
CHAPTER III 
EXPERIMENTAL

3.1 Materials

3 .1 .1  A n a e r o b ic  S e e d  S lu d g e  a n d  A l c o h o l  W a s te w a te r
S e e d  s lu d g e  a n d  a lc o h o l  w a s t e w a t e r  a re  c o l l e c t e d  fr o m  J h e  b io g a s  

p la n t  o f  S a p th ip  L o p b u r i C o . ,  L td .,  T h a ila n d . T h e  a n a e r o b ic  s e e d  s lu d g e  is  b la c k  

c o lo r ,  a n d  h a s  p H  o f  3 .C M -.0 , a n d  to ta l  s u s p e n d e d  s o l id s  ( T S S )  c o n c e n t r a t io n  o f
1 0 ,0 0 0  m g /1 . T h e  c h a r a c te r is t ic  o f  th e  a lc o h o l  d i s t i l l e r y  w a s t e w a t e r  u s e d  in  f ir s t  p art 

o f  th e  s t u d y  are  s h o w n  in  T a b le  3 .1 .  T a b le  3 .2  s h o w s  c h a r a c t e r is t ic s  o f  t h e  a lc o h o l  

w a s t e w a t e r ' u s e d  in  a  s e c o n d  p a rt o f  th e  s t u d y .  T h e  s l i g h t  d i f f e r e n c e s  in  th e  

c h a r a c t e r is t ic  o f  th e  a lc o h o l  w a s t e w a t e r s  r e s u lte d  fr o m  th e  c h a n g e  o f  th e  p r o d u c t io n  

p r o c e s s .  T a b le  3 .3  s h o w s  th e  c h a r a c te r is t ic  o f  c a s s a v a  w a s t e w a t e r  u s e d  in  a  th ir d  part  

o f  th e  s tu d y . T h e  a n a e r o b ic  s e e d  s lu d g e ,  th e  a lc o h o l  w a s t e w a t e r ,  a n d  th e  c a s s a v a  

w a s t e w a t e r  w e r e  k e p t  a t 4  °c p r io r  to  u s e .

Table 3.1 C h a r a c te r is t ic s  o f  th e  s tu d ie d  a lc o h o l  w a s t e w a t e r

Parameter Unit Value
p H - 3 .4

C O D m g /1 6 0 ,0 0 0
T o ta l  V F A m g /1 5 0 8 0

E t h a n o l  c o n c e n t r a t io n m g /1 3 1 2 0
T o ta l  s o l id s  ( T S ) m g /1 1 0 0 0 0

T o ta l  p h o s p h o r o u s m g /1 8 0 0
T o ta l  n i t r o g e n m g /1 4 4 0 0

A m m o n ia  ( N H 3) m g /1 7 0
N itr a te  ( N O 3 ) m g /1 4 0 0
N it r i t e  (NO2) m g /1 2

C O D :N :P - 1 0 0 : 7 : 1 .3
C o lo r - B lo w n
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Table 3 .2  C h a r a c t e r is t ic s  o f  th e  s tu d ie d  a lc o h o l  w a s t e w a t e r

Parameter Unit Value
p H - 3 .6

C O D m g /1 4 5 .0 0 0
T o ta l  V F A m g /1 4 ,0 0 0

E t h a n o l  c o n c e n t r a t io n m g /1 5 3 4
T o t a l  s o l i d s  ( T S ) m g /1 1 2 . 0 0 0

T o t a l  p h o s p h o r o u s m g /1 5 8 0
T o ta l  n itr o g e n m g /1 6 0 0

O r g a n ic  n i t r o g e n  ( O r g - N ) m g /1 2 0 8
A m m o n i a  (N H ^ +- N ) m g / 1 . 4 0

N it r a t e  ( N 0 3 ~ -N ) m g /1 3 5 0
N i t r i t e  ( N 0 2 _- N ) m g /1 1 . 6

C O D : N : P - 1 0 0 : 1 .3 3 : 1 .2 3
C o lo r - B l o w n

Table 3 .3  C h a r a c t e r is t ic s  o f  th e  s tu d ie d  c a s s a v a  w a s t e w a t e r

Parameter Unit Value
p H - 4 .1

C O D m g /1 1 4 .5 0 0
T o ta l  V F A m g /1 6 .5 0 0 .6 3

T o t a l  s o l i d s  ( T S ) m g /1 2 ,4 6 0
T o t a l  p h o s p h o r o u s m g /1 2 9 5

T o ta l  n itr o g e n m g /1 4 3 1
O r g a n ic  n i t r o g e n  ( O r g - N ) m g /1 2 1 4 .3

A m m o n i a  ( N H 4+- N ) m g /1 7 5
N it r a t e  ( N 0 3 ~-N ) m g /1 1 4 0
N it r i t e  ( N 0 2' - N ) m g /1 1 .7

C O D : N : P - 1 0 0 : 2 .9 8 : 2 .0 3
C o lo r - T r a n s lu c e n t  y e l l o w



35

3 .1 .2  C h e m ic a l s
A l l  c h e m ic a l s  u s e d  in  th is  s t u d y  w e r e  in  c h e m ic a l  g r a d e  a n d  t h e y  w e r e  

u s e d  w i t h o u t  p u r i f ic a t io n .

