Log K'2 Log K*

Cu
1 Log K*2 Log K»

Pb
1 Log K»2

pH Reference

Digested sludge 
sol ids

5.19 - 4.67 - - - 7.0 Gould & Genetelli 
(1978a)

Activated sludge 
extracellular polymer

6.52 4.77 8.32 6.71 - - 7.0 Rudd et al. 
(1983)

Digested sludge 
fulvic acid

4.70 3.80 6.51 5.10 6.30 5.40 6.5 Sterritt & Lester 
(1984c)

Activated sludge 
sol ids

- - 7.10 - 6.30 5.50 7.0 Sterritt & Lester 
(1985)
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c a t i o n i c  form has  o f t e n  been found to  p redominate  in  the  s o l u t i o n  

phase o f  sewage sludge-amended s o i l s  (Mahler  et^ a l .  , 1980; B u t t e rw o r th  

& Alloway,  1981; M a t t ig o d ,  1981).  The d i f f e r e n t  forms in  which Cd and 

Cu appea r  t o  p redominate  in  the  s ludge  s o l u b l e  phase s u g g e s t s  t h a t  Cd 

i s  l i k e l y  t o  be th e  most  a v a i l a b l e  f o r  up take  by p l a n t s  fo l low ing  

s ludge  d i s p o s a l .

The a s s o c i a t i o n  o f  m e ta l s  w i th  s ludge  s o l i d s  i s  o f t e n  s t u d i e d  

a f t e r  th e  removal o f  th e  ind igenous  s o l u b l e  l i g a n d s  from th e  s ludge  

sample (Gould & G e n e t e l l i ,  1978a; S t e r r i t t  & L e s t e r ,  1985) .  S t a b i l i t y  

c o n s t a n t  v a lu e s  o b ta in e d  f o r  Cd com plexat ion  in  ' i n t a c t 1 bu lk  samples 

o f  raw, a c t i v a t e d  and d i g e s t e d  s ludge  were s i m i l a r  t o  the  va lue  

o b t a in e d  fo r  Cd com plexa t ion  w i th  d i g e s t e d  s ludge  s o l i d s  by Gould & 

G e n e t e l l i  (1978a) .  Th is  would seem t o  s u b s t a n t i a t e  th e  f i n d i n g  t h a t  

s o l u b l e  s ludge  l i g a n d s  do no t  p a r t i c i p a t e  in Cd com plexa t ion  t o  any 

g r e a t  e x t e n t .  However, log  K' v a l u e s  de te rmined  f o r  Cu and Pb in ' i n 

t a c t '  bu lk  samples o f  a c t i v a t e d  s ludge  were a p p ro x im a te ly  t h r e e  o r d e r s  

o f  magni tude h ig h e r  than  th o s e  found by S t e r r i t t  & L e s t e r  (1985) 

f o r  complexes formed between t h e s e  m e ta l s  and a c t i v a t e d  s ludge  s o l i d s ,  

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

t h e  o v e r a l l  c a p a c i t y  o f  a c t i v a t e d  s ludge  to  complex bo th  Cu and Pb. 

S ince  th e  e q u i l i b r i u m  between com plexa t ion  by s o l u b l e  and p a r t i c u l a t e  

s ludge  l i g a n d s  may be an im p o r tan t  r e g u l a t o r y  f a c t o r  in  the  u l t i m a t e  

b eh av io u r  o f  heavy m e ta l s  in  th e  r e c e i v i n g  env i ronm en t ,  s e p a r a t e  

i n v e s t i g a t i o n  o f  t h e s e  two phases  would no t  appea r  t o  be t o t a l l y  

r e a l i s t i c .

The c a p a c i t i e s  o f  the  raw and d i g e s t e d  s lu d g es  t o  complex a l l  

t h r e e  m e ta l s  s t u d i e d ,  in  terms o f  u n i t  mass o f  s o l i d s ,  g e n e r a l l y  

d e c re a se d  wi th  i n c r e a s i n g  p a r t i c l e  s i z e ,  s u g g e s t i n g  a s u r f a c e - a r e a  

e f f e c t .  C onverse ly ,  th e  com plexa t ion  c a p a c i t y  o f  t h e  a c t i v a t e d  s ludge  

f o r  t h e s e  m e t a l s ,  p a r t i c u l a r l y  f o r  Cu, te nded  t o  i n c r e a s e  w i th  

i n c r e a s i n g  p a r t i c l e  s i z e ,  i n d i c a t i n g  t h a t  m e ta l  b i n d i n g  in  t h i s  m a t r i x  

may n o t  be e n t i r e l y  a s u r f a c e - a r e a  r e l a t e d  phenomenon. The low [ L ' j J  

v a l u e s  o b ta in e d  fo r  Cu com plexa t ion  in  th e  10 and 0 .22  ym f i l t r a t e s  

s u g g e s t s  t h a t  some degree  o f  s i t e  s p e c i f i c i t y  occurs  in  the  complexa

t i o n  of  t h i s  m e ta l  w i th  a c t i v a t e d  s ludge  p a r t i c l e s  o f  l e s s  than  1 0  ym.
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R e s u l t s  g e n e r a l l y  i n d i c a t e d  the  r e l a t i v e l y  g r e a t e r  impor tance  o f  p a r 

t i c l e s  in e x c e ss  o f  10 ym in Cd, Cu and Pb b in d in g  in a c t i v a t e d  

s lu d g e ;  such p a r t i c l e s  a r e  l i k e l y  t o  be in the  form o f  b a c t e r i a l  f l o e s  

(Hawkes, 1983).  Kempton et: a_l. (1983) dem ons t ra ted  t h a t  a c t i v a t e d

s ludge  biomass exceeds  2 0  ym in d i a m e te r .

