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 0.26-2.14 kg SCOD/m3.d 



 

(4) 

 82.14-92.45  OLR 4.27 kg SCOD/m3.d 
75.76 
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ABSTRACT 

 

This work aims to study conversion of crude glycerol derived from production of 

biodiesel to more value products using biological process as the process is environmentally 

friendly. Crude glycerol mainly consisted of glycerol and organic impurities. Organic phase was 

separated and return to biodiesel production process while glycerol phase was a raw material in a 

fermentation process. Three glycerol recovery methods: 1) using 6% H2SO4, 2) using 30% H2SO4 

and 3) using cation polyamine 6% blending with poly-AlCl3 94% were studied. It was found that 

using 6% H2SO4 was the most suitable method as it gave 26% glycerol recovery with lowest cost.  

In fermentation process granular sludge from UASB wastewater system was 

used as seed, recovered glycerol was a carbon source and pig manure was used as a nutrient 

supplement. From batch fermentation with 1 liter working volume glycerol mixed with pig 

manure and granular sludge gave highest biogas and methane production, which was a lot higher 

than fermentation with pig manure mixed with granular sludge, fermentation with only pig 

manure and fermentation with only seed. From this result it was confirmed that glycerol could 

enhance the fermentation process. Study of the effect of COD:TKN ratios (50:1 70:1) showed 

that 50:1 was the optimum ratio, which biogas production of 446 ml/d and cumulative biogas  

production of 1,062 ml were obtained. This COD:TKN ratio was then applied in Semi-CSTR 

fermentation with 2.5 liter working volume at temperature 33  3 ¯C using 37,500 mgVSS/L of 

granular sludge. The experiments were operated in three reactors with hydraulic retention time 

(HRT) of 10, 5 and 2.5 days, respectively and the organic loading rate (OLR) of 0.26-4.27 kg 

SCOD/m3.d. It was found that the system produced higher amount of biogas with increasing of 

OLR. At OLR 0.26-2.14 kg SCOD/m3.d the average SCOD removals were 82.14-92.45%, but at 

OLR 4.27 kg SCOD/m3.d the average SCOD removal was lower to 75.75% since this OLR was 
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Alk = Alkalinity   
    

   

HRT = Hydraulic Retention Time   

 

MLSS = Mixed Liquor Suspended Solids  

     

 

OLR = Organic Loading Rate   

 

SCOD = Soluble Chemical Oxygen Demand  

                                

 

SS  = Suspended Solids   
    

 

TCOD  = Total Chemical Oxygen Demand   
                                

 

TKN  = Total Kjedahl Nitrogen  

     

 
VFA  = Volatile Fatty Acid 6  
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  (Crude glycerol) -
 (Transesterification)        
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2.1  

  (Glycerol) (Glycerin) 

HOCH2CH(OH)CH2OH  (Sugar alcohol) 
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(Transesterification) (Saponification) 

 (Hydrolysis) -
2.2  

 

 

 

 

 

 

 



5 

 

 

2.1   

 

 

 

 

 

C3H5(OH)3 

92.09382 g/mol 

1.261 g/cm3 

18 °C 

290 °C 

1.5 Pa.s 

5 ( 20 °C) 

 

 

 

2.2 (Yazdani and Gonzalez, 2007) 

 

(Transesterification) 
 ( )                       

1 3  (
) 3 1 2.3   
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OHH2C

HC OH
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O
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43.7 

5.66 

10.88 

39.69 
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2.4  

2.4.1  

 
 (Reforming) 

 (Clacens et al., 2006) 
(Glycerol Tertiary 

Butyl Ether) 
(Pagliaro et al., 2007) 

 (Stumbe and Bruchmann, 2004)  
 

 

 

2.4.2  

 1,3-

Citrobacter, Enterobacter, 
Ilyobacter, Klebsiella, Lactobacilus, Pelobacter Clostridium (Pagliaro et al., 2007) 

 Enterobacter aerogenes   Gluconobacter 
oxydans  

  (López et al., 2009) 

 

2.5  

  
(Catalyst) 

(Biocatalyst) 
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2  2.3  

 
2.3 

(Biocatalysis)  (Chemical Catalysis) 

1.  

2. (biocatalyst)  

3.  

4.  

5.

 

1.  

2.  

3.

1.  

2.  

3.  

4.  

 

 

1.  

2.  

3.

 

2.6  

 Deublein and Steinhauser (2008) 

 (Anaerobic Digestion) 

     

,    
   (CH4)  50-75 

  (CO2)  36-39    

 (H2)  (H2S)  1-3  
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2.6.1  (Hydrolysis) 

(Complex 

Organic Compound) 

Exoenzymes 

(Hydrolase) 

Facultative  Obligate Anaerobic 

(Rate Limiting Step) 

 

 

2.6.2  (Acidogenesis) 

Facultive Obligate Anaerobic 

(Acid Formers Non-Methanogenic Bacteria) 

(Volatile 

Fatty Acids) C1- C5 ( ) 
    

 

2.6.3 (Acetogenasis) 

(Intermediate 

Metabolites) 

(Homoacetogenic Microorganisms) 2.4 
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2.4  (Deublein and Steinhauser, 2008)  

Substrate   reaction 

Propionic  CH3(CH2)COOH + 2H2O  CH3 COOH + CO2 + 3H2 

Butyric acid  CH3(CH2)2COOH + 2H2O  2CH3COOH + 2H2 

Glycerol  C3H8O3 + H2O  CH3COOH + 3H2 + CO2 

Lactic acid  CH3CHOHCOO-+ 2H2O  CH3COOH + 3H2+ CO2 

Ethanol  CH3(CH2)OH + H2O  CH3COOH + 2H2 

 

2.6.4 (Methane Formation) 

 
(Obligate 

Anaerobic Bacteria) (Methane Former Bacteria 

Methanoenic Bacteria) 2 

 

1. Acetotrophic Methanogens Acetoclastic Bacteris Acetate 

Splitting Bacteria 

72 2.1 

     CH3COOH         CH4    +   CO2 (2.1) 

 2. Hydrogenotropic Methanogenic Hydrogen-Utilizing Chemolithotrophs 

28 2.2 2.3 

2.6 

 HCOOH                        CO2     +      H2 (2.2) 

 CO2             +           4H2             CH4      +    2H2O (2.3) 



12 

 

 

                       
2. 6  

(www.pyo.nu.ac.th/ene/data/307331/0%20Anaerobic%20digestion.pfd) 

  

Deublein and Steinhauser, 2008              
2.4-2.6  

 C3H8O3 + H2O   CH3COOH   +     3H2      +   CO2 (2.4) 

Acetotrophic methanogens  

 CH3COOH  CH4    +   CO2  (2.5) 

Hydrogenotropic methanogenic 

 CO2         +        4H2        CH4      +    2H2O (2.6) 

 

2.7   
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2.7.1 (Temperature)      

2 32-42 

(Mesophilic Bacteria) 48-55 

(Thermophilic Bacteria) (Deublein and Steinhauser, 2008) 

 Yang et al. (2007) 
 

(55 ) 

86.7 

 1.00 / /

(2549) 

 (55±1 ) 

(35±1 ) 

5 

 
2. 7    

 

 

 

 

 

 

 

 

 

 

  



14 

 

 

 

2.7  

(www.pyo.nu.ac.th/ene/data/307331/0%20Anaerobic%20digestion.pfd) 