3.2 Equipment

3 .2 .1  T im e - c o n t r o l l in g  S y s t e m
T im e r s  ( O M R O N  m o d e l  H 5 C X - A ) ,  a s  s h o w n  in  F ig u r e  3 .1 ,  w e r e  

u s e d  to  c o n t r o l  th e  o p e r a t io n  t im e  o f  e a c h  s te p s :  ( 1 )  f e e d in g ,  ( 2 )  r e a c t in g ,  ( 3 )  s e t t l in g ,  
a n d  ( 4 )  d e c a n t in g  fo r  a n  a n a e r o b ic  s e q u e n c in g  b a tc h  r e a c to r  ( A S B R ) .

T i m e r s

Figure 3.1 T i m e - c o n t r o l l i n g  s y s t e m .

3 .2 .2  T e m p e r a t u r e - c o n t r o l l in g  S y s t e m
T h is  s y s t e m  c o m p r is in g  a  h e a te r  r o d , t h e r m o c o u p le ,  a n d  c o n t r o l  b o x  

(F ig u r e  3 .2 )  w a s  u s e d  to  c o n t r o l  th e  te m p e r a tu r e  o f  e a c h  A S B R  u n it .  T h e  s y s t e m  

te m p e r a tu r e  w a s  a d ju s te d  to  b e  a r o u n d  5 5  ° c .
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3 .2 .3  p H - c o n t r o l l in g  a n d  M ix in g  S y s t e m s
T h is  A S B R  s y s t e m  c o n s i s t e d  o f  a p H  c o n t r o l le r  ( E x t e c h  m o d e l  

4 8 P H 2 ) ,  a  p H  e le c t r o d e  ( C o le - P a r m e r  D o u b le - J u n c t io n  E le c t r o d e )  ( F ig u r e  3 .3 ) ,  a  

d ia p h r a g m  p u m p , a  N a O H  s o lu t i o n  ta n k  a n d  a  m a g n e t i c  stir rer  ( 4 0 x 2 0  m m , e g g  

s h a p e )  fo r  m i x i n g .  T h e  p H  o f  th e  m ix e d  s o lu t io n  w a s  c o n t r o l le d  a u t o m a t ic a l ly  b y  

f e e d i n g  a  1 M  N a O H  s o lu t io n  v ia  th e  d ia p h r a g m  p u m p  r e g u la te d  b y  th e  p H  

c o n t r o l le r .  T h e  l iq u id  in  th e  b io r e a c to r  w a s  h o m o g e n e o u s ly  m ix e d  u s in g  th e  

m a g n e t i c  s t ir rer  a t 4 0 0  rp m  o n l y  d u r in g  th e  r e a c t  s te p .

Figure 3 .3  p H  s e n s o r  in s t a l le d  a t a  c o v e r  o f  r e a c to r .
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3 .2 .4  G a s -m e a s u r ir m  S y s t e m
T h i s  s y s t e m  w a s  c o m p o s e d  o f  2  f la s k s  f i l l e d  w i t h  a  1 M  H C 1 s o lu t io n ,  

in  o r d e r  to  p r e v e n t  d i s s o lu t io n  o f  th e  p r o d u c e d  C O 2 g a s  ( บ e n o  e t a l . , 1 9 9 6 ) ,  a n d  a  

w e t  g a s  m e te r  (R it t e r ,  T G 0 5 / 5 )  (F ig u r e  3 .4 )  w a s  u s e d  to  m e a s u r e  th e  v o lu m e  o f  

p r o d u c e d  g a s  at r o o m  te m p e r a tu r e .

Figure 3.4 W e t  g a s  m e te r .

3.3 Methodology'

3 .3 .1  S e e d  S lu d g e  P r e p a r a t io n  ■
T h e  s e e d  s lu d g e  fo r  h y d r o g e n  p r o d u c t io n  e x p e r im e n t s  w a s  f ir s t  

c o n c e n t r a t e d  b y  s e d im e n t a t io n .  N e x t ,  th e  c o n c e n tr a t e d  s lu d g e  w a s  g r o u n d  a n d  

f i l t e r e d  th r o u g h  a  s i e v e  in  th e  s i z e  o f  1 m m  in  o r d e r  to  r e m o v e  d e b r is  a n d  la r g e  s o l id  

p a r t ic le s .  T h e n , it w a s  p r e tr e a te d  b e f o r e  b e in g  f e d  in to  th e  b io r e a c to r  b y  b o i l in g  at 

9 5  °c fo r  15 m in  in  o r d e r  to  e n r ic h  I h e  h y d r o g e n - p r o d u c in g  a c i d o g e n ic  b a c t e r ia  in  

s p o r e  fo r m s  a n d  to  e l im in a t e  h y d r o g e n - c o n s u m in g  m e t h a n o g e n s  (A r g u n  e t a l.,  2 0 0 8 ) .
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3 .3 .2  S u b s tr a te  P r e p a r a t io n
A l c o h o l  d is t i l le r y  w a s t e w a t e r  w a s  f i l t e r e d  th r o u g h  a  s ie v e  s i z e  o f  0 .2  

p m  to  r e m o v e  d e b r is  a n d  u s e d  to  f e e d  th e  b io r e a c to r  w it h o u t  d i lu t io n  a n d  a d d it io n  o f  

a n y  n u tr ie n t  fu r th e r  f ir s t  t w o  p a r ts  o f  th e  s tu d y .
3 .3 .3  B io r e a c t o r  D e s ig n  a n d  O p e r a t io n