The s t a b i l i t i e s  o f  Cu and Pb complexes in  bo th  raw and a c t i 

v a t e d  s ludge  were g r e a t e r  than  th o s e  o f  Cd, g e n e r a l l y  r e f l e c t i n g  the  

r e l a t i v e  removal  o f  t h e s e  t h r e e  m e ta l s  d u r in g  sewage t r e a tm e n t  

( L e s t e r ,  1983).  Anaerobic  d i g e s t i o n  d id  no t  appear  t o  a f f e c t  t h i s

r a n k in g .  S t e r r i t t  & L e s t e r  (1984c) s i m i l a r l y  found t h a t  complexes 

formed between Cd and the  s o l u b l e  f u l v i c  a c i d  f r a c t i o n  o f  an a n a e r o b i 

c a l l y  d i g e s t e d  s ludge  were l e s s  s t a b l e  than  th o se  formed between Cu 

and Pb and th e  same l i g a n d  (Tab le  3 1 ) .  Cadmium e x h i b i t e d  s i m i l a r  

v a l u e s  o f  log  K' and [L ' ]  in  a l l  t h r e e  s ludge  ty p e s ,  i n d i c a t i n g  the  

a s s o c i a t i o n  o f  t h i s  meta l  w i th  s i m i l a r  b in d in g  s i t e s  in  each m a t r i x .  

However, log  K' v a lu e s  o b ta in e d  f o r  Cu and Pb were found to  v a ry  b e t 

ween th e  s ludge  ty p e s ,  in  the  o r d e r :  a c t i v a t e d  > d i g e s t e d  > raw. This 

r a n k in g  f u r t h e r  em phas ises  the  c o n c lu s io n  drawn from s e q u e n t i a l  

e x t r a c t i o n  r e g a r d i n g  the  n e c e s s i t y  fo r  d i g e s t i n g  raw s ludge  p r i o r  to  

d i s p o s a l  in  o r d e r  to  c o n t r o l  the  m o b i l i t y  and env i ronm en ta l  d i s p e r s i o n  

o f  c o n s t i t u e n t  heavy m e t a l s .

The p h y s i c a l  and chemica l  s p e c i a t i o n  t e c h n iq u e s  i n v e s t i g a t e d  

g e n e r a l l y  i n d i c a t e d  t h a t  Cu and Pb p r e v a i l  in sewage s lu d g e s  in more 

s t a b l e  forms than  Cd, Ni or  Zn. Hence,  the  former two m e ta l s  a r e  

l i k e l y  to  e x h i b i t  l e s s  r e a c t i v i t y  tha n  the  l a t t e r  t h r e e  w i th  r e g a r d  to  

p l a n t  up take  fo l l o w in g  land  d i s p o s a l .  This  i s  o f  p a r t i c u l a r  concern  

w i th  r e s p e c t  t o  Cd, due t o  t h e  a b i l i t y  o f  t h i s  m e ta l  to  e n t e r  and 

accumula te  in  th e  human food ch a in  (Davis & Coker,  1980; Logan & 

F e l t z ,  1985).

S e q u e n t i a l  chemical  e x t r a c t i o n ,  p r o g r e s s i v e  a c i d i f i c a t i o n  and 

p a r t i c l e  s i z e  f r a c t i o n a t i o n  used in  c o n j u n c t io n  w i th  i o n - s e l e c t i v e  

e l e c t r o d e  p o t e n t i o m e t r y  appea r  t o  have much p o t e n t i a l  as r e s e a r c h  

methods o f  c h a r a c t e r i s i n g  heavy m e ta l s  in s ludges  and o f  e v a l u a t i n g  

bo th  t h e i r  s h o r t  and long term b i o a v a i l a b i l i t y  and m o b i l i t y .  However,
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l i m i t a t i o n s  imposed by i n t e r f e r e n c e s ,  s e l e c t i v i t y  and s e n s i t i v i t y  

c u r r e n t l y  p r o h i b i t  the  use  o f  t h e s e  t e c h n iq u e s  on a r o u t i n e  b a s i s .  A 

major  r e s t r i c t i o n  o f  s e q u e n t i a l  e x t r a c t i o n ,  f o r  example,  i s  the  

a p p a re n t  n o n - s e l e c t i v e  n a t u r e  o f  some o f  th e  component r e a g e n t s .  

