
CHAPTER V
PYROLYTIC CHARACTERISTICS OF SEWAGE SLUDGE

5.1 Abstract

I n  t h is  s t u d y ,  a  n u m b e r  o f  d i f f e r e n t  s e w a g e  s lu d g e  in c lu d in g  s lu d g e  s a m p le s  

f r o m  in d u s tr ia l  a n d  h o s p it a l  w a s t e w a t e r  tr e a tm e n t  p la n t s  w e r e  c h a r a c t e r iz e d  fo r  

p y r o l y s i s  b e h a v io r  b y  m e a n s  o f  t h e r m o g r a v im e t r ic  a n a ly s i s  u p  t o  800 °C. A c c o r d in g  

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

o b s e r v e d  d e p e n d in g  o n  t h e  n a tu r e  o f  t h e  s lu d g e  u s e d .  T y p ic a l  m a in  d e c o m p o s i t i o n  

s t e p s  o c c u r r e d  b e t w e e n  250 a n d  550 °c a lt h o u g h  s o m e  s t i l l  d e c o m p o s e d  a t  h ig h e r  

te m p e r a tu r e s .  T h e  f ir s t  g r o u p  ( T y p e s  I , II a n d  III) w a s  id e n t i f i e d  b y  m a in  

d e c o m p o s i t i o n  a t a p p r o x im a t e ly  300 °c a n d  p o s s i b l e  s e c o n d  r e a c t io n  a t h ig h e r  

t e m p e r a tu r e .  D i f f e r e n c e s  in  t h e  b e h a v io r  m a y  b e  d u e  to  d i f f e r e n t  c o m p o n e n t s  in  th e  

s lu d g e  b o t h  q u a n t i t a t iv e ly  a n d  q u a l i t a t iv e ly .  T h e  s e c o n d  g r o u p  ( T y p e s  I V  a n d  V ) ,  

w h i c h  r a r e ly  f o u n d ,  h a s  u n u s u a l  p r o p e r t ie s .  D T G  p e a k s  w e r e  f o u n d  a t 293, 388 a n d  

481 ๐c  f o r  T y p e  I V  a n d  255 a n d  397 ๐c  f o r  T y p e  V .  K in e t i c s  o f  s lu d g e  

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

m o d e l s  ( P S O M  o r  P M O M ) .  T h e  a c t iv a t io n  e n e r g y  o f  th e  f ir s t  r e a c t io n ,  c o r r e s p o n d in g  

t o  th e  m a in  p y r o l y s i s  t y p i c a l ly  a t  300 °c, w a s  r a th e r  c o n s t a n t  ( b e t w e e n  68 a n d  77 k j  

m o l ' 1)  w h i l e  t h o s e  o f  s e c o n d  a n d  th ir d  r e a c t io n s  w e r e  v a r ie d  in  t h e  r a n g e  o f  85-185 
k J  m o l ' 1. T h e  t y p ic a l  o r d e r  o f  p y r o l y s i s  r e a c t io n  w a s  in  t h e  r a n g e  o f  1.1-2.1. T h e  

p y r o l y s i s  g a s e s  w e r e  c o m p o s e d  o f  b o th  sa tu r a te d  a n d  u n s a tu r a te d  l ig h t  h y d r o c a r b o n s ,  
c a r b o n  d i o x id e ,  e t h a n o l  a n d  c h lo r o m e t h a n e .  M o s t  p r o d u c t s ,  h o w e v e r ,  e v o l v e  a t  a  

q u ite  s im i la r  te m p e r a tu r e  r e g a r d le s s  o f  th e  s lu d g e  t y p e .

5.2 Introduction

Sewage sludge is generated and collected from several parts of wastewater
treatment system in both community and industrial sections. All indications suggest
that sludge production will continue to increase, and a suitable solution for the
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d i s p o s a l  o f  t h e  e x p e c t e d  la r g e  q u a n t ity  o f  s lu d g e  w o u l d  b e  n e e d e d  (W e r th e r  a n d  

O g a d a , 1 9 9 9 ) .  T h e  m o s t  c o m m o n  m e t h o d s  t o  h a n d le  th e  p r o b le m  a r e  in c in e r a t io n ,  
a g r ic u ltu r a l  u s e ,  a n d  la n d f i l l  d i s p o s a l .  H o w e v e r ,  t h e  p r o b le m  i s  n o t  t o t a l ly  s o l v e d  

b e c a u s e  o n e  m a y  c a u s e  s u b s e q u e n t  p r o b le m s  a n d  r e q u ir e  s e c o n d a r y  t r e a tm e n t .  A  

p r o m is in g  w a y  f o r  s e w a g e  s lu d g e  d i s p o s a l  th a t  h a s  b e e n  w i d e l y  s t u d ie d  i s  t h e  th e r m a l  

a p p l i c a t io n  s u c h  a s  p y r o l y s i s .  P y r o ly s i s  h a s  b e e n  c o n s id e r e d  a s  a n  a lt e r n a t iv e  t o  t h e  

p r o b le m s  o f  b o t h  s e c o n d a r y  p o l lu t io n  in  th e r m a l p r o c e s s i n g  a n d  o f  la r g e  e n e r g y  

c o n s u m p t io n .
D e v e l o p m e n t  fo r  s e w a g e  s lu d g e  c o n v e r s io n  t o  e n e r g y  a n d  c h e m ic a l s  b y  

p y r o l y s i s  p r o c e s s  r e q u ir e s  b e t t e r  u n d e r s ta n d in g  o f  i t s  th e r m a l  p r o p e r t ie s  a n d  r e a c t io n  

k in e t i c s .  F o r  h i g h l y  h e t e r o g e n e o u s  m a t e r ia ls  w i t h  a  w i d e  v a r ie t y  o f  u n k n o w n  

c o m p o n e n t s  s u c h  a s  s e w a g e  s lu d g e ,  i t  i s  b e l i e v e d  th a t  m a n y  d e c o m p o s i t i o n  r e a c t io n s  

i n v o l v e  in  t h e  p y r o ly s i s .  M o r e o v e r ,  c o m p l e x  d e t a i l s  o f  e a c h  r e a c t io n  a re  g e n e r a l ly  

u n k n o w n  a n d  d i f f i c u l t  t o  a n a ly z e .  T h e r e  h a v e  b e e n  m a n y  a t t e m p ts  t o  d e s c r ib e  

p y r o l y s i s  o f  s e w a g e  s lu d g e  w i t h  s u i t a b le  k in e t ic  m o d e l s  b y  d i f f e r e n t  a u th o r s  ( C o n e s a  

et a l,  1 9 9 7 ,  1 9 9 8 ;  C h u  et a l,  2 0 0 0 ;  C h e n  et al., 2 0 0 1 ;  C o n e s a  et a l,  2 0 0 1 ;  C h a o  et 

a l,  2 0 0 2 ) .  T h e  m o d e l s  u s u a l l y  in h e r it  th e ir  o w n  a s s u m p t io n s  a n d  s u p p o r te d  d a ta .  
N o n e t h e l e s s ,  a n y  e v a lu a t io n  o f  c o m p l e x  r e a c t io n  s c h e m e  m a y  n o t  b e  a c c o m p l i s h e d  

d u e  t o  l im i t a t io n  in  a  n u m b e r  o f  s a m p le s .
In  t h is  w o r k ,  w i t h  a n  e x t e n s iv e  n u m b e r  o f  s a m p le s ,  k i n e t i c s  o f  th e  s lu d g e  

p y r o l y s i s  w a s  i n v e s t ig a t e d  b y  m e a n s  o f  th e r m o g r a v im e t r ic  a n a ly s i s .

