
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Hydrogen Production Performance

F o r  th e  h y d r o g e n  p r o d u c t io n  p r o c e s s ,  th e  c a s s a v a  w a s te w a te r  w i th  a d d e d  
c a s s a v a  r e s id u e  w a s  d i r e c t ly  fe d  to  th e  h y d r o g e n  U A S B  u n i t  a t  th e  in i t ia l  f e e d  C O D  
o f  a b o u t  1 0 ,0 0 0  m g/1 o r  s l ig h t ly  h ig h e r  a n d  C O D  lo a d in g  r a te  o f  7 2  k g /m 3d  b a s e d  o n  
f e e d  C O D  a n d  h y d r o g e n  U A S B  u n i t  w i th o u t  a d d e d  c a s s a v a  r e s id u e . T h e  h y d r o g e n  
b io r e a c to r  w a s  o p e ra te d  u n d e r  th e r m o p h i l ic  t e m p e ra tu re  (5 5  °C )  a n d  a  c o n s ta n t  p H
5 .5 . T h e  s y s te m  w a s  o p e ra te d  a t  d i f f e r e n t  c a s s a v a  r e s id u e  c o n c e n t r a t io n  (3 0 0 , 6 0 0 , 
9 0 0 , 1 ,2 0 0  a n d  1 .5 0 0  m g/1).

4 .1 .1  C O D  R e m o v a l  a n d  G a s  P ro d u c t io n  R a te
C O D  re m o v a l  a n d  g a s  p r o d u c t io n  ra te  a s  a  f u n c t io n  o f  c a s s a v a  

r e s id u e  c o n c e n t r a t io n  a re  s h o w n  in  F ig u re  4 .1 . T h e  C O D  r e m o v a l  in c re a s e d  w ith  
in c re a s in g  c a s s a v a  r e s id u e  c o n c e n t r a t io n  a n d  r e a c h e d  a  m a x im u m  v a lu e  o f  4 8  %  a t 
c a s s a v a  r e s id u e  c o n c e n t r a t io n  o f  1 , 2 0 0  m g /1 a n d  th e n  d e c r e a s e d  w i th  f u r th e r  
in c re a s in g  c a s s a v a  r e s id u e  c o n c e n t r a t io n  u p  to  1 ,5 0 0  m g/1 . T h e  in c re a s e  in  c a s s a v a  
r e s id u e  c o n c e n t r a t io n  r e s u l te d  in  a n  in c re a s e  in  o r g a n ic  c o m p o u n d s  a v a i la b le  fo r  
m ic r o o r g a n is m s  to  u t i l iz e .  In  c o n tr a s t ,  b e y o n d  a  c a s s a v a  r e s id u e  c o n c e n t r a t io n  o f
1 , 2 0 0  m g / 1, th e  h y d ro g e n  p r o d u c t io n  p e r f o r m a n c e  w a s  d e c r e a s e d  b e c a u s e  o f  a  h ig h  
V F A  c o n c e n t r a t io n  in  th e  s y s te m  w h ic h  w ill b e  d is c u s s e d  la te r . F o r  th e  g a s  
p r o d u c t io n  r a te , it  h a d  a  s im i la r  t r e n d  to  th e  C O D  re m o v a l .
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Total COD loading rate (kg/m3 d)(based on feed COD and hydrogen UASB volume)
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Figure 4.1 C O D  re m o v a l  a n d  g a s  p r o d u c t io n  ra te  a s  a  f u n c t io n  o f  c a s s a v a  r e s id u e  
c o n c e n t r a t io n  a t  55  ° c  a n d  p H  5 .5 .

4 .1 .2  H y d r o g e n  P r o d u c t io n  P e r f o r m a n c e
G a s  c o m p o s i t io n  a n d  h y d r o g e n  p r o d u c t io n  ra te  a t  d i f f e r e n t  c a s s a v a  

r e s id u e  c o n c e n t r a t io n s  a re  s h o w n  in  F ig u re  4 .2 . T h e  p r o d u c e d  g a s  in  h y d r o g e n  
U A S B  u n i t  c o n ta in e d  m a in ly  h y d r o g e n  a n d  c a r b o n  d io x id e  w i th  a  s m a ll  a m o u n t  o f  
m e th a n e . B o th  h y d r o g e n  c o n te n t  a n d  h y d r o g e n  p r o d u c t io n  r a te  in c re a s e d  w i th  
in c re a s in g  c a s s a v a  r e s id u e  c o n c e n t r a t io n  f ro m  3 0 0  to  1 ,2 0 0  m g /l  a n d  th e n  d e c r e a s e d  
to  3 8 .2  %  a n d  2.1 1/d fo r  h y d ro g e n  c o n te n t  a n d  h y d r o g e n  p r o d u c t io n  ra te , 
r e s p e c t iv e ly  w h e n  fu r th e r  in c re a s e  c a s s a v a  r e s id u e  c o n c e n t r a t io n  f ro m  1 ,2 0 0  to  1 ,5 0 0  
m g / l  d u e  to  th e  to x ic i ty  f ro m  V F A  a c c u m u la t io n .  T h e  m a x im u m  h y d r o g e n  c o n te n t  
(4 3  % )  a n d  th e  m a x im u m  h y d r o g e n  p r o d u c t io n  r a te  (2 .5  1/d) w e r e  fo u n d  a t  a  c a s s a v a  
r e s id u e  c o n c e n t r a t io n  o f  1 ,2 0 0  m g /l . T h is  p h e n o m e n o n  c a n  b e  e x p la in e d  w i th  th e  
s a m e  r e a s o n  u s e d  fo r  C O D  re m o v a l  ( In ta n o o  et a l, 2 0 1 2 ) .  F o r  c a r b o n  d io x id e ,  it  h a d  
a n  o p p o s i te  t r e n d  to  th e  h y d ro g e n  c o n te n t .  T h e  r e s u l t s  s u g g e s te d  th a t  a n  in c re a s e  in
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c a s s a v a  r e s id u e  c o n c e n t r a t io n  r e s u l te d  in  m o re  o rg a n ic  c o m p o u n d s  a v a i la b le  fo r  th e  
m ic r o o r g a n is m s  to  c o n v e r t  to  h y d ro g e n .