C l e a r l y ,  u n t i l  t h e  n a t u r e  o f  the  m e ta l  forms e x t r a c t e d  a r e  e m p i r i c a l l y  

d e f i n e d ,  p o s s i b l y  th rough  u t i l i s a t i o n  o f  model s p e c i e s  or  phases  

(S to v e r  e_t al_. , 1976; Rapin & F o r s t n e r ,  1983; M e g u e l l a t i  et_ a l . ,

1983),  they  can only  be o p e r a t i o n a l l y  d e f in e d  in  te rms o f  the  e x t r a c 

t a n t s  used .  With improved d e f i n i t i o n  o f  e x t r a c t e d  m e ta l  forms and 

s t a n d a r d i s a t i o n  o f  th e  e x t r a c t i o n  scheme, however,  t h i s  t e c h n iq u e  

cou ld  prove t o  be s u i t a b l e  fo r  r o u t i n e  s p e c i e s  i d e n t i f i c a t i o n .

D e s p i t e  th e  r e c o g n i s e d  l i m i t a t i o n s  of  th e  t e c h n iq u e s  used in 

t h i s  s tudy  t o  c h a r a c t e r i s e  heavy m e ta l s  in  sewage s ludge  m a t r i c e s ,  the  

impor tance  o f  t h i s  concep t  in  terms o f  p r e d i c t i n g  th e  behav iou r  o f  

heavy m e ta l s  fo l l o w in g  s ludge  d i s p o s a l  makes such approaches  e s s e n 

t i a l .  F u r t h e r  development o f  t h e s e  t e c h n iq u e s  w i l l  l e ad  t o  an

asses sm en t  o f  s ludge  d i s p o s a l  g u i d e l i n e s  based on m e ta l  form r a t h e r  

than  t o t a l  m e t a l .
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6 . CONCLUSIONS

6.1  The p r o f i l e s  o b ta in e d  f o r  a range  o f  d o m e s t i c / i n d u s t r i a l  sewage

s lu d g es  s u b j e c t e d  t o  s e q u e n t i a l  chemica l  e x t r a c t i o n  and 

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

m e ta l s  b u t  e s s e n t i a l l y  independen t  o f  s ludge  ty p e .

6 .2  Dr ied  and l i q u i d  forms o f  s ludges  d i f f e r e d  in  t h e i r  r e s p o n s e  to  

s e q u e n t i a l  e x t r a c t i o n  and p r o g r e s s i v e  a c i d i f i c a t i o n ,  b u t  the  

former p rov ided  b e t t e r  r e p r o d u c i b i l i t y  and e a s e  o f  h a n d l in g .

6 .3  Accord ing t o  s e q u e n t i a l  chemica l  e x t r a c t i o n ,  th e  major  o p e r a t i 

o n a l l y - d e f i n e d  forms in  which each m e ta l  o ccu r red  in  the  

s lu d g es  were HN0 3 - e x t r a c t a b l e  fo r  Cu, ED TA-extrac tab le  f o r  Cd 

and Ni and N a ^ ^ O y - e x t r a c t a b l e  fo r  Pb and Zn. N icke l  predomi

n a t e d  over  th e  o th e r  fo u r  m e ta l s  in i t s  o c c u r re n c e  in th e  KNO3 

f r a c t i o n ,  implying t h a t  i t  would be the  most r e a d i l y  a v a i l a b l e  

fo r  p l a n t  u p ta k e .

6 .4  T h resho ld  pH v a l u e s  below which m e ta l s  were s i g n i f i c a n t l y  

s o l u b i l i s e d  in l i q u i d  s lu d g es  were pH 2 .0  f o r  Cd and Pb and pH 

4 .0  f o r  Zn. Copper d i s p l a y e d  n e g l i g i b l e  s o l u b i l i t y  and Ni,  

a l th o u g h  s o l u b i l i s e d ,  e x h i b i t e d  no c l e a r  pH t h r e s h o l d .  D r ied  

forms o f  t h e  same s ludges  had th r e s h o l d s  o f  pH 4 .0  -  2 .0  f o r  

Cu, pH 4 .0  f o r  Cd and Pb, pH 6 .0  fo r  Zn and s i m i l a r l y  no quan

t i f i a b l e  t h r e s h o l d  v a l u e  f o r  Ni.

6 .5  I n v e s t i g a t i o n  of  th e  changes  in me ta l  form in th e  s ludge  r e s i 

dues f o l l o w in g  a c i d i f i c a t i o n  i n d i c a t e d  t h a t  Cu, Cd and Pb s p e -  

c i a t i o n  was r e l a t i v e l y  c o n s t a n t  a t  pH v a lu e s  above 4 .0  whereas 

t h a t  o f  Zn and Ni was l i k e l y  to  become l e s s  s t a b l e  a t  pH v a l u e s  

below am bien t .

6 . 6  L a b o r a t o r y - s c a l e  an a e ro b ic  d i g e s t e r s  o p e r a t i n g  on a feed  o f  

p r im ary  s ludge  were found to  be more e f f i c i e n t  th an  th o s e  

o p e r a t i n g  on a feed  o f  mixed pr im ary  s ludge  under s i m i l a r  v o l a 

t i l e  s o l i d  l o a d in g s .

