
REFERENCES

"The quest to make hydrogen the fuel of the future." N o v a  S c ie n c e  in  th e  new s. 
Australian Academy of Science. Accessed on 2 June, 2010 
<http://www.science.org.au/nova/111/11 lkey.htm>.

Argun, H., Kargi, F., Kapdan, I.K., and Oztekin, R. (2008). Biohydrogen 
production by dark fermentation of wheat powder solution: effects of C/N 
and c/p ratio on hydrogen yield and formation rate. International Journal 
of Hydrogen Energy, 33, 6109-6115.

Chaimongkol, p. (2009). Two-Step Hydrogen and Methane Production from 
Cassava Wastewater Using Upflow Anaerobic Sludge Blanket Reactors. 
M.s. Thesis, The Petroleum and Petrochemical College, Chulalongkom 
University.

Chang, F.Y. and Lin, C.Y. (2004). Biohydrogen- production using an up-flow 
anaerobic sludge blanket reactor. International Journal of Hydrogen 
Energy, 29, 33-39.

Chong, M.L., Sabaratnam, V., Shirai, Y., and Hassan, M.A. (2009). Biohydrogen 
production from biomass and industrial wastes by dark fermentation. 
International Journal of Hydrogen Energy, 34, 3277-3287.

Das, D. and Veziroglu, T.N. (2001). Hydrogen production by biological processes: 
a survey of literature. International Journal of Hydrogen Energy, 26, 13-28.

Eaton, A.D., Clesceri, L.S., and Greenberg, A.E. (2005). Standard Methods for the 
Examination of Water and Wastewater. Washington, DC: American Public 
Health Association (APHA), American Water Works Association 
(AWWA) & Water Environmental Federation (WEF).

Guo, W.Q., Ren, N.Q., Wang, X.J., Xiang, พ.ร., Meng, Z.H., Ding, J., Qu, Y.Y., 
Zhang, L.s. (2008). Biohydrogen production from ethanol-type 
fermentation of molasses in an expanded granular sludge bed (EGSB) 
reactor. International Journal of Hydrogen Energy. 33, 4981-4988.

Han, S.K., Kim, S.H., Shin, H.ร. (2005). UASB treatment of wastewater with VFA 
and alcohol generated during hydrogen fermentation of food waste. 
Process Biochemistry, 40, 2897-2905.

http://www.science.org.au/nova/111/11_lkey.htm


43

Hawkes, F.R., Dinsdale, R., Hawkes, D.L., and Hussy, I. (2002). Sustainable 
fermentative hydrogen production: challenges for process optimisation. 
International Journal of Hydrogen Energy. 27, 1339-1347.

Kapdan, I.K. and Kargi, F. (2006). Bio-hydrogen production from waste materials. 
Enzyme and Microbial Technology, 38, 569-582.

Lay, J.J., Lee, Y.J., snd Noike, T. (1999). Feasibility of biological hydrogen 
production from organic fraction of municipal solid waste, Water Research. 
33,2579-2586.

Lee, K.S., Hsu, Y.F., Lo, Y.C., Lin, P.J., Lin, C.Y., and Chang, J.s. (2008) 
Exploring optimal environmental factors for fermentative hydrogen 
production from starch using mixed anaerobic microflora. International 
Journal of Hydrogen Energy, 33, 1565 -  1572.

Liu, X., Ren, N., Song, F., Yang, c., and Wang, A. (2007). Recent advances in 
fermentative biohydrogen production. Progress in Natural Science; 18, 
253-258.

Metcalf & Eddy. (2003). Wastewater Engineering: Treatment and Reuse. New 
York: McGraw-Hill.

Meyers, R.A. (2001). Solar thermochemical process technology. Encyclopedia of 
Physical Science & Technology. 15,237-256.

Mizuno, O., Dinsdale, R., Hawkes, D.L., and Noike, T. (2000). Enhancement of 
hydrogen production from glucose by nitrogen gas sparging. Bioresource 
Technology, 73, 59-65.

Mohan, S.V., Babu, V.L., and Sarma, P.N. (2007). Anaerobic biohydrogen 
production from dairy wastewater treatment in sequencing batch reactor 
(AnSBR): effect of organic loading rate. Enzyme and Microbial 
Technology, 41, 506-515.