5.3 Materials and Methods

5 .3 .1  S a m p le  P r e p a r a t io n
S a m p le s  u s e d  in  th is  s tu d y  w e r e  c o l l e c t e d  f r o m  2 0  s o u r c e s  c o m p r is in g  

m u n ic ip a l ,  h o s p i t a l ,  a n d  in d u s tr ia l  w a s t e w a t e r  tr e a tm e n t  p la n t s  l o c a t e d  in  B a n g k o k ,  
T h a ila n d  a n d  i t s  v i c in i t y .  T h e  s a m p le  c o l l e c t i o n  w a s  r e p e a t e d  m o n t h ly  o v e r  a  t w o -  

y e a r  p e r io d ,  r e s u l t in g  in  e x c e e d i n g  a  to ta l  n u m b e r  o f  2 1 0  s a m p le s .  T h e  s a m p le  

c o l l e c t i n g  m e t h o d  w a s  in  a c c o r d a n c e  w i t h  th e  s ta n d a r d  m e t h o d  ( A S T M  D 3 4 6 - 9 0 ,  
1 9 9 9 ) .  T h e  s a m p le s  w e r e  n a tu r a l ly  d r ie d  f o r  1 - 2  d  a n d  g r o u n d  b y  a  b a l l  m i l l .  T h e  

fr a c t io n  o f  1 5 0 - 2 5 0  p m  in  p a r t ic le  s iz e  w a s  s e l e c t e d  fo r  fu r th e r  s tu d y .
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P h y s ic a l  a n d  c h e m ic a l  p r o p e r t ie s  o f  s lu d g e  s a m p l e s  w e r e  g i v e n  in  

T a b le  5 .1 .  O n  t h e  w h o l e ,  a  b r o a d  r a n g e  o f  s lu d g e  c h a r a c t e r i s t ic s  w a s  o b s e r v e d .  T h e  

l o w e r  a n d  h ig h e r  v o la t i l e  m a tte r  l im i t s  o f  t h e  s a m p le s  a r e  1 7  a n d  6 0  w t% ,  
c o r r e s p o n d in g  t o  a s h  c o n t e n t s  o f  8 0  a n d  31  w t% , r e s p e c t i v e ly ,  in  d r y  b a s i s .  T h e  

s a m p le s  c o n t a in  o n l y  a  s m a ll  f r a c t io n  o f  f i x e d  c a r b o n , w i t h  a n  a v e r a g e  o f  5  w t% .  
T y p ic a l  h e a t in g  v a lu e s  o f  th e  s a m p le s  v a r ie d  fr o m  2 .6  t o  1 6 .3  M J  k g ' 1.

S m a l l  d i f f e r e n c e s  b e t w e e n  th e  s lu d g e  c h a r a c t e r i s t ic s  f r o m  t h e  s a m e  

s o u r c e  w e r e  a ls o  fo u n d .  M o s t  s a m p le s  in  th is  w o r k ,  h o w e v e r ,  h a v e  l o w e r  v o la t i l e  

m a tte r  ( h ig h e r  a s h )  a n d  h e a t in g  v a lu e s  th a n  t h o s e  r e p o r te d  in  t h e  l it e r a tu r e  ( D o g r u  et 

al., 2 0 0 0 ;  M e n é n d e z  et al., 2 0 0 1 ;  S h e n  et al., 2 0 0 1 ;  I n g u a n z o  et al., 2 0 0 2 ;  O t e r o  et 

al., 2 0 0 2 ;  F o lg u e r a s  et al., 2 0 0 3 ) .

Table 5.1 P r o p e r t ie s  o f  s lu d g e  s a m p le s  u s e d  in  t h i s  s tu d y

P r o p e r ty A v e r a g e

P r o x im a t e  a n a ly s i s  (w t% )*
- M o is t u r e 5 .2 1 1 .1

-  V o l a t i l e  m a tte r 4 2 . 6 1 4 . 9

-  A s h 5 2 . 8 1 5 . 7

-  F ix e d  c a r b o n 4 .6 1 1 .1

U l t im a t e  A n a l y s i s  ( w t % ) ’
-  C a r b o n  c o n t e n t 2 1 . 1 1 3 . 2

-  H y d r o g e n  c o n t e n t 3 . 4 1 0 . 4

-  N i t r o g e n  c o n t e n t 3 . 2 1 0 . 6

-  S u lf u r  c o n t e n t 1 .1 1 0 .3

-  O x y g e n  c o n t e n t 1 8 .4 1 2 .2

H e a t in g  v a lu e 9 . 9 1 1 . 6

D r y  b a s i s  e x c e p t  m o is t u r e  i s  in  a ir -d r ie d  b a s i s
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5 .3 .2  P y r o ly s i s  e x p e r im e n t
T h e  s a m p le s  w e r e  p y r o l i z e d  u s i n g  a  T G 7  P e r k in - E l m e r  

th e r m o g r a v im e t r ic  a n a ly z e r .  A  s a m p le  w e i g h t  o f  a p p r o x im a t e ly  1 0  m g  w a s  u s e d  fo r  

e a c h  e x p e r im e n t  u n d e r  n o n - i s o t h e r m a l  c o n d i t io n s .  T h e  s a m p le  w a s  h e a t e d  u p  f r o m  

a m b ie n t  t e m p e r a tu r e  t o  1 0 5  ๐c  a n d  h e ld  u n t i l  i t s  w e i g h t  w a s  c o n s t a n t  in  w h i c h  f r e e  

m o is t u r e  w a s  r e m o v e d  o u t .  T h e n ,  th e  s a m p le  w a s  fu r th e r  h e a t e d  t o  8 0 0  ° c  w i t h  a  

h e a t in g  ra te  o f  2 0  ° c  m i n ' 1. T h e  e x p e r im e n t s  w e r e  c a r r ie d  o u t  u n d e r  t h e  n i t r o g e n  

f l o w  o f  2 0  m l m in " 1. S o m e  s a m p le s  w e r e  r a n d o m ly  s e l e c t e d  f o r  r e p e a t in g  th e  

e x p e r im e n t  t o  e n s u r e  t h e  r e p r o d u c ib i l i t y ,  w h i c h  w a s  f o u n d  t o  b e  v e r y  c o n s i s t e n t .  T h e  

e f f e c t  o f  h e a t in g  r a te  w a s  a ls o  s t u d ie d  b e t w e e n  5  a n d  2 0  ๐c  m in " 1. T h e  

th e r m o g r a v im e t r ic  a n d  d i f f e r e n t ia l  th e r m o g r a v im e t r ic  ( T G - D T G )  d a ta  w e r e  u s e d  t o  

c h a r a c te r iz e  th e  p y r o l y s i s  b e h a v io r  o f  t h e  s lu d g e  s a m p l e s  a s  w e l l  a s  t o  p r o v id e  

e s t im a t e s  o f  th e ir  k in e t i c  p a r a m e te r s .
5 .3 .3  P r o d u c t  G a s  E v o l u t i o n

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

a n a ly z e d  b y  c o u p l e d  t e m p e r a tu r e  p r o g r a m m e d  p y r o l y s i s / m a s s  s p e c t r o s c o p y  

( T P P /M S ) .  A  m a s s  s p e c t r o m e t e r  ( B la z e r s  O m n is t a r T M )  w a s  d ir e c t ly  c o n n e c t e d  t o  a  

te m p e r a tu r e  p r o g r a m m e d  p y r o ly z e r  ( T P D R O  1 1 0 0 ,  T h e r m o F in n ig a n ) .  A  s a m p le  

w e i g h t  o f  a p p r o x im a t e ly  1 0  m g  w a s  p la c e d  in  a  q u a r tz  t u b e . T h e  s a m p le  w a s  h e a t e d  

in  a  n i t r o g e n  f l o w  f r o m  r o o m  te m p e r a tu r e  t o  8 0 0  ° c  w i t h  a  h e a t in g  r a te  o f  10 ° c  

m i n ' 1 a n d  h e ld  fo r  1 0  m in .  E v o l v e d  g a s e s  o f  m / z  o f  l e s s  th a n  6 0  w e r e  m o n i t o r e d  

d u r in g  th e  h e a t  u p . T h e  io n  in t e n s i t i e s  w e r e  n o r m a l iz e d  t o  t h e  s a m p le  in  o r d e r  t o  

m i n i m iz e  er r o r s  c a u s e d  b y  a  s h i f t  in  th e  m a s s  s p e c t r o m e t e r  s e n s i t i v i t y .

