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ABSTMCT

A bae ic  p rerequ is i te  fo r  the  mathemat ica l  s inu la t ion  o f  the  phys ica l
diepersal of  eewage sludge in coastal  waters is the knowledge of the rate of
desorpt ion of heavy metals fron the sludge, and the part i t ion between the
dissolved and adsorbed states in egui l ibr iurn condit ions.

Reeults of experioents, carr ied out by Rohatgi  and Chen (1975) on the
desorpt ion of heavy metals fron digested sewage sludge part ic les after
di lut ion by seawater over a period of 35 days, were analyeed to deteruine
the equi l ibr iun part i t ion coeff ic ients and desorpt ion rate constants for
cadmium, zinc, copper,  nickel,  oanganese and lead. The condit ions in the
early stages of the experiments are considered to approximace to condit ions
at  s ludge d iepoea l  s i tes  in  UK waters .

It was found that abou t. 2OZ of the Cadniun and about 502 of the Lead
d iesoc ia ted  i tee l f  f rom the  s ludge a lmost  imed ia te ly  once i t  was  d i lu ted
with eeawater.  This ini t ia l  releaee is probably explained by the fact that
theee part icular oetals were already part ial ly dissolved in the water,  which
accounta for about 957 by weight of the eludge. About 8Z of the dry weight
of the sludge appeared to oxidiee and loee mase within the f i r8t  hour of
di lut ion. The renaining 922 of the digested sludge appeared to be oxidised
and lose  uaas  a t  a  ra te  o f  about  0 .001 day- r .

Representat ive values of the egui l ibr iun part i t ion coeff ic ients var ied
30x10-q for cadmium to 0.1x10-a for copper.-  The experingntal  rates of
desorpt ion had values in the renge 0.1 day-r to 0.4 day-r for nost of
metals except for the residual f ract ion of the adgorbed cadmiun shich
desorbed at a much lower rate of 0.02 dav-I  and lead rhich desorbed at
very  h igh  ra te  o f  a t  leas t  10  day- l

from

the

a

The equi l ibr iun part i t ion coeff ic iente and rate constants are coosidered to
be accurate enough for model l ing purposea. I lowever,  they should be ver i f ied
by more recent experimente.
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INTRODUCTION

The phys ico-chemica l  p rocesses  o f  adsorp t ion  and

deaorp t ion  o f  mete ls  to  and f rom c lay  and organ ic

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

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

coef f i c ien t ,  The theory  takes  desorp t ion  in to  account

by  in t roduc ing  the  concept  o f  a  desorp t ion  ra te

c o n s  t e n t .

Exper imenta l  observa t ions  o f  the  desorp t ion  o f  heavy

m e t a l s  f r o m  d i g e s t e d  s e w a g e  s l u d g e  p a r t i c l e s  a f t e r

d i l u t i o n  n i t h  s e a w a t e r  m a d e  b y  R o h a t g i  a n d  C h e n  ( 1 9 7 5 )

(Ref  2 )  were  an laysed to  de termine the  equ i l ib r iun

p e r t i t i o n  c o e f f i c i e n t e  a n d  d e s o r p t i o n  r a t e  c o n s t e n t s ,

wh ich  cou ld  be  used in  a  mathemat ica l  mode l .

In  th is  ana lys is  e l1  concent ra t ions  are  quoted  in  a

d i rnene ion lese  fo rm o f  nass  per  un i t  magg un lesg

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

a s s u n e d  t o  h a v e  a  d e n s i t y  o f  1  t o n n " / . 3 .

EQUILIBRIUU TREORY

The equ i l ib r ium theory  i s  based on  Ehe assumpt ion  tha t

the  equ i l ib r ium concent ra t ion  o f  d isso lved meta l  ie

d i rec t l y  p ropor t iona l  to  the  concent re t ion  o f  meta ls

per  un i t  sur face  area  o f  the  c lay  o r  o rgan ic

p a r t i c l e s .  T h i s  c o n d i t i o n  c a n  b e  d e f i n e d

a l g e b r a i c a l l y  a s  f o l l o w s .