T w o  id e n t ic a l  A S B R  r e a c to r s  a re  u s e d  in  o r d e r  to  p e r fo r m  th e  

b i o h y d r o g e n  p r o d u c t io n  e x p e r im e n t s  at d i f f e r e n t  C O D  l o a d in g  ra te . T o  in h ib it  th e  

a c t iv i t y  o f  p h o t o s y n t h e t ic  b a c te r ia , th e  s y s t e m  w a s  o p e r a te d  w i t h o u t  l ig h t  e x p o s u r e  in  

5 L  o p a q u e  P V C  rea cto rs-. E a c h  o f  th e m  h a d  an  in n e r  d ia m e te r  o f  13 c m  a n d  a  h e ig h t  

o f  3 0  c m . T h e  r e a c to r s  w e r e  o p e r a t e d  w ith  a  w o r k in g  v o lu m e  o f  4  L  u n d e r  a  

t h e r m o p h i l i c  t e m p e r a tu r e  o f  5 5  ° c .  T h e  s c h e m a t ic  o f  th e  A S B R  p r o c e s s  i s  s h o w n  in  

F ig u r e  3 .5 .

Figure 3.5 S c h e m a t ic  o f  th e  s t u d ie d  A S B R  p r o c e s s .

T h e  A S B R  o p e r a t io n  c o n s i s t e d  o f  fo u r  s e q u e n c in g  s te p s :  f e e d ,  r e a c t ,  
s e t t le ,  a n d  d e c a n t .  D u r in g  th e  o p e r a t io n ,  th e  t im e  fo r  e a c h  s t e p  w a s  c o n t r o l le d  b y  a  

s e t  o f  t im e r s  to  a l l o w  th e  f e e d  p u m p  to  p u m p  w a s t e w a t e r  d u r in g  th e  f e e d i n g  p e r io d .  
M i x i n g  w a s  a c h ie v e d  b y  u s in g  a  m a g n e t ic  s t ir r e r  at 4 0 0  r p m  d u r in g  th e  r e a c t in g
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p h a s e  ( C h e n  a n d  C h e n  2 0 0 9 ) .  T h e  p H - c o n t r o l le r  a n d  h e a te r  w e r e  u s e d  to  m a in t a in  a  

c o n s t a n t  p H  a n d  t e m p e r a tu r e  o f  th e  s y s t e m ,  r e s p e c t iv e ly .
D u r in g  th e  s ta r t-u p , 1 0 0 0  m l o f  th e  p r e tr e a te d  s e e d  s lu d g e  w a s  

c o m p l e t e ly  m i x e d  w i t h  w a s t e w a t e r  at a n  in it ia l  f e e d  C O D  o f  6 0 ,0 0 0  m g /1  a n d  a  C O D  

lo a d in g  r a te  o f  4 5  k g / m 3d , w h ic h  c o r r e s p o n d e d  to  a  h y d r a u lic  r e te n t io n  t im e  ( H R T )  

o f  3 2  h . T h e  C O D  l o a d in g  r a te  w a s  th e n  in c r e a s e d  s t e p w i s e  b y  r e d u c in g  H R T . U n d e r  

a n y  s tu d ie d  c o n d i t io n s ,  th e  r e a c to r  w a s  o p e r a t e d  u n t i l  th e  s y s t e m  r e a c h e d  s t e a d y  s ta te  

in  w h ic h  t o o k  a ro u n d  t w o  w e e k s .  S t e a d y  s ta te  c o n d i t io n s  w e r e  ju s t i f ie d  w h e n  th e  

v a r ia t io n  in  th e  p r o d u c t io n  o f  p r o d u c e d  g a s  w a s  n e a r ly  c o n s ta n t  (s ta n d a r d  d e v ia t io n  

l e s s  th a n  5 % ) . T h e n , t h e  s a m p le s  o f  e f f lu e n t  a n d  th e  p r o d u c e d  g a s  a re  c o l le c t e d  fo r  

a n a ly s e s  a n d  m e a s u r e m e n t .  C h a ts ir iw a ta n a  ( 2 0 0 9 )  r e p o r te d  th a t th e  s y s t e m  o p e r a t e d  

at 6  c y c l e s  p e r  d a y  s h o w e d  h ig h e r  p r o c e s s  p e r f o r m a n c e  in  t e r m s  o f  h y d r o g e n  

p r o d u c t io n  ra te  a n d  y i e l d  th a n  th a t o p e r a t e d  at 4  c y c l e s  p e r  d a y . H e n c e ,  6  c y c l e s  p e r  

d a y  w a s  s e l e c t e d  to  o p e r a t e  th e  A S B R  in  th is  s tu d y . T h e  o p e r a t io n  t im e s  o f  fo u r  

s t e p s ,  i .e .  f e e d ,  r e a c t , s e t t l e ,  a n d  d e c a n t ,  in  th e  A S B R  o p e r a t io n  a re  s h o w n  in  T a b le
3 .4 .  T a b le  3 .5  s h o w s  th e  o p e r a t io n a l  c o n d i t io n  u s e d  fo r  th e  fird t p a r t o f  th is  s tu d y