5.4 Thermogravimetric Results

5 .4 .1  T h e r m a l  D e c o m p o s i t i o n  B e h a v io r  o f  S e w a g e  S lu d g e
T y p ic a l  D T G  c u r v e s  fo r  th e  s lu d g e  p y r o l y s i s  a r e  s h o w n  in  F ig u r e  5.1 

a n d  t h e  D T G  c h a r a c t e r i s t ic s  w e r e  g iv e n  in  T a b le  5.2. It s h o u ld  b e  n o t e d  th a t  th e  

p y r o l y s i s  r e a c t io n  o c c u r r e d  w i t h in  600 °c. F o r  m o s t  s a m p le s ,  a  s m a l l  f r a c t io n  o f  

m a s s  l o s s  o c c u r r e d  a s  in d ic a t e d  b y  a  D T G  p e a k  in  t h e  t e m p e r a tu r e  r a n g e  o f  120-180
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๐c .  T h e  m a s s  l o s s  in  t h is  r e g io n  c o r r e s p o n d s  t o  t h e  v a p o r iz a t io n  o f  s o r b e d  w a t e r  in  

th e  s lu d g e ,  c a l le d  d e h y d r a t io n  o r  d r y in g  p r o c e s s  ( C h e n  a n d  J e y a s e e la n  2 0 0 1 ;  C a lv o  et 

a i,  2 0 0 4 ) .  I ts  m a g n i t u d e  d e p e n d s  o n  t h e  n a tu r e  o f  in d iv id u a l  s lu d g e ,  t y p i c a l ly  

v a r y in g  f r o m  5 t o  1 0 %  o f  t h e  t o t a l  m a s s  l o s s .  A  m a in  d e c o m p o s i t i o n  s t e p  w a s  

n o r m a l ly  o b s e r v e d  a t h ig h e r  t e m p e r a tu r e .  F iv e  d i f f e r e n t  t y p e s  o f  D T G  p a t t e r n s  w e r e  

o b s e r v e d  in  th is  s t u d y .  T h e y  w e r e  d e s ig n a t e d  a s  T y p e s  I -  V  a s  s h o w n  in  F ig u r e  5 .1 .  
A l l  f i v e  b e h a v io r  t y p e s  w e r e  d i s t in g u i s h e d  a s  th e  f o l l o w i n g  d e s c r ip t io n s .

T y p e  I: th e  m a in  d e c o m p o s i t i o n  o r  p y r o l y s i s  s t e p  s ta r ts  s l o w l y  a f t e r  

d e h y d r a t io n  a n d  m o r e  s h a r p ly  a f te r  2 0 0  ๐c .  T h e  d e c o m p o s i t i o n  p r o f i l e  p r e s e n t s  th e  

m a in  D T G  p e a k  a t 2 9 9  °c a n d  c e a s e s  a t th e  t e m p e r a tu r e  o f  c a .  5 5 0  °c. O v e r a l l  

d e c o m p o s i t i o n  ( e x c l u d i n g  d e h y d r a t io n )  i s  a c c o u n t e d  t o  b e  a  s i n g l e  s t e p  w i t h  t h e  

m a g n i t u d e  o f  m o r e  th a n  8 0 %  o f  th e  t o t a l  m a s s  lo s s .

Figure 5 .1  D T G  p r o f i l e  o f  s e w a g e  s lu d g e  d e c o m p o s i t i o n  ( h e a t in g  ra te  o f  2 0  ๐c  m i n ' 1) .
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T a b l e  5 .2  D T G  p e a k  te m p e r a tu r e  a n d  h e ig h t  in  a c c o r d a n c e  w i t h  t h e  s lu d g e  

d e c o m p o s i t i o n  ( e x c lu d in g  d e h y d r a t io n )

T y p e P e a k  te m p e r a tu r e C o r r e s p o n d in g  p e a k  h e ig h t

I 2 9 9 ± 1 0.21 ± 0.02
II 2 9 2 ± 2 ,  4 8 8 ± 1 1 0 .2 0 ± 0 .0 3 ,  0 . 1 1 ± 0 .0 2

III 3 0 1 ± 2 ,  4 5 8 ± 7 ,  7 5 5 ± 8 0 .1 7 ± 0 .0 3 ,  0 . 0 7 + 0 . 0 1 ,  0 .1 0 ± 0 .0 2

I V 2 9 3 ± 1 ,  3 8 8 ± 7 ,  4 8 1 ± 5 0 .1 0 + 0 .0 1 ,  0 . 1 4 ± 0 . 0 1 ,  0 .0 8 ± 0 .0 1

V 2 5 5 ± 3 ,  3 9 7 ± 6 0 . 1 0 ± 0 . 0 1 , 0 . 0 8 ± 0 . 0 1

T y p e  II: th e  s lu d g e  h a s  a n  a lm o s t  s im i la r  b e h a v io r  a s  T y p e  I u p  to  4 0 0  

°c. T h e  D T G  c u r v e  p r e s e n t s  t h e  p e a k  a t 292 °c. A t  h ig h e r  t e m p e r a tu r e ,  t h e  m a s s  l o s s  

p r e s e n t s  a  d i s t in g u i s h e d  D T G  p e a k  a t 4 8 8  °c. T h e s e  t w o  s t e p s  a c c o u n t  f o r  

a p p r o x im a t e ly  5 0  a n d  3 0 %  o f  t h e  to ta l  m a s s  l o s s ,  r e s p e c t i v e ly .  T h is ,  in  tu r n s , m a y  

r e fe r  t o  th e  t w o  d is t in g u i s h e d  c o m p o s i t io n  g r o u p s  in  t h e  s lu d g e .

T y p e  III: a  m a in  d e c o m p o s i t i o n  ta k e s  p l a c e  a t  3 0 1  °c a n d  n e x t  

d e c o m p o s i t i o n  c e n te r e d  a t  4 5 8  ๐c .  T h e s e  t w o  s t e p s  w e r e  t h o u g h t  t o  b e  t h e  s a m e  a s  

T y p e  II. H o w e v e r ,  fo r  th is  t y p e ,  a n o th e r  s h a r p  p e a k  o c c u r s  a t t h e  te m p e r a tu r e  h ig h e r  

th a n  7 0 0  ๐c .  T h is  r e g io n  i s  a c c o u n t e d  t o  b e  1 5 - 2 0 %  o f  t h e  t o t a l  m a s s  l o s s .  T h e  

d e c o m p o s i t i o n  a t s u c h  a  h ig h  te m p e r a tu r e  i s  d u e  t o  t h e  d e g r a d a t io n  o f  c a lc iu m  

c a r b o n a te  ( C a b a l le r o  et a l,  1 9 9 7 ) .
T h e  e q u i l ib r iu m  b e t w e e n  c a lc iu m  c a r b o n a te  a n d  c a l c i u m  o x id e  i s  

s h o w n  a s  f o l l o w  ( M e n e n d e z  et a l,  2 0 0 4 ) :