T otal C O D  load in g  rate (k g /m 3 d)
(b a s e d  o n  f e e d  C O D  and h y d ro g en  U A S B  v o lu m e)
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Figure 4.2 G a s  c o m p o s i t io n  a n d  h y d ro g e n  p r o d u c t io n  ra te  a s  a  fu n c t io n  o f  c a s s a v a  
r e s id u e  c o n c e n t r a t io n  a t  55 °c a n d  p H  5.5.

F ig u r e s  4 .3 - 4 .4  s h o w  th e  s p e c i f ic  h y d r o g e n  p r o d u c t io n  r a te  (S H P R )  
a n d  h y d r o g e n  y ie ld , r e s p e c t iv e ly .  B o th  S H P R  a n d  h y d r o g e n  y ie ld  in c re a s e d  w h e n  
c a s s a v a  r e s id u e  c o n c e n t r a t io n  in c re a s e d  f ro m  3 0 0  to  1 ,2 0 0  m g /l  a n d  th e n  d e c r e a s e d  
w i th  f u r th e r  in c re a s in g  c a s s a v a  r e s id u e  c o n c e n t r a t io n  f ro m  1 ,2 0 0  to  1 ,5 0 0  m g /l . T h e  
m a x im u m  S H P R  (6 3 3  m l H 2 /I d  o r  13 0  m l H 2 /g  M L V S S  d )  a n d  th e  m a x im u m  
h y d ro g e n  y ie ld  ( 8  m l H 2 /g  C O D  a p p l ie d  o r  15 m l H 2 /g  C O D  r e m o v e d )  w e r e  a ls o  
fo u n d  a t  th e  s a m e  c a s s a v a  r e s id u e  c o n c e n t r a t io n  o f  1 ,2 0 0  m g /l . I t c a n  b e  s u g g e s te d  
th a t  a t  c a s s a v a  r e s id u e  c o n c e n t r a t io n  o f  1 , 2 0 0  m g / l  is  th e  o p t im u m  fo r  h y d r o g e n  
p r o d u c t io n  u n d e r  th e  tw o  s ta g e  U A S B  p r o c e s s  a t  a  te m p e r a tu r e  o f  55  °c a n d  c o n s ta n t  
p H  5 .5 .
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Total COD loading rate (kg/m3 d)(based on feed COD and hydrogen UASB volume)
72 74 76 78 80 82

~o
CO
COI
O)

!

Figure 4 .3  S p e c i f ic  h y d r o g e n  p r o d u c t io n  ra te  ( S P H R )  a s  a  fu n c t io n  o f  c a s s a v a  

r e s id u e  c o n c e n t r a t io n  a t  55  ° c  a n d  p H  5 .5 .

Total COD loading rate (kg/m3 d)
(based on feed COD and hydrogen UASB volume)
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Figure 4.4 H y d r o g e n  y ie ld  a s  a  f u n c t io n  o f  c a s s a v a  r e s id u e  c o n c e n t r a t io n  a t  55  ° c  
a n d  p H  5 .5 .
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F ig u re  4 .5  s h o w s  th e  e f f lu e n t  p H  a n d  a lk a l in i ty  a s  a  f u n c t io n  o f  
c a s s a v a  r e s id u e  c o n c e n t r a t io n  in  th e  h y d r o g e n  U A S B  u n it .  T h e  e f f lu e n t  p H  a lm o s t  
u n c h a n g e d  a t  a n y  g iv e n  c a s s a v a  r e s id u e  c o n c e n t r a t io n  b e c a u s e  th e  p H  w a s  c o n tr o l le d  
a t  5 .5  b y  u s in g  a  p H  c o n t r o l le r  w i th  a  1 M  N a O H  s o lu t io n . T h e  e f f lu e n t  a lk a l in i ty  
a lm o s t  u n c h a n g e d  w ith  in c re a s in g  c a s s a v a  r e s id u e  c o n c e n t r a t io n  in  th e  r a n g e  o f  3 0 0 -
1 , 2 0 0  m g /1 a n d  th e n  s l ig h t ly  d e c r e a s e d  w h e n  f u r th e r  in c re a s e  c a s s a v a  r e s id u e  
c o n c e n t r a t io n  f ro m  1 ,2 0 0  to  1 ,5 0 0  m g/1 d u e  to  th e  V F A  a c c u m u la t io n  in  th e  s y s te m .