Ni, M., Leung, D.Y.C., Leung, M.K.H., and Sumathy, K. (2006). An review of 
hydrogel) production from biomass. Fuel Processing Technology, 87, 461- 
472.

Perez, M., Rodriguez-Cano, R., Romero, L.I., and Sales, D. (2006). Performance of 
anaerobic thermophilic fluidized bed in the treatment of cutting-oil 
wastewater. Bioresource Technology, 98, 3456-3463.



44

Wastewater Using an Anaerobic Sequencing Batch Reactor. M.s. Thesis, 
The Petroleum and Petrochemical College, Chulalongkom University.

Sema, T. (2008). Biohydrogen Production from Synthetic Oily Wastewater in an 
Upflow Anaerobic Sludge Blanket Reactor. M.s. Thesis, The Petroleum 
and Petrochemical College, Chulalongkom University.

Sreethawong, T., Chatsiriwatana, ร., Rangsunvigit, p., and Chavadej, ร. (2010). 
Hydrogen production from cassava wastewater using an anaerobic 
sequencing batch reactor: effects of operational parameters, COD:N ratio, 
and organic acid composition. International Journal of Hydrogen Energy. 
35,4092-4102.

Sreethawong, T., Niyamapa, T., Neramitsuk, H., Rangsunvigit, p., Leethochawalit, 
M., and Chavadej, ร. (2010). Hydrogen production from glucose- 
containing wastewater using an anaerobic sequencing batch reactor: Effects 
of COD loading rate, nitrogen content, and organic acid composition. 
Chemical Engineering Journal, 160, 322-332.

Vijayaraghavan, K. and Soom, M.A.M (2006). Trends in bio-hydrogen generation a 
review. Environmental Sciences. 3, 255-271.

พน, S.Y., Hung, C.H., Lin, C.Y., Lin, P.J., Lee, K.S., Lin, C.N., Chang, F.Y., and 
Chang, J.s. (2008). HRT-dependent hydrogen production and bacterial 
community structure of mixed anaerobic microflora in suspended granular 
and immobilized sludge systems using glucose as the carbon substrate. 
International Journal of Hydrogen Energy, 33, 1542-1549.

Yusoff, M.Z.M., Rahman, N.A.A., Aziz, S.A., Ling, C.M., Hassan, M.A., and 
Shirai, Y. (2010). The effect of hydraulic retention time and volatile fatty 
acids on*biohydrogen production from palm oil mill effluent under non- 
sterile condition. Australian Journal of Basic and Applied Sciences, 4, 
577-587.

Salminen, E. and Rintala, J. (2002). Anaerobic digestion of solid poultry
slaughterhouse waste-a review. Biosource Technology, 83, 13-26.

Searmsirimongkol, p. (2010). Biohydrogen Production from Alcohol Distillery



45

Zhang, Z.P., Show, K.Y., Tay, J.H., Liang, D.T., Lee, D.J., and Jiang, W.J. (2006). 
Effect of hydraulic retention time on biohydrogen production and anaerobic 
microbial community. Process Biochemistry, 41, 2118-2123.

i



APPENDICES

Appendix A Calibration Curves

Table A1 Calibration curve for hydrogen (H2)

Volume of hydrogen (ml) Peak area
0.02 16,313
0.04 58,770
0.08 180,674
0.1 226,743
0.2 427,198
0.4 778,509

0 0.1 0.2 0.3 0.4 0.5
Volume of Hydrogen (ml)

Figure A1 The relationship between volume of hydrogen (H2) and peak area.
I

Equation

Peak area + 377287Amount of hydrogen = 5 X 107
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Table A2 Calibration curve for nitrogen

Volume of nitrogen (ml) Peak area
0.02 34,210
0.04 128,767
0.08 305,287
0.1 393,916
0.2 809,433
0.4 1,602,475

0 0.1 0.2 0.3 0.4 0.5
Volume of Nitrogen (ml)

Figure A2 The relationship between volume of nitrogen (N2) and peak area. 

