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APPENDICES

Appendix A Calibration Curves

Table A1 C a lib r a tio n  c u r v e  fo r  h y d r o g e n  (H2)

V o lu m e  o f  h y d r o g e n  (m l) P e a k  area
0 .0 2 1 6 ,3 1 3
0 .0 4 - 5 8 ,7 7 0
0 .0 8 1 8 0 .6 7 4
0 .1 ' 2 2 6 ,7 4 3
0 .2 4 2 7 ,1 9 8
0 .4 7 7 8 ,5 0 9

Volume of Hydrogen (ml)
Figure A 1  T h e  r e la t io n sh ip  b e tw e e n  v o lu m e  o f  h y d r o g e n  (H 2) a n d  p e a k  area .

Equation

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

V o lu m e  o f  n itro g en  (m l) P ea k  area
0 .0 2 3 4 ,2 1 0
0 .0 4 1 28 ,767
0 .0 8 3 0 5 ,2 8 7
0.1 3 9 3 ,9 1 6
0 .2 8 0 9 ,4 3 3
0 .4 1 ,602 ,4 75

Figure A 2  T h e  r e la t io n sh ip  b e tw e e n  v o lu m e  o f  n itr o g e n  ( N 2)  a n d  p e a k  area .

Equation

Peak area + 29532Amount of nitrogen =
4  X  1 0 6



Table A3 Calibration curve for oxygen

V o lu m e  o f  o x y g e n  (m l) P ea k  area
0 .0 2 12,286
0 .0 4 4 3 ,9 9 5
0 .0 8 1 04 .342
0.1 1 35 ,546
0 .2 2 8 0 ,2 2 0
0 .4 562,001

Volume of Oxygen (ml)
Figure A3 The relationship between volume of oxygen (02) and peak area. 

Equation

P p n l /  p r p n  -4- 1 ^  1 Q 9Amount of oxygen = ------- -  ̂ 6--------
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Table A4 Calibration curve for methane (CH4)

V o lu m e  o f  m e th a n e  (m l) P ea k  area
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 A 4  T h e  r e la t io n sh ip  b e tw e e n  v o lu m e  o f  m e th a n e  (C H 4) and  p e a k  area . 

Equation

Amount of methane = Peak area + 182677 
1 X 107
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Table A5 Calibration curve for carbon dioxide (CO2)

V o lu m e  o f  ca rb o n  d io x id e  (m l) P ea k  area
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

Volume of Carbon dioxide (ml)

Figure A5 T h e  r e la t io n sh ip  b e tw e e n  v o lu m e  o f  ca rb o n  d io x id e  (C O 2)  a n d  p e a k  area .

Equation

11 r 1 1 Peak area + 48361Amount or carbon dioxide = ------- ----- 7—--------3 X  106
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Appendix B Preparation of 5 wt./vol.% NaOH Solution for pH-Controlled Sys
tem

P rep a r a tio n  o f  N a O H  at c o n c e n tr a t io n  o f  5 w t ./v o i .%

Toô ïüi= 50 !
Appendix c  Volatile Fatty Acids (VFA) Quantification by Distillation Method

c  1. A c e t ic  A c id s  S to c k  S o lu t io n  P rep ara tio n  fo r  R e c o v e r y  F a c to r  ( f )  D e te r m in a t io n  
C o n c e n tr a t io n  o f  fresh  a c e t ic  a c id  ( l iq u id )  =  9 9 .7 %
D e n s ity  o f  a c e t ic  a c id  =  1 .0 7  g /m l
M o le c u la r  w e ig h t  o f  a c e t ic  a c id  =  6 0
D e te r m in a t io n  o f  fresh  a c e t ic  a c id s  c o n c e n tr a t io n  in term  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 ic  a c id  I m o l o f  a c e t ic  a c id  
L o f  s o lu t io n  m L  o f  a c e t ic  a c id  6 0  g  o f  a c e t ic  a c id

=  1 7 .7 8  M
P rep a ra tio n  o f  a c e t ic  a c id  at c o n c e n tr a t io n  o f  2 ,0 0 0  m g /L

„  m g  o f  a c e t ic  a c id  1 m o le  o f  a c e t ic  a c id= 2 .0 0 0  —f ----—7 —-------- X — ----- --------------- f -
L o f  s o lu t io n  6 0  g  o f  a c e t ic  a c id

=  0 .0 3 3 3  M  
D ilu t io n  o f  a c e t ic  a c id

N i V i  =  N 2 V 2

V ,  =  N 2 V 2 / N 1

( 0 .0 3 3 3 x l ) / 1 7 .7 8  
1 .8 7 3 x 1 0 3 L

c  2 . S tan d ard  S o d iu m  H y d r o x id e  (0 .1  M ) P rep a ra tio n
C o n c e n tr a t io n  o f  fresh  N a O H  ( s o lid )  =  9 9 %
M o le c u la r  w e ig h t  o f  a c e t ic  a c id  =  4 0
P rep a ra tio n  o f  a c e t ic  a c id  at c o n c e n tr a t io n  o f  0.1  M