  

 

 

2.7.2 (pH) 

 

7.0-7.5  
6.7-7.5 

(Deublein and Steinhauser, 2008) 

(NH4HCO3)       
 

Psychrophilic       Mesophilic         Thermophilic 
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4.5-5.0 

(NaOH) 

(NaHCO3) 

 (Gray, 1981) 

 

2.7.3  

 (Volatile Fatty Acid, VFA) 

pH pH 6.7 

50-500 CH3COOH 2,000 

 CH3COOH ( , 2543) 

 

2.7.4 (Alkalinity) 

 

 (Protron) 
2.7 

(HCO3
-) 

(VFA:HCO-
3) 0.4 

 0.8 
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1,000  5,000  CaCO3  

[Alkalinity]   + H+
             [HCO3

-]       +    2[CO3 
2-]     + [OH-]                (2.7) 

                    Hydrogen Ion                      Bicarbonate         Carbonate   Hydroxide Ion 

  

 2.7.5  

4 

250-1,000 /

1,800-2,000 /

(Gray, 1981) 
3-27 / /  

 

2.7.6  

 (Deublein and Steinhauser, 2008)  

 

2.7.7 (Nutritional Requirements) 



17 

 

 

16:1-25:1

: 7: 1 

 

: : 

100: 0.5: 0.1 : : 
42-150: 0.7: 0.2 

(McCarty, 1964) 

 

2.7.8  

2 3 

 : 

1: 10 1: 5 (Gray, 1981) 

 

2.7.9 (Mixing) 

(Gray, 1981) 

-  

 - 

 

 - 

 

 - 
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2.7.10 (Process Inhibitor) 

 

Deublein and Steinhauser (2008) 

 

2.8  

 
(Haas et al. (2006) 

( 80 ) 0.01 
0.008 

2.8 
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2. 8  

1997-2007 (Dasari, 2007) 

  

Ma et al. (2008) 

1.5  

 Fountoulakis and Manios (2009) 

1,400 

2,094 

1:4 

1   
 Wohlgemut (2008) 

35  17.5 
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 2 

4 COD 

1 

  

 López et al. (2009) 

 
 Granular Non-Granular Sludge 

KOH  H3PO4 

( ) 
2 

(Acidified Glycerol) 2 

(Distilled Glycerol) COD 

COD 81600 mg COD/L  Acidified Glycerol 

85700 mg COD/L Distilled Glycerol 
(NaHCO3) 3 

 1) Granular Sludge- Acidified Glycerol 2) Non-Granular Sludge- Acidified 

Glycerol 3) Granular Sludge- Distilled Glycerol 12 g VSS 

COD 1.0, 1.5 2.0 g COD  

Granular Sludge-Acidified Glycerol 

0.306 m3 CH4/Kg Acidified Glycerol  
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3 

 

 

 

3.1  

 3 .1 .1 
3.1 

3.1  

 3.1.2 
3.2 

3.2  

3.1.3 (Granular Sludge) 

3.3 
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3.3  

 

3.2  

3.2.1  

 3.2.1.1 6% 

 3.2.1.2 30% 

 3.2.1.3 Cation Polyamine 6% blending with Poly-AlCl3 94% 

3.2.2  ( )  
3.2.3 COD (Chemical Oxygen Demand) ( ) 

 3.2.4 TKN (Total Kjedahl Nitrogen) ( ) 
 3.2.5 VFA (Volatile Fatty Acid) Akl (Alkalinity)   
( ) 
 3.2.6  (Regular Grade) 

 

3.3  

 3.3.1  COD (Open Reflux) 

 3.3.2 TKN  

 3.3.3 (Gas Chromatography-Thermal Conductivity Detector; TCD) 

 3.3.4 (pH meter) 

 3.3.5 4  

 3.3.6 (Furnace) 

 3.3.7 



23 

 

3.4  

  

3.4.1  

  
       

 3  

3.4.1.1 6% 

  500 
6% 2 

 
1 

   

3.4.1.2 30% 

  6% 
3.4.1.1 30% 6% 

  3.4.1.3  Cation Polyamine 6% Poly-AlCl3 94% (Qiaoguang, 

2009) 
  500  

2% 2 
1 2  

   8 30% Cation Polyamine 6% 

blending with Poly-AlCl3 94% 25%  
2     

  3       
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3.4.2   
   

  3.4.2.1  .336 (2523)  
  3.4.2.2 Standard: 

International Union of pure and Applied Chemistry, 1980  
  3.4.2.3  Karl fisher titration 

  3.4.2.4  Standard: International Union of pure and 

Applied Chemistry, 1980 

 

3.4.3  

  

1 7.2 
3.1 

 

3.1  

Sample 
Glycerol 

(g) 

Pig manure 

(g) 

Granular 

Sludge 

(ml) 

Total volume 

(L) 

Glycerol 15 - - 1 

Pig manure - 25 - 1 

Granular Sludge - - 160 1 

Pig manure + Glycerol 15 25 - 1 

Glycerol + Granular Sludge 15 - 160 1 

Pig manure + Granular Sludge - 25 160 1 

Pig manure + Glycerol + Granular 

Sludge 

10 25 160 1 
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3.4.4 COD:TKN   

 COD:TKN 

COD:TKN  

 3.4.4.1 
  

( 3.4) 

  
 COD  

 7,000 mg/L TKN 540 mg/L ( , 
2550)  

 

 
3.4    

 

  3.4.4.2 COD 

 COD 

COD 

COD:TKN 70-50:1 

COD:TKN  
3.2 
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3.2 COD:TKN 

Pig manure (g) Glycerol (g) Total vol. (L) COD (mg/L) TKN (mg/L) COD:TKN ratio 

20 45 1 26,962 392 70 : 1 

20 40 1 24,335 375 65 : 1 

20 35 1 22,105 354 60 : 1 

20 30 1 18,482 341 55 : 1 

20 25 1 14,216 285 50 : 1 

 
 3.4.4.3 1  1 

 7.19 37,500 mg VSS/L (López et al., 2009) 

 Purge 5  
 

 1 
 3.5 

   
(Gas Chromatography-Thermal 

Conductivity Detector, GC-TCD)  
 

   
3.5  
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   3.4.4.4  COD:TKN 

 
  

 

3.4.5 Semi-CSTR  
  

3.4.5.1  (Start-up) 

 (Seed) 

 MLVSS 37,500 
mg VSS/L  (Working Volume) 

2.5 (OLR 0.16 kg 

SCOD/m3.d)  Shock Loading 

(Stable Condition) OLR 

  

3.4.5.2  

  Semi-Continuous 

Stirred Tank Reactor (Semi-CSTR)  
6.7-7.5 33 ± 3 (Mesophilic) 
COD:TKN 50:1  3.3  
COD:TKN 40:1  3.4 
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3.3 Semi-CSTR COD:TKN 50:1 

SCOD 
(mg/L) 

Working volume 

(L) 
HRT (d) Q (L/d) OLR (Kg SCOD/m3.d) 

1 10,679 2.5 

10 0.25 1.07 

5 0.50 2.14 

2.5 1.00 4.27 

2 5,339 2.5 

10 0.25 0.53 

5 0.50 1.07 

2.5 1.00 2.14 

3 2,645 2.5 

10 0.25 0.26 

5 0.50 0.53 

2.5 1.00 1.06 

 