C a C 0 3 ►  C a O  +  C 0 2, H 298K =  1 7 8  k J  m o l ' 1

T h e  c a t a ly t ic  e f f e c t  o f  c a lc iu m  o x id e  in  th e  p y r o l y s i s  o f  c a r b o n a c e o u s  

m a te r ia ls  w a s  s t u d ie d  in  a  p r e v io u s  w o r k ,  w h e r e  it  w a s  c o n c lu d e d  th a t  C a O  c a t a l y s e s  

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

t h e  e x p e n s e  o f  t h e  o i l  f r a c t io n  a n d  a n  in c r e a s e  in  t h e  p r o d u c t io n  o f  H 2 . M o r e o v e r ,
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C a O  h a s  b e e n  u s e d  a s  a n  a d s o r b e n t  o f  c a r b o n  d i o x id e  in  n e w  แ 2 p r o d u c t io n  m e t h o d s  

d u r in g  c o a l  g a s i f i c a t io n .
O n  t h e  o th e r  h a n d , in  th e  p r e s e n c e  o f  w a te r  C O  e q u i l ib r a t e s  w i t h  C O 2 

in  th e  w a t e r  g a s  s h i f t  r e a c t io n ,  w h i c h  m e a n s  th a t  t h e  d e c r e a s e  in  C O 2 g i v e s  r is e  t o  a  

r e d u c t io n  o f  C O  in  t h e  p y r o l y s i s  g a s .
T y p e  I V : th e  d e c o m p o s i t i o n  ta k e s  p la c e  in  th r e e  s t e p s .  L ik e  o t h e r  

t y p e s ,  th e  f ir s t  s te p  a t  2 9 3  ๐c  ta k e s  p la c e  b u t  a s  a  s h o u ld e r .  T h e  m a in  d e c o m p o s i t i o n  

s t e p  o c c u r s  a t 3 8 8  °c a s  th e  h ig h e s t  p e a k . A t  h ig h e r  te m p e r a tu r e ,  a n o th e r  s h o u ld e r  

w a s  o b s e r v e d  a t 4 8 1  °c a n d  o v e r a l l  d e c o m p o s i t i o n  c e a s e s  a t 6 0 0  °c.
T y p e  V :  a  m a s s  l o s s  in  d r y in g  s te p  i s  h ig h e r  th a n  t h o s e  o f  o t h e r  t y p e s ,  

c o r r e s p o n d in g  t o  h ig h  m o is t u r e  in  p r o x im a t e  a n a ly s i s  ( T a b le  5 .3 ) .  O t h e r  th a n  th e  

d r y in g  s t e p ,  t h e  d e c o m p o s i t i o n  c a n  b e  c le a r ly  s e p a r a te d  in to  t w o  s t e p s .  T h e  fo r m e r  

o c c u r s  a t 2 5 5  °c, w h i c h  i s  l o w e r  th a n  u s u a l  c a s e .  T h e  la te r  o c c u r s  a t  3 9 7  °c w i t h  a n  

a lm o s t  s im i la r  m a g n i t u d e  t o  th e  f ir s t  p e a k  a n d  s t o p s  a t 5 5 0  ๐c .
In  g e n e r a l ,  s m a ll  v a r ia n c e s  in  D T G  c h a r a c t e r i s t ic s  s u c h  a s  p e a k  h e ig h t  

a n d  te m p e r a tu r e  a re  p o s s i b l e  d u e  to  t h e  v a r ia t io n  o f  s a m p le s  ( T a b le  5 .2 ) .  I t w a s  a l s o  

n o t i c e d  th a t  m o s t  s lu d g e  s a m p le s  b e h a v e  a s  T y p e s  I , II a n d  III a s  t h e  s a m p l e s  in  t h e s e  

th r e e  t y p e s  e x c e e d s  9 0 %  o f  t h e  to ta l  s a m p le s .  S u c h  t h e r m o g r a m s  a l s o  h a v e  b e e n  

r e p o r te d  b y  m a n y  l it e r a tu r e s  (C a b a l le r o  et a l,  1 9 9 7 ;  C h e n  a n d  J e y a s e e la n ,  2 0 0 1 ;  T ia n  

et a l,  2 0 0 2 ;  C a lv o  et a l,  2 0 0 4 ) .  In  a d d it io n  to  th e  c o m m o n  c a s e ,  T y p e s  I V  a n d  V  a s  

m in o r  h a v e  o n l y  b e e n  o b s e r v e d  in  t h is  w o r k .
5 .4 .2  E f f e c t  o f  H e a t in g  R a te

A l t h o u g h  it  w a s  n o t  r e p o r te d  h e r e ,  it  w a s  o b s e r v e d  th a t  a l l  
th e r m o g r a m s  w e r e  g e n e r a l ly  s h i f t e d  t o  h ig h e r  t e m p e r a tu r e s  w h e n  t h e  h e a t in g  r a te  i s  

in c r e a s e d  f r o m  5 t o  2 0  ๐c  m in " 1. H o w e v e r ,  o v e r a l l  d e c o m p o s i t i o n  b e h a v io r s  ( D T G  

p a t te r n s )  d o  n o t  s ig n i f ic a n t ly  c h a n g e  f o r  a l l  s lu d g e  t y p e s .  W it h  t h e  s a m e  tr e n d , D T G  

p e a k  h e ig h t s  w e r e  in c r e a s e d .  T h is  f a c t  i s  a ls o  tr u e  f o r  o th e r  m a t e r ia ls ,  f o r  in s t a n c e ,  
b io m a s s  o r  c e l l u l o s i c  m a te r ia ls ,  A P I  s lu d g e  a n d  p la s t i c s  ( D u b d u b  a n d  T i o n g ,  2 0 0 1 ;  

P u n n a r u tta n a k u n  et a l,  2 0 0 3 ) .
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5 .4 .3  R e la t io n s h ip  b e t w e e n  D e c o m p o s i t i o n  B e h a v io r  a n d  C h a r a c te r is t ic s
T h e  c h a r a c t e r is t ic s  o f  th e  s lu d g e  th a t  r e p r e s e n t  e a c h  d e c o m p o s i t i o n  

t y p e  w e r e  r e p o r te d  in  T a b le  5 .3 .  T h e  b e h a v io r  t y p e  w a s  r e p o r te d  in  t h e  o r d e r s  o f  

in c r e a s in g  a s h  c o n t e n t  a n d  o f  lo w e r in g  v o la t i l e  m a tte r , h e a t in g  v a lu e ,  c a r b o n  a n d  

o x y g e n  c o n t e n t s  a n d  c / o  r a t io . I t  w a s  o b s e r v e d  th a t  T y p e s  I , II  a n d  III a r e  n o t  h i g h l y  

d i f f e r e n t  in  b o th  p r o x im a t e  a n d  u lt im a te  a n a ly s e s .  F o r  e x a m p l e ,  th e  v o l a t i l e  m a tte r  

a r e  4 7 ,  4 3  a n d  4 2  w t% , C /H  r a t io s  are 6 .3 9 ,  6 .3 4  a n d  6 .6 4  a n d  c / o  r a t io s  a r e  1 .3 7 ,
1 .2 1  a n d  1 .1 3  fo r  T y p e s  I , II a n d  III , r e s p e c t iv e ly .  T h is  m ig h t  b e  th e  r e a s o n  w h y  t h e s e  

th r e e  t y p e s  h a v e  q u it e  s im i la r  d e c o m p o s i t io n  b e h a v io r s .  C o in c i d e n c e  th a t  t h e s e  th r e e  

t y p e s  h a v in g  a  m a in  d e c o m p o s i t i o n  s te p  a t a p p r o x im a t e ly  3 0 0  ° c ,  w h i c h  a lm o s t  

c o n s t a n t ,  i s  h o w e v e r  c o m p a r a b le  t o  p r e m a tu r e  c o a l  ( S p e ig h t ,  1 9 9 4 ) .  T h e  d i f f e r e n c e  in  

t h e s e  th r e e  t y p e s  i s  th e  s e c o n d  d e c o m p o s i t io n  p r o n o u n c e d  a t h ig h e r  t e m p e r a tu r e  

