
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Two-stage for Hydrogen and Methane Production

H y d r o g e n  a n d  m e t h a n e  a r e  p r o d u c e d  f r o m  a l c o h o l  w a s t e w a t e r  b y  u s in g  t w o -  

s t a g e  u p f l o w  a n a e r o b i c  s lu d g e  b la n k e t  r e a c t o r s  ( U A S B ) .  T h e  a l c o h o l  w a s t e w a t e r  w a s  

f e d  w i th  a n  in i t ia l  f e e d  C O D  o f  5 1 ,6 0 0  m g/1 . F o r  h y d r o g e n  p r o d u c t i o n  s te p ,  t h e  f i r s t

4 - L  U A S B  r e a c t o r  w a s  o p e r a t e d  a t  d i f f e r e n t  C O D  l o a d in g  r a t e  (5 , 1 0 , 2 0 ,  4 8 ,  6 0 ,  1 2 0 , 

1 8 0  a n d  2 7 0  k g / m 3d ) , p H  5 .5  a n d  a  r e c y c l e  r a t i o  o f  f e e d - t o - e f f l u e n t  f r o m  m e th a n e -  

p r o d u c i n g  s t a g e  o f  1 :1 . F o r  m e th a n e  p r o d u c t i o n  s te p ,  a  s e c o n d  2 4 - L  U A S B  u n i t  w a s  

f e d  b y  t h e  e f f lu e n t  f r o m  t h e  f i r s t  U A S B . B o t h  U A S B s  w e r e  o p e r a t e d  in  m e s o p h i l i c  

c o n d i t i o n  ( 3 7 ° C ) .

4.2 Gas Production Rate
T h e  g a s  p r o d u c t i o n  r a t e  p e r f o r m a n c e  o f  e a c h  U A S B  u n i t  a s  a  f u n c t io n  

o f  C O D  r a t e  is  s h o w n  in  F i g u r e  4 .1 .  T h e  g a s  p r o d u c t i o n  r a t e  w a s  d a i ly  m e a s u r e d  b y  

g a s  m e t e r  in  t e r m  L /d  in  s t e a d y  c o n d i t io n .  A s  C O D  l o a d i n g  r a t e  i n c r e a s e d  f r o m  5 t o  

4 8  k g / m 3d , t h e  g a s  p r o d u c t i o n  r a t e  f r o m  b o t h  t h e  f i r s t  a n d  s e c o n d  U A S B  i n c r e a s e d  

f r o m  2 .3  t o  2 8 .5  l /d  a n d  5 .7  t o  3 9 .6  l /d ,  r e s p e c t i v e ly  a n d  th e n  d e c r e a s e d  a t  f u r t h e r  

i n c r e a s i n g  C O D  lo a d i n g  r a t e  f r o m  6 0  t o  2 7 0  k g /m 3d . T h e  m a x im u m  g a s  p r o d u c t i o n  

r a t e s  o f  2 8 .5  l /d  a n d  3 9 .6  l /d  in  t h e  f i r s t  U A S B  u n i t  a n d  t h e  s e c o n d  U A S B  u n i t  w a s  

f o u n d  a t  t h e  s a m e  C O D  l o a d i n g  r a t e  o f  4 8  k g /m 3 d . T h e  r e s u l t s  c a n  b e  e x p la in e d  t h a t  

a  h ig h  C O D  l o a d i n g  r a t e  p r o v i d e d  h ig h e r  s u b s t r a t e s  a v a i l a b le  f o r  m i c r o b e s  t o  c o n v e r t  

i n to  h ig h e r  q u a n t i t i e s  o f  g a s e o u s  p r o d u c t s  ( I n t a n o o  et al. , 2 0 1 2 ) .  H o w e v e r  a t  a  v e r y  

h ig h  C O D  l o a d i n g  r a t e ,  g a s  p r o d u c t i o n  r a t e  d e c r e a s e d  d u e  t o  t h e  m ic r o b ia l  c e l l s  w e r e  

w a s h e d  o u t  f r o m  t h e  s y s t e m  a s  a  r e s u l t  o f  t h e  in c r e a s i n g  t o x i c i ty  f r o m  t h e  V F A  

a c c u m u l a t i o n  in  t h e  s y s t e m  w h ic h  w ill  b e  d i s c u s s e d  la te r .
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Figure 4.1 E f f e c t  o f  C O D  l o a d i n g  r a t e  o n  g a s  p r o d u c t i o n  r a t e  in  t w o - s t a g e  U A S B .