6 .7  Accord ing t o  s e q u e n t i a l  chem ical  e x t r a c t i o n ,  th e  major  forms of  

m e ta l s  in p r im ary  and mixed pr im ary  raw s lu d g es  were Na^P2 0 y -  

e x t r a c t a b l e  fo r  Cd, Pb and Zn, EDTA -  e x t r a c t a b l e  fo r  Cu and 

both  KNO3 -  e x t r a c t a b l e  and r e s i d u a l  forms fo r  Ni.
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6 . 8  Both s ludge  types  e x h i b i t e d  s i m i l a r  t r a n s i t i o n s  in m e ta l  

d i s t r i b u t i o n s  fo l l o w in g  a n a e ro b ic  d i g e s t i o n .  In g e n e r a l ,  t h e r e  

was a s h i f t  away from th e  m o r e - e a s i l y  e x t r a c t a b l e  forms which 

predomina ted  in  the  raw s lu d g e s  towards th e  l e s s - r e a d i l y  

e x t r a c t a b l e  p r e c i p i t a t e d  forms.  This  was p a r t i c u l a r l y  e v i d e n t  

w i th  r e s p e c t  t o  Cd and Pb, which predominated  in  the  d i g e s t e d  

s ludges  as ED TA-extrac tab le  forms,  and fo r  Cu, fo r  which 

HN0 3 ~ e x t r a c t a b l e  forms were p re - e m in e n t .  Z inc ,  however,  

remained e s s e n t i a l l y  in  N a ^ ^ O y e x t r a c t a b l e  forms w hi le  Ni was 

d i s t r i b u t e d  ev en ly  among th e  f r a c t i o n s .

6 .9  D i s t r i b u t i o n  p a t t e r n s  observed  fo r  Cu, Pb and Zn d u r in g  anae ro 

b ic  d i g e s t i o n  o f  bo th  s lu d g e  types  were l i t t l e  a f f e c t e d  by 

i n c r e a s i n g  t o t a l  m e ta l  c o n c e n t r a t i o n s ,  in  c o n t r a s t  t o  th o s e  

observed  fo r  Cd and Ni.  I n c r e a s e d  p e rc e n ta g e s  o f  Ni p r e s e n t  in 

the  KNC>3 - e x t r a c t a b l e  f r a c t i o n  in both  d i g e s t e d  s ludges  and o f  

Cd in mixed pr im ary  d i g e s t e d  s ludge  were the  most s i g n i f i c a n t  

e f f e c t s  o f  i n c r e a s e d  t o t a l  m e ta l  c o n c e n t r a t i o n s .  The d i s p a r a t e  

e f f e c t s  obse rved  w i th  r e s p e c t  to  Cd f r a c t i o n a t i o n  in the  two 

s ludge  types  as t o t a l  Cd lo a d in g  in c r e a s e d  sugges ted  t h a t  th e  

s ludges  p o s se s s e d  d i f f e r e n t  b in d i n g  c h a r a c t e r i s t i c s  w i th  r e g a r d  

t o  Cd.

6 .10  In c r e a s e d  m e ta l  c o n c e n t r a t i o n s ,  a l th o u g h  below i n d i v i d u a l  

and cum ula t ive  i n h i b i t o r y  c o n c e n t r a t i o n s ,  r e s u l t e d  in i n h i b i 

t i o n  o f  t h e  a n a e ro b ic  d i g e s t i o n  of  mixed pr im ary  s lu d g e .  

C o n s id e r a t i o n s  o f  i n h i b i t o r y  c o n c e n t r a t i o n s  should  t h e r e f o r e  

in c lu d e  an asses sm en t  o f  m e ta l  form.

6.11  P a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  Cd, Cu and Pb in raw, a c t i v a t e d  

and d i g e s t e d  sewage s lu d g es  were dem ons t ra ted  to  be c o r r e l a t e d  

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

v a r i a t i o n s  were a p p a re n t  in  th e  d i s t r i b u t i o n s  o f  t h e s e  m e ta l s  

a c c o rd in g  to  s ludge  ty p e ,  th e  major  p r o p o r t i o n  o f  each m e ta l  in 

each  s ludge  i n v e s t i g a t e d  was a t t r i b u t e d  t o  t h e  s i z e  range  0 . 2 2  

t o  100 ym, c o i n c i d e n t  w i th  the  t o t a l  s o l i d s  d i s t r i b u t i o n s .  The 

in f l u e n c e  o f  bo th  the  s i z e  and c o n c e n t r a t i o n  o f  s ludge  p a r 

t i c l e s  on heavy m e ta l  d i s t r i b u t i o n  was t h e r e f o r e  dem o n s t r a ted .

6 .1 2  P a r t i c l e  s i z e  was a l s o  observed  to  i n f l u e n c e  the  c o n d i t i o n a l  

s t a b i l i t y  c o n s t a n t  and com plexa t ion  c a p a c i t y  v a lu e s  de te rmined
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6 .13

6 .14

6.15

6.16

6.17

fo r  com plexa t ion  of  Cd, Cu and Pb by raw, a c t i v a t e d  and 

d i g e s t e d  s ludge  s o l i d s  u s in g  t i t r a t i o n  in  combination  w i th  

i o n - s e l e c t i v e  e l e c t r o d e  p o t e n t i o m e t r y .  In raw and d i g e s t e d  

s lu d g e s ,  a l l  t h r e e  m e ta l s  g e n e r a l l y  e x h i b i t e d  an i n c r e a s e  in 

complex s t a b i l i t y  bu t  a r e d u c t i o n  in  com plexa t ion  c a p a c i t y ,  in  

terms o f  u n i t  mass o f  s o l i d s ,  w i th  i n c r e a s i n g  p a r t i c l e  s i z e .  