T otal C O D  loading  rate (k g /m 3 d)
(b a s e d  o n  fe e d  C O D  and h yd rogen  U A S B  volum e)
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F ig u re  4 .5  E f f lu e n t  p H  a n d  a lk a l in i ty  a s  a  f u n c t io n  o f  c a s s a v a  r e s id u e  c o n c e n t r a t io n  
a t  55 °c a n d  p H  5 .5 .

4 .1 .3  V o la t i le  F a tty  A c id  (V F A )  a n d  V F A  C o m p o s i t io n
T h e  to ta l  V F A  c o n c e n t r a t io n  a n d  its  c o m p o s i t io n  in  th e  h y d ro g e n  

U A S B  u n i t  a re  s h o w n  in  F ig u re  4 .6 . T h e  to ta l  V F A  c o n c e n t r a t io n  in c re a s e d  w i th  
in c re a s in g  c a s s a v a  r e s id u e  c o n c e n t r a t io n  a n d  r e a c h e d  a  m a x im u m  v a lu e  o f  1 4 ,6 0 0  
m g/1 a s  a c e t ic  a c id  a t th e  h ig h e s t  c a s s a v a  r e s id u e  c o n c e n t r a t io n  o f  1 ,5 0 0  m g/1 . W h e n  
c a s s a v a  r e s id u e  c o n c e n t r a t io n  f u r th e r  in c re a s e d  f ro m  1 ,2 0 0  to  1 ,5 0 0  m g/1 , it
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s ig n if ic a n t ly  a f f e c te d  to  th e  d e c r e a s e  in  h y d r o g e n  p r o d u c t io n  p e r f o r m a n c e  b e c a u s e  o f  
th e  to x ic i ty  le v e l o f  V F A  a c c u m u la t io n  r e s u l t in g  in  th e  d e c r e a s e  in  m ic r o b ia l  a c t iv i ty  
(F a n  et al, 2 0 0 6 ) .

A s  s h o w n  in  F ig u re  4 .6 , th e  m a in  c o m p o n e n ts  o f  p r o d u c e d  o rg a n ic  
a c id  w e re  b u ty r ic  a c id  (H B u ) , v a le r ic  a c id  (FIV a ) , a c e t ic  a c id  (H A c ) , a n d  p r o p io n ic  
a c id  (F lP r) . T h e  o rg a n ic  a c id s  w h ic h  w e re  im p o r ta n t  to  th e  p r o d u c t io n  o f  h y d ro g e n  
a re  F IB u  a n d  H P r . In  th is  p r e s e n t  w o rk , H B u  c o n c e n t r a t io n  w a s  th e  h ig h e s t  w h i le  H P r  
c o n c e n t r a t io n  w a s  th e  lo w e s t  c o n s is te n t  w i th  a  h ig h e r  h y d r o g e n  p ro d u c t io n  
p e r f o rm a n c e .  I t c a n  b e  e x p la in e d  th a t  th e  fo rm a t io n  o f  b u ty r ic  a c id  is  th e  m e ta b o l ic  
p a th  w a y  f o r  th e  h y d r o g e n  p r o d u c t io n  w h e re a s  th e  f o rm a t io n  o f  p r o p io n ic  a c id  is  th e  
m e ta b o l ic  p a th  w a y  fo r  h y d r o g e n  c o n s u m p t io n ,  a c c o rd in g  to  E q u a t io n  4 .2 -4 .3 . 
( H a w k e s  et al, 2 0 0 2  a n d  Z h a n g  et a l, 2 0 0 6 ) .  In  c o m p a r i s o n s  o f  p r o c e s s  p e r f o r m a n c e  
in  te r m s  o f  C O D  re m o v a l  ( F ig u re  4 .1 )  a n d  h y d r o g e n  p r o d u c t io n  e f f ic ie n c y  (F ig u re s  
4 .2 - 4 .4 )  a n d  to ta l  V F A  c o n c e n t r a t io n  p r o f i le  (F ig u re  4 .6 ) ,  th e  to x ic i ty  le v e l to  
h y d r o g e n - p r o d u c in g  b a c te r ia  w a s  a r o u n d  1 3 ,0 0 0  m g / 1.

A c e t ic  a c id  P ro d u c t io n
C 6 H i 20 6 +  2 H 20  - >  2 C H 3 C O O H  +  2 C 0 2 +  4 H 2 (4 .1 )

B u ty r ic  a c id  p r o d u c t io n
C 6 H , 2 0 6 - »  C H 3 ( C H 2)2C O O H  +  2 C 0 2 +  2 H 2 (4 .2 )

P ro p io n ic  a c id  p r o d u c t io n
C 6 H 120 6 +  2 H 2 - >  2 C H 3C H 2C O O H  +  2 H 20  (4 .3 )
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Figure 4.6 T o ta l  V F A , o r g a n ic  a c id  a n d  a lc o h o l  c o n c e n t r a t io n  a s  a  fu n c t io n  o f  
c a s s a v a  r e s id u e  c o n c e n t r a t io n  a t  55  ° c  a n d  p H  5 .5 .