Cons ider  a  vo lume o f  water  where : -

C_ is  the  mass  o f  par t i c lee  in  euspens ion  per  un i t
m

mass o f  na ter

c  i s  t h e  s p e c i f i c  s u r f a c e  a r e a  o f  t h e  p a r t i c l e s

( r2  / te )

C-  i s  the  mass  o f  adsorbed meta ls  per  un i t  mass  o f
a

w a t e r



I t  f o l l o w g  t h a t  t h e  c o n c e n t r a t i o n  o f  a d s o r b e d  m e t a l s

p e r  u n i t  s u r f a c e  a r e a  i s : -

c
a

:  (ks /m2 )g u
m

Assume tha t  t he  equ i l i b r i um mass

p e r  u n i t  m a s s  o f  w a t e r ,  C d " ,  i s  a

B ,  o f  t h e  m a s s  o f  a d s o r b e d  m e t a l

s o

o f  d i s s o l v e d  m e t a l

cons tan t  p ropor t ion ,

per  un i t  sur face  area

C .  =
d e

( 1 )

where

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

cond i t ione  (kg /m2 )

is  the  mass  o f  adeorbed meta l  per  un i t  maee o f

suspended par t i cu la te  mat te r

L e t  K ^  -  B l r r  b e  a  d i n e n e i o n l e s s  e q u i l i b r i u m  p a r t i t i o n
e

c o e f f i c i e n t

e o  C .  =  l (  C
o e e a m

Labora to ry  expe r i nen ts  i nd i ca te  Lha t  such  an

e q u i l i b r i u m  e x i s t e  ( n e t  Z  a n d  R e f  3 ) .  A l t h o u g h  t h e

v a l u e  o f  K -  m a y  b e  a f f e c t e d  b y  t h e  t y p e  o f  p a r t i c l e ,
e '

t empera tu re ,  t he  behav iou r  o f  d i f f e ren t  chemica l  and

b iochen i ca l  f o rms  o f  t he  t ne ta l ,  t he  p resence  o f  o the r

m e t a l s  a n d  o t h e r  c o n d i t i o n s .

B C
a  - F  ^- - t J

d C q a m
m

c
^ - a'ar - 

e-
m



3 DESORPTION

4 PROPERTIES OF

SEI{AGE SLUDGE

I n  r e a l i t y  i t  t a k e s  t i m e  t o  r e a c h  e q u i l i b r i u m

f o l l o w i n g  t h e  i n i t a l  d i l u t i o n  o f  s e w a g e  s l u d g e  i n

s e a w a t e r .

T h u s ;  i f  l o c a l l y ,

cd t  cd"

where

C O  i s  t h e  m a s s  o f  d i s s o l v e d  m e t a l s  p e r  u n i t  m a s s  o f

w a t e r

one wou ld  expec t  the  meta ls  to  tend to  d iseo lve  e t  a

ra te  dependent  on  the  dev ia t ion  o f  the  d isso lved

c o n c e n t r a t i o n  f r o n  i t s  e q u i l i b r i u r n  v a l u e ,  s o  t h a t

d c .
-9=1 . (x  c  -c . )  Q)
d t o e a m d

where

K ,  i s  c h e  r a t e  c o n s t a n t  ( t - l )  f o r  t h e  p r o c e s s  o f
d

des orp t  ion

Exper i rnents  by  Rohatg i  and Chen (1975)  per fo rmed a t

1 5 o C  u s i n g  d i g e s t e d  s e w a g e  s l u d g e  d i l u t e d  w i t h

oxygenated  seawater  (sa l in i ty  approx imate ly  35ppt )  r

were  cons idered to  approx imate  to  cond i t ions  a t  s ludge

d i s p o s a l  s i t e e  i n  U K  C o a s t a l  W a t e r s ,  w h e r e  d e s o r p t i o n

t a k e e  p l a c e .