4.3 Gas Composition
T h e  p r o d u c e d  g a s  c o m p o s i t i o n  w a s  a n a ly s e d  b y  g a s  c h r o m a t o g r a p h .  

F r o m  F i g .4 .2 ,  f o r  t h e  h y d r o g e n  p r o d u c t i o n  s te p ,  t h e  p r o d u c e d  g a s  c o n t a i n e d  o n ly  

m e t h a n e  a n d  c a r b o n  d io x i d e  a t  a  l o w  C O D  l o a d in g  r a t e  v a r y in g  f r o m  5 t o  1 2 0  

k g / m 3d . W h e n  t h e  C O D  l o a d i n g  r a t e  i n c r e a s e d  f r o m  1 8 0  t o  2 7 0  k g / m 3d , h y d r o g e n  

g a s  w a s  d e t e c t e d .  F o r  t h e  m e t h a n e  p r o d u c t i o n  s te p ,  t h e  g a s  c o m p o s i t i o n  m a in ly  

c o n s i s t e d  o f  m e th a n e  a n d  c a r b o n  d io x id e  w i t h o u t  h y d r o g e n  in  t h e  w h o l e  s tu d i e d  r a n g  

o f  C O D  l o a d i n g  r a t e .  F o r  b o t h  h y d r o g e n  a n d  m e th a n e  p r o d u c t i o n  s t e p s ,  t h e  m e th a n e  

c o n t e n t  i n c r e a s e d  w i th  i n c r e a s i n g  C O D  l o a d i n g  r a t e  a n d  r e a c h e d  a  m a x i m u m  a t  a  

C O D  l o a d i n g  o f  4 8  k g /m 3d  c o n t a i n e d  6 4 .4 %  CFLj a n d  8 4 .8 %  CFL}, r e s p e c t i v e ly .  W i th  

f u r t h e r  i n c r e a s i n g  C O D  l o a d i n g  r a t e  f r o m  6 0  t o  2 7 0  k g / m 3d , t h e  m e t h a n e  c o n te n t  

u n i t s  s l ig h t ly  d e c r e a s e d  f o r  b o t h  U A S B s  w h e r e a s  t h e  h y d r o g e n  c o n t e n t  in  t h e  

p r o d u c e d  g a s  f r o m  t h e  f i r s t  U A S B  u n i t  i n c r e a s e d  f r o m  0 .9  t o  2 2 .1 %  w i t h  i n c r e a s in g  

C O D  lo a d i n g  r a t e  1 8 0  t o  2 7 0  k g / m 3d. T h e  r e s u l t s  c a n  b e  e x p la in e d  b y  t h e  f a c t  t h a t  

h ig h  C O D  l o a d i n g  r a t e s  r e s u l t  in  w a s h - o u t  o f  m e t h a n o g e n  f r o m  t h e  s y s t e m ,  c a u s in g  

t h e  d o m i n a n c e  o f  h y d r o g e n - p r o d u c i n g  ( C h e n  et al, 2 0 0 1 ) .  L iu  f o u n d  t h a t  FER.T 

l o n g e r  t h a n  2  d a y ,  t h e  m e t h a n o g e n  c o u ld  s ti l l  g r o w  a n d  u t i l i z e  h y d r o g e n  a s  s u b s t r a t e  

( L iu  e t  a h ,  2 0 0 8 ) .

/Second 24-1 UASB/ /A /
/  /

1/ /À  /  First 4-L UASB
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Figure 4 .2  E f f e c t  o f  C O D  l o a d i n g  r a t e  o n  g a s  c o m p o s i t i o n  in  t w o - s t a g e  U A S B ,

4.4 Hydrogen and Methane Yield
T h e  y ie ld s  o f  p r o d u c e d  h y d r o g e n  a n d  m e th a n e  p r o d u c t i o n  a r e  d e f in e d  

a s  a  r a t i o  o f  t h e  a m o u n t  o f  p r o d u c e d  h y d r o g e n  o r  m e th a n e  t o  t h e  a m o u n t  o f  o r g a n ic  

s u b s t r a t e s  c o n s u m e d  in  t h e  u n i t  o f  L /k g  C O D  r e m o v e d .  F i g u r e  4 .3  s h o w e d  t h e  