Table 3 .4  O p e r a t io n  c o n d i t io n s  fo r  th e  A S B R  s y s t e m  at 6  c y c l e s  p e r  d a y

Operating step Cyclic time (min)
F e e d 15
R e a c t 90
S e t t le 120

D e c a n t 15
Total 240

T h e  f e e d  a n d  d e c a n t  f l o w  r a te s  w e r e  v a r ie d  at th e  c o n s t a n t  f e e d  C O D  

v a lu e s  o f  6 0 ,0 0 0  m g /1  to  a c h ie v e  a n y  C O D  l o a d in g  r a te , a s  e x p r e s s e d  in  E q u a t io n

1 ใ ( F e e d  C O D )  X  ( F e e d  F l o w  R a te )
C O D  lo a d in g  ra te  ( k g /m  d )  =  ( W o r k in g  V o l u m e )  ( 3 1 )
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Table 3 .5  O p e r a t io n  c o n d i t io n s  fo r  th e  A S B R  s y s t e m  a t 6  c y c l e s  p e r  d a y

Feed and 
Decant

(l/d)
HRT (h) Feed or Decant 

(1/cycle)
COD loading rate 

(kg/m3d)
3 3 2 0 .5 4 5

3 .7 5 2 5 .6 0 .6 2 5 5 6

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

5 .2 5 1 8 .3 0 .8 7 5 7 9

T h e  u p f lo w  a n a e r o b ic  s lu d g e  b la n k e t  ( บ A S B )  r e a c to r s  u s e d  in  -the 

th ir d  p a rt o f  t h is  s tu d y  w e r e  c o n s tr u c te d  f r o m  b o r o s i l i c a t e  g la s s  w i t h  a  4  a n d  2 4  L  

w o r k in g  v o lu m e  fo r  h y d r o g e n  a n d  m e t h a n e  U A S B  b io r e a c to r s ,  r e s p e c t iv e ly .  T h e  

te m p e r a tu r e s  in s id e  b o th  b io r e a c t o r s  w e r e  c o n t r o l le d  c o n s ta n t  at 5 5  ° c  b y  c ir c u la t in g  

w a t e r  th r o u g h  a  w a te r  j a c k e t  o f  e a c h  b io r e a c t o r  b y  a  c ir c u la t in g /h e a t in g  b a th . T h e  

c a s s a v a  w a s t e w a t e r  w a s  f e d  c o n t in u o u s ly  t o  th e  b o t t o m  o f  th e  h y d r o g e n  U A S B  

b io r e a c t o r  ( in  u p w a r d  d ir e c t io n )  at a n y  d e s ir e d  f l o w  ra te  b y  u s in g  a  p e r is t a l t i c  p u m p  

in  o r d e r  to  o b t a in  d i f f e r e n t  C O D  lo a d in g  r a te s  ( 3 0 ,  6 0 ,  9 0 ,  1 2 0 , a n d  1 5 0  k g / m 3d  

b a s e d  o n  th e  h y d r o g e n  U A S B  b io r e a c to r  o r  5 , 1 0 , 1 5 , 2 0  a n d  2 5  k g / m 3d b a s e d  o n  th e  

m e t h a n e  U A S B  b io r e a c to r ) .  T h e  p H  o f  h y d r o g e n  U A S B  u n it  w a s  m a in t a in e d  a t 5 .5  

b y  u s in g  a  p H  c o n t r o lle r .  T h e  e f f lu e n t  f r o m  th e  h y d r o g e n  U A S B  u n it  w a s  d ir e c t ly  

p u m p e d  in to  th e  m e th a n e  U A S B  b io r e a c to r  b y  a  p e r is ta l t ic  p u m p  w it h  a  l e v e l  c o n t r o l  

p r o b e .  T h e  e f f l u e n t  p H  o f  th e  m e th a n e  U A S B  u n it  w a s  n o t  c o n t r o l le d .  In  o r d e r  to  

m i n i m iz e  th e  c o n s u m p t io n  o f  N a O H  fo r  t h e  p H  c o n tr o l  o f  th e  h y d r o g e n  U A S B  u n it ,  
a  r e c y c le  r a t io  o f  th e  m e t h a n e  U A S B  e f f l u e n t  f lo w r a t e - t o - f e e d  f l o w r a t e  o f  1:1 w a s  

u s e d  in  th is  s tu d y . T h e  s c h e m a t ic  o f  th e  t w o - s t a g e  U A S B  u n it  is  s h o w n  in  F ig u r e  3 .6 .
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M e th a n e  UAS8 u n î t

Figure 3.6 S c h e m a t ic  o f  th e  s t u d ie d  t w o - s t a g e  U A S B  p r o c e s s .