4.2 Methane Production Performance

F o r  th e  m e th a n e  p r o d u c t io n  p r o c e s s ,  th e  l i q u id  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 i t  w a s  d i re c t ly  fe d  to  th e  m e th a n e  U A S B  u n it  fo r  f u r th e r  p r o d u c e d  m e th a n e .  
M e th a n e  U A S B  u n i t  w a s  o p e r a t e d  u n d e r  th e r m o p h i l i c  t e m p e r a tu r e  (5 5  ° C )  w i th o u t  
p H  c o n tro l.

4 .2 .1  C O D  R e m o v a l  a n d  G a s  P ro d u c t io n  R a te
T h e  C O D  re m o v a l  a s  a  f u n c t io n  o f  c a s s a v a  r e s id u e  c o n c e n t r a t io n  is  

s h o w n  in  F ig u re  3 a . T h e  C O D  re m o v a l  in c r e a s e d  w i th  in c re a s in g  c a s s a v a  r e s id u e  
c o n c e n t r a t io n ,  r e a c h e d  a  m a x im u m  v a lu e  o f  7 6  %  a t a  c a s s a v a  r e s id u e  c o n c e n t r a t io n  
o f  1 ,2 0 0  m g/1 . A f te r  th a t ,  i t  d e c r e a s e d  w i th  f u r th e r  in c re a s in g  c a s s a v a  r e s id u e  f ro m
1 ,2 0 0  to  1 ,5 0 0  m g/1 . T h e  g a s  p r o d u c t io n  r a te  a ls o  h a d  a  s im ila r  t r e n d  to  th e  C O D  
r e m o v a l .
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Total COD loading rate (kg/m3 d)(based on feed COD and methane UASB volume)
12.0 12.2 12.4 12.6 12.8 13.0 13.2 13.4 13,6

F i g u r e  4 .7  C O D  re m o v a l  a n d  g a s  p r o d u c t io n  r a te  a s  a  fu n c t io n  o f  c a s s a v a  r e s id u e  
c o n c e n t r a t io n  a t  5 5  ° c  w i th o u t  p H  c o n tro l .

4 .2 .2  M e th a n e  P r o d u c t io n  P e r f o r m a n c e
F ig u re  4 .8  s h o w s  th e  g a s  c o m p o s i t io n  a n d  m e th a n e  p r o d u c t io n  r a te  in  

m e th a n e  U A S B  u n it .  T h e  m a in  p ro d u c e d  g a s  w e re  m e th a n e  a n d  c a r b o n  d io x id e  w ith  
a  s m a ll  a m o u n t  o f  h y d r o g e n  (1 .6  % ). B o th  m e th a n e  c o n te n t  a n d  m e th a n e  p r o d u c t io n  
r a te  s h o w e d  a  s im i la r  t r e n d  to  th e  C O D  re m o v a l  w h i le  th a t  o f  c a r b o n  d io x id e  h a d  a n  
o p p o s i te  t r e n d . T h e  h ig h e s t  m e th a n e  c o n te n t  (7 0  % )  a n d  th e  h ig h e s t  m e th a n e  
p r o d u c t io n  r a te  ( 2 0  1/d )  w e re  fo u n d  a t  a  c a s s a v a  r e s id u e  c o n c e n t r a t io n  o f  1 , 2 0 0  m g / 1.
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Total COD loading rate (kg/m3 d)(based on feed COD and methane UASB volume)
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Figure 4.8 G a s  c o m p o s i t io n  a n d  h y d ro g e n  p r o d u c t io n  r a te  a s  a  fu n c t io n  o f  c a s s a v a  
r e s id u e  c o n c e n t r a t io n  a t  55 °c w ith o u t  p H  c o n tro l .

T h e  s p e c i f ic  m e th a n e  p r o d u c t io n  r a te s  ( S M P R )  a n d  m e th a n e  y ie ld s  a re  
s h o w n  in  F ig u re s  4.9-4.10, r e s p e c t iv e ly .  T h e y  in c re a s e d  w i th  in c re a s in g  th e  c a s s a v a  
r e s id u e  c o n c e n t r a t io n  f ro m  300 to  1,200 m g/1 , a n d  th e n  d e c r e a s e d  w i th  f u r th e r  
in c re a s in g  c a s s a v a  r e s id u e  c o n c e n t r a t io n  f ro m  1,200 to  1,500 m g/1 b e c a u s e  o f  th e  
in c re a s in g  to x ic i ty  o f  V F A  a c c u m u la t io n .  T h e  m a x im u m  S M P R  (829 m l C H 4 /I  d  o r  
311 m l C H 4/g  M L V S S  d )  a n d  m e th a n e  y ie ld  (259 m l C H 4/g  C O D  r e m o v e d  o r  60 m l 
C H 4/g  C O D  a p p l ie d )  fo u n d  a t a n  o p t im u m  c a s s a v a  r e s id u e  c o n c e n t r a t io n  o f  1,200 
m g / 1.
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Total COD loading rate (kg/m3d)(based on feed COD and methane UASB volume)