3.4 Semi-CSTR COD:TKN 40:1 

 

SCOD 
(mg/L) 

Working volume 

(L) 

HRT 

(d) 

Q 

(L/d) 

OLR (Kg 

SCOD/m3.d) 

1 7,646 2.5 

10 0.25 0.76 

5 0.50 1.53 

2.5 1.00 3.06 

2 3,852 2.5 

10 0.25 0.39 

5 0.50 0.77 

2.5 1.00 1.54 

3 1,917 2.5 

10 0.25 0.19 

5 0.50 0.38 

2.5 1.00 0.77 
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HRT    = Hydraulic Retention Time  (day) 

OLR    = Organic Loading Rate  (kg 

SCOD/m3.d) 

Q         =  (L/d) 

SCOD = Total Chemical Oxygen Demand 

          

                   

 

 HRT =  
Vworking

Q
 d         

 OLR =  SCOD  x Q
Vworking

 (Kg SCOD/m3.d) 

  

3.4.5.3 Semi-CSTR 

 3 
HRT 10 
SCOD ± 10 

7 HRT 5 2.5 
Semi-CSTR 

3.6-3.8  Semi-CSTR 3.9 

(CH4) GC Hewlette Packard HP6890 Detector 

TCD  
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1. 3 5.  

2. Stirrer    6.  

3. 7.  

4.                         

3.6 Semi-CSTR 

 

Gas Collector 

Reactor 

Effluen

Influent

1

2

3

45

6 7
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3.7 Semi- CSTR 

   
 

 
3.8 Semi-CSTR  
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3.9  Semi-CSTR 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 
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3.4.5.4  Semi-CSTR 

HRT 

 
3.5 

 

3.5  

 (APHA, AWWA and WEF, 2005)  

         Parameters   Method    Frequency of Monitoring 

Temperature   Thermometer     
pH    pH meter     
Alkalinity   Direct Titration Method   2  
Volatile Fatty Acid  Direct Titration Method   2  

SCOD    Filter/Open Reflux, Titrimetric Method 2  
TKN    Macro-Kjeldahl Method    

MLVSS    Gravimetric Method    

Biogas production  Displacement of water    

CH4 production   GC-TCD    1   
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4 

 

 

 

4.1  

  

36   Cation Polyamine 

6% Poly-AlCl3 94%  

6% 26 (Lab grade) 

 13.24 /  Commercial grade 

2.08 /

4.1 

4.1 

  

4.1  

Methods 
Glycerol 

recovery (%) 

 ( / ) 

Lab grade Commercial grade 

6% H2SO4 26 13.24 2.08 

30% H2SO4 12 51.29 4.80 

Polymer 30 - 109.35 
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4.1  

4.2  

  4.2-4.3 

860 

mL/d 2,639 mL 

620 ml/d 1,620 mL 

100 ml/d 

4.4 

77.06 

76.33 
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Astals et al., 2011 

20 

Wohlgemut el at., 2011 

2  
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4.3 

 

4.4  
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4.3 COD:TKN   

  COD:TKN 

4.5-4.6  COD:TKN 50:1 

446 mL/d 1,062 mL 

4 

 

 

 
4.5 COD : TKN  

                                     

Bi
og

as
 p

ro
du

ct
io

n 
(m

L/
d)

Time (days)

COD:TKN =70:1

COD:TKN = 65:1

COD:TKN = 60:1

COD:TKN = 55:1

COD:TKN = 50:1
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4.6 COD : TKN 

    

 

4.7-

4.8 12  40 

purge 

3 

 

COD:TKN 

50:1 50:1 

40:1 Semi-CSTR 

50:1  

C
um

ul
at

iv
e b

io
ga

s  
(m

L)

Time (day)

COD:TKN =70:1

COD:TKN = 65:1

COD:TKN = 60:1

COD:TKN = 55:1

COD:TKN = 50:1
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4.7 COD : TKN 

 

4.8  

                                    COD : TKN  

 

 

CH
4

co
m

po
sit

io
n 

(%
)

Time (days)

COD:TKN = COD:TKN = COD:TKN = 

COD:TKN = COD:TKN = 

N 2 
co

m
po

sit
io

n 
(%

)

Time (days)

COD:TKN = COD:TKN = COD:TKN = 

COD:TKN = COD:TKN = 
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4.4 Semi-CSTR  COD:TKN 50:1   

    COD:TKN 50:1 96 

1-17 (Start up)  

1 

 Braun 
et al., 2010  

 4.4.1  

  35 1 

33 3 

  

4.4.2 -   

   (Synthesis 

Waste Water) ( 2) 

6.1-6.4 

 

 1 M 7.2-7.4  1-

16 Start up OLR  Shockload 

17 OLR  (HRT 10 ) 

( 3.3) 4.9 17-21 

 

HCO3
- 

28 

HRT HRT 5 2.5 

 6.7-

7.5   1 HRT 2.5 OLR 4.27 kg SCOD/m3.d 

 OLR 
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 1 

 

 

 

4.9 Semi-CSTR 

  

4.3.3  

   3  4.10 

250-885 mg/l CaCO3 3 HRT 

HRT 10 Akalinity 2 HRT HRT 

OLR  

  

1,000-5,000 mg/l CaCO3 (MetCalf & Eddy, 1982) 

100 mg/l CaCO3 (Halbert, 1981) 

5

6

7

8

0 10 20 30 40 50 60 70 80 90 100

pH

Time (days)

Reactor 1 Reactor 2 Reactor 3

HRT 10 d

Reactor 1 OLR  1.07 kg sCOD/m3.d

Reactor 2 OLR  0.53 kg sCOD/m3.d

Reactor 3 OLR  0.26 kg sCOD/m3.d

HRT 5 d

Reactor 1 OLR  2.14 kg sCOD/m3.d

Reactor 2 OLR  1.07 kg sCOD/m3.d

Reactor 3 OLR  0.53 kg sCOD/m3.d

HRT 2.5 d

Reactor 1 OLR  4.27 kg sCOD/m3.d

Reactor 2 OLR  2.14 kg sCOD/m3.d

Reactor 3 OLR  1.06 kg sCOD/m3.d
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4.10 Semi-CSTR  

  

 4.4.4   

  

 (Andrew, 1976 Forday and Greenfield, 1982) 

4.11 HRT 10 3 OLR 

 OLR 1.07, 0.53 0.26 kg SCOD/m3.d 

111-345, 100-345 100-391 mg/l CH3COOH HRT 5 

 OLR 2.14, 1.07 0.53 kg SCOD/m3.d 

140-525, 100-450 100-450 mg/l CH3COOH 

HRT HRT HRT 2.5 

0
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Al
k 

(m
g/

L 
Ca

CO
3)

Run time (days)

Reactor 1 Reactor 2 Reactor 3

HRT 10 d

Reactor 1 OLR  1.07 kg sCOD/m3.d

Reactor 2 OLR  0.53 kg sCOD/m3.d

Reactor 3 OLR  0.26 kg sCOD/m3.d

HRT 5 d

Reactor 1 OLR  2.14 kg sCOD/m3.d

Reactor 2 OLR  1.07 kg sCOD/m3.d

Reactor 3 OLR  0.53 kg sCOD/m3.d

HRT 2.5 d

Reactor 1 OLR  4.27 kg sCOD/m3.d

Reactor 2 OLR  2.14 kg sCOD/m3.d

Reactor 3 OLR  1.06 kg sCOD/m3.d
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 1 OLR 4.27 kg 