3.4 Analytical Methods

3 .4 .1  T o t a l  S u s p e n d e d  S o l i d s  ( T S S )  A n a l y s i s
A  g la s s - f ib e r  f i l t e r  d is k  ( P a l l - 6 1 6 3 1  A /E ,  4 7  m m , 1 p m )  w a s  u s e d  fo r  

a n a l y s i s  o f  T S S  a c c o r d in g  to  th e  s t a n d a r d - m e t h o d s .  F ig u r e  3 .7  s h o w s  th e  f i l ta t io n  

u n it  u s e d  fo r  a n a ly s i s



42

Figure 3.7 (a )  g la s s - f i b e r  f i l t e r  d i s k  a n d  (b )  f i l t r a t io n  a p p a r a tu s .

T h e  c a lc u la t io n  o f  ss  is  s h o w n  in  th e  f o l lo w i n g  e q u a t io n :

m g  to ta l  s u s p e n d  s o l i d s  ( T S S )  ( A  -  B )  X  1 o 6 2 ^
11 o f  s a m p le  v o lu m e  S a m p le  v o lu m e ,  ( m L )

A  =  W e ig h t  o f  f i l t e r  +  d r ie d  r e s id u e  [g ]
B  =  W e ig h t  o f  f i l t e r  [g ]

3 .4 .2  V o la t i l e  S u s p e n d e d  S o l i d s  ( V S S ’) A n a l y s i s
T h e  r e s id u e  p r o d u c e d  b y  T S S  m e t h o d  is  ig n i t e d  in  a fu r n a c e  at a  

te m p e r a tu r e  o f  5 0 0  ±  5 0  °c fo r  1 h o u r . A  fu r n a c e  w a s  h e a t e d  u p  to  5 0 0  ๐c  f o r  1 h 

a fter  in s e r t in g  s a m p le .  T h e  f i l t e r  d i s k  w a s  th e n  le f t  to  p a r t ia l ly  c o o l  in  a ir  u n t i l  m o s t  

o f  th e  h e a t  w a s  d i s s ip a t e d .  T h e  d i s k  w a s  f in a l ly  tr a n s fe r r e d  to  a  d e s i c c a t o r ,  a n d  

w e ig h e d  a s  s o o n  a s  it i s  c o o le d  to  b a la n c e  t e m p e r a tu r e .
T h e  C a lc u la t io n  o f  V S S  is  s h o w n  in  th e  f o l l o w i n g  e q u a t io n :

m g  s u s p e n e d  s o l i d s  ( V S S )  ( A - B ) x l O 6 (3 3)
11 o f  s a m p le  v o lu m e  S a m p le  v o lu m e ,  ( m L )

A  =  W e ig h t  o f  r e s id u e  +  d is k  b e f o r e  ig n i t io n  

B  =  W e ig h t  o f  r e s id u e  +  d is k  a fte r  ig n i t io n
[g ]
[g ]
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3 .4 .3  C O D  A n a l y s i s  ( C lo s e d  R e f l u x ,  a n d  C o lo r im e t r ic  M e t h o d )
3 .4 .3 .1  R eagen ts

- D ig estio n  so lu tion . T h e  f o l l o w i n g  r e a g e n t s  a d d e d  in t o  5 0 0  

m l d i s t i l l e d  w a t e r  w e r e :  1 0 .2 1 6  g  o f  K 2 C r 2 Û 7 (p r im a r y  s ta n d a r d  g r a d e )  p r e v io u s l y  

d r ie d  a t 1 0 3  ๐c  fo r  2  h , 1 6 7  m l o f  9 8 %  H 2 S O 4 , a n d  3 3 .3  g  o f  H g S O .1. T h e  m ix t u r e  

w a s  le f t  f o r  c o m p le t e  d i s s o lu t io n ,  c o o le d  to  r o o m  te m p e r a tu r e , a n d  f in a l ly  d i lu t e d  to  

1 L .

- Sulfuric a c id  reagen t.  A g 2 S 0 4  ( r e a g e n t  g r a d e , c r y s t a l s  o r  

_ p o w d e r )  w a s  a d d e d  to  9 8 %  H 2 S O 4 a t r a t io  o f  5 .5  g  A g 2 S 0 4 /k g  H 2 S O 4 . T h e  m ix t u r e
w a s  le f t  to  s ta n d  fo r  1 to  2  d to  c o m p l e t e ly  d i s s o lv e  th e  A g 2 S 0 4 -

3 .4 .3 .2  P ro ced u re
A  S a m p le  ( d i lu t e  1 0 0  t i m e s )  o f  2 .5  m l w a s  a d d e d  to  a 

d ig e s t io n  v ia l  ( H A C H , 1 6 x 1 0 0  m m ) .  T h e  D ig e s t io n  r e a g e n t  o f  1 .5  m l w a s  a d d e d  to  

th e  v ia l .  A f t e r w a r d s ,  th e  s u l fu r ic  a c id  r e a g e n t  w a s  s l o w l y  d r o p p e d  fo r  3 .5  m l in t o  th e  

v ia l .  T h e  v ia l  w it h  a  s c r e w  c a p  is  in v e r t e d  s e v e r a l  t i m e s  to  h o m o g e n e o u s ly  m i x  th e  

c o n t e n t s ,  a n d  th e  v ia l  is  th e n  p la c e d  in  a  p r e h e a te d  C O D  r e a c to r  ( H A C H )  ( F ig u r e  