( a p p r o x im a t e ly  4 5 0  ๐C ) . T h is  p e a k  i s  b e l i e v e d  to  o w e  t o  th e  d e c o m p o s i t i o n  o f  h ig h e r  

m o le c u la r  w e i g h t  o r  m o r e  c o m p l e x  m o le c u l e s  ( G a s c ia - P è r e z  et a l,  2 0 0 1 ;  S o r u m  et 

a l,  2001 ).
T h e  p r o p e r t ie s  o f  o th e r  t w o  s lu d g e  t y p e s  ( I V  a n d  V )  a re  c o n s id e r a b ly  

d i f f e r e n t  fr o m  th e  o th e r s .  C /H  r a t io  o f  T y p e  I V  w a s  f o u n d  t o  b e  lo w e r  ( r e p o r te d  a t  

5 .1 2 )  th a n  th a t  o f  T y p e s  I, II a n d  III. N o t a b ly ,  th e  c h a r a c t e r is t ic  o f  T y p e  V  s lu d g e  i s  

h i g h l y  d i f f e r e n t  f r o m  t h e  o th e r s .  I t h a s  d r a s t ic a l ly  l o w  v o l a t i l e  m a tte r , 2 4  w t% , a s  

w e l l  a s  C /H  a n d  c / o  r a t io s  a t 4 .1 8  a n d  0 .8 1 .  T h is  m a y  b e  d u e  t o  t h e  f a c t  th a t  t h is  

t y p e  o f  th e  s lu d g e  c o n t a in s  s ig n i f ic a n t  a m o u n t  o f  in o r g a n ic  s u b s t a n c e s  o r  a s h  c o n t e n t ,  
w h i c h  i s  u n c o m m o n ly  f o u n d  in  m o s t  o r g a n ic  s o l id s .  A s  s u c h  m a n n e r , t h e  p r o p e r ty  o f  

m a te r ia l  s u c h  a s  i t s  h e a t in g  v a lu e  i s  u n p r e d ic ta b le  ( T h ip k h u n t h o d  et a l,  2 0 0 5 ) .



Table 5.3 Properties of sludge samples (indicated in average) corresponding to each sludge type

T y p e P r o x im a te  A n a ly s i s ” H H V
( M J  k g -1)

U l t im a te  a n a ly s is

M V A FC c H N ร 0 C /H c /o
I 5 .3 ± 0 .9 4 7 .0 1 3 .8 4 7 .7 1 4 .4 5 .3 1 1 .0 1 1 .5 1 1 .1 2 4 .5 1 2 .3 3 .8 1 0 .3 3 .9 1 0 .3 1 .0 1 0 .1 1 9 .1 1 2 .1 6 .3 9 1 0 .1 1 .3 7 1 0 .3

II 4 .1 ± 1 .1 4 3 .2 1 3 .9 5 1 .3 1 4 .6 5 .5 1 1 .0 1 0 .4 1 1 .2 2 2 .0 1 2 .3 3 .5 1 0 .3 3 .4 1 0 .3 0 .8 1 0 .2 1 8 .9 1 2 .1 6 .3 4 1 0 .1 1 .2 1 1 0 .2

III 4 .4 1 1 .0 4 2 .4 1 4 .9 5 4 .4 1 5 .5 3 .2 1 1 .0 8 .9 1 1 .4 2 0 .5 1 3 .2 3 .1 1 0 .5 2 .7 1 0 .5 1 .2 1 0 .3 1 8 .1 1 1 .7 6 .6 4 1 0 .1 1 .1 3 1 0 .1

IV 4 .9 1 0 .7 3 7 .3 1 0 .6 5 9 .6 1 1 .0 3 .0 1 0 .6 8 .5 1 0 .2 1 7 .3 1 0 .2 3 .4 1 0 .2 1 .7 1 0 .1 1 .9 1 0 .2 1 6 .1 1 1 .1 5 .1 2 1 0 .2 1 .0 9 1 0 .1

V 8 .5 1 1 .3 2 4 .0 1 1 .1 7 3 .5 1 1 .0 2 .5 1 0 .4 3 .6 1 0 .4 9 .3 1 0 .5 2 .3 1 0 .5 1 .5 1 0 .1 1 .6 1 0 .4 1 1 .8 1 0 .9 4 .1 8 1 0 .3 0 .8 1 1 0 .1

d r y  b a s is  e x c e p t  fo r  m o is t u r e  in  a ir -d r ie d  b a s i s
** M , V ,  A ,  F C  a n d  H H V  a re  m o is t u r e ,  v o l a t i l e  m a tte r ,  a s h ,  f i x e d  c a r b o n  a n d  h ig h  h e a t in g  v a lu e
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T a b le  5 .4  s h o w s  th e  d e c o m p o s i t io n  t e m p e r a tu r e s  o f  s a m p le s  

c o m p a r in g  t o  o th e r  m a t e r ia ls  c o l l e c t e d  fr o m  l ite r a tu r e s  ( P e n g  et a l,  2 0 0 1 ;  G a s c la -  

P è r e z  et a l,  2 0 0 1 ;  C h e n  et a l,  2 0 0 1 ;  G r o n li  et a l,  2 0 0 2 ;  G o n g  et a l,  2 0 0 3 ;  

H e ik k in e n  et a l,  2 0 0 4 ) .  I t w a s  f o u n d  th a t  th e  d e c o m p o s i t i o n  te m p e r a tu r e s  o f  th e  

s lu d g e  a re  c o m p a r a b le  to  th a t  o f  v a r io u s  m a te r ia ls .  I t s h o u ld  b e  n o t e d  th a t  t h e  m a s s  

l o s s  fo r  c o m p o s t e d  s lu d g e  a n d  A P I  s e p a r a to r  s lu d g e  w a s  a l s o  f o u n d  a t 2 5 0  ° c .  I t w a s  

r e p o r te d  f o r  c o m p o s t e d  s lu d g e  th a t  th e  d e c o m p o s i t io n  a t s u c h  l o w  te m p e r a tu r e  w a s  

c o r r e s p o n d e d  t o  th e  c o m b u s t io n  o f  c a r b o h y d r a te  (P ie tr o  a n d  P a o la ,  2 0 0 4 ) .  In  c a s e  o f  

A P I  s e p a r a to r  s lu d g e ,  i t  w a s  p r o p o s e d  t o  b e  th e  v o l a t i l i z a t i o n  p r o c e s s  

(P u n n a r u t ta n a k u n  et a l,  2 0 0 3 ) .  T h e  d e c o m p o s i t io n  a t 3 0 0 - 3 5 0  ๐c  m o s t  l ik e l y  

b e lo n g s  t o  t h e  d e g r a d a t io n  o f  n a tu r a l p o ly m e r s  s u c h  a s  c e l l u l o s e ,  m ic r o  a lg a e ,  s ta r c h ,  

l e a th e r  a n d  w o o l .  W h e r e a s  th e  d e c o m p o s i t i o n  a t h ig h e r  te m p e r a tu r e ,  u p  t o  5 0 0  ° c ,  i s  

b e l i e v e d  t o  b e  d u e  t o  t h e  d e g r a d a t io n  o f  c o m p l e x  a n d /o r  a r o m a t ic  s tr u c tu r e s  in  

v a r io u s  m a t e r ia ls  s u c h  a s  A P I  s e p a r a to r  s lu d g e ,  p e t r o le u m  r e s id u e ,  s c r a p  t ir e ,  a s p h a lt  

a n d  s o m e  p l a s t i c s  ( G a s c ia - P è r e z  et a l,  2 0 0 1 ;  C h e n  et a l,  2 0 0 1 ;  S o r u m  et a l,  2 0 0 1 ;  

G o n g  et a l,  2 0 0 3 ;  P u n n a r u tta n a k u n  et a l,  2 0 0 3 ;  H e ik k in e n  et a l,  2 0 0 4 ) .