With r e s p e c t  t o  a c t i v a t e d  s lu d g e ,  s t a b i l i t y  c o n s t a n t  and 

com plexa t ion  c a p a c i t y  d a t a  i n d i c a t e d  a p r e f e r e n t i a l  a s s o c i a t i o n  

of  each m e ta l  w i th  p a r t i c l e s  exceed ing  1 0  ym in  d i a m e te r .

Of the  t h r e e  m e ta l s  i n v e s t i g a t e d  us ing  i o n - s e l e c t i v e  e l e c t r o d e  

p o t e n t i o m e t r y ,  only  Cu was found t o  form complexes w i th  s o l u b l e  

s ludge  l i g a n d s .

The s t a b i l i t i e s  o f  complexes formed in  raw, a c t i v a t e d  and 

d i g e s t e d  s ludges  were in th e  o r d e r :  Cu>Pb>Cd. Cadmium e x h i 

b i t e d  s i m i l a r  com plexa t ion  p a ram ete r  v a l u e s  in each s ludge  

ty p e ,  w h i l e  Cu and Pb formed complexes o f  r e l a t i v e l y  g r e a t e r  

s t a b i l i t i e s  in  a c t i v a t e d  and d i g e s t e d  s ludges  as opposed to  raw 

s lu d g e .

The p h y s i c a l  and chemical  t e c h n iq u e s  used t o  f r a c t i o n a t e  and 

c h a r a c t e r i s e  heavy m e ta l s  in v a r i o u s  ty pes  o f  sewage s ludge  

g e n e r a l l y  dem ons t ra ted  th e  p r e v a l a n c e  o f  Cu and Pb in more 

s t a b l e  a s s o c i a t i o n s  w i t h i n  t h i s  m a t r ix  than  e i t h e r  Cd, Ni or  

Zn. Hence,  th e  former two m e ta l s  would be ex p ec ted  t o  e x h i b i t  

l e s s  r e a c t i v i t y  than  th e  l a t t e r  t h r e e  w i th  r e g a r d  to  t h e i r  

a v a i l a b i l i t y  t o  p l a n t s  f o l l o w in g  land  d i s p o s a l .

In a d d i t i o n ,  such p ro ced u res  emphasised th e  n e c e s s i t y  f o r  

a n a e r o b i c a l l y  d i g e s t i n g  raw s ludge  p r i o r  t o  d i s p o s a l  in o rd e r  

to  s t a b i l i s e  m e ta l  forms and hence  modera te t h e i r  env i ronm en ta l  

im p a c t .

Although th e  te c h n iq u e s  i n v e s t i g a t e d  appea red  t o  have much 

p o t e n t i a l  as  r e s e a r c h  t o o l s  f o r  c h a r a c t e r i s i n g  heavy m e ta l s  in  

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

use on a r o u t i n e  b a s i s .  However, f u r t h e r  development o f  t h e s e  

t e c h n i q u e s ,  in r e s p e c t  o f  improved d e f i n i t i o n  and s t a n d a r 

d i s a t i o n ,  w i l l  le ad  to  an assessm en t  o f  d i s p o s a l  g u i d e l i n e s  

based on m e ta l  form r a t h e r  than  t o t a l  m e ta l .
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8 . APPENDICES 

Appendix I

The formula  developed  by Mosey (1976) t o  c a l c u l a t e  th e  t o t a l  

m e ta l  load  o f  a d i g e s t i n g  s lu d g e  (K) was:

Zn + Ni + Pb + Cd + 0 .67  Cu

K = 32 .7  29 .4  103.6 56.2________ 31.8  meq kg” 1

s o l i d s  c o n c e n t r a t i o n

where Zn, Ni,  Pb, Cd and Cu a r e  the  c o n c e n t r a t i o n s  o f  t h e s e  m e ta l s  

e x p re s s e d  as mgl"1 ; 3 2 .7 ,  2 9 . 4 ,  103 .6 ,  56 .2  and 31 .8  a r e  th e  e q u iv a 

l e n t  w e igh t s  o f  th e  r e s p e c t i v e  m e ta l s  when in th e  d i v a l e n t  s t a t e ;  0 .67  

i s  a f a c t o r  t o  a l low  fo r  th e  p a r t i a l  r e d u c t i o n  o f  Cu to  t h e  cuprous  

s t a t e  and ' s o l i d s  c o n c e n t r a t i o n '  i s  the  dry  s o l i d s  c o n t e n t  o f  the

d i g e s t e d  s ludge  ex p re s s e d  as k g l - 1 .

This  e q u a t io n  assumes th e  pH v a l u e  o f  th e  d i g e s t i n g  s ludge  to  

be in th e  range  6 .9  t o  7 .3 .  However, i f  th e  pH v a l u e  i s  above 7 .2  th e

term f o r  Cd i s  d e l e t e d  and i f  above 7 .7 ,  t h a t  f o r  Zn i s  a l s o  d e l e t e d

(Mosey, 1976).