3 .8 ( a ) ) .  T h e  v ia l  w a s  h e a t e d  fo r  2  h , a n d  th e n  le f t  fo r  a b o u t  2 0  m in  t o  b e  c o o le d .  T h e  

v ia l  is  f i n a l ly  p la c e d  in t o  a  s p e c t r o p h o t o m e t e r  ( H A C H  D R  2 7 0 0 )  fo r  r e a d in g  fo r  

a b s o r b a n c e ,  a s  s h o w n  in  F ig u r e  3 . 7 ( b ) .T h e  C O D  v a lu e  o f  th e  s a m p le  w a s  o b t a in e d  

fr o m  th e  c a l ib r a t io n  c u r v e  p lo t t in g  C O D  a n d  a b s o r b a n c e

(a )  (b )

Figure 3 .8  (a )  C O D  r e a c to r  a n d  (b )  s p e c t r o p h o t o m e t e r .
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3 .4 .4  T o ta l  V F A  A n a l y s i s
T h e  a m o u n t  o f  V F A  w a s  d e te r m in e d  b y  th e  d i s t i l la t io n - t i t r a t io n  

m e th o d .  T h is  t e c h n iq u e  c o v e r s  a ll o r g a n ic  a c id s  c o n t a in in g  u p  to  s ix  c a r b o n  a t o m s  

a n d  r e p o r ts  t h e  r e s u lt s  in  te r m s  o f  e q u iv a le n t  a c e t ic  a c id  (G r e e n b e r g e  e t a l ,  1 9 9 2 ) .
3 .4 .5  V F A  C o m p o s i t io n  A n a l y s i s

T h e  o r g a n ic  a c id  c o m p o s i t io n  o f  th e  d i s t i l l e d  o r g a n ic  a c id  s a m p le  

o b ta in e d  f r o m  th e  to ta l  V F A  a n a ly s i s  w a s  fu r th e r  d e te r m in e d  b y  a  g a s  c h r o m a t o g r a p h  

( P R 2 1 0 0 ,  P e r ic h r o m )  e q u ip p e d  w ith  a  f la m e  io n iz a t io n  d e te c to r  a n d  a  5 0  m  X 0 .3 2  

I D , 0 .2 5  p m  f i lm  t h ic k n e s s  D B c W A X e t r  (J &  พ  S c ie n t i f i c )  c a p i l la r y  c o lu m n  in  th e  

s p l i t  m o d e  ( 1 0  m L /m in )  w i t h  h e liu m  at a  p r e s s u r e  o f  8 2  k P a  a s  a  c a r r ie r  g a s ,  H 2 a t 5 0  

k P a  a s  a  c o m b u s t io n  g a s ,  a n d  a ir  z e r o  a t 5 0  k P a  a s  a  c o m b u s t io n - s u p p o r t in g  g a s .  T h e  

c o lu m n  te m p e r a tu r e  p r o g r a m  is  s ta r ted  a t 6 0  ๐c ,  h e a t e d  to  1 2 5  ๐c  a t a  r a m p in g  r a te  

o f  1 0  °c m i n ' 1, h e ld  fo r  2  m in ,  th e n  h e a t e d  to  1 8 0  ๐c  a t a  r a m p in g  ra te  o f  15  ๐c  

m i n ' 1, a n d  h e ld  fo r  15 m in . T h e  t e m p e r a tu r e s  o f  in je c to r  a n d  d e te c to r  w e r e  2 5 0  a n d  

2 7 0  °c, r e s p e c t iv e ly .
3 .4 .6  P h o s p h o r o u s  A n a ly s i s

T h e  to ta l p h o s p h o r o u s  in  f e e d  a n d  e f f lu e n t  s a m p le s  w a s  d e te r m in e d  b y  

th e  m o ly b d o v a n a d a t e  m e t h o d  w ith  a c id  p e r s u l fa te  d i g e s t i o n  (H a c h  C o m p a n y ) .  T h e  

s a m p le  c e l l  w a s  p la c e d  in to  th e  s p e c t r o p h o t o m e t e r  (F 1 A C H  D R  2 7 0 0 )  fo r  

d e t e r m in in g  p h o s p h o r o u s  c o n t e n t .
3 .4 .7  N i t r o g e n  A n a l y s i s

T h e  n i t r o g e n  c o n c e n t r a t io n s  ( in  t e r m s  o f  o r g a n ic - n it r o g e n  b y  th e  

d ia z o t i z a t io n ,  a n d  c a d m iu m  r e d u c t io n  m e th o d  a n d  in o r g a n ic  n i t r o g e n  b y  th e  

s a l i c y la t e  m e t h o d )  in  f e e d  a n d  e f f lu e n t  s a m p le s  w e r e  d e te r m in e d  v ia  th e  T N T  

p e r s u lfa te  d i g e s t i o n .  T h e  s a m p le  c e l l  w a s  p la c e d  in to  th e  s p e c t r o p h o t o m e t e r  ( H A C H  

D R  2 7 0 0 )  f o r  d e t e r m in in g  n i t r o g e n  c o n t e n t .
3 .4 .8  G a s  C o m p o s i t io n  A n a ly s i s

T h e  g a s  c o m p o s i t io n s  o f  th e  p r o d u c e d  g a s  s a m p le s  u n d e r  d i f f e r e n t  

