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1 : Solubilisation Hydrolysis
2 : Acidogenesis
3 : Acetogenesis

4 : Methanogenesis

2.2
STAGE
Lipids Prctiens Carbohydrates
Solubilisation Q/ §' 4
Long chain Amino acids sugars
(1) . o |
fatty acids / g
|\ High ppH2 / High ppH2 ppH2 ,
Low ' \. / / 1 Low
Acidogenesis  ppr2 -\ vy J i

(2)

Acetogenesis

(3)

Methanogenesis

(4)

2.2

->  Short chain fatty acids + H2+ C02  <-I

Low ppH, Low ppH,
\r

Acetic acid + H2 +EOZ

f r

chd+C02 Chd

(Sam-soon, 1987)

ORGANISM
GROUP

Acidogenic

()

Acetogenic

(b)

Methanogenic

()



1 : Solubilisation Hydrolysis

(Extracellular Enzyme)

(Acidogenic)

tIOJICIH timUM3BBIIZ0W
Itf 4 "HAHI
__A _______ 13 5

(activation energy)

2.3 hydrolysis
2 : Acidogenesis
1
(Volatile Fatty Acid) (Acetic
acid) (Propionic acid)
2
1 hydrogen partial pressure
2.4 Embden - Meyerhof
pahway low hydrogen partial pressure
high hydrogen partial pressure
Low hydrogen partial pressure
CgH,206 + 2HD ~ -——-- » 2CHsCOOH + 2CO02 + 4H:2 (2.1)
High hydrogen partial pressure
CeHi206  ---------- » CHsCH2COOH + CH3COOH + C02 + H2 (2.2)
Acidogenesis Fermentative

bacteria  Acidogens hydrolysis



Starch

!

Diastase, Ptyalin

Maltose
Carbohydrates
Sucrose Maltose Lactose Cellulose
Sucrase Maltase Lactase Cellulase
\4
Glucose Glucose Glucose Cellobiose
+ fructose + galactose
Proteins
\L Proteinases
Proteins
Polypeptides
\L Peptidases
Amino acids
Glycerides Phosphoric esters
Fats \L Lipase \L Phosphatases
Glycerol H,PO, + alcohols
+ fatty acids
2.3 hydrolysis

(Sawyer

McCarty, 1978)



STAGE

I Starch
Solubilisation
D Glucose
BEVP
Acidogenesis 2 Pyruvic + 2 H, ] _
\ High H, partial pressure
@) Low H, partial pressuV _lﬂ
2HAc + 2 CC,+4H,0 HAc + CO,+ H,
\
/Pr
Acetogenesis low ppH2/
(3) high
HAc + CO,+ 3 H, ppH,
\ i
: HPr
Methanogenesis 3CH+3CO,+2H,0 |
“) ! 1.25 CH,+1.75 CO,+ 0.5 H,0
\4
1.75 CH,+1.25 CO,+ 1.5 H,0
2.4 Low High hydrogen

partial pressure (Sam-soon, 1987)




3 : Acetogenesis

Methanogens

Acetogenesis

(hydrogen producing acetogenic bacteria)

2

low hydrogen partial pressure

CH3CH2COOH (propionic acid) + 2HA — » CH3COOH + C02+ 3H2 (2.3)

CH3CH2 CH2COOH (butyric acid) + 2HD - » 2CH3COOH + 2H2 (2.4)

( Methanosporillum hangati A ¢ = +48.2 kJ / mol)

pH
Methanogens
4 : Methanogenesis
(Methanogens)
(Obligate anaerobes) 2
L (Obligate  Acetoclastic
Methanogens)
CHXOOH --------- » CH4+ CO02 A c =-21 kJ/mol (2.5)

70%



2 (2 -
Utllizing Methane Bacteria)

4H2+ C02 - » CH4+ 2HD A g'=-135.4 kJ/ mol (2.6)
HCOOH - > C02+ 2 2.7)
Methanogens pH
65 - 72

(specific growth rate)

2.2 (Upflow anagrobic sludge blanket, UASB)

stander (1966)

Lettinga (1980)

(Gas - solid seperator, GSS device)



10

21

1

2

3.