SCOD/m3.d 1,290 

mg/l CH3COOH 50-500 mg/l CH3COOH 

2,000 mg/l CH3COOH ( , 2543; 

, 2541 Harbert, 1981)  

 

 

4.11 Semi-CSTR   

 

4.4.5  

 

OLR ( 4.12) 

  HRT 10 3 OLR 

OLR 1.07, 0.53 0.26 kg SCOD/m3.d 

0.15-0.44, 0.16-0.49 0.17-0.58 mg/l CH3COOH  

HRT 5 HRT 

0
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Run time (days)

Reactor 1 Reactor 2 Reactor 3

HRT 10 d

Reactor 1 OLR  1.07 kg sCOD/m3.d

Reactor 2 OLR  0.53 kg sCOD/m3.d

Reactor 3 OLR  0.26 kg sCOD/m3.d

HRT 5 d

Reactor 1 OLR  2.14 kg sCOD/m3.d

Reactor 2 OLR  1.07 kg sCOD/m3.d

Reactor 3 OLR  0.53 kg sCOD/m3.d

HRT 2.5 d

Reactor 1 OLR  4.27 kg sCOD/m3.d

Reactor 2 OLR  2.14 kg sCOD/m3.d

Reactor 3 OLR  1.06 kg sCOD/m3.d
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 OLR  OLR 2.14, 1.07 0.53 kg SCOD/m3.d 

0.20-0.75 , 0.15-0.62 0.20-0.56 mg/l 

CH3COOH  HRT 2.5 

OLR 2.14 1.06 kg SCOD/m3.d  0.27-0.63 0.27-0.60 

mg/l CH3COOH 

0.4 ( , 2543 Zickefoose and Hayes, 

1976) 0.8 

  1 OLR 4.27 kg SCOD/m3.d 

4.44  

 

 

4.12                                      

Semi-CSTR    

 

 

0

1
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3

4

5

0 10 20 30 40 50 60 70 80 90 100

VF
A:
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k

Run time (days)

Reactor 1 Reactor 2 Reactor 3

HRT 10 d

Reactor 1 OLR  1.07 kg sCOD/m3.d

Reactor 2 OLR  0.53 kg sCOD/m3.d

Reactor 3 OLR  0.26 kg sCOD/m3.d

HRT 5 d

Reactor 1 OLR  2.14 kg sCOD/m3.d

Reactor 2 OLR  1.07 kg sCOD/m3.d

Reactor 3 OLR  0.53 kg sCOD/m3.d

HRT 2.5 d

Reactor 1 OLR  4.27 kg sCOD/m3.d

Reactor 2 OLR  2.14 kg sCOD/m3.d

Reactor 3 OLR  1.06 kg sCOD/m3.d
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4.4.6  

   

(Soluble Chemical Oxygen Demand SCOD) SCOD 3 

10,679 403 , 5,339 81 2,645 135 mg/l SCOD 

4.13 

 

4.13 SCOD Semi-CSTR    

 

  HRT 10 SCOD OLR 1.07, 0.53 0.26 kg 

SCOD/m3.d 806 56, 540 92 382 113  HRT 5 SCOD 

OLR 2.14, 1.07 0.53 kg SCOD/m3.d 880 152, 520 92 

332 98  HRT 2.5 SCOD OLR 4.12, 2.14 1.06 kg 

SCOD/m3.d 2,589  680, 954  133 739 214  

   SCOD HRT 10 5 

3  HRT 2.5 SCOD 

 2 3  HRT  

 1 SCOD  HRT 2.5 
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Time (days)
Reactor 1 Reactor 2 Reactor 3

HRT 10 d

Reactor 1 OLR  1.07 kg sCOD/m3.d

Reactor 2 OLR  0.53 kg sCOD/m3.d

Reactor 3 OLR  0.26 kg sCOD/m3.d

HRT 5 d

Reactor 1 OLR  2.14 kg sCOD/m3.d

Reactor 2 OLR  1.07 kg sCOD/m3.d

Reactor 3 OLR  0.53 kg sCOD/m3.d

HRT 2.5 d

Reactor 1 OLR  4.27 kg sCOD/m3.d

Reactor 2 OLR  2.14 kg sCOD/m3.d

Reactor 3 OLR  1.06 kg sCOD/m3.d
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OLR 4.27 kg SCOD/m3.d OLR 

 

SCOD 4.14  

 

 

 4.14  SCOD  

                                             Semi-CSTR  

   

  SCOD HRT 10 OLR 

1.07, 0.53 0.26 kg SCOD/m3.d 92.45 0.52, 89.89 1.73 85.57 

4.28 HRT 5 OLR 2.14, 1.07 0.53 kg SCOD/m3.d 

91.76 1.42, 90.27 1.73 87.47 3.71  HRT 2.5 

OLR 4.12, 2.14 1.06 kg SCOD/m3.d 75.76 

6.73, 82.14 2.48 84.20 3.09  SCOD 

80 HRT 2.5 OLR 4.12 

kg SCOD/m3.d 75.76 6.73 

OLR  
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Reactor 1 Reactor 2 Reactor 3

HRT 10 d

Reactor 1 OLR  1.07 kg sCOD/m3.d

Reactor 2 OLR  0.53 kg sCOD/m3.d

Reactor 3 OLR  0.26 kg sCOD/m3.d

HRT 5 d

Reactor 1 OLR  2.14 kg sCOD/m3.d

Reactor 2 OLR  1.07 kg sCOD/m3.d

Reactor 3 OLR  0.53 kg sCOD/m3.d

HRT 2.5 d

Reactor 1 OLR  4.27 kg sCOD/m3.d

Reactor 2 OLR  2.14 kg sCOD/m3.d

Reactor 3 OLR  1.06 kg sCOD/m3.d
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4.4.7 (Biogas production) 

  

4.15  

 

 

4.15  

  HRT 10 OLR 1.07 0.53 0.26 kg SCOD/m3.d 

1,423 104 , 697 108 259 13 ml/d/2.5 L 

HRT 5 OLR 2.14, 1.07 0.53 kg SCOD/m3.d 

3,093 179, 1,451 142 670 62 ml/d/2.5 L 

HRT 2.5 OLR 4.27, 2.14 1.06 kg SCOD/m3.d 

914 105, 3,000 43 1,436 96 ml/d/2.5 L  
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HRT 10 d

Reactor 1 OLR  1.07 kg sCOD/m3.d

Reactor 2 OLR  0.53 kg sCOD/m3.d

Reactor 3 OLR  0.26 kg sCOD/m3.d

HRT 5 d

Reactor 1 OLR  2.14 kg sCOD/m3.d

Reactor 2 OLR  1.07 kg sCOD/m3.d

Reactor 3 OLR  0.53 kg sCOD/m3.d

HRT 2.5 d

Reactor 1 OLR  4.27 kg sCOD/m3.d

Reactor 2 OLR  2.14 kg sCOD/m3.d

Reactor 3 OLR  1.06 kg sCOD/m3.d
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4.4.8 (Methane production) 