Equation

Peak area + 29532Amount of nitrogen =
) 4 X 106
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Table A3 Calibration curve for oxygen

V o l u m e  o f  o x y g e n  ( m l ) P e a k  a r e a

0 .0 2 1 2 ,2 8 6
0 .0 4 4 3 ,9 9 5
0 .0 8 1 0 4 ,3 4 2
0 .1 1 3 5 ,5 4 6
0 .2 2 8 0 ,2 2 0
0 .4 5 6 2 ,0 0 1

Volume of Oxygen (ml)

Figure A 3  T h e  r e la t io n s h ip  b e t w e e n  v o lu m e  o f  o x y g e n  ( O 2)  a n d  p e a k  a r e a .

Equation

Peak area +  12182Amount of oxygen =
f

1 X 106
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Table A4 Calibration curve for methane (CH4)

V o lu m e  o f  m e t h a n e  ( m l ) P e a k  a r e a
0 .0 2 9 2 ,5 1 7
0 .0 4 3 8 1 ,1 0 6
0 .1 1 ,2 9 3 ,5 5 2

0 .2 2 ,6 7 4 ,6 5 4

Volume of Methane (ml)

Figure A4 T h e  r e la t io n s h ip  b e t w e e n  v o lu m e  o f  m e t h a n e  (C H 4 ) a n d  p e a k  a rea .

Equation

Ppnl/ nrpn -I- 1 R7A77 
A m o u n t  o f  m e t h a n e  =  -----------  ̂ ^  ^ 7------------

I
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Table A5 Calibration curve for carbon dioxide (CO2 )

V o lu m e  o f  c a r b o n  d i o x id e  ( m l ) P e a k  a r e a
0 .0 2 2 6 ,1 1 8
0 .0 4 9 7 ,5 3 9
0 .0 8 2 2 0 , 1 2 2

0 .2 5 9 6 ,4 1 4
0 .4 1 ,3 1 5 ,8 8 5

0  0 .1  0 .2  0 .3  0 .4  0 .5

Volume of Carbon dioxide (ml)

Figure A5 T h e  r e la t io n s h ip  b e t w e e n  v o lu m e  o f  c a r b o n  d i o x i d e  ( C O 2)  a n d  p e a k  a rea . 

Equation

Peak area +  48 36 1Amount of carbon dioxide =
I 3 X 106
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Appendix B Preparation of 5 wt./voI.% NaOH Solution for pH-controlled 
System

P r e p a r a t io n  o f  N a O H  a t c o n c e n t r a t io n  o f  5  w t . / v o l .%

5 JL
T o o  m l =  5 0

Appendix c  Volatile Fatty Acids (VFA) Quantification by Distillation Method

c  1. A c e t i c  A c i d s  S t o c k  S o lu t io n  P r e p a r a t io n  fo r  R e c o v e r y  F a c t o r  ( f )  D e t e r m in a t io n  

C o n c e n t r a t io n  o f  f r e s h  a c e t i c  a c id  ( l iq u id )  =  9 9 .7 %
D e n s i t y  o f  a c e t i c  a c id  =  1 .0 7  g /m l
M o le c u la r  w e i g h t  o f  a c e t ic  a c id  =  6 0
D e t e r m in a t io n  o f  f r e s h  a c e t ic  a c id s  c o n c e n t r a t io n  in  t e r m  o f  m o la r

_  0 .9 9 7  L  o f  a c e t ic  a c id  1 .0 7  g  o f  a c e t i c  a c id  1 m o l  o f  a c e t i c  a c id  
L  o f  s o lu t io n  m L  o f  a c e t i c  a c id  6 0  g  o f  a c e t i c  a c id

=  1 7 .7 8  M
P r e p a r a t io n  o f  a c e t i c  a c id  a t c o n c e n t r a t io n  o f  2 ,0 0 0  m g /L

2 0 0 0  a c e t *c  a c *d 1 m o le  o f  a c e t i c  a c id
L  o f  s o lu t io n  6 0  g  o f  a c e t i c  a c id