4 start-up

(Organic loading)
( ) 5
pH 6.5 - 7.2
221
2 25

L (Feed inlet system)
2 , 1

45 - 60



sludge bed

INFLUENT

(sludge blanket)

EFFLUENT

(high settling velocity)

SETTLER

GAS DEFLECTOR

DIGESTOR

-,

e . a

‘ - u“

Y N TS
Tudge, Sianket
R - e T

&

25

hiora

(Souza, 1986)



2.2 1

(Gas-solid seperator device, GSS)

2.2 GSS device

(Lettinga Hulshoff Pol, 1991)

(wash out)

(sludge blanket)

(wash out) 1

12
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13

L (Temperature)
2
- [ (Thermophilic) 50 - 65°c
- (Mesophilic) 20 -45°c
(Thermophilic)
(Mesophilic) (Mesophilic)
2.
(Methanogens)
methanogenesis 6.5 - 82
6.2 (Acidogens)
6.0 - 6.5
volatile fatty acid, NH3 2
3

3. (Substrate)
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4, (Nutrient)

McCarty (1964)
BOD : N: P =100 :11 :0.2
BOD :N:P=350:5:1 COD N

100:10 (Thaveesri, 1994)

(trace element) ,

) ( )
Yeast Extract Milorganite
5.
200 - 400 ./ .
1,000 ./ .
1,000 ./ .
6.

(buffer capacity)
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1,500 - 2,000 a

( ./ .asCaCo03
0.4 0.8

7. (ORP)

(Oxidation Reduction Potential)

(Redox)

-300  -500

8. (Toxic)

(Na ) (K+) (Mg24) (Cazy

2.3



2.3

Na+
K+
Cazx

Mg2+

Mg2+ Caz+

24

r:e2+

ny

Cd2z+

Cuzx+

100-200
200 - 400
100-200

75-150

Na+

24

(McCarty, 1964)

( 1)

3,500-5,500
2,500 - 4,500
2,500-4,500

1,000- 1,500

(antagonism)
3,500 /.
50 - 1,000 ./ .

(synergism)

(heavy  metal)

Mosey and Hughes (1975)

50 % (Mosey and Hughes, 1975)

1-10

10'4

107

10'12

10'16

8,000
12,000
8,000

3,000

Cu2+

16



(NH3

25

9 %

2.5

(McCarty, 1964)
(G
50 - 200
200- 1,000
1,500-3,000

> 3,000

NH3+ H+

1%

)

3,000

150

a

(NH4%

17

(2.8)



|
Desulfotomaculum

1

0L +4 2+ H+

(Methanogenic bacteria)

AG’

Cappenbeg (1975)

2

(SRB)

hydrogen partial pressure

Sulfate

0.1 nM

Reducing Bacteria (SRB)

( 0@)

+ 4HD

(SRB)

Ag'=-152.2 kJ/ mol

(Methanobacterium spp.)

10,000

18

Desulfovibrio,

2.9)

.



2.23

Holshoff Pol (1983)

Holshoff Pal

1:(

(filamentous organisms)

2:(

3:(

50 . /

(g.ss/l)

19

2.6
(1983)
2 / )
2-5 / )
3-5 / )
3 27
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gVSS/i
—~ phase ! —i— phase == ——g—m-— phose 111 — :
154 : ! ’
space loading raie
(hgCOD/kgVSS.day)
10- : - 10
i e
. | e |
_____ J
2 < Iy
i _
0 — - 0
¢ 60 80 . 100
days
2.6
(Holshoff Pol , 1983)
reactor height (m)
b
&l
i‘ day 36 day 3
day ¥YX
0 T T 7 ] i
0 20 L
gss/l
2.7
(Holshoff Pol , 1983)



2.24

Guiot (1992)

- (media)

SEM (Scanning Electron Microscopic)

Concentration —

2.8
CARB.
Hydrogcnic acidogens
ﬁﬁlfﬁthreducprs J _
ethanosarcina spp.  EBeet

H2-using mcthanogens Eesesies

Hydrogcnic acetogens '

H%us?ﬁg mc?hanoggcns

| .Methanosaeta spp.