 GC-TCD 

4.16 HRT 10 OLR 

1.07, 0.53 0.26 kg SCOD/m3.d 70.87  3.30, 72.52  2.34 71.92  2.77  

HRT 5 OLR 2.14, 1.07 0.53 kg SCOD/m3.d 

 66.17  1.92, 68.28  0.67 70.96  0.85 HRT 2.5 

OLR 4.27, 2.14 1.06 kg SCOD/m3.d 45.67  9.32, 

65.78  1.28 73.16  4.08  

65   

1 HRT 2.5 OLR 4.27 kg SCOD/m3.d 

45 .67 9.32 

Shock Load   

 

 

4.16  
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Reactor 1 Reactor 2 Reactor 3

HRT 10 d

Reactor 1 OLR  1.07 kg sCOD/m3.d

Reactor 2 OLR  0.53 kg sCOD/m3.d

Reactor 3 OLR  0.26 kg sCOD/m3.d

HRT 5 d

Reactor 1 OLR  2.14 kg sCOD/m3.d

Reactor 2 OLR  1.07 kg sCOD/m3.d

Reactor 3 OLR  0.53 kg sCOD/m3.d

HRT 2.5 d

Reactor 1 OLR  4.27 kg sCOD/m3.d

Reactor 2 OLR  2.14 kg sCOD/m3.d

Reactor 3 OLR  1.06 kg sCOD/m3.d
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4.4.9  

HRT OLR  

4.2  

 

4.2 OLR  

 HRT  

(day) 

OLR  

(kg SCOD/m3.d) 

Biogas Yield 

Lbiogas/g SCODremoved 

Methane Yield 

LCH4 /g SCODremoved  

1 

10 1.07 0.56 ± 0.004 0.37 ± 0.006 

5 2.14 0.61 ± 0.034 0.40 ± 0.027 

2.5 4.27 0.11 ± 0.004 0.05 ± 0.009 

2 

10 0.53 0.48 ± 0.020 0.33 ± 0.014 

5 1.07 0.64 ± 0.047 0.44 ± 0.028 

2.5 2.14 0.70 ± 0.017 0.46 ± 0.016 

3 

10 0.26 0.43 ± 0.005 0.30 ± 0.009 

5 0.53 0.59 ± 0.050 0.42 ± 0.032 

2.5 1.06 0.64 ± 0.028 0.47 ± 0.032 

 

  4.2 2 HRT 2.5 OLR 2.14 kg SCOD/m3.d 

0.70 Lbiogas/g SCODremoved 0.46 LCH4 /g 

SCODremoved OLR 4.17-4.18  



51 
 

 

4.17 OLR 

 

4.18 OLR  

  OLR 

OLR 4.27 kg SCOD/m3.d 

 

(1.07, 0.56)
(2.14, 0.59)

(4.27, 0.60)

(0.53, 0.61)
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CSTR OLR 

Cail and Barford (1985)  Semi-continuous 

35 HRT 5.6  OLR  12.6 kg TCOD/m3.d  

 

4.4.10  

   MLVSS 

4.3   

 

4.3 MLVSS  

   (mg/L)  (mg/L) 

1 37,500 41,564 

2 37,500 41,212 

3 37,500 40,900 

 

  

  

 

4.4.11  COD:TKN  

 4.4.11.1 -  

VFA : Alk OLR COD : TKN 

50 : 1 40:1 VFA : Alk 50 : 1 40 :1 

 OLR 4.27 kg SCOD/m3.d 50 : 1 VFA : Alk 

VFA  

4.19 
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4.19 VFA : Alk OLR COD : TKN 50 : 

1 

                                       40 : 1  

 

   pH VFA OLR  COD : TKN 

50 : 1 40 : 1 VFA pH 40 : 1 

OLR  VFA 

50 : 1 OLR  VFA 

50 : 1 1 

HRT 2.5 OLR 4.27 kg SCOD/m3.d 4.20 

   

(1.07, 0.42) (2.14, 0.40)

(4.27, 4.16)

(0.53, 0.39)

(1.07, 0.38) (2.14, 0.54)

(0.26, 0.27) (0.53, 0.36) (1.06, 0.41)

0.76, 0.44 (1.53, 0.48)

(3.06, 1.18)
(0.39, 0.58) (0.77, 0.74)

(1.54, 1.17)

(0.19, 0.54)

(0.38, 0.62)
(0.77, 1.26)
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COD :TKN= 50: 1 COD:TKN= 40 : 1
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4.20 pH VFA OLR  COD : TKN 50 : 1 

40 : 1 

 

4.4.11.2  

  COD:TKN 

50:1  Semi-CSTR  

COD : TKN 50:1 COD:TKN 40:1 

COD:TKN 40:1 HRT 10 OLR 0.76, 0.39 0.19 kg 

SCOD/m3.d 1,144  245, 531  243 

243  10 ml/d/2.5 L HRT 5  OLR 1.53, 0.77 0.38 kg SCOD/m3.d 

2,343  250, 1,091  134 612  149 ml/d/2.5 L 

HRT 2.5 OLR 3.06, 1.54 0.77 kg SCOD/m3.d 

2,960  132, 1,080  132 567  60 ml/d/2.5 L 

4.21-4.22 
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4.21  COD:TKN 40:1 

 

4.22 COD:TKN 50:1 

 COD:TKN 

50:1  40:1  HRT 
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Reactor 1 Reactor 2 Reactor 3

HRT 10 d

Reactor 1 OLR  0.76 kg sCOD/m3.d

Reactor 2 OLR  0.39 kg sCOD/m3.d

Reactor 3 OLR  0.19 kg sCOD/m3.d

HRT 5 d

Reactor 1 OLR  1.53 kg sCOD/m3.d

Reactor 2 OLR  0.77 kg sCOD/m3.d

Reactor 3 OLR  0.38 kg sCOD/m3.d

HRT 2.5 d

Reactor 1 OLR  3.06 kg sCOD/m3.d

Reactor 2 OLR  1.54 kg sCOD/m3.d

Reactor 3 OLR  0.77kg sCOD/m3.d
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Time (days)

Reactor 1 Reactor 2 Reactor 3

HRT 10 d

Reactor 1 OLR  1.07 kg sCOD/m3.d

Reactor 2 OLR  0.53 kg sCOD/m3.d

Reactor 3 OLR  0.26 kg sCOD/m3.d

HRT 5 d

Reactor 1 OLR  2.14 kg sCOD/m3.d

Reactor 2 OLR  1.07 kg sCOD/m3.d

Reactor 3 OLR  0.53 kg sCOD/m3.d

HRT 2.5 d

Reactor 1 OLR  4.27 kg sCOD/m3.d

Reactor 2 OLR  2.14 kg sCOD/m3.d

Reactor 3 OLR  1.06 kg sCOD/m3.d
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COD:TKN 50:1 COD:TKN  40:1 

COD :TKN 50:1 40:1 

 1 HRT 2.5  OLR 4.27 kg SCOD/m3.d 

COD:TKN 50:1  40:1 

OLR 3.06 kg SCOD/m3.d  OLR 

   

  COD:TKN 40:1 HRT 10 OLR 0.76, 0.39 

0.19 kg SCOD/m3.d 67.93 0.96, 70.52 1.27 

68.60 1.50 HRT 5 OLR 1.53, 0.77 0.38 kg SCOD/m3.d 

66.58 0.73, 69.93 0.93 70.60 0.72 HRT 2.5 

OLR 3.06, 1.54 0.77 kg SCOD/m3.d 63.15 

0.98, 67.86 2.50 73.92 4.89 4.23 

COD:TKN 50:1( 4.24) 40:1 

  