B r i t i s h  s l u d g e  ( R e f  4 )  h a s  o n l y  a b o u t  4 . 5 2  s o l i d s ,  3 0 2

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

o t h e r  7 A Z  L e  o r g a n i c  m a t t e r ,  w h i c h  r e a d i l y  a d s o r b s



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

o x i d i s e d  a t  a  r a t e  o f  a b o u t  0 . 2  r t a v  
- I  a t  2 0 " C .  T h e

c  m a t t e r r  w h i c h  i s ' n a i n l v  c e l l u l o s e ,r e m a r n r n g  o r g a n l

i s  o x i d i s e d  a t  a  v e r y  m u c h  s l o w e r  r a t e  o f  a b o u t  0 - 0 0 4

d a y  - I  a t  2 0 o C  ( R e f  4 ) .  T h e  E w o  f r a c t i o n s  m a y  a d s o r t r

a n d  d e s o r b  d i f f e r e n t  q u a n t i t i e s  o f  m e t a l s .

The  obse rved  concen t ra t i on  o f  heavv  me ta l s  adso rbed

on to  se rdage  s ludge  fo r  Yanches te r  (1974  to  1977 )  (qe t

5 )  and  tha t  used  i n  t he  expe r imen ts  by  Roha tg i  and

C h e n  ( R e f  ? )  a r e  a s  f o l l o w s :

Concen t ra t i ons  o f  heavv  me ta l s  adso rbed  on  sewage

s l u d g e  ( p p m  d r y  w e i g h t )

t { e ta l  Sewage  s ludge*  Ca l i f o rn ia  s l udge* *

Z inc  3500  3500

Copoer  2000  25oO

Chromium 1500

L e a d  1 0 0 0  1 5 0

Cadmium 50  200

Vercu rv  50

*  Ave rage  va lue  €o r  r4anches te r  s l udge  Ig74 -1971

Apoend ix  I  LBWG (7A \4 ,  S ludg ,e  d i sposa l  ' l a ta ,  P  c

H e a d  ( u e p r  1 9 8 2 ) .

* *  Rep resen ta t i ve  va lues  o f  sewage  s ludge  used  i n

l ab .  expe r imen ts  bv  Roha tg i  and  Chen  (Re f  2 )

T h e  m e t a l  c o n c e n t r a t i o n s  i n  U K  s l u d g e s  h a v e  d e c r e a s e d

d r a m a t i c a l l y  s i n c e  1 9 7 7 .



5 EXPERIUENTAL

I'IETHODS

E q u i l i b r i u m  p a r t i t i o n  c o e f f i c i e n t s  a n d  d e s o r p t i o n  r a t e

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

u s i n g ,  t h e  r e s u l t s  o f  l a b o r a t o r y  e x p e r i m e n t s  u n d e r t a k e n

b y  R o h a t q i  a n r l  C h e n  ( 1 q 7 5 )  w h i c h  w e r e  s p e c i f i c a l l v

des igned  to  de te rm ine  the  ex ten t  t o  wh i ch  heavv  me ta l s

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

d i l u t i o n  w i t h  s e a w a t e r .

S a m p l e s  o f  d i g e s t e . l  s e w a g e  s l u d g e  w e r e  d i l u t e d  w i t h

s e a w a t e r  ( s a l i n i t v  a p D r o x i m a t e l y  j 5 o o t )  a t  v a r y i n g

d i l u t i o n s  ( 1 : 1 0 0 ,  l z 2 O O ,  1 : 5 0 )  a n d  m i x e d  a t  a  c o n s t a n t

ra te  and  temDera tu re  o f  15 "C .  Ae rob i c  cond i t i ons  we re

ma in ta ined  th roughou t  (d i sso l ved  oxygen  6 -8  pp ra ) .