Acelate

-

4

2.8

Distance ———

(Guiot, 1992)

m3

Hta: Active H2 use (low affinity)
Aha: Active acetate use (high affinity)
Ala: Active acetate use (low affinity)

«
IS & ;
Bulk liquid :é §§ :
e G: P G: Active glucose use
: Hu: Hha P: Active propionate use
“Glucose y A[.:Aj. Ahs Hha: Active 2 use (high affinity)

1
t

li'itia S13

I



Sulfate reducers Methanosarcina

22

Hydrogenic acidogens

H2- utilizing methanogens

Hydrogenics acetogens H2- utilizing methanogens
Methanosarcina Methanococcales Maethanospirillum
Aceticlastic Methanosaeta

Ks )
( Ky )
Methanosaeta)
Methanosaeta

Aceticlastic methanogens

substrate

methanogenesis

acidogenesis

H2 - utilizing methanogens

substrate (low affinity
Aceticlastic affinity
Aceticlastic! ' (Granulation)

Aceticlastic methanogens (

substrate
affinity (Kg )
Methanosaeta
acidogens
(bulk liguid)
acidogenesis acetogenesis

2.9

(rate limiting step)

(Fang , 1994)



11 | { Przdominant bacteria in each layer
Bjcter'.al competition 1 * =Outer layer:
Actdogens ¢ H2-consumcrs
I = Middle layer: SM & Mx
100%

Il «Centercore: Mu
A Mz

A Acidogens

SM: Syntrophic microcolonies

mx: Sixthenathrix sp.

roposed layered structure and bacterial composition for the granules treating soluble cart»hydrates.

29

(Fang , 1994)

(Lettinga ,1980)

(Thaveesri, 1994)

225

(Lettinga, 1983)
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Lettinga (1991)
1000 - 5000 d .

15000 ./ .
Fongsatitkul (1995)
Kato (1994)
(
1000 ./ )
1
(Kg)
5-6 .
05-15 J
8°c 75 %
5 ./ 05 ./ 50 -

60 %



2.3 ' (Expanded Granular Sludge Bed, EGSB)
(high rate) 2.10
Biogas
o ®)
Effluent Influent
,,:,ZL";Z:" gﬁeclrculalion
i (optional)
Influent oo
© Biogas @
‘ Effluent Effluent

000.0 ..
oo
2 XXX
Inflluent P Influent

Biogas

(e)

3 Elfluent

Effluent

Sludge blankel

Influent l

Biogas i
© 09 ® 8iogas

Plastic cover
- N Effluent Effluent

- 7]

N N
Sludge blanket @—- Sludge bed

Influent

Influent

Different_configurations of high rate or modern anaerobic_waste water
treatment systems, (a) Upflow anaerobic filter; (b) downflow anaerobic filter; (c) fluid
bed; (d) expanded bed; (e) contact process; (f) upflow anaerobic sludge blanket

UASB] digester; (g) anaerobic fluid bed reactor (RALF); and (h) expanded granular
gludge Llargket (E gB) digester (RALF); and (n) expanded g

2.10

(Van Haandel Lettinga, 1994)

25



(granules)

26

(Expanded Granular Sludge Bed, EGSB)

(substrate)

(recirculation)

5-6 ./
05-15 . . ' (Kato , 1994)
Biogas
Biogas o,
Effluent Effluent I l
——
> <
> < Recirculation
AN
[~ '\\
yy Sludge Sludge bed
_ blanket v
Influent i)
P
Influent
UASB EGSB
211
P (Seghezzo, 1998)
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(wash out)

(Seghezzo , 1998)
1 4-10 ./
40 . -
2.
3.
4, 1 (granules)
5.
6.
7. (flocculent sludge)
8.
(media)
(mass tranter) (Kato, 1994)
, 1
(Psychrophiles)
»
long chain fatty acid
30 : T 85 - 95 %
(Rinzema , 1993)
(Seghezzo , 1998)

(Kato , 1994)
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4 (NH3,
(Organic Nitrogen), (Nitrite) (Nitrate)
(Nutrient)
15 - 35 Ao
- 2-10
Ao
2
2.12
1
Assimilation
> Cell
| Ammonification A I Nitrification |
[ J | |
organic - N »  NH-N » NO,-N » NO,-N >
T N, organic maller
o, < NO, + O, l \
Denitrification