 COD:TKN 

50:1 40:1 50:1 

50:1 40:1 
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4.23 COD:TKN 40:1  

 

4.24 COD:TKN 50:1 
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Reactor 1 Reactor 2 Reactor 3

HRT 10 d

Reactor 1 OLR  0.76 kg sCOD/m3.d

Reactor 2 OLR  0.39 kg sCOD/m3.d

Reactor 3 OLR  0.19 kg sCOD/m3.d

HRT 5 d

Reactor 1 OLR  1.53 kg sCOD/m3.d

Reactor 2 OLR  0.77 kg sCOD/m3.d

Reactor 3 OLR  0.38 kg sCOD/m3.d

HRT 2.5 d

Reactor 1 OLR  3.06 kg sCOD/m3.d

Reactor 2 OLR  1.54 kg sCOD/m3.d

Reactor 3 OLR  0.77kg sCOD/m3.d

40

50
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70

80

90

0 10 20 30 40 50 60 70 80 90 100

CH
4

co
m

po
sit

io
n 

in
 b

io
ga

s (
%

)

Time (days)

Reactor 1 Reactor 2 Reactor 3

HRT 10 d

Reactor 1 OLR  1.07 kg sCOD/m3.d

Reactor 2 OLR  0.53 kg sCOD/m3.d

Reactor 3 OLR  0.26 kg sCOD/m3.d

HRT 5 d

Reactor 1 OLR  2.14 kg sCOD/m3.d

Reactor 2 OLR  1.07 kg sCOD/m3.d

Reactor 3 OLR  0.53 kg sCOD/m3.d

HRT 2.5 d

Reactor 1 OLR  4.27 kg sCOD/m3.d

Reactor 2 OLR  2.14 kg sCOD/m3.d

Reactor 3 OLR  1.06 kg sCOD/m3.d
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4.4.11.2   

 

 

0.5 L biogas/g TCOD  0.35                           

L Methane/g TCOD  (McCarty, 1964) 

4.4  

 

 

      =                    

 

 

 

 

 = 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       LBiogas 

gSCOD  

         Biogas production (L/d) 

    [SCODinf-SCODeff (g/L)] x Q (L/d) 

    LMethane 

   gSCOD  

            Methane production (L/d) 

    [SCODinf-SCODeff (g/L)] x Q (L/d) 
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4.4  COD:TKN 

50:1  

                    40:1 

50 : 1 

Reactor OLR 

(Kg 

SCOD/m3.d) 

Biogas yield 

(L/gSCODremoved

) 

Methane 

(L/gSCODremoved

) 

pH 
VFA 

(mg/LCH3COOH) 
VFA/Alk 

1 1.07 0.56 ± 0.004 0.37 ± 0.006 6.83 ± 0.16 325.00 ± 22.91 0.42 ± 0.02 

2.14 0.61 ± 0.034 0.40 ± 0.027 6.89 ± 0.13 283.33 ± 125.83 0.40 ± 0.18 

4.27 0.11 ± 0.004 0.05 ± 0.009 5.39 ± 0.06 1216.67 ± 28.87 4.16 ± 0.29 

2 0.53 0.48 ± 0.020 0.33 ± 0.014 6.86 ± 0.17 275.00 ± 108.51 0.39 ± 0.14 

1.07 0.64 ± 0.047 0.44 ± 0.028 6.87 ± 0.16 283.33 ± 158.77 0.38 ± 0.20 

2.14 0.70 ± 0.017 0.46 ± 0.016 6.57 ± 0.11 310.00 ± 36.06 0.54 ± 0.06 

3 0.26 0.43 ± 0.005 0.30 ± 0.009 6.84 ± 0.29 191.67 ± 52.04 0.27 ± 0.05 

0.53 0.59 ± 0.050 0.42 ± 0.032 6.81 ± 0.22 256.67 ± 146.40 0.36 ± 0.14 

1.06 0.64 ± 0.028 0.47 ± 0.032 6.55 ± 0.10 232.67 ± 30.02 0.41 ± 0.08 

40 : 1 

1 0.76 0.75 ± 0.143 0.51 ± 0.093 6.97 ± 0.22 370.00 ± 54.67 0.44 ± 0.07 

1.53 0.70 ± 0.061 0.47 ± 0.036 6.69 ± 0.10 375.00 ± 75.00 0.48 ± 0.11 

3.06 0.57 ± 0.029 0.36 ± 0.023 6.69 ± 0.42 608.33 ± 225.46 1.18 ± 0.60 

2 0.39 0.69 ± 0.199 0.48 ± 0.136 6.96 ± 0.15 446.33 ± 243.00 0.58 ± 0.30 

0.77 0.70 ± 0.170 0.49 ± 0.116 6.67 ± 0.08 400.00 ± 43.30 0.74 ± 0.22 

1.54 0.72 ± 0.031 0.49 ± 0.025 6.67 ± 0.57 483.33 ± 128.29 1.17 ± 0.30 

3 0.19 0.60 ± 0.016 0.41 ± 0.017 6.96 ± 0.15 373.67 ± 183.18 0.54 ± 0.12 

0.38 0.75 ± 0.203 0.53 ± 0.139 6.71 ± 0.21 368.67 ± 135.72 0.62 ± 0.19 

0.77 0.63 ± 0.150 0.46 ± 0.093 6.67 ± 0.66 500.00 ± 125.00 1.26 ± 0.22 
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 4.25 COD:TKN 50:1 40:1 

 

4.26 COD:TKN 50:1 40:1 

SCOD TCOD  

(1.07, 0.56)
(2.14, 0.59)

(4.27, 0.60)

(0.53, 0.61)

(1.07, 0.43)
(2.14, 0.27)

(0.26, 0.11)

(0.53, 0.23) (1.06, 0.36

(0.76, 0.75)

(1.53, 0.70)

(3.06, 0.57)

(0.39, 0.69) (0.77, 0.70) (1.54, 0.72)

(0.19, 0.60)

(0.38, 0.75)

(0.77, 0.63)
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COD:TKN = 50 : 1 COD:TKN = 40:1

(1.07, 0.37)
(2.14, 0.40)

(4.27, 0.05)

(0.53, 0.33)

(1.07, 0.44) (2.14, 0.46)

(0.26, 0.30)

(0.53, 0.42)

(1.06, 0.47)

(0.76, 0.51)

(1.53, 0.47)

(3.06, 0.36)
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(1.54, 0.49)

(0.19, 0.41)

(0.38, 0.53) (0.77, 0.46)
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4.25-4.26 OLR 

OLR 4.27 kg SCOD/m3.d 

CSTR OLR 

Cail and Barford  (1985) Semi-continuous 

35 HRT 5.6 OLR 12.6 kg 

TCOD/m3.d 

   

COD:TKN 40:1 50:1 

40:1 0.75 L biogas/g SCODremoved  0.53 

LCH4/gSCODremoved  OLR 0.38 kg SCOD/m3.d  

 

4.4.12  

  

COD:TKN  40:1 OLR 0.38 kg SCOD/m3.d HRT 5 

0.50 / 0.562  0.070 

/ 0.75 Lbiogas/gSCODremoved 0.53 kg 

SCOD/m3.d 

8 0.8 /

 64,887.45  4.5 539.52 /

  