h y d r o g e n  a n d  m e th a n e  y ie ld  a t  d i f f e r e n t  C O D  lo a d i n g  r a t e .  T h e  m e t h a n e  y ie ld  f o r  

e i t h e r  f i r s t  o r  s e c o n d  U A S B  i n c r e a s e d  w i th  i n c r e a s i n g  C O D  lo a d i n g  r a t e  a n d  r e a c h e d  

t h e  m a x im u m  m e th a n e  y ie ld  o f  1 6 4 .2 3  a n d  4 2 7 .5 3  1 C H i / k g  C O D  r e m o v e d ,  

r e s p e c t i v e ly  a t  C O D  lo a d in g  r a t e  o f  4 8  k g /m 3d . I n t e r e s t in g l y ,  a t  a  C O D  l o a d i n g  r a t e  

o f  2 7 0  k g /m 3d , t h e  f i r s t  U A S B  u n i t  p r o v i d e d  t h e  h ig h e s t  h y d r o g e n  y ie ld  o f  2 .3 1  1 

H 2/ k g  C O D . W h e n  t h e  C O D  l o a d i n g  r a t e  i n c r e a s e d  f r o m  6 0  t o  2 7 0  k g / m 3d , t h e  y ie ld  

o f  m e th a n e  d e c r e a s e d  b e c a u s e  o f  t h e  h ig h  c o n c e n t r a t i o n  o f  v o la t i l e  f a t t y  a c i d s  in  t h e  

r e a c t o r ,  r e s u l t i n g  in  t h e  h ig h  t o x i c i t y  t o  t h e  m ic r o b e s .
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Figure 4.3 H y d r o g e n a n d  m e th a n e  y ie ld  v e r s u s  C O D  lo a d in g  r a t e  in  t w o - s t a g e

U A S B .

4.5 Specific Hydrogen and Methane Production Rate
S p e c i f i c  h y d r o g e n  a n d  m e th a n e  p r o d u c t i o n  r a t e  is  d e f i n e d  a s  t h e  

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

r e a c t o r .  F i g u r e  4 .4  s h o w e d  t h e  s p e c i f ic  h y d r o g e n  a n d  m e th a n e  p r o d u c t i o n  r a t e  o f  t h e  

f i r s t  a n d  s e c o n d  U A S B  u n i t  a t  d i f f e r e n t  C O D  lo a d in g  r a t e .  T h e  r e s u l t s  s h o w e d  t h a t  

w i th  i n c r e a s i n g  C O D  lo a d i n g  r a t e ,  t h e  s p e c i f i c  m e th a n e  p r o d u c t i o n  r a t e  f o r  b o t h  t h e  

f i r s t  a n d  s e c o n d  U A S B  i n c r e a s e d  a n d  r e a c h e d  a  m a x im u m  v a lu e  o f  2 2 9  1 C H 4/ k g  

M L V S S  d  a n d  51  1 C H i / k g  M L V S S  d , r e s p e c t iv e ly .  W h e n  t h e  s y s t e m  w a s  o p e r a t e d  

h ig h e r  t h a n  4 8  k g /m 3d , t h e  s p e c i f ic  m e th a n e  p r o d u c t i o n  r a t e  w a s  d e c r e a s e d .  A t  C O D  

l o a d i n g  r a t e  o f  2 7 0  k g /m 3d , a  m a x im u m  s p e c i f i c  h y d r o g e n  p r o d u c t i o n  r a t e  w a s  2 2  1 

H 2/ k g  M L V S S  d .
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Figure 4.4 S p e c i f i c  h y d r o g e n  a n d  m e th a n e  p r o d u c t i o n  r a t e  v e r s u s  C O D  l o a d i n g  r a t e  
in  t w o - s t a g e  U A S B .

4.6 COD Removal
T h e  e f f e c t  o f  C O D  lo a d in g  r a t e  o n  t h e  C O D  r e m o v a l  is  s h o w n  in  F i g u r e

4 .5 .  T h e  C O D  r e m o v a l  i n c r e a s e d  w i th  i n c r e a s i n g  C O D  l o a d in g  r a t e  a n d  t o  r e a c h  t h e  

m a x im u m  v a l u e  o f  4 1 .7 %  a n d  6 4 .9  %  f o r  t h e  f i r s t  a n d  s e c o n d  U A S B  u n i t s ,  

r e s p e c t i v e ly  a t  a  C O D  l o a d i n g  r a t e  o f  4 8  k g  / m 3d  w h ic h  w e l l  c o r r e s p o n d e d  t o  t h e  

m e th a n e  p r o d u c t i o n  r a te .  A f t e r  t h a t ,  t h e  C O D  r e m o v a l  d e c r e a s e d  w i t h  f u r t h e r  

i n c r e a s i n g  C O D  lo a d i n g  r a t e .  T h e  r e s u l t s  c a n  b e  e x p la in e d  b y  t h e  f a c t  t h a t  in  t h e  