Pe r i od i c  samp les  ove r  36  days  rde re  ana l ysed  fo r  me t .a l s

con ten t  i n  t he  l i qu id  and  so l i d  f r ac t i ons .  An  examp le

o f  resu l t s  f o r  cadmium i s  shown  i n  F igu re  1 .  Da ta  was

a v a i l a b e  f o r  E h e  f o l l o w i n g  m e t a L s :  z i n c ,  c o p p e r ,  l e a d ,

n i cke l  and  qanganese .

The  re lease  o f  heavy  me ta l s  \ das  obse rved  to  occu r  i n

t w o  s t a g e s :  a n  i n i t a l  v e r v  r a p i d  r e l e a s e ,  f o l l o w e d  h v

a  much  s lower ,  l ong  te rm re lease .  The  deso rp t i on  was

a t t r i b u t e d  t o  t h e  f o l l o w i n e :

-  o x i d i s a t i o n  o f  o r g a n i c  m a t t e r  o r  m e t a l  s u l f i r l e s

-  d e s o r p t i o n  f r o m  s u s p e n d e d  s o l i d s  -  d u e  t o  d i l u t i o n

ra t i o  and  seawa te r  pH .

-  c o m p l e x a t i o n  o f  m e t a l s  t o  f o r m  s o l u b l e  c o m p l e x e s  o f

bo th  i no rgan i c  and  o rgan i c  l i gands .

T h e  p e r c e n t a g e  o f  h e a v y  m e t a l s  r e l e a s e d  a f t e r  t  h o u r

a n d  3 6  d a y s  a r e  g i v e n  i n  T a b l e  1 .  A  s i g n i f i c a n t

p ropo r t i on r  (202 )  o f  t he  cadmium and  502  o f  t he  l ead

w a s  o b s e r v e d  L o  r l e s o r b  w i t h i n  o n e  h o u r ,  w h i l e  t h e

o E h e r  m e t a l s  r d e r e  r e l e a s e d  a t  a  s l o w e r  r a t e .



EQUILIBRIUI.{

PARTITION

COEFFICIENTS

T h e  l o s s  o f  m a s s  o f  s o l i d  o r g a n i c  m a t t e r  b y  o x i d a t i o n

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

T h e  o x i d a t i o n  r a t e s  o f  t h e  o a r t i c u l a t e  m a t t e r  a s

d e t e r m i n e d  b y  l o s s  o f  m a s s  f o r  t h e  a f o r e  m e n t i o n e d

e x p e r i m e n t s  a r e  l i s t e d  i n  T a b l e  2 .

The very  h igh  in i t ia l  ra te  o f  about  2  day  - l  i s  ten

t i rnes  h igher  than sou ld  be  expec ted  fo r  a  UK s ludge.

On the  o ther  hand the  long te rm ra te  o f  ox ida t ion  o f

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

tha t  repor ted  fo r  UK s ludge.  However ,  the  ra te  o f

desorp t ion  o f  cadmium and lead in  the  f i rs t  hour  i s

no t  accounted  fo r  by  these h igh  ra tes  o f  ox ida t ion .  A

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

a c c o u n t e d  f o r  b y  d i l u t i o n  o f  m e t a l  l a d e n  a n e r o b i c

n o n - s a l i n e  w a t e r  a s s o c i e t e d  t r i t h  t h e  s l u d g e

p a r t i c l e s .

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

s e a n a t e r  i t  r e - a d s o r b e d  p a r t  o f  t h e  i n i t i a l  r e l e a s e  o f

l a n d .

Equat ion  1  ident i f ies  the  re la t ionsh ip  be tween the

equ i l ib r ium mass o f  d isso lved meta l  per  un i t  vo lume

water ,  and the  nass  o f  adsorbed r rne ta l  Der  un i t  mass

s u s p e n d e d  p a r t i c u l a t e  m a t t e r .