Appendix I I  

Table  32 P e rcen tage  t o t a l  me ta l  c o n t e n t  o f  th e  s u p e r n a t a n t s  decan ted  from 
l i q u i d  s ludge  samples p r i o r  to  s e q u e n t i a l  chemical  e x t r a c t i o n

Sludge
Sample

Metal  Content  (% t o t a l )
Cd Cu Ni Pb Zn

R1 3.12 1.81 16.7 1.13 1.74

R2 3.14 2.49 1 2 . 0 1.85 1.32

A3 3.41 2.34 3.33 1.49 2.41

A4 0.92 2.69 6 . 8 8 1.05 1.23

D5 *1.80 1.44 3.96 0 .70 1.14

D6 2.36 2.58 5.61 1.26 1.36

D7 3.00 5.76 5.02 3.55 2.04

* Means of f i v e  r e p l i c a t e s , d a t a  fo r  o t h e r  s ludges be ing  means of  t h r e e  r e p l i -
c a t e s
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A p p e n d i x  I I I

T a b l e  3 3  P e r c e n t a g e  t o t a l  m e t a l  c o n t e n t  e x t r a c t e d  f r o m  d r i e d  s a m p l e s  o f  r a w  ( R ) ,  a c t i v a t e d  
( A )  a n d  d i g e s t e d  ( D )  s l u d g e s  s u b j e c t e d  t o  p r o g r e s s i v e  a c i d i f i c a t i o n  a n d  s u b 
s e q u e n t  s e q u e n t i a l  c h e m i c a l  e x t r a c t i o n

M e t a l E x t r a c t a n t pH 4 . 0
R2
2 . 0 0 . 5 4 . 0

M e t a l  E x t r a c t e d  
A4
2 . 0  0 . 5  4 . 0

( Z )
D5
2 . 0 0 . 5 4 . 0

D6

2 . 0 0 . 5

KNO3 1 . 6 31 4 0 2 2 36 39 1 . 6 1 8 1 6 2 . 8 34 39
KF 4 . 6 3 . 0 3 . 5 < 1 < 1 1 . 2 < 1 < 1 < 1 2 . 8 2 . 3 3 . 0

Cd N s aPoO t 50 1 . 3 0 63 4 1 40 1 8 2 3 2 . 5 3 9 1 3 2 . 7
EDTA 1 5 0 0 1 5 2 . 5 1 . 5 5 2 6 . 0 < 1 33 3 . 8 0

HNO3 58 50 4 6 2 7 4 . 0 1 . 5 4 7 2 3 < 1 4 9 35 1 9
RES < 1 0 0 8 . 3 5 . 2 5 . 2 1 . 4 2 . 0 2 . 4 1 . 5 0 0

KNO3 3 . 0 9 . 7 2 0 9 . 0 30 6 3 2 . 0 5 . 6 6 6 2 . 2 6 . 2 2 0

KF 2 . 5 2 . 2 3 . 0 3 . 4 3 . 1 5 . 0 1 . 8 1 . 9 6 . 4 2 . 0 1 . 6 3 . 0
C u  N a A P o O ? 1 7 1 4 1 0 1 5 1 2 8 . 8 6 . 9 8 . 4 2 6 1 6 2 6 29

EDTA 1 6 1 1 6 . 2 2 0 1 7 2 . 0 1 1 1 2 1 3 1 7 1 3 9 . 8
HNO3 70 4 2 6 . 0 7 6 4 2 < 1 1 0 0 1 0 0 7 . 1 7 6 60 4 . 8
RES 1 3 1 2 7 . 7 3 . 0 2 . 7 < 1 4 . 7 5 . 0 2 . 9 8 . 2 7 . 1 4 . 3

KNO3 9 . 3 36 35 34 6 1 61 1 6 1 8 2 0 6 . 6 2 1 35
KF 2 . 3 < 1 < 1 2 . 7 < 1 < 1 2 . 9 0 0 2 . 5 1 . 0 < 1

N i ^ a 4^2®7 2 0 6 . 8 8 . 7 1 2 5 . 3 4 . 4 2 1 7 . 6 2 . 3 2 7 24 1 6
DTA 4 . 6 1.0 < 1 2 2 3 . 3 4 . 4 1 3 2 . 1 < 1 1 1 3 . 5 < 1

HNO3 1 5 8 . 7 3 . 9 6 . 0 2 . 7 1 . 4 8 . 0 3 . 4 0 2 0 1 1 3 . 4
RES 4 . 4 2 . 5 3 . 7 5 . 5 3 . 9 3 . 0 5 . 9 3 . 9 < 1 4 . 5 4 . 1 1 . 4