C O D  lo a d i n g  r a t e  r a n g e  o f  5 - 4 8  k g /m 3d , a n  i n c r e a s e  in  C O D  lo a d i n g  r a t e  d i r e c t ly  

i n c r e a s e d  s u b s t r a t e s  a v a i la b le  f o r  m ic r o b e s ,  l e a d in g  t o  b o t h  h ig h e r  C O D  r e m o v a l  a n d  

g a s  p r o d u c t i o n  r a t e  w h e r e a s ,  in  t h e  C O D  l o a d i n g  r a t e  r a n g e  o f  4 8 - 2 7 0  k g / m 3d , t h e  

d e c r e a s i n g  C O D  r e m o v a l  w i th  in c r e a s in g  C O D  l o a d i n g  r a t e  r e s u l t e d  f r o m  t h e  

i n c r e a s e  in  t o x i c i t y  f r o m  t h e  V F A  a c c u m u la t io n .  T h e  r e s u l t  a l s o  i n d i c a t e d  t h a t  a  t w o -  

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

s t e p  c o u ld  m a x im iz e  C O D  r e m o v a l  e f f i c ie n c y .  Z h u  e t  a l. ( 2 0 1 0 )  r e p o r t e d  a  C O D  

r e m o v a l  r a t e  o f  1 9 %  in  h y d r o g e n  p r o d u c t i o n  s t e p  w h e r e a s  5 1 %  o f  C O D  r e m o v a l  w a s  

in  m e th a n e  p r o d u c t i o n  s te p  f r o m  p o t a t o  w a s t e  u s in g  t w o - s t a g e  a n a e r o b i c  d ig e s t i o n  

p r o c e s s .
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F ig u re  4.5 COD removal efficiency versus COD loading rate in two-stage UASB.

4.7 M icro b ia l C o n c e n tra tio n
The microbial concentration (MLVSS) was a parameter used for 

determining the capability of the microorganism of growing in the bioreactor and the 
microbial concentration (VSS) was washed out. Figure 4.6 and 4.7 showed the effect 
of COD loading rate on MLVSS and VSS in the first and second UASB unit, 
respectively. For both hydrogen and methane production step, the MLVSS increased 
with increasing COD loading rate whereas VSS decreased with increasing COD 
loading rate from 5 to 48 kg/m3d. With further increasing COD loading rate higher 
than 48 kg/m3d, the MLVSS of first UASB unit slightly increased while the MLVSS 
of second UASB unit decreased. The VSS in both hydrogen and methane production 
step increased at higher COD loading rate than 48 kg/m3d. This explained that the 
increase in microbial growth was due to high amount of organic compounds in the 
reactor, at a high COD loading rate. However, the decrease in microbial growth with 
increase COD loading rate higher than 48 kg/m3d because of acid accumulation 
toxicity to stop the hydrogen and methane producing bacteria growth.
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F ig u re  4.6 MLVSS and effluent v s s  versus COD loading rate in a first UASB.

F ig ure  4.7 MLVSS and effluent v s s  versus COD loading rate in a second UASB.
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4.8 V olatile  F a tty  A cid  (V FA ) fo r H y d ro g en  an d  M e th a n e  P ro d u c tio n
The total VFA concentration in the effluent of either first UASB or 

second UASB unit was quantified as acetic acid by using distillation-titration method 
as a standard method (Eaton e t a l ,  2005). Figure 4.8 showed the effect of COD 
loading rate on total of VFA in first UASB unit. The total VFA concentration 
increased with increasing COD loading rate. At the COD loading rate from 5 to 48 
kg/m3 d, the methane gas can be produced because produced VFA were utilized for 
methane generation. For higher COD loading rate (>48 kg/m3d), the lower methane 
yield obtained and hydrogen was observed at 270 kg/m3 d. The result was due to the 
persistence of acidophilic condition due to presence of VFA (Mohan e t a l ., 2008).

F ig u re  4.8 The amount of volatile fatty acid as a function of COD loading rate in a 
first UASB.