C O D  lo a d in g  r a te  w e r e  d e te r m in e d  b y  a  g a s  c h r o m a t o g r a p h  ( A u t o S y s t e m  G C ,  
P e r k in - E lm e r )  e q u ip p e d  w i t h  a  th e r m a l c o n d u c t iv i t y  d e t e c t o r  ( T C D )  a n d  a  s t a in l e s s -  

s t e e l  10 ' X 1 / 8 ” X .0 8 5 "  H a y e S e p  D  1 0 0 / 1 2 0  m e s h  ( A l l t e c h )  p a c k e d  c o lu m n .  I n je c to r ,
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c o lu m n ,  a n d  d e t e c t o r  te m p e r a tu r e s  w e r e  k e p t  a t 6 0 ,  3 5 ,  a n d  1 5 0  ๐c ,  r e s p e c t iv e ly .  
A r g o n  w a s  u s e d  a s  th e  c a r r ie r  g a s  at p r e s s u r e  o f  3 4 5  k P a .

3 .4 .9  P r e p a r a t io n  o f  R e s id u e  a n d  C o m p o s i t io n  A n a l y s i s
T h e  fe r m e n ta t io n  r e s id u e  s a m p le  p r o v id e d  b y  S a p th ip  L o p b u r i C o . ,  

L t d .,  T h a ila n d , w a s  d r ie d  a t 1 0 5  ° c  a n d  s to r e d  in  s e a le d  p la s t ic  b a g s .  T h e  d r ie d  

s a m p le  w a s  m i l l e d  to  r e d u c e  th e  p a r t ic le  s i z e s  a n d  s ie v e d  to  s i z e s  b e t w e e n  4 0  a n d  6 0  

m e s h .  T o  id e n t i f y  th e  p h y s ic a l  p r o p e r t ie s ,  c h e m ic a l  c o m p o s i t io n  a n d  th e  p a r t ic le  s i z e  

d is t r ib u t io n s  o f  th e  d r ie d  s a m p le  w e r e  a n a ly z e d ,  a s  f o l l o w i n g  m e t h o d s .
A n  e le m e n t a l  a n a ly z e r  ( T r u S p e c - C H N )  w a s  u s e d  J o  d e t e r m in e  c ,  H ,  

O , N  a n d  ร  c o n t e n t s  in  th e  s a m p le .  C o m b u s t io n  a n d  b u r n e r  te m p e r a tu r e s  w e r e  k e p t  a t 

9 5 0  ๐c  a n d  8 5 0  ๐c ,  r e s p e c t i v e ly ,  w ith  o x y g e n ,  h e l iu m , a n d  a ir  u s e d  a s  c a r r ie r  g a s e s .  

T h e  c o n c e n t r a t io n s  o f  g l u c o s e  in  th e  d r ie d  s a m p le  o f  f e r m e n t a t io n  r e s id u e  a n d  th e  

e f f l u e n t  w e r e  d e t e r m in e d  b y  th e  e n z y m a t ic  m e th o d  w i t h  a  g lu c o s e  ( H K )  a s s a y  k it  

( S ig m a - A ld r ic h ,  I n c ) .
T o  d e te r m in e  th e  a m o u n t  o f  e x t r a c t iv e s  in  th e  r e s id u e  s a m p le ,  s o lv e n t  

e x t r a c t io n  ( 6 0  m l  a c e t o n e  fo r  1 g  o f  d r ie d  r e s id u e  s a m p le )  w a s  u s e d ,  a n d  th e  

e x tr a c t io n  s t e p  w a s  p e r fo r m e d  a t 9 0  ° c  f o r  2  h . A f te r  th a t , th e  s a m p le  w a s  d r ie d  at 

1 0 5  ๐c  u n til a  c o n s t a n t  w e i g h t  w a s  o b t a in e d .  T h e  w e ig h t  d i f f e r e n c e  b e f o r e  a n d  a f te r  

th e  a c e t o n e  e x t r a c t io n  w a s  d e f in e d  a s  th e  a m o u n t  o f  e x t r a c t iv e s .
T o  d e te r m in e  th e  a m o u n t  o f  h e m ic e l l u l o s e ,  10  m l o f  a  0 .5  M  s o d iu m  

h y d r o x id e  s o lu t i o n  w a s  a d d e d  to  1 g  o f  th e  e x tr a c t iv e '- fr e e  d r ie d  r e s id u e ,  a n d  th e  

m ix t u r e  w a s  h e ld  a t 8 0  ๐c  fo r  3 .5  h . A f t e r  th a t , th e  s a m p le  w a s  w a s h e d  u s in g  d i s t i l l e d  

w a t e r  u n til a  n e u tr a l  p H  v a lu e  o f  7  w a s  r e a c h e d . N e x t ,  it w a s  d r ie d  t o  o b ta in  a  

c o n s t a n t  w e ig h t .  T h e  w e i g h t  d i f f e r e n c e  b e f o r e  a n d  a fte r  t h is  a lk a l in e  d i s s o lu t io n  s t e p  

w a s  d e f in e d  a s  th e  h e m ic e l l u l o s e  c o n t e n t .  T h e  s ta r c h  fr a c t io n  in  th e  N a O H  