=  0 .0 3 3 3  M  

D i lu t i o n  o f  a c e t i c  a c id
N [ V ,  =  N 2V 2

V i =  N 2V 2/N !
( 0 . 0 3 3 3 x l ) / 1 7 . 7 8  

1 .8 7 3 x 1  O' 3 L

c  2 . S ta n d a r d  S o d iu m  H y d r o x id e  ( 0 .1  M )  P r e p a r a t io n
C o n c e n t r a t io n  o f  f r e s h  N a O H  ( s o l i d )  =  9 9 %
M o le c u la r  w e i g h t  o f  a c e t ic  a c id  =  4 0
P r e p a r a t io n  o f  a c e t i c  a c id  a t c o n c e n t r a t io n  o f  0 .1  M
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_  0 .1  m o l  4 0  g  1 0 0  
I L  x  1 m o l  x  ~99

=  4 .0 4  g

c 3 .  R e c o v e r y  F a c to r  ( f )  D e t e r m in a t io n
D i s t i l l  1 5 0  m l o f  0 .0 3 3 3  M  o f  a c e t ic  a c id  in  d i s t i l l a t io n  a p p a r a tu s  

C a lc u la t e  th e  r e c o v e r y  fa c to r

w h e r e
a  =  v o la t i l e  a c id  c o n c e n t r a t io n  r e c o v e r e d  in  d i s t i l l a t e ,  m g /L  

b  =  v o la t i l e  a c id  c o n c e n t r a t io n  in  s ta n d a r d  s o lu t i o n  u s e d ,  m g /L

F in d  v o la t i l e  a c id  c o n c e n t r a t io n  r e c o v e r e d  in  d i s t i l l a t e  b y  t i t r a t io n  w i t h  0 .1  M  

o f  N a O H  ( M W  o f  a c e t i c  a c id  =  6 0 .5 )
1 ) D i s t i l l a t e  5 0  m l  N a O H  1 1 .7  m l

U s e d  N a O H  =  1 1 .7 x 1 0 '3x 0 .1
=  1 .1 7 x 1 0 '3 m o l

A c e t i c  a c id  in  d i s t i l l a t e  =  1 . 1 7 x l 0 ' 3 m o l
1 .1 7 x 1 0 '3 X  6 0 .5  

0 . 0 7  g
C o n c e n t r a t io n  o f  a c e t i c  a c id  in  d i s t i l la t e

2 )  D i s t i l l a t e  2 5  m l  N a O H  5 .7  m l
U s e d  N a O H

I ~

A c e t i c  a c id  in  d i s t i l l a t e  =

0 . 0 7 / 5 0
1 . 4 0 5 x 1 0 ‘3 g /m l  

1 ,4 0 5  m g /1

5 . 7 x 1 0 ' 3x 0 .1  

5 . 7 x 1 0 "4 m o l  

5 . 7 x l 0 ‘4 m o l  

5 . 7 x l 0 ‘4 X  6 0 .5
0 .0 3 4 g
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C o n c e n t r a t io n  o f  a c e t i c  a c id  in  d i s t i l la t e

A v e r a g e  =

0 .0 3 4 / 2 5  

1 . 3 6 8 x l 0 ' 3 g /m l  

1 ,3 6 8  m g/1  

1 ,3 8 7  m g /1

R e c o v e r y  f a c t o r  ( f )  = 1 ,3 8 7 / 2 ,0 0 0
0 .6 9 3 5

f
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Appendix D Raw Data of Effect of COD Loading Rate

D l .  C O D  l o a d in g  r a te  =  1 0  k g / m 3d  p H  =  5.5 T e m p e r a tu r e  =  37 c

D a y s
A m o u n t  o f  e a c h  c o m p o n e n t  

( m l )
T o ta l

a m o u n t
( m l )