The  assumpt ion  has  been  made  tha t  Lhe  spec i f i c  su r face

a rea  o f  pa r t i c l es  o f  d i ges ted  seq rage  s ludge  used

expe r imen ta l l y  i n  Re f  2  i s  s im i l a r  t o  t ha t  o f  t IK

s e w a g e  a t u d g e .

R o h a t g i  a n d  C h e n t s  e x p e r i m e n t a l  r e s u l t s  w e r e  u s e d  t o

e s t i m a t e  e q u i  l i b r i u m  p a r t i r i o n  c o e f f i c i e n t s  f o r  C d ,

Z n ,  C u ,  N i ,  M n  a n d  P b .  w h i c h  a r e  l i s t e d  i n  T a b l e  3 .

o f

o f



DESORPTION

RATE CONSTANTS

T h e  g r a p h i c a l  m e t h o d  i s  i l l u s t r a t e d  i n  F i g  2 .  T h e

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

p a r t i t i o n  c o e f f i c i e n t .  I f  t h e  e q u i  l i b r i u m  t h e o r y  w e r e

e x a c t  t h r e e  e x p e r i m e n C a l  p o i n t s  f o r  d i l u t i o n  o f  1 : 5 0 ,

1 : 1 0 0  a n d  1 : 2 0 0  s h o u l d  s i t  o n  a  s t r a i g h t  l i n e .  I n

fac t  there  was a  tendency  w i th  most  mete ls  fo r  che

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

i n c r e a s i n g  d i  l u t i o n .

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

sea produces  much h igher  d i lu t ions  than those in  the

e x p e r i m e n t s .  T h e r e f o r e ,  o n e  s h o u l d  e x p e c t  t h e  e c t u a l

e q u i l i b r i u m  p a r t i t i o n  c o e f f i c i e n t  t o  b e  a t  t h e  l o w e r

e n d  o f  t h e  e x p e r i m e n t a l  r a n g e  ( T a b l e  3 ) .

Equat ion  2  -  repreeent ing  uns teady  cond i t ions  tha t

p r o m o E e  d e s o r p t i o n ,  h a s  b e e n  u s e d  t o  c a l c u l a t e

K ,  ( a a y - t )  ( d e s o r p t i o n  r a t e  c o n s t a n t s )  v a l u e s  f o r  t h eo -
v a r i o u g  h e a v y  r n e t a l s .

The exponent ia l  decay  o f  o rgan ic  sa t te r  has  been

cons idered when ca lcu la t ing  Cam ( the  rnaes  o f  adsorbed

meta l  per  un i t  mass  o f  suspended par t i cu la te  na t te r ) .

The ra te  o f  change o f  the  d isso lved concent re t ion  has

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

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

c o n c e n t r a t i o n  f r o o  i t s  t h e o r t i c a l  e q u i l i b r i u m  v a l u e

based on  the  re levent  equ i l ib r ium per t i t ion

c o e f f i c i e n t  f o r  e a c h  e x p e r i m e n t .  S e v e r a l  K O  v a l u e s

were  then ca lcu la ted  a t  vary ing  t ime in te rva ls  -  fo r

b o c h  t h e  1 : 1 0 0  a n d  1 : 2 0 0  d i l u t i o n e .  T a b l e  3  l i e t s

Ehe range o f  K ,  va lues  fo r  each ne ta l  ana lysed;  there- d

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

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



8 DISCUSSION AND

CONCLUSIONS

The exper iments  by  Rohatg i  and Chen (Ref  2 ,  1975)  in to

the  desorp t ion  o f  heavy  meta ls  f ron  d iges ted  sewage

s l u d g e  d i l u t e d  w i t h  a e r o b i c  s e a w a t e r  a r e  c o n s i d e r e d  t o

approx i rna te  to  cond i t ions  a t  s ludge d ispoea l  s i tes  in

the  t IK  waters .  The main  d i f fe rences  eppear  to  be  the

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

c o n c e n t r a t i o n  o f  t h e  d i s s o l v e d  m e t a l s  a t  t h e  e n d  o f

the  exper imente ,  wh ich  were  up  to  f i f t y  t i rnee grea ter

than the  concent ra t ion  o f  heavy  rne ta ls  in  Che waterg

o f  L iverpoo l  Bay ,  fo r  example  (Ref  6 ) .