 

4.5 8   

 /  

  1,840.50 

 8,160 

  2,086.95 

 (176 / ) 52,800 

              64,887.45 
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 0.0025 0.000562 /  

 8  

= (0.000562 / ) x (8 ) 

                        (0.0025 ) 

                                                         = 1.7981 /  

                                                         = 539.52 /  

1  1.25  

539.52    

            = 539.52 x 1.25  

            = 674.4 /  

                                               = (674.4 / ) x (2.98 / ) 

                                               = 2009.71 /  
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5 

 

 

 

5.1  

  3 1) 
6% 2) 30% 3)  Cation Polyamine 

6%  Poly-AlCl3 94% 6% 
26 1 

(Lab grade) 13.24 /  
 Commercial grade 2.08 /

 

 
5.2  

  

( ) 

 
 

  
COD:TKN 

COD:TKN 50:1 446 
/  1,062     

 

5.3 Semi-CSTR   
  1) 

30-36 
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1 HRT 2.5 OLR 4.27 kg SCOD/m3.d 

5.33 270 mg/l CaCO3 
 1 HRT 2.5 OLR 4.27 kg 

SCOD/m3.d 1,250 mg/l CH3COOH  
0.75 OLR 

  2) 0.26-2.14 kg SCOD/m3.d 
82.14-92.45 OLR 4.27 kg SCOD/m3.d 

SCOD 75.76  

  3) OLR 

0.102-1.200 / /  OLR 

2.14 kg SCOD/m3.d   

 4) COD:TKN 50:1  

40:1  

40:1 COD 

0.75  Lbiogas/gSCODremoved  0.53  

LCH4/gSCODremoved  OLR 0.38kg SCOD/m3.d 40:1 

  

 

5.4 

 

25 2.5  
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5.5  

  1) COD:TKN 

Semi-CSTR  

  2) 

 

  3)  
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1.  

. 336 (2523) 

 

1. 60 
500  0.1 / 60  
1,000  

 

2. 

1 1 ( )  
3. 

0.125 /  

4. 0.05 /  

5. 0.1 /  

6.  

0.1  0.01

/ 16  100  100 
 

 

  
 

 

1. (NaOH) 0.125 /  

  (Analytical Reagent (A.R.)) 99 
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  5.05 1 
1  

2. (NaOH) 0.05 /  

(Analytical Reagent (A.R.))  99  

  2.02 1 
1  

3. (NaOH) 0.01 /  

(Analytical Reagent (A.R.)) 99  

  0.404 1 
1  

4. (H2SO4) 0.1 /  

(H2SO4) (Analytical Reagent (A.R.)) 
96  

(H2SO4) 5.55  1 

 1  

 

1. 0.1000 4  

2. 50  
5 - 7 0.1 /

 

3. 0.05 /
 

  4. 50  2 
3 -  

  5. 50  

( 35 ) 30 
- 10  

20  
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  6. 300  ( 300  

( 50  + 50  + 10 
 +  . 0.1 / + . 0.05 / )) 

(0.125 / ) 
5 - 7 

0.01  

            2 

 

=   9.209 x N(T1  T2) 

                      W 

 N   0.125  /
 

T1  
 

T2 
 

W  

 
2. (Karl Fischer Coulometer)  

 

 
 

-1 Karl Fischer Coulometer 
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Karl Fischer Coulometer Mettler Toledo DL39  
  

99.5 %  
 

5 % w/w 

5 %w/w 

- (pH) 

5-7 (Hach Company, 2007) 
 

1. Run Method 

Run Pretitration  

2. ( , ) 

 

3. i Capacity ( 500 )  
4. Run Sample F3  
5. OK 2 81  
6. (Syringe) 

 

7. 5 ml 

 

8. 4  

9. Tare  

10. 2-
3  

11. OK 

 

12. OK 
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13. 9 
X (SD)  

14. Result Statistics series 

OK Yes  

15. Run Reset  

*** 
-  

 

A  

  B  

  C ( + )  
  D  

  E  

-  

  (D/100) x ( C) = F  

-  

  (E/100) x ( B) = G 82  
-  

  F  G = H  

(%w/w) = (H / A) x 100 

 

3. (Ash)  

International Union of Pure and Applied Chemistry, 1980 

750 
 (Matter Organic Non-

Glycerol ; MONG) Hautfenne, 1980 
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1. (Crucible) 750 
10 100 

 

2. (Dessicator) 

 

3. 4  

4. 1 4 
 

5. 750 6 
 

6. 100  
(Dessicator) 4 

 

 

M1 (Crucible);  

  M2 (Crucible) ;  

  M3 (Crucible) ;  

 (%w/w) = (M 2  M1) ×100 (M 3  M1 ) 

-2 (Ash)  
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4. (MONG)  

International Union of Pure and Applied Chemistry, 1980 

Matter Organic Non-Glycerol MONG 100 
(Hautfenne, 

1980) 

(MONG)  

  X (%w/w) 

Y (%w/w) 

Z (%w/w) 

MONG (%w/w) = 100  (X + Y + Z) 

 

5. (Chemical Oxygen Demand: COD) 

(K2Cr2O7) (Oxidizing agent) 

(Reflux) 

 

 

1.  

2. (Heaters) 

 

1. (HgSO4) 

2. (K2Cr2O7) 0.0417 

/  103  2 
12.259 1  
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3. (H2SO4) (Ag2SO4) 22 
2.65 ( 9 2.65 ) 

(Catalyst) 

4. (Ferroin indicator solution) 1, 10  

[1, 10- phenanthroline monohydrate (C12H8N2.H2O)] 1.485 
 (II) (FeSO4. 7H2O) 0.695 100 
 

5. (Fe(NH4)2(SO4)2 6H2O) 

98 20 
 1 
 

K2Cr2O7 0.0147 /  10  
90  30  5 

2-3 
 

( / )  =   × 0.0417 × 6 

                        

 

1. 250  

2. (HgSO4) 0.4  

3. 20  ( 20 
) (Blank) 

 

4. 0.0417 /  10  
4-5  

5. 4 
 .3 

6. 30  
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7. 2 . 
 

8. 140  
2-3 

 

 

 
 

-3 COD Open Reflux 

 

 

 (COD) (mg/l) = (a-b) × C ×8,000 

     

 a =   

  b =   

  c =  0.1 /  

 

6. (Alkalinity) (Volatile fatty acid) 

(HCO3-) (CO3
2-) 

(OH-)  
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1. - (pH meter) 

2. 50  2  

3. (Hot plate) 

4. (Magnetic stirrer) 

5. 200  

 

1. pH 7.00 

2. pH 4.00 

3. (H2SO4) 0.5 M 

4. (NaOH) 0.5 M 

 

1. 50  2 (
) 
2. pH pH 7.00 4.00 

3. pH  

4. 
pH 4.0 = A pH 3.0 

5. 3  

6. pH 4.0 
pH 4.0 pH 7.0 

pH 4.0 7.0 = B 

 

 

(mg/L CaCO3) = A × H2SO4 × 50× 1,000 

         

 

(mg/L CH3COOH) = B × NaOH × 50× 1,000 
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7. (Suspended solid: SS) 

 

 

1. (Buchner funnel) 

2. 7 . (Glass microfiber filter, Whatman GF/C) 

3. (Watch glass) 7 . 
4.  