P r o d u c e d  g a s  c o m p o s i t io n

(% )
h 2 C 0 2 c h 4 h 2 C 0 2 c h 4

1 0 .1 3 2 0 .3 8 1 0 .0 4 8 0 .5 6 1 2 3 .6 0 6 7 .8 2 8 .5 9
2 0 .1 0 7 0 .3 4 9 0 .1 1 3 0 .5 6 9 1 8 .7 6 6 1 .3 6 1 9 .8 7
3 0 .0 5 6 0 .3 3 4 0 . . 1 9 0 0 .5 8 0 9 .7 2 5 7 .5 3 3 2 .7 5
4 0 .0 4 1 0 .3 3 3 0 .2 2 5 0 .5 9 8 6 .8 5 5 5 .6 3 3 7 .5 2
5 0 .0 1 8 0 .3 2 8 0 .2 4 8 0 .5 9 4 3 .0 0 5 5 .2 9 4 1 .7 1
6 0 .0 4 3 0 .3 0 3 0 .2 5 7 0 .6 0 4 7 .1 9 5 0 .2 5 4 2 .5 5
7 0 .0 4 7 0 .3 5 0 0 .2 1 8 0 .6 1 5 7 .6 9 5 6 .8 4 3 5 .4 7
8 0 .0 4 0 0 .3 7 0 0 .2 0 6 0 .6 1 5 6 .4 9 6 0 .0 9 3 3 .4 2
9 0 .0 4 6 0 .3 3 5 0 .2 1 1 0 .5 9 2 7 .7 6 5 6 .5 3 3 5 .7 1
10 0 .0 8 0 0 .3 6 5 0 .1 3 5 0 .5 8 0 1 3 .7 8 6 2 .9 1 2 3 .3 1
11 0 .0 7 3 0 .3 7 4 0 .1 2 7 0 .5 7 4 1 2 .7 2 6 5 .1 2 2 2 .1 6
1 2 0 .0 9 2 0 .3 2 6 0 .1 2 6 0 .5 4 4 1 6 .9 7 5 9 .9 1 2 3 .1 2
13 0 .0 9 9 0 .3 1 9 0 .1 2 4 0 .5 4 3 1 8 .2 8 5 8 .8 2 2 2 .9 0
1 4 0 .0 9 3 0 .3 6 9 0 .1 0 9 0 .5 7 0 1 6 .2 4 6 4 .6 8 1 9 .0 8
15 0 .1 0 1 0 .3 5 3 0 .1 0 7 0 .5 6 1 1 8 .0 8 6 2 .9 1 1 9 .0 0
16 0 .1 0 2 0 .3 3 4 0 .1 0 2 0 .5 6 2 1 8 .9 6 6 2 .1 2 1 8 .9 2

A v g . 0 .0 9 9 0 .3 5 2 0 .1 0 6 0 .5 6 4 1 7 .7 6 6 3 .2 4 1 9 .0 0

G a s  p r o d u c t io n  r a te  

H y d r o g e n  p r o d u c t io n  r a te  

S p e c i f i c  h y d r o g e n  p r o d u c t io n  r a te  

V F A  C o n c e n t r a t io n  

H y d r o g e n  y ie ld  

C O D  r e m o v a l  e f f i c i e n c y

4 .7 3 1/d
0 .8 3 1/d
4 .1 5 m l H 2/ g  M L V S S d

1 3 ,0 3 8 m g /1 a s  a c e t i c  a c id
9 .2 9 m l H 2/ g  C O D  r e m o v e d

3 7 .1 6 %



M L V S S
T S S

8 ,3 1 7
1 ,5 5 6

m g /1

m g /1

D i s t i l la t e d  s a m p le  1 0 0  J4.1 +  In te r n a l s ta n d a r d  ( n - p r o p a n o l  3 , 0 0 0  p p m )  1 0 0  p i

VFA Concentration (ppm)
E th a n o l 9 9 1

A c e t i c  a c id 3 7 1
P r o p io n ic  a c id 4 ,0 7 9

B u t y r ic  a c id 7 9 7

V a le r ic  a c id 4 ,4 3 8
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D 2. COD loading rate = 15 kg/m 3d pH = 5.5 Temperature = 37 c

D a y s
A m o u n t  o f  e a c h  c o m p o n e n t  

( m l )
T o ta l

a m o u n t  ( m l )