F i g u r e  4 .9  S p e c i f ic  m e th a n e  p r o d u c t io n  r a te  ( S P M R )  a s  a  
r e s id u e  c o n c e n t r a t io n  a t  55 °c w ith o u t  p H  c o n tro l .
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F o r  th e  m e th a n e  U A S B  u n it ,  th e  e f f lu e n t  p H  a n d  a lk a l in i ty  in c re a s e d  w ith  
in c re a s in g  c a s s a v a  r e s id u e  c o n c e n t r a t io n  a n d  r e a c h e d  a  m a x im u m  v a lu e  a t  a  c a s s a v a  
r e s id u e  c o n c e n t r a t io n  o f  1 ,2 0 0  m g/1. A f te r  th a t ,  th e y  s h a r p ly  d e c r e a s e d  w ith  fu r th e r  
in c re a s in g  c a s s a v a  r e s id u e  c o n c e n t r a t io n  f ro m  1 ,2 0 0  to  1 ,5 0 0  m g/1 . ( F ig u re  4 .1 1 )  It 
c a n  b e  c o n f i rm  th a t  th e  in c re a s e  in  V F A  in  th e  s y s te m  w a s  o b s e rv e d ,  c a u s in g  to x ic  to  
th e  m e th a n o g e n  a c t iv i t ie s  ( C h a n d r a  et a l, 2 0 0 6 ) .

Total C O D  load in g  rate (kg /m 3 d)
(b a s e d  on  fe e d  C O D  and m eth a n e  U A S B  volum e)
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F i g u r e  4 .1 1  E f f lu e n t  p H  a n d  a lk a l in i ty  a s  a  f u n c t io n  o f  c a s s a v a  r e s id u e  
c o n c e n t r a t io n  a t  55  ° c  w i th o u t  p H  c o n tro l .
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4 .2 .3  V o la t i le  F a tty  A c id  ( V F A )  a n d  V F A  C o m p o s i t io n
T h e  to ta l  V F A  c o n c e n t r a t io n  a n d  its  c o m p o s i t io n  in  m e th a n e  U A S B  

u n i t  a re  s h o w n  in  F ig u re  4 .1 2 . T h e  to ta l  V F A  c o n c e n t r a t io n  in  th e  m e th a n e  U A S B  
u n i t  in c re a s e d  a t  a n y  g iv e n  c a s s a v a  r e s id u e  c o n c e n t r a t io n  a n d  r e a c h e d  th e  m a x im u m  
v a lu e  o f  7 5 7  m g/1 a s  a c e t ic  a c id  a t  th e  h ig h e s t  c a s s a v a  r e s id u e  c o n c e n t r a t io n  o f  1 ,5 0 0  
m g/1. T h e  c o m p o n e n ts  o f  p ro d u c e d  o r g a n ic  a c id  w e re  a c e t ic  a c id , p r o p io n ic  a c id , 
b u ty r ic  a c id , v a le r ic  a c id . In  th is  w o rk , a c e t ic  a c id  c o n c e n t r a t io n  w a s  th e  h ig h e s t  
b e c a u s e  p r o p io n ic  a c id  a n d  b u ty r ic  a c id  f ro m  h y d ro g e n  U A S B  u n i t  c o n v e r te d  to  
a c e t ic  a c id  b y  a c e to g e n ic  m ic r o o r g a n is m  ( M o h a n  et al., 2 0 0 8 ) .  T h e  m e th a n e  c a n  b e  
p r o d u c e d  b y  a c e to tr o p h ic  p a th w a y , a s  s h o w n  in  E q u a t io n  4 .4 . M o re o v e r ,  m e th a n e  
c a n  b e  g e n e ra te d  v ia  h y d r o g e n o tro p h ic  p a th w a y  w h ic h  c o n v e r ts  h y d r o g e n  a n d  c a r b o n  
d io x d id e  to  m e th a n e ,  a s  s h o w n  in  E q u a t io n  4 .5  ( A b b a s i  et al., 2 0 1 2 ) .  T h e  h ig h e r  
a c e t ic  a c id  c o n c e n t r a t io n ,  th e  h ig h e r  m e th a n e  p r o d u c t io n  p e r f o rm a n c e  in  th e  m e th a n e  
U A S B  u n it .  H o w e v e r ,  a t  a  v e ry  h ig h  to ta l  V F A  c o n c e n t r a t io n  (8 1 2  m g/1 a s  a c e t ic  
a c id ) ,  th e  s y s te m  s h o w e d  th e  lo w e r  m e th a n e  p r o d u c t io n  p e r f o r m a n c e  d u e  to  h ig h e r  
to x ic i ty  f ro m  V F A  a c c u m u la t io n  to  m ic r o o r g a n is m  a n d  th e  to x ic  le v e l to  m e th a n e -  
p r o d u c in g  b a c te r ia  is a r o u n d  7 0 0  m g/1.