5.5 Kinetic Modeling

A s  s h o w n  in  F ig u r e  5 .1 ,  m a s s  l o s s  m e c h a n i s m  c h a n g e s  d u r in g  a n  i n c r e a s e  in  

t e m p e r a tu r e ,  a t w h i c h  p y r o l y s i s  o c c u r s  a n d  t h e  c o r r e s p o n d in g  r e a c t io n  s e e m s  n o t  to  

c o m p l e t e  in  a  s in g le  s t e p  ( e x c e p t  f o r  T y p e  I o n ly ) .  T h e  d e c o m p o s i t i o n  r e a c t io n  c a n  b e  

d i s t in g u i s h e d  a n d  r e p r e s e n te d  in  fo r m  o f  a  s in g le  r e a c t io n .  T h u s ,  t h e  o v e r a l l  r e a c t io n  

s h o u ld  b e  g o v e r n e d  b y  e i th e r  th e  p s e u d o  s in g le  c o m p o n e n t  o v e r a l l  m o d e l  ( P S O M )  o r  

t h e  p s e u d o  m u l t i - c o m p o n e n t  o v e r a l l  m o d e l  ( P M O M )  ( L iu  et a l,  2 0 0 2 ) .  W it h  th e  

P S O M , th e  s lu d g e  w a s  c o n s id e r e d  a s  a  s in g le  p s e u d o  c o m p o n e n t  a n d  d e c o m p o s e d  in  

a  s i n g l e  s t e p  o v e r  a  te m p e r a tu r e  r a n g e . O n  t h e  o th e r  h a n d , th e  P M O M  a s s u m e s  th a t  

t h e  s lu d g e  d e c o m p o s i t i o n  i s  r e s u lt e d  f r o m  th e  m u l t i - c o m p o n e n t  d e c o m p o s e s  in  

s e p a r a te d  s t a g e s .  F o r  in s t a n c e ,  o n e  o f  th e  P M O M s  i s  w r i t t e n  in  t h e  fo r m  o f  P s e u d o  

B i - c o m p o n e n t  S e p a r a te d  S ta te  M o d e l  ( P B S M )  (L iu  et a l,  2 0 0 2 ;  P u n n a r u t ta n a k u n  et 

a l,  2 0 0 3 ) :



T a b l e  5 .4  T h e  D T G  p e a k  t e m p e r a tu r e  a n d  C /H  r a t io  o f  v a r io u s  m a t e r ia ls

M a te r ia ls
T e m p e r a tu r e  ( ° C )  a t p r e s e n c e  

o f  D T G  p e a k
C /H  r a t io

M ic r o  a l g a e 1 3 3 0 - 3 6 0 -
C e l l u l o s i c  m a te r ia l2’3,4

X y la n 2 9 8 -
C e l lu l o s e 3 5 0 -
L ig n in 3 5 0 -

L e a t h e r 4 3 4 2 -

W o o l4 3 3 9 -

C o m p o s t e d  s l u d g e 5 2 5 0 ,  4 0 0 -
A P I  s e p a r a to r  s lu d g e 6 2 5 0 , 4 4 0 -

A s p h a l t 7 3 5 0 , 4 7 4 7 .8 5 - 8 .4 4

P e t r o le u m  r e s id u e 2 4 5 0 8 .2 7

S c r a p  t ir e 4,8 4 0 0 ,  4 5 0 1 1 .2 4

V a r io u s  p la s t i c s 9
P S 4 1 3 1 1 .7 3

p p 4 5 6 6 .2 8

L D P E 4 7 2 6 .0 4

H D P E 4 7 9 6 .6 2

P V C 2 9 4 , 3 1 6 ,  4 5 5 7 .8 1
P e n g  e t al. (2 0 0 1  ) ; G a s c ia - P è r e z  e t al. ( 2 0 0 1 ) ;  G r a n l i  e t al. ( 2 0 0 2 ) ;  H e ik k in e n  e t al. 

( 2 0 0 4 ) ;  5P ie t r o  a n d  P a o la  ( 2 0 0 4 ) ;  6P u n n a r u t ta n a k u n  e t al. (2 0 0 3 ) ;  7G o n g  e t al. ( 2 0 0 3 ) ;  8C h e n  
e t al. ( 2 0 0 1 ) ;  9ร 0 ททท e t al. (2 0 0 1 ) .
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Wjo -  d xx พ 10 <  w  <  พ100
^ _ = เ พ 10 -  dT 
dT 1 พ 20 -  w 2» dx2 พ 20 < > v  <  พ 200

, a n d ( 5 .1 )

^ 10-^200  dT

พ 20 <  w  <  พ 200

พ 10 <  พ  <  พ 100
( 5 .2 )

w h e r e  s u b s c r ip t s  1, 2 c o r r e s p o n d  t o  th e  p s e u d o  c o m p o n e n t s  1 a n d  2 a n d  s u b s c r ip t s  0 , 

CO c o r r e s p o n d  t o  th e  in i t ia l  a n d  f in a l  m a s s  p e r c e n t a g e s ,  r e s p e c t i v e ly .  T h e  a n a lo g y  t o  

t h e s e  t w o  e q u a t io n s  i s  c o n s id e r e d  w h e n  s in g le  a n d  m o r e  th a n  t w o  p s e u d o  

c o m p o n e n t s  i n v o lv e .
T h e  k in e t i c s  fo r  a n y  s in g le  p y r o l y s i s  r e a c t io n  c a n  b e  r e p r e s e n t e d  b y  t h e  

f o l l o w i n g  ra te  e q u a t io n :

w h e r e  A  i s  t h e  f r e q u e n c y  fa c to r ;  E  i s  t h e  a c t iv a t io n  e n e r g y ;  R  i s  t h e  u n iv e r s a l  g a s  

c o n s t a n t  a n d  T  i s  t h e  a b s o lu t e  te m p e r a tu r e . W ith  s o m e  m a t h e m a t ic  m a n ip u la t io n ,  E q .
( 5 .3 )  i s  c o n v e r t e d  to

( 5 .3 )

w h e r e  X i s  t h e  m a s s  l o s s  f r a c t io n .  C o n s ta n t  k  o b e y s  A r r h e n iu s  c o r r e la t io n :

k -  Ae ( 5 .4 )

J ^ r  =  “ e x P (~ E /R T )f{x ), ( 5 .5 )
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w h e r e  p  i s  t h e  h e a t in g  r a te . T h e  s p e c i f i c  fo r m  o f  f(x ) r e p r e s e n t s  t h e  h y p o t h e t ic a l  

m o d e l  o f  t h e  r e a c t io n  m e c h a n i s m  o r  ‘m o d e l  f u n c t i o n ’, w h i c h  m a y  b e  p r e s e n t e d  h e r e  

in  t h e  fo r m  o f  a n  n - th  o r d e r  o f  r e a c t io n :

/ (x) = ( \ - x Y  5 ( 5 .6 )

w h e r e  ท i s  t h e  o r d e r  o f  r e a c t io n .  H o w e v e r ,  E q . ( 5 .5 )  i s  in  a  s u i t a b le  fo r m  f o r  th e  

a p p l ic a t io n  w i t h  c o n s t a n t  h e a t in g  r a te  T G - D T G  d a ta . A n  in te g r a l  fo r m  o f  E q . ( 5 .5 )  i s  

n o r m a l ly  w r i t t e n  as:

* ^ ] m - i Y ' " " -
( 5 .7 )

F o l l o w i n g  C o a ts  a n d  R e d f e m  a p p r o x im a t io n  m e t h o d  ( C o a t s  a n d  R e d f e m ,  
1 9 6 4 ) ,  E q . ( 5 .7 )  h e n c e  b e c o m e s :

I n g(x) 1 AR= I n — —

't-ฯCN
1T—"H

1____

L T2 _ PE E
E

liT  ’

w h e r e  g ( x )  =  <
-  ln ( l  -  x )

» - q - * r
1 - n

ท =  1
ท 1

( 5 .8 )

( 5 .9 )

T o  o b t a in  th e  k in e t i c  p a r a m e t e r s ,  t h e  T G - D T G  in f o r m a t io n  w a s  u s e d .  A  

n o n - l in e a r  r e g r e s s io n  s c h e m e  w a s  u s e d  in  f i t t in g  E q s .  ( 5 .8 )  a n d  ( 5 . 9 )  o r  o th e r  s u i t a b le  

f o r m s  w i t h  r e s p e c t  t o  e a c h  s lu d g e  t y p e  a n d  e x p e r im e n t a l  d a ta . T h e  a n a ly s i s  w a s  d o n e  

in  t h e  te m p e r a tu r e  r a n g e  b e t w e e n  1 8 0  a n d  6 0 0  ๐c  d e p e n d in g  u p o n  t h e  c h a r a c t e r is t ic s  

o f  D T G  p a tte r n s  fo r  e a c h  t y p e .
T h e  o b t a in e d  k in e t i c  p a r a m e te r s  a r e  s u m m a r iz e d  in  T a b le  5 .5 .  I t s h o u ld  b e  

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

a c c o r d a n c e  w i t h  th e  D T G  p r o f i l e .  A  c o m m o n  m o d e l  f o r  s lu d g e  p y r o l y s i s  i s  th e  

P B S M  a s  r e p r e s e n t e d  T y p e s  II , III a n d  V  b e h a v io r s .  It w a s  f o u n d  th a t  th e  a c t iv a t io n
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e n e r g y  o f  t h e  f i r s t  r e a c t io n  ( m a in  r e a c t io n )  i s  a lm o s t  s im i la r  f o r  d i f f e r e n t  t y p e s  o f  

s lu d g e  ( c a .  6 0 . 8 - 7 6 . 7  k j  m o l ' 1) .  T h is  r e a c t io n  r e p r e s e n t s  th e  m a in  d e c o m p o s i t i o n  s te p  

o f  th e  s lu d g e  o c c u r r in g  a t  3 0 0  ๐c  e s p e c i a l l y  fo r  T y p e s  I , I I , III a n d  e v e n  I V  ( n o t  m a in  

d e c o m p o s i t i o n  s t e p  fo r  T y p e  I V ) .  F o r  t h e  s e c o n d  r e a c t io n ,  th e  a c t iv a t io n  e n e r g y  i s  

a ls o  c o m p a r a b le  fo r  T y p e s  II, III  a n d  I V  ( 1 3 6 .1 ,  1 2 3 .0  a n d  1 4 2 .0  k J  m o l ' 1, 
r e s p e c t i v e ly )  w h i l s t  th a t  o f  T y p e  V  i s  8 5 .4  k J  m o l ' 1, w h ic h  i s  l e s s  th a n  t h e  o th e r  

t y p e s .  F o r  th e  th ir d  r e a c t io n ,  o n ly  f o r  T y p e  I V , t h e  a c t iv a t io n  e n e r g y  i s  r e p o r te d  a t
1 3 1 .8  k J  k g ' 1. N o t a b l y ,  t h e  th ir d  r e a c t io n  o n ly  a c c o u n t s  fo r  5 %  o f  th e  o v e r a l l  

f r a c t io n s .  T h e  o r d e r s  o f  a l l  r e a c t io n s  w e r e  f o u n d  in  th e  r a n g e  o f  1 .1  to  1 .8 .  A n y  

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

a n d  th ir d  r e a c t io n s .
T h e r e  h a v e  b e e n  a  n u m b e r  o f  s e w a g e  s lu d g e  p y r o l y s i s  k in e t i c  m o d e l s  

r e p o r te d  in  th e  l i te r a tu r e  ( C o n e s a  et a l,  1 9 9 7 ;  C h u  et a l,  2 0 0 0 ;  C h e n  a n d  J e y a s e e la n ,  
2 0 0 1 ;  C h a o  et a l,  2 0 0 2 ) .  H o w e v e r ,  th e  v a lu e s  o f  k in e t ic  p a r a m e t e r s  w e r e  v a r ie d  

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

m a y  n o t  b e  c o m p a r a b le .  A n y  d i s c u s s i o n  s h o u ld  b e  d o n e  in d iv id u a l ly .  C o n e s a  et a l 

( 1 9 9 7 )  a n d  C h u  et a l ( 2 0 0 0 )  s tu d ie d  t h e  s e w a g e  s lu d g e  p y r o l y s i s  b y  m e a n s  o f  T G A  

a n d  r e p o r te d  g lo b a l  k i n e t i c s  b y  th r e e  a n d  t w o  r e a c t io n  s c h e m e s ,  r e s p e c t i v e ly .  T h e  

a c t iv a t io n  e n e r g ie s  r e p o r te d  a r e  t y p ic a l  ( in  th e  r a n g e  o f  1 7 - 3 3 2  a n d  4 3 - 1 3 7  k j  m o l ' 1, 
r e s p e c t i v e ly )  b u t  t h e  r e a c t io n  o r d e r  i s  s o m e w h a t  a s  h ig h  a s  10, w h i c h  r a r e ly  o c c u r s  in  

g e n e r a l  c h e m ic a l  r e a c t io n s .  C h e n  a n d  J e y a s e e la n  ( 2 0 0 1 )  o n  th e  o t h e r  h a n d  t o o k  th e  

fo u r  c o n s e c u t i v e  f ir s t  o r d e r  r e a c t io n s  c o n s tr a in  a n d  r e p o r te d  t h e  a c t iv a t io n  in  th e  

s a m e  r a n g e  ( 5 3 - 2 0 5  k j  m o l ' 1) . T h e  f ir s t  o r d e r  r e a c t io n  m o d e l  w i t h  a  t r a n s i t io n  s ta te  

th e o r y  w a s  a l s o  p u r p o s e d  b y  C h a o  et a l,  ( 2 0 0 2 ) ,  w i t h  r e p o r te d  h i g h  a c t iv a t io n  e n e r g y  

o f  2 9 5  kJ m o l ' 1. In  t h e  p r e s e n t  s t u d y ,  th e  p r o p o s e d  m o d e l s  w e r e  f o u n d  t o  w e l l  f i t  

w it h  th e  T G A  b e h a v io r s .  T h e  a c t iv a t io n  e n e r g y  o f  p a r t ic u la r  r e a c t io n s  w a s  in  

a g r e e m e n t  w i t h  t h o s e  r e p o r te d  in  t h e  l ite r a tu r e . T h e  m o d e l i n g  a l s o  a l l o w s  r e a c t io n  

o r d e r  t o  b e  i n d e p e n d e n t ly  v a r ie d . T y p ic a l  o r d e r s  o f  r e a c t io n  w e r e  f o u n d  b e t w e e n  1.1  

a n d  1.8 , r e a s o n a b le  fo r  m o s t  c h e m ic a l  r e a c t io n s .
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Table 5 .5  K in e t i c  p a r a m e t e r s  r e s u l t in g  fr o m  d i f f e r e n t  m o d e l s  *