5. 103-105 C 

6. 4  

7.  

 

1. (GF/C)  

2. (A, ) 
 

3. 100  
 

4. 
103-105 C 1  

5.  

6. (B, ) 
7.  

 

  (mg/L) = (B-A) × 1000 × 1000 

                          

A = ( ) 
  B = + ( ) 
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8. (Total kjeldhal nitrogen: TKN) 

-
, 

- (NO2-) - (NO3-) 

 

1. (Kjeldhal flask) 800  

2. (Connecting bulb) 

3.  

4. 250  

 

1. (Boric acid, H3BO3) 2% 20 
1  

2. 200 . 
(95%) 100  100 . (95%) 

50  

 

3. (Digest solution) 

(K2SO4) 134 650  200  
( ) (Mercury (II) oxide 

(red). H2O)) 2 3 / 50  
1  

4. (H2SO4) 0.01 /  

0.5 /  20  1 
0.01 /
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5. 
5 1 5 

95% 1  

6. -
- 500 (Na2S2O3. 5H2O) 25 

1  

 

1. 300  
300  - (Digest solution) 50 

 5-6  
20  

300  

2.              
- 50  

 

3. 
 

4. 
200  -4 

5. 2-3 
0.01 M 
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-4  

 

 (mg/L) =             (A-B) × 1000 × M × 28 

        

A =   

 B =   

 M = Molar  

 

9. (Mixed liquor suspended solid: MLSS) 

Gravimetric Method 

MLSS SS (Mixed 

liquor)  

 

10. (Mixed liquor volatile suspended solid: MLVSS) 

Gravimetric Method 

 

1.  

2.  

3.  



 

 

99 

4.  

5. 500 ± 50  

 

 1. 500 ± 50 1 
30  

2. MLSS 

3. MLSS 500 ± 50 30 
 

4.  

 

MLVSS (mg) = MLVSS (mg)  (mg) 

 

11.  

: Gas Chromatograph Hewlett Packard HP 6890 

.5 
 



 

 

100 

 
 

-5 
Gas Chromatograph-TCD Hewlett Packard HP 6890 
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-1  

  

(mL) 

 

(mL) 

 

(% wt) 
 

(%) 

H2SO4 6% 1,000 700 36.87 25.81 

H2SO4 30% 1,000 160 77.14 12.34 

 

Cation Polyamine 6% 

Poly-AlCl3 

94% 

1,000 2,230 13.63 30.39 

 

 

H2SO4 6% 

 = ( ) x ( ) 
                      

              = 36.87 x 700 

     1000 

              = 25.81 % 
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-2  

   ( ) 

Conc. H2SO4(98%) (Lab grade)  

      - H2SO4 6% 

      - H2SO4 30% 

Conc. H2SO4(98%) (Commercial grade) 

      - H2SO4 6% 

      - H2SO4 30% 

2.5 L 

1 mL 

1 mL 

30 Kg 

1 mL 

1 mL 

385 

0.00943 

0.04714 

350 

0.00131 

0.00657 

Conc. HCl (37.25%) 

      - HCl 2% 

2.5 L 

1 mL 

375 

0.00805 

Polymer (PA 6% + PACl 94%) 

(Commercial grade) 

1 Kg 40 

NaOH 98% 

      -NaOH 30% 

1 Kg 

1 mL 

267.5 

0.08024 

  

  

 

3  

 1 6% (Lab grade) 

 1 6% 500 pH 2 

700  

- 6% 500  

  =                  500 x 0.00943  

(0.7  x 0.3687) x (1.220 / ) 
        = 13.24 /  
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2 30% (Lab grade) 

 1 30% 110 pH 2 

160  

 -  30% 110  

= 110 x 0.04714 

       = 5.18 /0.16  

          = 5.18 / 0.1952  

          = 5.18 / 0.1505  

          = 51.29 /  

 3  Cation Polyamine 6% Poly-AlCl3 94% 

 1 HCl 2% 1,300  

 + + 1,800 30% NaOH 10 pH ~8 

 Cation Polyamine 6% Poly-AlCl3 94% 600  

 + 2,230 

 

- HCl 2% 1,300  

= 1,300 x 0.00805 

          = 10.465 /2.230 
- NaOH 30% 10  

= 10 x 0.08024 

       = 0.8024 /2.230 
- Cation Polyamine 6% Poly-AlCl3 94% 600  (732 g)  

= 0.732 x 40 

         = 29.28 / 2.230 
= (10.465 + 0.802 + 29.280)/2.230  

                 = 40.547 / 2.230  

                                  = 40.547 / 2.72  

                                  = 40.547 /0.3708  

                                  = 109.35 /  
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-3 3 

 
 

(%) 

 

( / ) 
Lab grade Commercial grade 

H2SO4 6% 25.81 13.24 2.08 
H2SO4 30% 12.34 51.29 4.80 

 Cation 

Polyamine 6% 

Poly-AlCl3 94% 

30.39 - 109.35 

 
 

 

COD : TKN 40 : 1  

6% (Commercial grade) 

2.08 /  

lab scale 

 2.5  

 0.25 /  

 ( ) : ( ) 1.56 (Total Solid = 97.51% wt)  : 
0.625 (Glycerol = 47.67%) 0.25  
 

 

 1.  

 2.  

 3.  

 4.  
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 1.  

 0.5 /  

 0.50 / = 0.0005  

 0.0005 /  
0.005 0.0018  

 = 0.0018 x 2.08 

   = 0.0038  

 

8 
0.8 /  

 = (0.8 / ) x (0.0038 ) 

       (0.0005 / ) 
 = 6.135  

     = (6.135 / ) x (300 / ) 

     = 1840.50 /  
                                 

2.  

= 0.00025 /  

8  = 0.8 /  

       = (0.8 / ) x (300 / ) 

                    = 240 /  
-4 

-4  
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-4  

 

 

 

 

 

 

 

 

 

 

 = (200 /  x 12 / ) 

                                                           + (240 /  x 24 / ) 

                                                           = 8,160 /  

3.  
3 = (3 Hp) x (0.7457 kw) 

                                                            (1 Hp) 

                                    = 2.2371 kw 

1 1 
23  

2.2371 kw/ 23 hr 

  = 2.3344 kw/ day 

1 300    

= 700.32 kw/ year 

 -5 

 

( / ) 

, 

( / ) 

0-10 

11-20 

21-30 

31-50 

51-80 

81-100 

101-300 

301-1,000 

1,001-2,000 

2,001-3,000 

>3,001 

*  200  

12.50 

15.50 

18.50 

21.50 

23.50 

23.75 

24.00 

24.25 

24.00 

23.75 

23.50 
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-5   

Unit (kW-h) C (Baht/kW-h) 

0-150 1.8 

150 up 2.78 

400 up 2.98 

 

= 700.32 x 2.98 

            = 2,086.95  

 

4.  

1  

                  = 176 x 300  

         
                                   = 52,800  

8 
-5 

-6 8   

 /  

  1,840.50 

 8,160 

  2,086.95 

 (176 / ) 52,800 

 64,887.45 
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 0.0025 0.000562 /  

 8  

 = (0.000562 / ) x (8 ) 

                        (0.0025 ) 
                                                        = 1.7981 /  

                                                         = 539.52 /  
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A Pre-study of Biogas Production from Crude Glycerol, a Byproduct from 

Biodiesel Manufacturing 
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