A c e to t ro p h ic  p a th w a y
C H 3 C O O H  -*• C H 4 +  C 0 2 (4 .4 )

H y d r o g e n o tro p h ic  p a th w a y  
4 H 2 +  C 0 2 C H 4 + 2 H 20 (4 .5 )
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Total COD loading rate (kg/m3 d)(based on feed COD and methane UASB volume)
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Figure 4.12 T o ta l  V F A  5 o r g a n ic  a c id  a n d  a lc o h o l  c o n c e n t r a t io n  a s  a  f u n c t io n  o f  
c a s s a v a  r e s id u e  c o n c e n t r a t io n  a t  55  ๐c  w i th o u t  p H  c o n tro l .

4.3 Microbial Concentration and Microbial Washout Results

F ig u re  4 .1 3  s h o w  th e  m ic r o b ia l  c o n c e n t r a t io n s ,  a lo n g  w i th  th e  a c c u m u la te d  
c a s s a v a  r e s id u e  in  th e  b io r e a c to r  (M L V S S )  a n d  th e  m ic r o b ia l ,  to g e th e r  w i th  c a s s a v a  
r e s id u e  w a s h o u t  ( e f f lu e n t  V S S )  f ro m  e a c h  U A S B  u n it .  T h e  M L V S S  d e c r e a s e d  w ith  
in c re a s in g  c a s s a v a  r e s id u e  c o n c e n t r a t io n  w h i le  th e  e f f lu e n t  V S S  h a d  a n  o p p o s i te  
tr e n d . A s  a  r e s u lt ,  w h e n  in c re a s e  in  c a s s a v a  r e s id u e  c o n c e n t r a t io n ,  th e  m ic r o b ia l  
w a s h  o u t  f ro m  th e  s y s te m  in c re a s e d  d u e  to  th e  in c re a s in g  in  V F A  w h ic h  is to x ic  to  
th e  m ic r o o r g a n is m s  w h ile  th e  p r o d u c t io n  p e r f o r m a n c e  o f  h y d r o g e n  ( F ig u re  4 .1 - 4 .4 )  
a n d  m e th a n e  (F ig u re  4 .7 - 4 .1 0 )  in c re a s e d . I t c a n  b e  s u g g e s te d  th a t  th e  m ic r o b ia l  
c o n c e n t r a t io n  c o n ta in e d  m a in ly  h y d r o g e n - p r o d u c in g  b a c te r ia  in  th e  h y d r o g e n  U A S B  
u n i t  a n d  m e th a n e - p r o d u c in g  b a c te r ia  in  m e th a n e  U A S B  u n it . In  c o n tr a s t ,  b e y o n d  a  
c a s s a v a  r e s id u e  c o n c e n t r a t io n  o f  1 , 2 0 0  m g / l ,  th e  h y d r o g e n  a n d  m e th a n e  p r o d u c t io n
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performance decreased because the large amount of the toxic level of VFA
a c c u m u la t io n  b e c o m e  to x ic  to  th e  m ic r o o r g a n is m s .

Total COD loading rate (kg/m3 d)
(based on feed COD and hydrogen UASB volume)
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Figure 4.13 MLVSS and Effluent v s s  as a function of cassava residue
concentration on (a) hydrogen UASB unit, and (b) methane UASB unit.
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4 .4  N i t r o g e n  a n d  P h o s p h o r o u s  R e s u l t s

F ig u re  4 .1 4  s h o w s  th e  n i t r o g e n  a n d  p h o s p h o r o u s  u p ta k e  in  b o th  h y d ro g e n  
a n d  m e th a n e  r e a c to r s  a t  d i f f e r e n t  c a s s a v a  r e s id u e  c o n c e n t r a t io n s .  F o r  a n y  g iv e n  
c a s s a v a  r e s id u e  c o n c e n t r a t io n ,  b o th  n i t r o g e n  a n d  p h o s p h o r o u s  u p ta k e  in c re a s e d . T h e  
r e s u l t s  c a n  b e  im p lie d  th a t  h y d r o g e n  a n d  m e th a n e - p r o d u c in g  b a c te r ia  u s e d  n i t r o g e n  
a n d  p h o s p h o r o u s  a s  n u tr ie n t s  fo r  th e ir  g ro w th . M o s t  o f  th e  n i t r o g e n - u p ta k e  u s e d  fo r  
g r o w in g  m ic r o o r g a n is m s  a re  o rg a n ic  n i t r o g e n  ( In ta n o o  et al, 2 0 1 2 ) .  T h e  
c o n c e n t r a t io n s  o f  a m m o n iu m - n i t r o g e n ,  n i t r a te - n i t ro g e n ,  n i t r i te - n i t ro g e n ,  o r g a n ic -  
n i t r o g e n , a n d  to ta l - n i t r o g e n  a s  f u n c t io n  o f  c a s s a v a  r e s id u e  c o n c e n t r a t io n  a re  s h o w n  in  
F ig u re  4 .1 5 . In  b o th  h y d ro g e n  a n d  m e th a n e  b io r e a c to r s ,  th e  o r g a n ic - n i t r o g e n  a n d  
n i t r a te - n i t r o g e n  c o n c e n t r a t io n s  d e c r e a s e d  w i th  in c re a s in g  c a s s a v a  r e s id u e  
c o n c e n t r a t io n  w h i le  a m m o n iu m - n i t r o g e n  a n d  n i t r i te - n i t r o g e n  r e m a in e d  a lm o s t  
u n c h a n g e d .
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F i g u r e  4 .1 4  N i t r o g e n  a n d  p h o s p h o r o u s  u p ta k e  a s  a  f u n c t io n  o f  c a s s a v a  r e s id u e  
c o n c e n t r a t io n  o n  (a )  h y d r o g e n  U A S B  u n it ,  a n d  (b )  m e th a n e  U A S B  u n it .
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F i g u r e  4 .1 5  C o n c e n t r a t io n s  o f  a m m o n iu m - n i t r o g e n ,  n i t r a te - n i t r o g e n ,  n i t r i te -  
n i t r o g e n , o r g a n ic - n i t r o g e n ,  a n d  to ta l - n i t r o g e n  a n d  a s  f u n c t io n  o f  c a s s a v a  r e s id u e  
c o n c e n t r a t io n  a s  a  fu n c t io n  o f  c a s s a v a  r e s id u e  c o n c e n t r a t io n  o n  (a )  h y d r o g e n  U A S B  
u n it ,  a n d  (b )  m e th a n e  U A S B  u n it .
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4.5 Digestibility Results