64

_  0.1 m o l 4 0  g  100  
I L  l m o l  9 9

=  4 .0 4  g

c  3 . R e c o v e r y  F a c to r  ( f )  D e te r m in a t io n
D is 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 is t i l la t io n  a p p a ra tu s  
C a lc u la te  th e  r e c o v e r y  fa cto r

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

. b  =  v o la t i le  a c id  c o n c e n tr a t io n  in stan d ard  s o lu t io n  u se d . m g /L

F in d  v o la t i le  a c id  c o n c e n tr a t io n  r e c o v e r e d  in d is t i l la te  b y  titra tio n  w ith  0 .1  M  
o f  N a O H  (M W  o f  a c e t ic  a c id  =  6 0 .5 )

1) D is t i l la t e  5 0  m l N a O H  1 1 .7  m l
U s e d  N a O H

A c e t ic  a c id  in d is t i l la te  =

1 1 .7 x 1 0 '3x 0.1  
1.1 7 x  10 3 m o l  
1 .1 7 x 1  O' 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 tr a t io n  o f  a c e t ic  a c id  in d is t i lla te
0 .0 7 /5 0
1.4 0 5 x 1 0"3 g /m l  

=  1 ,4 0 5  m g/1
2 )  D is t i l la t e  2 5  m l N a O H  5 .7  m l

U s e d  N a O H  =  5 .7 x 1 0 ‘3x 0 .1
=  5 .7 x l0 " 4 m o l

A c e t ic  a c id  in d is t i l la te  =  5 .7 x l0 " 4 m o l
=  5 . 7 x 1 0 4 X 6 0 .5
=  0 .0 3 4 g
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C o n c e n tr a t io n  o f  a c e t ic  a c id  in  d is t i lla te

A v e r a g e  =

0 .0 3 4 /2 5  
1 .3 6 8 x 1 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  fa c to r  ( f )  = 1 ,3 8 7 /2 ,0 0 0
0 .6 9 3 5
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Appendix D Raw Data of Effect of COD Loading Rate

D  1 . C O D  lo a d in g  rate =  30 k g /  m 3d p H  =  5.5 T e m p e r a tu r e  =  55 c

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

(ทา 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 it io n  
(% )

h 2 c o 2 c h 4 h 2 c o 2 c h 4
1 0 .0 2 0 2 0 .3 1 9 9 0 .0 1 8 4 0 .3 5 8 5 5 .6 3 8 9 .2 3 5 .1 3
2 0 .0 4 4 8 0 .2 7 7 0 .0 1 8 4 0 .3 4 0 2 1 3 .1 7 8 1 .4 2 5 .41
3 0 .0 7 8 3 0 .3 1 8 2 0 .0 1 8 4 0 .4 1 4 9 1 8 .8 7 7 6 .6 9 4 .4 3
4 0 .0 7 7 2 0 .2 6 6 1 0 .0 1 8 6 0 .3 6 1 9 2 1 .3 3 - 7 3 .5 3 5 .1 4
5 0 .0 7 2 5 0 .3 0 1 1 0 .0 1 8 4 0 .3 9 2 1 8 .4 9 7 6 .8 1 4 .6 9
6 0 .0 8 6 0 .3 1 8 1 0 .0 1 8 4 0 .4 2 2 5 2 0 .3 6 . 7 5 .2 9 4 .3 6
7 0 .0 5 5 8 0 .1 9 6 7 0 .0 1 8 3 0 .2 7 0 8 2 0 .6 1 . 7 2 .6 4 6 .7 6
8 0 .0 7 5 1 0 .2 4 8 9 0 .0 1 8 4 0 .3 4 2 4 2 1 .9 3 7 2 .6 9 5 .3 7
9 0 .0 9 0 6 0 .2 9 7 7 0 .0 1 8 4 0 .4 0 6 7 2 2 .2 8 : 7 3 .2 4 .5 2
10 0 .0 7 6 8 0 .2 6 3 8 0 .0 1 8 7 0 .3 5 9 3 2 1 .3 7 ■ 7 3 .4 2 5 .2
11 0 .0 6 9 1 0 .2 5 9 2 0 .0 2 2 5 0 .3 5 0 8 1 9 .7 . 7 3 .8 9 6 .41
12 0 .0 5 7 3 0 .2 8 9 9 0 .0 1 8 4 0 .3 6 5 6 1 5 .6 7 - 7 9 .2 9 5 .0 3
13 0 .0 4 6 5 0 .2 6 5 0 .0 1 8 8 0 .3 3 0 3 1 4 .0 8 8 0 .2 3 5 .6 9