P r o d u c e d  g a s  c o m p o s i t io n  

(% )
h 2 c o 2 C H 4 h 2 C 0 2 c h 4

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

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

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

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

7 0 .1 2 4 0 .3 5 4 0 .0 9 5 0 .5 7 3 2 1 .5 6 6 1 .7 7 1 6 .6 7
8 0 .1 5 2 0 .3 3 0 0 .0 8 6 0 .5 6 8 2 6 .8 7 5 8 .0 5 1 5 .0 8
9 0 .1 6 0 0 . 3 3 2 0 .0 6 9 0 .5 6 0 2 8 .5 7 5 9 .1 8 1 2 .2 5
10 0 .1 7 2 0 .3 5 5 0 .0 4 5 0 .5 7 1 3 0 .0 7 6 2 .0 5 7 .8 8
11 0 .1 8 6 0 .3 6 5 0 .0 2 8 0 .5 7 9 3 2 .0 5 6 3 .1 0 4 .8 5

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

13 0 .1 7 3 0 .3 7 3 0 .0 2 6 0 .5 7 2 3 0 .2 5 6 5 .1 9 4 .5 6
1 4 0 .1 7 6 0 .3 7 0 0 .0 2 6 0 .5 7 2 3 0 .7 6 6 4 .7 2 4 .5 2

15 0 .1 7 4 0 .3 7 5 0 .0 2 4 0 .5 7 2 3 0 .3 3 6 5 .4 3 4 .2 4
A v g . 0 .1 7 4 0 .3 7 3 0 .0 2 5 0 .5 7 2 3 0 .4 5 6 5 .1 1 4 .4 4

G a s  p r o d u c t io n  ra te
H y d r o g e n  p r o d u c t io n  r a te
S p e c i f i c  h y d r o g e n  p r o d u c t io n  ra te
V F A  c o n c e n t r a t io n
H y d r o g e n  y ie ld
C O D  r e m o v a l  e f f i c i e n c y
M L V S S
T S S

1 1 .1 6 1/d
3 .4 0 1/d
1 4 .5 1 m l  H 2/ g  M L V S S  d

1 2 ,8 4 8 m g /1 a s  a c e t i c  a c id
2 9 .6 6 m l  H 2/ g  C O D  r e m o v e d
3 1 .8 4 %
9 ,7 6 7 m g /1

1 ,8 4 8 m g /1



Distillated sample 100 pi + Internal standard (n-propanol 3,000 ppm) 100 pi

VFA Concentration (ppm)
E t h a n o l 1,915

A c e t i c  a c id 2,913
P r o p io n ic  a c id 1,532

B u t y r ic  a c id 2,678
V a le r ic  a c id 2,202
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D 3. COD loading rate -  20 kg/m 3d pH = 5.5 Temperature = 37 c

D a y s
A m o u n t  o f  e a c h  c o m p o n e n t  

( m l )
T o ta l

a m o u n t
( m l )

P r o d u c e d  g a s  c o m p o s i t io n  
(% )

h 2 c o 2 c h 4 h 2 C 0 2 c h 4

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

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

3 0 .2 6 0 0 .2 7 0 0 .0 2 0 0 .5 5 0 4 7 . 1 9 4 9 .1 4 •3 :6 7

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

5 0 .2 3 0 0 .2 8 6 0 .0 2 0 0 .5 3 6 4 2 . 9 7 5 3 .2 3 3 ,8 0

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

7 0 .2 5 9 0 .3 4 0 0 .0 2 4 0 .6 2 3 4 1 . 5 4 5 4 .5 6 3 ,9 0

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

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

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

A v g . 0 .2 1 8 0 .3 3 4 0 .0 2 0 0 .5 7 2 3 8 .2 0 5 8 .3 0 3 .5 0

G a s  p r o d u c t io n  r a te
H y d r o g e n  p r o d u c t io n  ra te
S p e c i f i c  h y d r o g e n  p r o d u c t io n  ra te
V F A  c o n c e n t r a t io n
H y d r o g e n  y ie ld
C O D  r e m o v a l  e f f i c i e n c y
M L V S S
T S S

1 4 .9 8 1/d
5 .7 2 1/d

2 1 .5 7 m l  H 2/ g  M L V S S  d
1 2 ,5 4 5 m g /1 a s  a c e t i c  a c id
4 0 .8 5 m l  H 2/ g  C O D  r e m o v e d
2 9 .1 7 %
1 1 ,0 5 0 m g /1