In  b o th  h y d r o g e n  a n d  m e th a n e  U A S B  u n it ,  th e  d ig e s t ib i l i ty  o f  c a s s a v a  
r e s id u e  a n d  th e  m ic r o b ia l  c o n c e n t r a t io n  a re  s h o w n  in  F ig u re  4 .1 6 . T h e  d ig e s t ib i l i ty  o f  
c e l lu lo s e ,  s ta r c h , a n d  h e m ic e l lu lo s e  g r a d u a l ly  in c re a s e d  f ro m  3 0 0 - 1 ,2 0 0  m g/1 . A f te r  
th a t ,  it r e m a in e d  a lm o s t  u n c h a n g e d  w i th  f u r th e r  in c re a s in g  c a s s a v a  r e s id u e  
c o n c e n t r a t io n  f ro m  1 ,2 0 0  to  1 ,5 0 0  m g/1. S u r p r is in g ly , th e  d ig e s t ib i l i ty  o f  s ta r c h  w a s  
fo u n d  to  b e  lo w e r  th a n  th a t  o f  c e l lu lo s e  b e c a u s e  a n a e ro b ic  m ic r o o r g a n is m s  h a d  to  
h y d r o ly z e  th e  la y e r  o f  c e l lu lo s e  a n d  h e m ic e l lu lo s e  p r e v io u s  to  th e  h y d r o ly s is  th e  
la y e r  o f  e m b e d d e d  s ta r c h  b y  e x te rn a l  e n z y m e s  r e le a s e d  b y  m ic r o o r g a n is m s .  
T h e r e fo re ,  th e  d ig e s t ib i l i ty  o f  c e l lu lo s e  w a s  h ig h e r  th a n  s ta r c h . F o r  th e  l ig n in  a n d  
e x t r a c t iv e  f r a c t io n s ,  th e y  r e m a in e d  a lm o s t  c o n s ta n t  b e c a u s e  l ig n in  a n d  e x t r a c t iv e  
c o m p o s e  o f  g ro u p  o f  a r o m a tic  p o ly m e r s ,  m a k in g  th e m  r ig id  ( V a n h o lm e  et a l,  2 0 1 0  
a n d  T e g h a m m a r ,  2 0 1 3 ) .  S o  th e i r  s t r u c tu r e s  a re  h a r d  to  h y d r o ly z e  b y  a n a e ro b ic  
m ic r o o r g a n is m s .  T h e  r e s u l t s  in d ic a te  th a t  m ic r o o r g a n is m s  h a v e  a b i l i ty  to  d e g ra d e  
l i g n o c e l lu lo s ic  m a te r ia ls  (N a th a o  et al, 2 0 1 3 ) .  O n ly  c e l lu lo s e  a n d  h e m ic e l lu lo s e  
f ra c t io n s  c o u ld  b e  h y d r o ly z e d  b y  m ic r o o r g a n is m s  u n d e r  th e r m o p h i l ic  o p e ra t io n . 
T h e s e  r e s u l t s  a g re e  w e l l  w i th  M a g n u s s o n  e t  a l. ( 2 0 0 8 ) .  T h e y  f o u n d  th e  u s in g  o f  
m ix e d  c u l tu re  m ic r o o r g a n is m  in  d a rk  f e r m e n ta t io n  p r o c e s s  a t  th e r m o p h i l ic  c o n d i t io n ,  
th e  a n a e ro b ic  m ic r o o r g a n is m s  h a v e  c a p a b le  to  d e g ra d e  o r g a n ic  c o m p o u n d s  ( s u c h  a s  
c e l lu lo s e  a n d  h e m ic e l lu lo s e )  to  o rg a n ic  a c id s  a n d  a lc o h o l .  F in a l ly ,  th o s e  o r g a n ic  
a c id s  a n d  a lc o h o l  w e re  c o n v e r t  to  h y d ro g e n  a n d  c a r b o n  d io x id e .
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Total COD loading rate (kg/m d)(based on feed COD and hydrogen UASB volume)
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F i g u r e  4 .1 6  D e g r a d a t io n  o f  l i g n o c e l lu lo s ic  m a te r ia ls  a n d  b a c te r ia  c o n c e n t r a t io n  a s  a  
fu n c t io n  o f  c a s s a v a  r e s id u e  c o n c e n t r a t io n  o n  (a )  h y d r o g e n  U A S B  u n it ,  a n d  (b )  
m e th a n e  U A S B  u n it .
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4 .6  O v e r a l l  P e r f o r m a n c e