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

G a s  p r o d u c tio n  rate  
H y d r o g e n  p r o d u c tio n  rate  
S p e c i f ic  h y d r o g e n  p r o d u c tio n  rate  
V F A  C o n c e n tr 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 ie n c y  
M L V S S  
T S S

0 .4 2 1/h
0 .0 8 1/h

6 2 .3 2 m l H 2/g  M L V S S  d
4 ,3 5 4 .7 m g /1 a s  a c e t ic  a c id

8 2 .0 9 m l H 2/ g  C O D  r e m o v e d
1 7 .4 2 %
7 ,2 6 2 m g /1
1 ,6 1 6 m g /1



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

VFA Concentration (ppm)
E th a n o l 2 5 1 .7 3

A c e t ic  a c id 1 ,2 2 2 .5 2
P r o p io n ic  a cid 1 ,5 5 3 .4 1

B u ty r ic  a c id 7 9 7
V a le r ic  a c id 8 5 6 .8
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D 2. COD loading rate = 45 kg/ ทา3d pH = 5.5 Temperature = 55 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 it io n
(% )

h 2 c o 2 c h 4 h 2 C 0 2 c h 4
1 0 .0 6 3 2 0 .3 4 7 8 2 4 0 .0 1 9 7 0 .4 3 0 7 1 4 .6 7 8 0 .7 5 4 .5 7
2 0 .0 5 2 8 0 .2 5 5 1 0 8 0 .0 1 8 4 0 .3 2 6 3 1 6 .1 8 7 8 .1 8 5 .6 4
3 0 .0 6 6 4 0 .2 3 4 3 6 0 .0 1 8 3 0 .3 1 9 2 0 .8 1 7 3 .4 5 5 .7 4
4 0 .0 4 2 6 0 .2 1 1 9 9 1 0 .0 2 0 9 0 .2 7 5 5 1 5 .4 6 7 6 .9 5 7 .5 9
5 0 .0 4 8 6 0 .2 0 4 8 4 0 .0 1 9 3 0 .2 7 2 7 1 7 .8 2 75 .1 7 .0 8
6 0 .0 4 9 4 0 .2 2 1 1 2 8 0 .0 1 8 6 0 .2 8 9 1 1 7 .0 9 7 6 .4 8 6 .4 3
7 0 .0 4 7 8 0 .1 6 3 6 6 2 0 .0 1 8 3 0 .2 2 9 8 2 0 .8 7 1 .2 3 7 .9 6
8 0 .0 7 1 0 .2 2 7 7 1 9 0 .0 1 8 4 0 .3 1 7 1 2 2 .3 9 7 1 .81 5 .8
9 0 .0 6 6 2 0 .1 9 7 9 8 2 0 .0 1 8 3 0 .2 8 2 5 2 3 .4 4 7 0 .0 7 6 .4 8
10 0 .0 2 3 7 0 .0 5 8 8 9 8 0 0 .0 8 2 6 2 8 .6 9 7 1 .31 0
11 0 .0 4 3 7 0 .1 3 5 8 1 4 0 .0 1 8 3 0 .1 9 7 8 2 2 .0 9 6 8 .6 6 9 .2 5
12 0 .0 5 0 5 0 .1 5 7 9 6 9 0 0 .2 0 8 5 2 4 .2 2 7 5 .7 8 0
13 0 .1 2 3 0 .3 2 7 4 0 .0 1 8 4 0 .4 6 8 8 2 6 .2 4 6 9 .8 4 3 .9 2

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

G a s  p r o d u c tio n  rate
H y d r o g e n  p r o d u c tio n  rate
S p e c i f ic  h y d r o g e n  p r o d u c tio n  rate
V F A  c o n c e n tr 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

0 .4 8 1/h
0 .0 9 l/h

6 5 .3 3 m l H 2/g  M L V S S  d
3 ,6 7 7 m g /1 a s  a c e t ic  a c id
5 6 .0 8 m l H 2/g  C O D  r e m o v e d
2 1 .1 1 %
8 ,6 0 2 m g /1

9 1 6 .6 7 m g /1



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

VFA Concentration (ppm)
Ethanol 225.29

Acetic acid 1,183.56
Propionic acid 540.63
Butyric acid 1,333.56
Valeric acid 792.79
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D 3. COD loading rate = 60 kg/ ทา3d pH = 5.5 Temperature = 55 C

Days
Amount of each component 

(mL)
Total

amount
(mL)