KNO3 < 1 1 0 3 . 0 2 1 31 1 3 < 1 1 0 1 8 < 1 5 . 5 9 . 0
KF < 1 < 1 < 1 < 1 < 1 4 . 0 < 1 < 1 < 1 < 1 < 1 < 1

P b N a A P o O y 7 7 6 7 8 . 8 85 3 1 9 . 8 8 6 8 7 2 1 4 9 53 6 . 3
EDTA 4 6 2 6 3 . 1 1 7 3 . 4 1 . 5 3 7 1 5 1 . 8 4 3 2 1 1 . 9
HNO3 1 3 1 0 < 1 < 1 < 1 < 1 1 3 1 1 < 1 1 5 1 2 3 . 1
RES 1 . 7 1 . 6 1.0 < 1 < 1 0 1 . 8 1 . 5 1 . 1 1 . 2 < 1 < 1

KNO3 5 . 6 1 4 1 3 2 8 4 2 3 6 1 5 32 3 3 1 . 6 2 0 2 7
KF 1 6 2 6 31 1 4 2 1 5 1 1 8 1 2 2 6 29 32 35

Zn ^ a 4^2®7 3 5 4 . 1 1 . 3 5 0 6 . 5 2 . 7 6 8 1 3 1 . 9 3 4 9 . 7 3 . 0
EDTA 9 . 0 1 . 4 < 1 3 . 7 1 . 7 1 . 1 1 1 1 . 2 < 1 1 6 2 . 4 < 1

HNO3 1 2 7 . 2 < 1 1 2 3 . 3 1 . 9 3 5 2 0 < 1 1 9 9 . 1 1 . 3
RES 2 . 2 2 . 1 2 . 3 2 . 6 1 . 2 1 . 5 1 . 9 1 . 9 1 . 4 2 . 9 4 . 5 3 . 2
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Table  34 I n i t i a l  and f i n a l  me ta l  c o n c e n t r a t i o n s  in o p e r a t i o n a l l y - d e f i n e d  f r a c t i o n s  in the  
' e x p e r i m e n t a l '  d i g e s t e r  r e c e i v i n g  mixed primary s ludge

F r a c t i o n  C o n c e n t r a t i o n  (mgkg 1)

KN03 KF Na4 ? 2 0 7  EDTA HNO3 Res idua l

Metal I F I F I F I F I F I F

Cd 0.04 4.55 0 . 0 2 0.60 1.63 9.41 2.96 34.4 0.65 19.1 0 .13 0 . 2 1

Ni 9.20 65.8 1.25 3.65 8.45 6.27 9.50 52.3 7.65 35.4 8.90 5.10

Pb 1.93 2.78 6.19 2.30 125 619 227 1290 33.1 28.0 5.58 6.83

Zn 9.13 38.7 26.8 28.0 641 2970 104 446 65.3 485 15.2 14.4

I  = I n i t i a l  C o n c e n t ra t i o n  

F = F in a l  Concen ta t ion
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Table 35 I n i t i a l  and f i n a l  meta l  c o n c e n t r a t i o n s  in o p e r a t i o n a l l y - d e f i n e d  f r a c t i o n s  in th e  
' e x p e r i m e n t a l '  d i g e s t e r  r e c e i v i n g  pr im ary s ludge

F r a c t i o n  C o n c e n t r a t i o n  (mgkg"l)

Metal

KNO3 KF Na4p2°7 EDTA HNO3 Res idua l

I F I F I F I F I F I F

Cd 0.30 0.95 0.04 0.40 1.84 17.0 3.33 30.5 0 .74 16.4 0 .09 0.13

Ni 10.9 57.4 2.16 6.56 8.43 13.6 10.3 50.6 1 1 . 0 17.3 9.85 9.47

Pb 1.50 2.55 5.20 16.4 87.0 591 134- 1160 13.8 27.0 4.61 8.72

Zn 7.75 2 1 . 0 45 .6 49.6 955 2790 151 376 79.7 531 1 1 . 0 1 2 . 0

I  = I n i t i a l  C o n cen t ra t io n  

F = F in a l  C o n cen t ra t io n
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Appendix V

Table 36 Metal  d i s t r i b u t i o n  in the  ' c o n t r o l '  d i g e s t e r  r e c e i v i n g  mixed pr im ary  s ludge  over  the  p e r io d  
of  m e ta l  a d d i t i o n  (mean ± SD, n = 6 )

Metal KN03 KF

F r a c t i o n

Na4P2 0 7  EDTA 
%

HNO3 Res id u a l

Determined
T o ta l

(mgkg- 1 )

Determined
T o ta l

Cd 0.78 ± 0 .14 ND 29.6 ± 2.75 51.3 ± 2.90 1 2 . 2 ± 0.85 1.78 ± 0.50 5.35 ± 0.25

Cu 4.41 ± 0.32 2.46 ± 0 . 2 1 5.25 ± 0.40 2 1 . 2 ± 0.56 64.4 ± 1 . 8 6 1.60 ± 0.13 611 ± 29 .2

Ni 19.2 ± 0 .98 2.40 ± 0 . 2 0 16.4 ± 1 . 0 1 17.8 ± 0 .78 16.5 ± 1.50 16.3 ± 0.42 50.3  ± 2.89

Pb 0.50 ± 0.09 1.51 ± 0 . 1 0 30.1 ± 0.76 55.2 ± 1.13 7.85 ± 0.16 1.32 ± 0.08 436 ± 12.1

Zn 1 . 1 1 ± 0.16 2.91 ± 0.14 77.4 ± 4.37 13.0 ± 0 .78 7.88 ± 0.29 1.74 ± 0.15 806 ± 30 .2