2.12 (Sedlak, 1991)



1 Ammonification

) o1 1

2. Assimilation

3. Nitrification ( )

Nitrosomonas Nitrobacter

4. Denitrification ( )
(N9 (NO2
241 ' i)
2
(Nitrosomonas) (Nitrobacter)
1)
2NH4+ + 302  --—------ » 2N02 + 2HD +4 + +
2)

2NO2 + o >  2NO03 +

29

(NO)

(2.10)

(2.11)
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NH4+ + 183 2 + 1,98HC03 ------ » 0.98NO3 + 0.021 CEHMNO2

+ 1.88H2C02+ 1.04H20 (2.12)
1. 4.33
g 714 ] . 015 ./ .
2.4.2 ;
1)
4 -45 C 35 °C
35-42 °C
(  EPA, 1994)
2) (DO)
05 - 25 g
1 2
2
3
3) (pH)

65 - 80
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4) (Alkalinity)

714 . 1

2.13 1 ' Hao
Chen (1994) 30 ..

50 /.

70

60

Ammonium Removal, %

50

. 40 4 . . : . :

NO,-N, % of Oxidized NH,*
8
1

20
10 A
0 T X T b T
4 6 8 10 12 14
AIKINH "N

Effect of Influent Alkalinity on System Performance at 60 L/ d
(a) Ammonium Removal ; and ( b) Nitrite Level

2.13

(Hao Chen, 1994)
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5) BOD TKN

(Nitrifying Bacteria)

(Solid Retention Time)

6)
(NH3 (FA) (HNO2 (FNA) FA
10 - 150 /. 01-10 /.
FNA 02-28 /.
2.4.3
!
2
1 Assimilation
2) Dissimilation Denitrification
Pseudomonas,

Micrococcus, Achromobacter Bacillus
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L (Substrate Nitrate Denitrification)
- (Methanal)
6NO; + 5CHOH ---------- » 5C02+ 3N2+ 7 20 + 60H (2.13)
25 30

MaCarty (1994)

3NO3 + 14CHIOH + C02+ 3 + —-romv » 3CHON + HD (2.14)

(2.13)  (2.14)

NO3 + 1.08CHIOH + H+ - » 0.065CEHON + 0.47N2 + 0.76CO2
+ 2.44HD (2.15)
(2.15) ' 1 . 247 [ .
] C,HIq N
C,0HD 3N + 10NO3 - » 5N2+ NH3+ D + 10HCO3 (2.16)
1 44

2. (Endogenous Nitrate Denitrification)



(HON + 4N03 - » C02+ NH3 + 2H2 + 4HCO3 2.17)

1 A 2.02 a

244

1)

2.14 20 °C

0. I g !_ —
Y 0¢ Eraction
Kay at 20-C Oonor Systam l
—_—— - - Sodium Citrata Susoandad Grawtft
L I R A Endoganoua  Susoandad Growtn l
Malftanot Susoandad Growtft '
Matftanol Susoandad Growtft 1’
Matftanol Susoandad Growtn |
* Matftanol Susoandad Growtn / 4
= Maiftanot Susoandad Growtn f
---------- — x Matftanol Anacnad Growtft | ola o 5
Qaaa3- - Matftanol Attacftad Growtft /

Tarroaratura. *c

2.14 (Hao Chen, 1994)



2) (DO)

(Anoxic)

0.2

02 /.

2.0

10

3) (pH) (Alkalinity)

Parker (1995)

4)

44 2.47

5)

6)

Attached Growth

4.

35

50

4.4



25

(Bifi)

Fixed FiIm reactor Attached Growth

(Trickling Filter) (RBC)

(Media)

,2.15

(Rittmann, 1982)

diffusion

© e I
advection mixing A
attachment \ diffusion (O J
* "
A HErE--—-- Vv Vv j
_ advection advection due to
ZN*y with water low ~ growih and decay
-\WAT in the biofilm depth
effective
diffusiom A

gvection

36

Biofilm reactor,

(Fixed Film Process)

(Biofilm)

gas phase
bulk fluid

liquid
Iz boundary

biofilm

with water flow

2.15

*m

(Wanner

substratum

Reichert, 1995)
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(Mass Transfer)

(Liquid Bulk)

Media

2.16

2.16

Biological

Mass

37

Humus Sludge

Activated Sludge

Liquid
Waste

T Air

Organics

-> CO,

End

Products

(Metcalf Eddy, 1991)



Pearson (1965)

108

1

2.