T h e  o v e ra l l  p e r f o rm a n c e  o f  tw o  s ta g e  U A S B  p r o c e s s e s  o p e r a te d  u n d e r  th e  
th e r m o p h i l ic  te m p e r a tu r e  is  s h o w n  in  F ig u r e  4 .1 7 . F ro m  th e  r e s u l t ,  it c a n  b e  
c o n c lu d e d  th a t  a t  th e  o p t im u m  c a s s a v a  r e s id u e  c o n c e n t r a t io n  o f  1 , 2 0 0  m g / 1, th e  to ta l  
C O D  re m o v a l  e f f ic ie n c y  w a s  8 8  %  a n d  th e  to ta l  g a s  p r o d u c t io n  r a te  w a s  3 4  1/d. T h e  
m ix e d  g a s  c o n te n ts  8 .7  %  แ 2 , 5 8 .6  %  C H 4, a n d  3 2 .7  %  C O 2 . T h e  to ta l  m e th a n e  
p r o d u c t io n  r a te  w a s  2 0  1/d, g iv in g  a  to ta l  m e th a n e  y ie ld  o f  2 6 0  m l C H 4/g  C O D  
r e m o v e d  o r  61 m l C H 4/g  C O D  a p p l ie d  a n d  a  to ta l  s p e c i f ic  m e th a n e  p r o d u c t io n  ra te  
o f  7 1 5  m l C H 4/1 d  a t  th e  o p t im u m  c a s s a v a  r e s id u e  c o n c e n t r a t io n  o f  1 ,2 0 0  m g/1 . F o r  
h y d r o g e n  p r o d u c t io n  r e s u l t ,  th e  to ta l  h y d r o g e n  p r o d u c t io n  r a te  w a s  3 1/d, g iv in g  a  
to ta l  h y d r o g e n  y ie ld  o f  18 m l H f /g  C O D  r e m o v e d  o r  8  m l F ^ /g  C O D  a p p l ie d  a n d  a  
to ta l  s p e c i f ic  h y d r o g e n  p r o d u c t io n  r a te  o f  10 6  m l H 2 /I d  a t  th e  c a s s a v a  r e s id u e  
c o n c e n t r a t io n  o f  1 ,2 0 0  m g/1 . T h e  d e g r a d a t io n  o f  l i g n o c e l lu lo s ic  m a te r a ia ls  in  o v e ra l l  
tw o  s ta g e  s y s te m  w a s  a ls o  in v e s t ig a te d .  U n d e r  s tu d y  c o n d i t io n ,  th e  d e g r a d a t io n  
p e r f o r m a n c e  o f  c e l lu lo s e  a n d  h e m ic e l lu lo s e  w e r e  6 2 .5  %  a n d  3 5  % , r e s p e c t iv e ly  
w h i le  th e  d e g r a d a t io n  o f  s ta r c h  w a s  4 5  % . T h e  c e l lu lo s e  d e g r a d a t io n  in  th is  s tu d y  is  
s l ig h t ly  h ig h e r  th a n  5 9  %  c e l lu lo s e  d e g r a d a t io n  r e p o r te d  b y  G a d o w  e t  a l. (2 0 1 2 ) ,  
w h ic h  is  o p e ra te d  u n d e r  C S T R  r e a c to r  a t  55 ๐c  u s in g  c e l lu lo s e  a s  s u b s tr a te .



Total COD loading rate (kg/m3 d)(based on feed COD and methane UASB volume) Total COD loading rate (kg/m3 d)(based on feed COD and methane UASB volume) Total COD loading rate (kg/m3 d) (based on feed COD and methane UASB Total COD loading rate (kg/m3 d)(based on feed COD and methane UASB volume)
120 12.2 12 4 126 12 8 130 13 2 134 136 120 12 2 124 126 128 13.0 13.2 13.4 13 6 12 0 12.2 12 4 12 6 12.6 13 0 13.2 13 4 13 6 12.0 12.2 12 4 12.6 128 130 13 2 13 4 136

Total COD loading rate (kg/m3 d)(based on feed COD and methane UASB volume)
120 12.2 124 12.6 126 13.0 13.2 134 136

Total COD loading rate (kg/m3 d)(based on feed COD and methane UASB volume)
12 0 12.2 12 4 12 6 12 8 13 0 132  13 4 13 6

Total COD loading rate (kg/m3 d)(based on feed COD and methane UASB volime)
12.0 12.2 124 126 12 8 130 13.2 134 136

Figure 4.17 Overall performance of two stage UASB processes 4̂
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