ND -  no t  d e t e rm in a b le
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Table  37 Metal  d i s t r i b u t i o n  in the  ' c o n t r o l '  d i g e s t e r  r e c e i v i n g  pr im ary  s ludge  over  th e  p e r io d  o f  me ta l  
a d d i t i o n  (mean ± SD, n = 5)

F r a c t i o n

Metal  KNO3 KF Na4 P2 0 7 EDTA HNO3  Res idua l
_________________________________  % ____________________________________

Determined
Tota l

Determined
T o ta l

(mgkg"1)

Cd 4.50 ± 0.33 0.61 ± 0.06 29.1 ± 1.51 47 .4 ± 1.32 11.1 ± 0.57 1.04 ± 0 .14 6.97 ± 0 .20

Cu 7.32 ± 0.68 9.07 ± 0.47 9.11 ± 0.39 28.7 ± 1.13 44.1 ± 3.44 1.32 ± 0 .48 631 ± 27 .8

Ni 20.1 ± 0.59 4.01 ± 0.20 15.4 ± 0.51 19.1 ± 0.47 20.6 ± 0.62 17.8 ± 1.25 52.2  ± 1.60

Pb 0.55 ± 0.04 1.99 ± 0.07 34.9 ± 0 .78 53.1 ± 1.71 5.48 ± 0.20 1.82 ± 0.06 254 ± 6.69

Zn 0.65 ± 0.08 3.74 ± 0.43 77.8 ± 2.94 11.2 ± 0.85 7.11 ± 0.42 0.91 ± 0 .14 1227 ± 31.1
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Table 38 Routine parameter  values  obta ined  for  the ' expe r im en ta l '  and ' c o n t r o l '  d ig e s t e r s  
r e c e iv in g  mixed primary sludge throughout the per iod of  metal  ad d i t io n

pH Tota l  Solids  V o la t i l e  Solids  A l k a l in i t y  1 Gas Composition
(g l” l )  Reduction (%) (mgl” l )  X CH4

Day Expt • Control Expt. Control Expt. Control Expt. Control Expt. Control

58 7.52 7.52 24.9 25.2 47.4 46.5 4627 4491 65.2 78.4

60*

62 7.44 7.47 24.9 25.2 48.8 48.0 4378 4275 46.8 56.0

6 6 7.49 7.46 26.3 26.6 45.1 44.6 4372 4254 56.4 62.0

70 7.53 7.53 26.3 26.1 45.7 46.3 4236 4005 57.2 52.8

74 7.54 7.55 24.8 24.9 47.4 48.0 4318 4171 57.6 62.0

78 7.51 7.52 25.6 24.3 45.6 48.0 4136 4033 56.6 61.5

82 7.48 7.50 25.9 25.6 44.6 44.2 4315 4186 55.4 62.0

8 6 7.52 7.59 25.8 23.5 46.7 49.7 4123 4019 54.2 58.0

90 7.43 7.56 24.1 24.4 48.0 47.5 3861 3665 46.8 52.4

94 7.44 7.47 25.4 24.3 46.8 49.6 4141 4051 47.5 51.3

98 7.42 7.46 25.7 24.0 47.2 50.6 4128 4033 44.2 52.2

* Commencement of metal add i t ion to the 'expe r im en ta l '  d i g e s t e r
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Table 39 Routine  pa ram ete r  
r e c e i v i n g  primary

v a lu e s
s ludge

o b ta in e d  fo r  th e  ' e x p e r i m e n t a l '  
th roughou t  the  p e r io d  o f  meta l

and ' c o n t r o l '  
a d d i t i o n

d i g e s t e r s

Day

pH

E x p t . Con tro l

T o ta l
( g l “ 

E x p t .

S o l id s
! )

Contro l

V o l a t i l e  S o l id s  
Reduct ion  (%) 

Expt .  Con tro l

A l k a l i n i t y  
(mgl“ l )

Expt .  Contro l

Gas Composit ion 
% CH4

Expt .  Contro l

58 7.41 7.31 24 .4 24.2 54.5 54.6 3124 3038 54.0 52.8

60*

62 7.49 7.40 25.2 21.4 52.2 58.5 2880 2922 62.0 61.4

6 6 7.46 7.45 26.3 23.9 50.4 55.3 3044 2986 65.6 66.4

70 7.43 7.39 23.4 23.0 54.0 56.4 3026 2954 64.4 65 .4

74 7.38 7.31 24.7 23.8 52.8 55.0 3084 2994 62 .4 63 .2

78 7.41 7.38 23.5 23.0 55.9 57.5 2994 2901 51 .4 55 .2

82 7.36 7.32 24 .0 23.0 55.5 56.0 2929 2859 48 .4 53.2

8 6 7.31 7.27 24 .8 2 2 . 8 53.7 56.6 2777 2701 45 .8 45 .8

90 7.32 7.29 24.2 2 2 . 6 54.5 57.3 2674 2653 45 .6 46 .0

* Commencement o f  me ta l  a d d i t i o n to  the  ' e x p e r i m e n t a l ' d i g e s t e r
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