1 ,8 6 3 m g /1
I



Distillated sample 100 pi + Internal standard (n-propanol 3,000 ppm) 100 pi

VFA Concentration (ppm)
E th a n o l 2 ,5 9 8

A c e t i c  a c id 3 ,9 8 5

P r o p io n ic  a c id 1 ,5 3 1

B u t y r ic  a c id 2 ,7 3 1

V a le r ic  a c id 1 ,4 9 9
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D4. COD loading rate = 25 kg/ m3d pH = 5.5 Temperature = 37 c

D a y s
A m o u n t  o f  e a c h  c o m p o n e n t  

( m l )
T o ta l  a m o u n t  

( m l )

P r o d u c e d  g a s  c o m p o s i t io n

(% )
h 2 C 0 2 c h 4 h 2 C 0 2 c h 4

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

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

A v g . 0 .1 9 6 0 .4 2 5 0 .0 2 0 0 .6 4 1 3 0 .6 7 6 6 .2 3 3 .1 0

G a s  p r o d u c t io n  ra te  = 3 2 .5 3 1/d
H y d r o g e n  p r o d u c t io n  r a te  = 9 .9 8 1/d
S p e c i f i c  h y d r o g e n  p r o d u c t io n  ra te  = 3 4 .2 6 m l H 2/ g  M L V S S  d
V F A  c o n c e n t r a t io n  = 1 2 ,4 7 6 m g /1 a s  a c e t i c  a c id
H y d r o g e n  y ie ld  = 6 8 .8 2 m l H 2/ g  C O D  r e m o v e d
C O D  r e m o v a l  e f f i c i e n c y  = 2 4 .1 7 %
M L V S S 1 2 ,1 3 6 m g /1

T S S 2 ,0 2 3 m g /1

I
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Distillated sample 100 pi + Internal standard (n-propanol 3,000 ppm) 100 pi

V F A Concentration (ppm)
E t h a n o l 2 ,9 5 9

A c e t i c  a c id 3 ,3 5 9
P r o p io n ic  a c id 1 ,9 5 7

B u t y r ic  a c id 2 ,4 1 5

V a le r ic  a c id 1 ,7 8 8

I
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D 5. COD loading rate = 30 kg/m 3d pH = 5.5 Temperature = 37 c

D a y s
A m o u n t  o f  e a c h  c o m p o n e n t  

( m l )
T o ta l  a m o u n t  

( m l )

P r o d u c e d  g a s  c o m p o s i t io n

(% )
h 2 C 0 2 c h 4 h 2 C 0 2 c h 4

1 0 .1 0 4 0 .3 9 8 0 .1 2 6 0 .6 2 8 1 6 .5 7 6 3 .3 4 2 0 .0 9
2 0 .0 8 4 0 .3 8 6 0 .1 4 2 0 .6 1 3 1 3 .7 8 6 2 .9 8 2 3 .2 4
3 0 .0 9 0 0 .3 7 7 0 .1 4 4 0 .6 1 1 1 4 .7 4 6 1 .6 5 2 3 .6 1
4 0 .0 8 4 0 .3 9 2 0 .1 4 9 0 .6 2 5 1 3 .4 3 6 2 .6 7 2 3 .8 9
5 0 .0 9 4 0 .3 4 9 0 .1 5 5 0 .5 9 8 1 5 .7 4 5 8 .3 5 2 5 .9 1
6 0 .0 7 2 0 .4 0 2 0 .1 4 2 0 .6 1 6 1 1 .7 4 6 5 .2 7 2 2 .9 8
7 0 .0 6 3 0 .4 3 8 0 .1 3 9 0 .6 4 0 9 .8 6 6 8 .3 7 2 1 .7 7
8 0 .0 6 9 0 .3 9 5 0 .1 4 6 0 .6 1 1 1 1 .3 5 6 4 .7 4 2 3 .9 1
9 0 .0 6 7 0 .4 7 1 0 .1 1 0 0 .6 4 8 1 0 .3 1 7 2 .6 6 1 7 .0 3
10 0 .1 0 2 0 .4 7 3 0 .0 8 1 0 .6 5 6 1 5 .5 2 7 2 .1 0 1 2 .3 8
11 0 .1 5 2 0 .4 3 5 0 .0 5 3 0 .6 4 1 2 3 .7 3 6 7 .9 0 8 .3 8
1 2 0 .1 9 6 0 .3 9 9 0 .0 3 7 0 .6 3 2 3 1 .0 6 6 3 .1 5 5 .7 9
13 0 .2 1 7 0 .3 9 2 0 .0 2 5 0 .6 3 3 3 4 .2 2 6 1 .8 9 3 .8 9
1 4 0 .1 8 5 0 .4 2 1 0 .0 2 4 0 .6 3 0 2 9 .3 2 6 6 .8 8 3 .8 0
15 0 .1 8 8 0 .4 1 8 0 .0 2 3 0 .6 2 8 2 9 .8 5 6 6 .5 2 3 .6 3
1 6 0 .1 9 2 0 .4 1 6 0 .0 2 4 0 .6 3 2 3 0 .3 5 6 5 .8 0 3 .8 5