Aside from the produced gas, the main liquid products were VFA, 
which useful parameters for monitoring hydrogen production (Yang et a l., 2006). 
The main components of VFA were acetic acid, propionic acid, butyric acid, and 
valeric acid. Figure. 4.9 showed the concentration of VFA and ethanol, the results 
show that the butyric acid was the most abundant species in the effluent. The 
maximum of butyric acid was 5002.66 ml/g at COD loading rate 270 kg/m3d which 
was hydrogen produced. The result indicated that the hydrogen production phase was
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butyric acid type fermentation, according to Equation 4.2. Another pathway of 
hydrogen production was when acetic acid was the end product, a theoretical 
maximum of 4 moles hydrogen per mole glucose is produced according to Equation
4.1. However, for mesophilic condition, hydrogen yield was less than 2 mole 
hydrogen per mole glucose whereas hydrogen reached the theoretical maximum of 4 
mole hydrogen per mole glucose at extreme- thermophilic condition (70 ÔC) (Van 
Niel e t a l ., 2002).

Acetic acid production: CôHnOô + 2H20  —> 2 CH3COOH + 2 CO2 + 4H2 (4.1)
Butyric acid production: C6H]20f, —► CH)(CH2)2COOH + 2C02 + 2H2 (4.2)

The cumulated propionic acid concentation resulted in low hydrogen 
becasuse propionic acid formation usually consumes the produced hydrogen 
according to Equation 4.3 From the results, propionic acid slightly decreased with 
increasing COD loading rate. Therefore, to maximize the hydrogen production rate at 
COD loading rate 270 kg/m3d, the propionic acid was minimum.

Propionic acid production: C6Hi20e+  2H2 —■» 2CH3CH2COOH + 2H20  (4.3)

Ethanol concentration increased with increasing COD loading rate from 5 to 
270 kg/m3 d. At a COD loading rate 270 kg/m3 d, the highest ethanol concentration 
of 3,806 mg/1 was archived by the hydrogen production. From the result can be 
explained that the produced ethanol can accordingly improve the efficiency of 
hydrogen production, according to Equation 4.4.

Ethanol production: C 6H I206 + H20  -» C2H5OH + CH 3CO O H  + 2H2 + 2C02 (4.4)
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F ig u re  4.9 The volatile fatty acid concentration as a function of COD loading rate in 
a first UASB.

Figure 4.10 showed the effect of COD loading rate on the total VFA 
concentration in the second UASB unit. The total VFA concentration slightly 
changed with increasing COD loading rate in the range of 5-48 kg/m3d.With further 
increasing COD loading rate beyond 48 kg/m3d, it increased dramatically. The VFA 
results suggest that the toxicity level to the methanogens is approximately around 
500 mg/1. The minimum total VFA concentration was 2173.04 mg/1 as acetic acid at 
COD loading rate of 48 kg/m3d which was maximum methane content because 
methane was produced in this step which consumes hydrogen and VFA generated 
from the primary acidogenesis step, according to the Equation 4.5-4.8. (Mohan et ah,
2008).

C H 3C O O H  - >  2 H 2+ C O 2 (4.5)
C H 3C H 2C H 2C 0 0 H + 2 H 20 = C H 3 C 0 0 H + 2 H 2  (4.6)
C H 3C H 2 C H 2 C H 2 C 0 0 H + 2 H 2 0 = C H 3 C H 2 C 0 0 H '+ C H 3C 0 0 H - + 2 H 2  (4.7) 
4 H 2+ C 0 2-> C H 4 + 2 H 20  (4.8)
Figure 4.11 showed the concentration of VFA and ethanol concentration in 

methane production step. Both ethanol and VFA concentration decreased with 
increasing C O D  loading rate from 5 to 48 kg/m3d and then increased with further 
increasing C O D  loading rate from 48 to 2 7 0  kg/m3d. The lowest VFA and ethanol 
concentration were at C O D  loading rate of 48 kg/m3d. The result shows that VFA
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concentration and ethanol produced from hydrogen production step can be recovered 
to produce methane.

F ig u re  4.10 Total volatile fatty acid (VFA) versus COD loading rate in a second 
UASB

□  acetic (ffig'l)
■  propanoic (tng/I) 
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■ valeric (nig/1)
□  ethanol (mg/1)
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F ig u re  4.11 The volatile fatty acid concentration as a function of COD loading rate 
in a second UASB.
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