3.

252

Chipperfield (1967)

Characklis (1981)
1

30

38

104 -



2.6

2.17

N139UAIARIUN (MI9UN, NAUD)

Y

\ 4

& o ¥
NFAALENUTENN WAZIUIATDIRRTU

A

y

3 < ° C’:
NIIANUTENIAINATAIARATUN

Y

\ 4

fAanssunisanelaginig

AW
21NN UNLNL AN

A

Y

&
nIUTINNTUID

vy '
Al R R4 g

2.17

70 %

2.7

( , 2544)
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2.6 /

( , 2544)
/
(./) Bl 1505 5 10
(/.- B 6% il B3
2500 ..
1500 .. 2,500
1000 .. 1,500
50 .. 1,000
00 .. 500
2.7
271
Hulshoff (1983)
2-5 /
Sam - soon (1990)
plug flow
Moosbmgger (1993)
10.5
15 . b 20,000 - 30,000 ./ . 6-12
9 . - 33 : 1

20:1 7:1 94 %
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(2529)
13,784 - 43,734 5
95 % 267 . | . .-
170 ./
(2538)
2
192 2.05 - 2.30
9,000 - 12,000 ./ . 24
- 9 A
80 - 90% 314-343 ./
) 12 /. -
83 - 90% 290 - 350 ./
(2539)
1./
- 170 11.2%
18
- 439  36.0%
12 . 24 36 588  70.7 %
2.7.2 '

Van der Last
1 Bennekom

120

5-7
45 %

29 %

Lettinga (1992)

350 /. 250 ./
13
2
84 % 27 %
69 %
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Rinzema (1993)
long chain fatty acid 30
/ - 85-95 %
Kato (1994)
600 200
J o 2 2
1] 28 /.
90 % OLR 81
/ .- 2 ' 600 /. 100 - 200 Ao
80 % OLR 12 . / .- 0.5
2
(2545)
160 ./ . 2 6 05 ./
50 %
3.5, 6.5, 10.0 12.0 ./
05 ./
2.7.3
Huag McCartty (1972)
submerged filter
Lida Teranishi (1984)

(Single submerged filter)
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2 2 24

40.5 - 65.0 %
19.2 %
Ryhiner (1994)
BIOPUR
3 / -
- 0.25 - 05 NH& | . .-
1 .NH4 /
- 30 - 50 % 6 - 20
/
Canler Peret (1994)
12 ;
80 %
045 . /.- C:N 10
(2540)
(AMBF) (FBR)
4 1.02, 170, 2.39 2.08 : A |
) 4 0.09, 0.15, 0.22 0.28
95.1, 958, 96.0 955 %

82.1,82.3,80.3 64.9%



6.67

80,48

20.80

20,000

(2543)
300 /. 5-10
3-10 . T
(2545)
13.33 . I )-
3 0.5, 1.0 2.0 S
6.67 . /- 19, 18 9
10, 7 3 / 3.95, 2.42 1.29 /
13,33 \\u /.-
51 /. 40,20 29 /. 13.42, 21.90
A
Li Guowei (1993)
2
A 35,000 /.
Hamoda Al-Attar (1995) 1
10 /. 30 /.
3-20 30

93-95%
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Intrasungkha (1997)

0.03-0.29% (300 -2,000 ./ )

0.5 % (5,000 ./ .)

(2544)
UASB - AS
5,420 - 7,542
1 538-75 .NaCll . 285-873 ./ .
- 15-264 . | . .- 12
58 - 78 %
- 275-432 . | . .- 8
58 - 66 %
- 24-40 . | . - 12
71-77 %
- 203-585 . [ . .- 8
57-71 %
(2546)
2
60 - 95 . [ . .- 1
3
- (P50) 77.2 %
- (P50) 84.2 %
86-151 . [ . .-

200 % (P50) 80.0 %
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