Concent ra t ion  o f  d isso lved meta ts  in  L iverpoo l  Bay  (ppb)

(ppb -  ppm/1000 dry  ue igh t )

Zn Cu Cr Pb Cd Hg

2 0  2  l  2  0 . 2  0 . 1

Houever ,  the  cond i t ione  fo r  the  desorp t ion  o f  heavy

n e t e l g  i n  t h e  e a r l y  a n d  m i d d l e  s t a g e s  o f  t h e

exper inents  were  cons idered to  approx imete  to

c o n d i t i o n a  a t  s l u d g e  d i s p o s a l  s i t e s  i n  t K  w a t e r s .

The exper iments  showed tha t  one can expec t  about  202

of  the  cadmiuo and 502 o f  the  lead in  the  sewage

s ludge to  desorb  a lnos t  in rmed ia te ly  a f te r  Ehe sewage

a ludge is  d ischarged in to  the  sea.  Th is  sudden

re leaee ia  p robab ly  exp la ined by  rhe  fec t  the t  those

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

anaerob ic  water  aseoc ia ted  w i th  the  sewage s ludge.

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

s e a s a t e r  i t  r e - a d s o r b e d  p a r t  o f  t h e  i n i t i a l  r e l e a e e  o f

lead.  The res idua l  f rac t ion  o f  adsorbed cadmium

d e s o r b e d  a t  a  m u c h  s l o w e r  r a t e  ( 0 . 0 2  d a y  - 1 )  t h a n  t h e

o t h e r  e p p a r e n t l y  l e s s  s o l u b l e  m e t a l s .

About  87  o f  the  s ludge appeared co  ox id ise  and lose

mass in  the  f i rs t  hour .  The remain ing  s lo re ly  decay ing



f r a c L i o n  o f  t h e  d i q e s t e d  s e w a g e  s l u d g e ,  w h i c h  w a s

p r o b a b l y  m a i n l y  c e l l u l o s e r  a p p e a r e r l  t o  o x i d i s e  a n d

l o s e  m a s s  a c  a  r a t e  o f  a b o u t  0 . 0 0 1  d a v  
- I .

I n  t he  case  o f  a  ra rd  sewage  ra the r  t han  a  sewage

s l u d q e  d i s c h a r g e  o n e  m i q h t  e x p e c t  a n  o x i d a t i o n  r a t e

a n d  c o n s e q u e n t  l o s s  o f  m a s s  n e a r  t o  0 . 2  d t y  
- 1 ,  w h i c h

wou ld  e f f ec t i ve l v  < loub le  t he  obse rved  ra tes  o f

d e s o r p t i o n ,  w h i c h  w e r e  i n  t h e  r a n g e  0 . 1  t o  0 . 4  d a y -  l '

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

p a r t i E i o n  c o e f f i c i e n t s r  ( " r  a n d  t h e  l o n g  t e r m

d e s o r p t i o n  r a t e s ,  K d ,  f o r  c a d m i u m ,  z i n c ,  c o p p e r t

n i c k e l ,  m a n e a n e s e ,  a n d  l e a d r  o v e r  a  p e r i o d  o f  j 6  d a y s '

. ( rau le  3 )

The  equ i l i b r i um pa r t i t i on  coe f f i c i en t s  t ended  to

r l ec rease  w i th  i nc reas ing  d i l u t i on .  On  the  o the r  hand

the  deso ro t i on  ra tes  t ended  to  i nc rease ,  w i t h

i n c r e a s i n e  d i  l u t i o n .