A v g . 0 .1 8 8 0 .4 1 8 0 .0 2 4 0 .6 3 0 2 9 .8 4 6 6 .4 0 3 .7 6

G a s  p r o d u c t io n  ra te
H y d r o g e n  p r o d u c t io n  r a te
S p e c i f i c  h y d r o g e n  p r o d u c t io n  ra te
V F  A  c o n c e n t r a t io n
H y d r o g e n  y i e ld
C O D  r e m o v a l  e f f i c i e n c y
M L V S S

4 4 .7 1 1/d
1 3 .3 4 1/d
4 1 .3 6 m l  H 2/ l d
1 2 ,5 2 9 m g /1 a s  a c e t i c  a c id
9 3 .9 3 m l  H 2/ g  C O D  r e m o v e d
1 9 .7 3 %

1 3 ,4 4 0 m g /1

3 ,7 2 0 m g /1T S S



Distillated sample 100 pi + Internal standard (n-propanol 3,000 ppm) 100 pi

VFA Concentration (ppm)
E th a n o l 2 ,9 9 0

A c e t i c  a c id 2 ,9 8 2
P r o p io n ic  a c id 2 ,1 5 9

B u ty r ic  a c id 2 ,5 8 7

V a le r ic  a c id 1 ,8 2 1
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D 6 . COD loading rate = 35 kg/ m3d pH = 5.5 Temperature = 37 c

D a y s
A m o u n t  o f  e a c h  c o m p o n e n t  

( m l )
T o ta l  a m o u n t  

( m l )

P r o d u c e d  g a s  c o m p o s i t io n  

(% )
h 2 c o 2 c h 4 h 2 C 0 2 c h 4

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

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

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

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

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

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

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

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

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

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

11 0 .1 9 1 0 .4 2 6 0 .0 2 5 0 .6 4 1 2 9 .7 1 6 6 .4 7 3 .8 2

A v g . 0 .1 7 0 0 .3 9 3 0 .0 2 4 0 .5 8 7 2 8 .8 5 6 7 .1 4 4 .0 0

G a s  p r o d u c t io n  r a te  = 5 0 .5 6 1/d
H y d r o g e n  p r o d u c t io n  ra te  = 1 4 .5 9 1/d
S p e c i f i c  h y d r o g e n  p r o d u c t io n  r a te  = 4 6 .0 8 m l  H 2/ g  M L V S S  d
V F A  c o n c e n t r a t io n  = 1 2 ,7 3 4 m g /1 a s  a c e t i c  a c id
H y d r o g e n  y ie ld  = 1 1 4 .4 9 m l H 2/ g  C O D  r e m o v e d
C O D  r e m o v a l  e f f i c i e n c y  = 1 5 .1 7 %
M L V S S 1 3 ,1 9 3 m g /1

T S S 4 ,3 7 5 m g /1

f



Distillated sample 100 pi + Internal standard (n-propanol 3,000 ppm) 100 pi

VFA Concentration (ppm)
E t h a n o l 3 ,1 4 3

A c e t i c  a c id 2 ,5 1 8
P r o p io n ic  a c id 2 ,0 0 7

B u t y r ic  a c id 2 ,2 5 4

V a le r ic  a c id 1 ,9 6 2
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