T y p e M o d e l
R e a c t io n  I R e a c t io n  II R e a c t io n  III

E ท E ท E ท

I P S O M 6 0 .8 1.8
II P B S M 6 4 .5 1 .3 1 3 6 .1 1 .5
III P B S M 7 0 .4 1 .3 1 2 3 .0 1.6
I V P M O M 7 6 .7 1.1 1 4 2 .0 1 .5 1 3 1 .8 1 .3
V P B S M 7 3 .2 1.6 8 5 .4 1.8

* E  =  a c t iv a t io n  e n e r g y  (k J  m o l ' 1) ,  ท =  o r d e r  o f  r e a c t io n

5.6 Product Gas Evolution

T h e  d e t e c t e d  p r o d u c t s  f r o m  T P P /M S  a n a ly s i s  a r e  l i s t e d  in  T a b le  5 .6 ,  w h ic h  

a ls o  r e p r e s e n t  c o r r e s p o n d in g  c o m p o u n d s  fo r m e d  d u r in g  p y r o l y s i s  o f  s e w a g e  s lu d g e .  
F ig u r e  5 .2  s h o w s  t h e  t y p i c a l  e v o lu t i o n  p r o f i l e s  o f  v a r io u s  g a s  p r o d u c t s  d u r in g  th e  

d e c o m p o s i t i o n  o f  s e w a g e  s lu d g e .  A l t h o u g h  t h e  g a s e s  a re  n o t  q u a n t i f i e d ,  th e  a m o u n t  

o f  e a c h  g a s  i s  o b s e r v e d  t o  b e  d i f f e r e n t  a s  in d ic a t e d  b y  th e  h e ig h t  o f  M S  s ig n a ls .

Table 5.6 S u g g e s t e d  i d e n t i f i c a t io n  o f  m a s s  s p e c tr a  fr o m  M S  ( C o n e s a  et a l,  1 9 9 8 )

m / z I o n N a m e

2 h 2+ H y d r o g e n
15 c h 3+ M e th a n e
26 H C N +, C 2H 2+ H C N , E t h y le n e
39 c 3h 3+ P r o p y le n e
43 c 3h 7+ P r o p a n e
44 c o 2+ C a r b o n  d i o x id e
45 c h 3c h o h + E t h a n o l
50 c h 3c i + C h lo r o m e t h a n e
55 c 4h 7+ B u t a n e
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Figure 5.2 Mass spectra represented the gas evolved from sewage sludge pyrolysis.
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m/z=26

(c)
m/z= 3 9

(d )

Figure 5.2 (cont’d) Mass spectra represented the gas evolved from sewage sludge
pyrolysis.
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m/z=43

(e)
m/z=44

(f)
Figure 5.2 (cont’d) Mass spectra represented the gas evolved from sewage sludge
pyrolysis.
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Figure 5.2 (cont’d) Mass spectra represented the gas evolved from sewage sludge
pyrolysis.
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m/z=55

Time (min)

(i)
Figure 5.2 (cont’d) Mass spectra represented the gas evolved from sewage sludge 
pyrolysis.

The evolution of gas can be divided into three zones according to MS peaks 
at 350, 500 and 750 ° c  leading to three classified groups of gas products. Hydrogen 
evolution starts at 500 ° c  and reaches the highest point at ca 750 ° c .  The second 
group comprises methane, ethylene, propylene, chloromethane and butane (m/z = 15, 
26, 39, 50 and 55) as shown in Figs. 5.2b, c, d, h and i, respectively. The products in 
this group evolved from a single step at 500 ° c .  The third group comprises propane, 
carbon dioxide and ethanol (m/z = 43, 44 and 45) as shown in Figs. 2e, f  and g, 
respectively. These products evolved from all three steps at 350, 500 and 750 ° c .

It is apparent that most gases evolve at a similar temperature regardless of 
sludge type. Nonetheless, there are differences in quantity and a small temperature 
shift may be possible depending on the nature of sludge. For the special case, Type V 
has main mass loss at 250 ๐c  but has very little effect on the gas evolution profile. 
The absence of gas profile might be due to larger mass number of the precut at this
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range. At 750 °c, although the decomposition of sludge at this temperature is very 
small (except Type III), the gas evolution also occurs at such high temperature for all 
sludges. It is possible that these gases come from either secondary gas phase reaction 
or liquid decomposition.

Only detected gases were discussed although other gases were also 
produced. The evolved gas was analyzed based on the recommended MS spectra 
identification listed in Table 5 .6 .  Other sorts of gas may be detected and may be 
different from some literatures. One should take care of the application of the data 
reported both in this study and literatures. Conesa e t al. (1998) reported a three-stage 
process for sewage sludge pyrolysis centered at 2 5 0 ,  3 5 0  and 4 5 0  ° c  due to three 
organic fractions namely non- and biodegradable organic matters and dead bacteria 
(Conesa e t a l ,  1997). Instead of focusing on the sludge contents, Chen and 
Jeyaseelan ( 2 0 0 1 )  proposed a different mechanism by a two-decomposition reaction 
scheme. The first reaction is primary decomposition resulting in generation of some 
gaseous products and intermediates decomposed at second stage. The product 
evolved was also slightly different from each other and from this work due to the 
sludge heterogeneity or even equipment used and its sensitivity.

The kinetic model proposed for sewage sludge pyrolysis (PSOM, PBSM 
and PMOM) correlated to different fractions decomposed at different temperatures. 
For example, the common type is the PBSM model, which corresponds to the two 
reaction scheme. Overall, the evolutions of gas are not so much different regardless 
the sludge types. The differences are only peak height and possibility of temperature 
shift. The gas evolution is just the confirmation of the stages of reaction. Although 
the sewage sludge pyrolysis kinetics is different among the original source, the 
gaseous products are qualitatively the same.

5.7 Conclusions

The extensive study on the kinetics of sewage sludge pyrolysis was done by 
Thermogravimetric Analysis. According to the TG-DTG patterns, five different 
pyrolysis behaviors were categorized. For more detail, the decomposition of sewage
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sludge start with vaporization of moisture at slightly above 100 ๐c . The main 
pyrolysis step occurs between 250 and 600 ° c ,  which distinguish the behavior type 
for different sludges. Some samples also decompose at the temperature of more than 
7 0 0  ° c ,  whereas the calcium carbonate was degraded. Differences in the behavior 
may be due to different components in the sewage sludge both quantitatively and 
qualitatively. The second group (Types IV and V), which rarely found, has unusual 
properties. DTG peaks were found at 293, 388 and 481 ° c  for Type IV and 255 and 
397 ° c  for Type V. Increasing heating rate from 5 to 20 ° c  min’1 can shift TG-DTG 
to higher temperature at which the overall curve patterns were not affected.

The kinetics of sewage sludge pyrolysis can be represented in form of either 
Pseudo single-, bi- or multi-component overall model. That means, the overall 
reaction can be modeled by a combination of single pseudo component 
decompositions. The activation energy of the first reaction, corresponding to the 
main pyrolysis typically at 300 ° c ,  was rather constant (between 60.8 and 76.7 kJ 
mol'1) whilst those of the second and third (as only in Type IV) reactions were varied 
in the range of 85.4-142.0 kJ mol’1. A difference in the pyrolysis kinetics was laid on 
the second or third reactions. Typical order of the pyrolysis reaction was in the range 
of 1.1-1.8. However, the detail on each reaction was not figured out. The model is 
useful in application with the satisfied results.

Most gases evolve at a quite similar temperature regardless of the sludge 
type. Their evolution behaviors confirm the stages of thermal decomposition and 
kinetics. The pyrolysis gases comprised both saturated and unsaturated light 
hydrocarbons, carbon dioxide, ethanol and chloromethane.
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