I n  rea l i t y ,  t he  d i sposa l  o f  sewage  s ludge  i n  t he  open

sea  o roduces  rnuch  h ighe r  d i l u t i ons  t han  those  ach ieved

in  t he  expe r imen t . s .  The re fo re r  one  shou ld  expec t  t he

'  a c E u a t  e q u i l i b r i u m  p a r t i t i o n  c o e f f i c i e n t s  a n r l

deso rp t i on  ra te  cons tan ts  t o  be  a t  t he  l ower  and  uppe r

end  o f  t he  respec t i ve  exDer imen ta l  r anqes  g i ven  i n

T h e  a n a l y s i s  o f  R o h a t q i  a n d  C h e n ' s  e x p e r i m e n t a l

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

e q u i l i b r i u m  p a r t i t i o n  c o e f f i c i e n t  a n d  t h e  l o n g  c e r m

d e s o r p t i o n  r a t e s  f o r  s e w a g e  s l u 4 g e  d i l u t e d  w i t h

a e r o b i c  s e a \ t a c e r  a t  l 5 " C  a l l  a s  f o l I o w s .



Ka

E q u i l i b r i u m  p a r t i t i o n  D e s o r p t i o n  r a t e

c o e f f i c i e n t  c o n s c a n t  ( a a v -  I )

C a d m i u m  3 0 x 1 0 -  *  0 . 0 2

Z i r . c  1x10 -  \  O .Z

C o p p e r  0 . 1 x 1 0 -  +  0 . 1 5

N i c k e l  2 x 1 0 -  a  O . t

l " l anganese  1x10 -  +  0 .4

Lead  1x10 -  +  -10

Lead  appea rs  t o  deso rb  and  reach  equ i l i b r i um ve ry

r a p i d l y ,  a n d  a  v a l u e  o f  1 0  d a y - I  i s  r e c o m m e n d e d  f o r

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

above  va lues  a re  conc luded  to  be  accu ra te  enough  fo r

mode l l i ng  pu rposes .  Howeve r ,  t hey  shou ld  be  ve r i f i ed

by  more  recen t  expe r imen ts .

1 0
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Tab le  1

t le ta I

CADMITIM

Z I N C

COPPER

NICKEL

I.{ANAGANESE

LEAT)

Percentage of  heavy metals  desorbed f rom

a t  f as t  and  e lo l r  r a tes

7 .  T race  me ta l s  re leased

a f t e r  t  h o u r

1  : 1 0 0  1  : 2 0 0

d i l u t i o n  d i l u t i o n

sewage s ludge in seawater

7  " f t a c e  m e t a l s  r e l e a s e d

a f t e r  3 6  d a y s

1 : 1 0 0  1 : 2 0 0

d i l u t i o n  d i l u t i o n

3 7  . 2

9 . 8

3 . 3

2 . 5

4 . 5

4 5  . 1

2 0 . 5

1't+.5

7 . L

1 0 . q

7 . 7

5 3 . 1

9 5 . 0

24.t+

5 . 6

5 8 . o

3 4 . 7

35.t+

9 6 . 0

j8.7

9 . 0

6 t L . O

3 5 . 7

i5 .4

S o u r c e : -  R o h a t g i +  c h e n  ( 1 9 7 5 )  ( n e t  z )
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D i l u t e d  w i t h  D i l u t e d  w i t h

s e a w a E e r  1 : 1 0 0  s e a w a t e r  1 : 2 0 0

a t  1 5 " C

(day-  I1

F a s t  r a t e  1 . 8 4

S l o w  r a t e  0 . 0 0 1 1

a t  l 5 o C

( d a y -  1 ;

1 . 6

0 .0013

Sewage  s ludge

a t  2 0 o C

(day -  i ;

0 .2

0 .004
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