Produced gas composition
(%)

h2 c o 2 ch4 h2 c o 2 c h 4
1 0.0474 0.2351 0.0183 0.3008 15.76 78.16 6.08
2 0.0283 0.2004 0.0000 0.2287 12.37 87.63 0.00
3 0.0217 0.1904 0.0184 0.2305 9.41 82.60 7.98
4 0.0170 0.1776 0.0205 0.2151 7.90 82.56 9.54
5 0.0126 0.1793 0.0183 0.2102 5.99 85.29 8.72
6 0.0095 0.1540 0.0000 0.1635 5.81 94.19 0.00
7 0.0097 0.1665 0.0000 0.1762 5.51 94.49 0.00
8 0.0090 0.1515 0.0000 0.1605 5.61 94.39 0.00
9 0.0083 0.1436 0.0000 0.1519 5.47 94.53 0.00
10 0.0136 0.1770 0.0000 0.1906 7.13 92.87 0.00
11 0.0113 0.1123 0.0000 0.1236 9.14 90.86 0.00
12 0.0133 0.1731 0.0184 0.2047 6.50 84.53 8.97
13 0.0171 0.2189 0.0183 0.2543 6.73 86.06 7.21
14 0.0280 0.3189 0.0201 0.3670 7.63 86.89 5.48
15 0.0247 0.3098 0.0204 0.3549 6.96 87.28 5.76
16 0.0340 0.3510 0.0201 0.4051 8.39 86.66 4.95
17 0.0270 0.2667 0.0211 0.3148 8.58 84.71 6.71
18 0.0211 0.2972 0.0202 0.3385 6.23 87.79 5.97
19 0.0377 0.3200 0.0189 0.3766 10.01 84.96 5.03

Avg. 0.0206 0.2181 0.0123 0.2509 7.96 87.71 4.34

Gas production rate = 0.96 1/h
Hydrogen production rate = 0.08 1/h
Specific hydrogen production rate = 33.69 ml H2/g MLVSS d
VFA concentration = 4,297 mg/1 as acetic acid
Hydrogen yield = 31 ml H2/g COD removed
COD removal efficiency = 23.26 %
MLVSS 13,611 mg/1
TSS 1,359 mg/1



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

VF A Concentration (ppm)
Ethanol 546.82

Acetic acid 827.66
Propionic acid 462.8
Butyric acid 1,372.25
Valeric acid 732.81



72

D4. COD loading rate = 75 kg/ m3d pH = 5.5 Temperature = 55 c

Days
Amount of each component 

(mL)
Total

amount
(mL)

Produced gas composition
(%)

h2 c o 2 ch4 h2 c o 2 ch4
1 0.0471 0.2898 0.0184 0.3554 13.25 81.56 5.19
2 0.0564 0.3001 0.0184 0.3749 15.04 80.05 4.91
3 0.0623 0.3123 0.0184 0.3929 15.85 79.47 4.68
4 0.0141 0.1641 0.0184 0.1965 7.16 83.50 9.34
5 0.0149 0.2039 0.0183 0.2371 6.28 86.00 7.72
6 0.0200 0.2373 0.0183 0.2756 7.27 86.08 6.65
7 0.0260 0.2764 0.0183 0.3207 8.11 86.18 5.72
8 0.0254 0.2752 0.0183 0.3190 7.97 86.28 5.75
9 0.0342 0.2950 0.0184 0.3476 9.84 84.88 5.28
10 0.0384 0.2977 0.0184 0.3545 10.83 83.98 5.19
11 0.0403 0,3008 0.0184 0.3595 11.22 83.67 5.11
12 0.0519 0-2987 0.0183 0.3690 14.08 80.96 4.96
13 0.0729 0:2884 0.0184 0.3797 19.21 75.95 4.84
14 0.0563 0.2959 0.0186 0.3708 15.18 79.80 5.02
15 0.0377 0.3050 0.0185 0.3611 10.43 84.44 5.13
16 0.0433 0.2924 0.0184 0.3541 12.24 82 57 5.19
17 0.0539 0.2711 0.0183 0.3433 15.70 78.97 5.33
18 0.0511 0.2888 0.0183 0.3582 14.26 80.63 5.12
19 0.0768 0.3186 0.0185 0.4139 18.56 76.98 4.46

Avg. 0.0433 0.2795 0.0184 0.3413 12.24 82.21 5.56

Gas production rate = 0.95 1/h
Hydrogen production rate = 0.12 1/h
Specific hydrogen production rate = 68.56 ml H2/g MLVSS d
VFA concentration = 4,527.7 mg/1 as acetic acid
Hydrogen yield = 34.36 ml H2/g COD removed
COD removal efficiency = 25.6 %
MLVSS 10,198 mg/1
TSS 1,870 mg/1



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

VFA Concentration (ppm)
Ethanol 1,231.91

Acetic acid 558.47
Propionic acid 579.69
Butyric acid 1,729.64
Valeric acid 686.49
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