d is s o lu t io n  s o lu t io n  w a s  th e n  d e te r m in e d  b y  th e  a m y l a s e / a m y l o g lo c o s i d a s e  m e t h o d  

u s i n g  a  s ta r c h  a s s a y  k it  ( S ig m a - A ld r ic h ,  I n c ) .
T o  d e te r m in e  th e  a m o u n t  o f  l ig n in ,  3 0  m l o f  a  7 2  w l%  s u lfu r ic  a c id  

w a s  a d d e d  to  th e  d r ie d  r e s id u e  a f te r  th e  N a O H  d is s o lu t io n  s t e p . T h e  m ix t u r e  w a s  k e p t  

at 8 - 1 5  ° c  fo r  2 4  h . T h e n , it  w a s  tr a n s fe r r e d  in to  a  f la s k  a n d  d i lu te d  w i t h  3 0 0  m l o f  

d i s t i l l e d  w a te r . A f t e r  th a t , th e  s a m p le  w a s  b o i l e d  a t 1 0 0  ๐c  fo r  1 h . T h e  m ix t u r e  w a s  

f i l t e r e d ,  a n d  th e n  th e  r e s id u e  w a s  w a s h e d  u n til  th e  s u l f a t e  io n  in  th e  f i lt r a te  is  n o t
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d e t e c t e d  ( v ia  t i t r a t io n  w i t h  a  10 %  b a r iu m  c h lo r id e  s o lu t io n ) .  T h e  r e m a in in g  s o l id  w a s  

f i n a l ly  d r ie d  to  o b t a in  a  c o n s ta n t  w e ig h t .  T h e  w e i g h t  o f  th e  r e m a in in g  r e s id u e  w a s  

d e f in e d  a s  th e  l ig n in  c o n t e n t .
N e x t ,  th e  d r ie d  r e s id u e  a f te r  th e  H 2 S 0 4  d i s s o lu t io n  s te p  w a s  p la c e d  in  a  

f u r n a c e  at 5 5 0  ๐c .  T h e  w e ig h t  l o s s  w a s  d e f in e d  to  r e p r e s e n t  th e  c e l l u l o s e  fr a c t io n . 
T h e  w e i g h t  o f  a s h  w a s  u s e d  to  r e p r e s e n t  th e  s a n d  fr a c t io n  in  t h e  f e r m e n ta t io n  r e s id u e  

s a m p l e  (L in  e t a l ,  2 0 0 8 ) .

3 .4 .1 0  M ic r o b ia l  C o n c e n tr a t io n  ( M L V S S )
T h e  m ic r o b ia l  c o n c e n t r a t io n  in  th e  s y s t e m  c a n  b e  s im p ly  m e a s u r e d  in  

t e r m s  o f  m ic r o b ia l  c o n c e n t r a t io n  o r  M L V S S .  A t  s t e a d y  s ta te ,  th e  w h o l e  l iq u id  w a s  

d r a in e d  o u t  fr o m  th e  r e a c to r  a n d  th e n  s t ir r e d  h o m o g e n e o u s ly .  A  v o lu m e  o f  5 m l o f  

w e l l e d - m i x e d  s a m p le  w a s  f i lt r a te d  th r o u g h  a  g la s s  f ib e r  f i l t e r ,  w a s h e d  w i t h  d i s t i l l e d  

w a t e r ,  a n d  d r ie d  in  a n  o v e n  at 1 0 5  ° c  fo r  1 h . T h e  d r ie d  f i l t e r e d  s a m p le  w a s  u s e d  to  

r e p r e s e n t  fo r  M L S S .  T h e  M L V S S  w a s  th e  w e i g h t  d i f f e r e n c e  b e t w e e n  th e  d r ie d  

s a m p l e  a t 1 0 5  ° c  a n d  th e  b u rn t s a m p le  at 5 5 0  ° c  ( f o r  1 h .) .
3 .4 .1 1  M ic r o b ia l  W a s h o u t  ( E f f lu e n t  V S S )

T h e  m ic r o b ia l  w a s h o u t  fr o m  th e  s y s t e m  c a n  b e  m e a s u r e d  in  te r m s  o f  

E f f lu e n t  V S S .  A f t e r  s t e a d y  s ta te  fo r  e a c h  s t u d ie d  C O D  l o a d in g  ra te , e f f l u e n t  s a m p le s  

w e r e  th r o u g h  a  g l a s s  f ib e r  f i l t e r s ,  th e  f i lt r a te d  s o l i d  w e r e  w a s h e d  w ith  d i s t i l l e d  w a te r ,  
a n d  d r ie d  in  a n  o v e n  at 1 0 5  ° c  fo r  1 h . T h e  d r ie d  s a m p le  w e ig h t  w a s  u s e d  to  

r e p r e s e n t  a s  T S S .  T h e  e f f lu e n t  V S S  w a s  th e  w e ig h t  d i f f e r e n c e  b e t w e e n  th e  d r ie d  

f i l t e r e d  s o l id s 'a t  1 0 5 ° c  a n d  th e  b u rn t s a m p le  a t 5 5 0  ° c  ( fo r  1 h .) .
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Figure 3.9 Hydrogen and methane production in various processes used in this 
research.
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