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Anaerobic Digestion
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Figure 1.1 Suspended growth anaerobic digesters are commaonly used at municipal wastewater
treatmeant plants for the degradation of primary and secondary sludges. These digesters produce
several layers as a resull of sludge degradation. These layers are from fog to bofforn, Blogas, scum,
supemalant, active biomass or siudge, and sfabilized salids.
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Process Microbiology

The consortia of microorganisms involved in the overall
conversion of organic matter to methane

» Bacteria hydrolyze complex organic matter to simple
carbohydrates, aminoacids, fatty acids.

» Simple carbohydrates and acids utilized by fermenting
bacteria for energy and growth, producing organic acids and
H,.

» Organic acids are partially oxidized by other fermentative
bacteria, which produce additional hydrogen and acetic acid

» Hydrogen and acetic acid are used by archael methanoges,
which convert them into methane
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Microbiology of Anaerobic Digestion
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Process Microbiology

= Microorganisms are divided into three groups

according to their response to molecular oxygen
1) Strict aerobes
2) Facultative anaerobes

3) Anaerobes (methanogens)
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Response to free molecular O,

TABLE 2.1 Groups of Bacteria According to Their Response to Free Molecular Oxygen

Graup Example Significance

Strict asrobes  Haliscomenobacter hydrossis  Degrades soluble organic compounds; contributes
to filamentous sludge bulking
Nitrabacter sp. Oxidizes NO: to NO;
Nifrosomonas sp. Oxidizas MNH; to NO:
Sphaerotilis natans Degrades soluble organic compounds; contributes
o filamentous sludge bulking
Loogloea ramigerd Degrades soluble organic compounds, cantributes
to floc formation
Facultative Eschenchia coll Degrades soluble organic compounds; conftributes
anaerobas ta floc formation; contributes to denitrification or
clumping
Bacillus sp. Degrades soluble organic compounds,; cantributes
o denitrification or clumping
Anaerobes Desulfovibno sp. Reduces S0§ to H,S
Methanobactenum formicium  Produces CH,

Ref: Gerardi M. H. The Microbiology of

A |_\_’|al’ma ra Anaerobic Digesters. Wiley Interscience.
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Process Microbiology

TABLE 2.2 Grl:lu|::|5 of Anaerobic Bacteria

Group Example significance

Qxygen tolerant Desulfovibrio sp, Reduces S0 0 H.S
Desulfomarcilum sp Reduces 50§ to H,5

Oxygen intolerant Methanobactarnum formicium Praoduces CH,
Methanobaclenum propioniciuam Produces CH,

Ref: Gerardi M. H. The Microbiology of

A |_\_’|a|’ma ra Anaerobic Digesters. Wiley Interscience.
7 Universitesi 2003 7




Electron transport

Operational Condition

Transport Molecule Biological Process

Aerobic
Anoxic
Anaerobic
Anaerobic
Anaerobic

0, Aerobic degradation of substrate

NO;, NO, Anoxic degradation of substrate

SO~ Sulfate reduction and degradation of substrate
CO; Methanogenesis

Organic molecule Fermentation and degradation of substrate

*Electron transport molecules (e” acceptors) used in degradation of soluble
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Electron transport

Depending upon the

soluble cBOD
molecule used
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Oxidation-Reduction Potential vs Cellular activity

Approximate Final Electron Condition Respiration
ORP, mV Acceptor (carrier)

>+50 Os Oxic Aerobic

+50 to -50 NO3 or NO3 Anaerobic Anoxic

<50 SO7 Anaerobic Fermentation, sulfate reduction

<100 Organic Compound Anaerobic Fermentation, mixed acid
production

<300 CO, Anaerobic Fermentation, methane
production

Ref: Gerardi M. H. The Microbiology of

. |_\_’|al’ma ra Anaerobic Digesters. Wiley Interscience.
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Energy yield and sludge production

Ref: Gerardi M. H. The Microbiology of
Anaerobic Digesters. Wiley Interscience.
2003

Final Electron Form of Energy kg VSS Produced per kg
Carrier Molecule Hespiration Yield Hank COD Degraded

Os Aerobic or oxic ~0.4-0.6

MNOs Anaerobic or anoxic ~0.4

SO3F Anaerobic: 0.04—0.1
sulfate reduction

Organic molecule Anaerobic: 0.04-0.1
mixed acids and
alcohaol

CO, Anaerobic: 0.02-0.04
methane production

Bacterial Group Yield (kg VSS/kg COD)

Volatile acid-forming bacteria 0.15
Methane producing archaea 0.03
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Three steps of Anaerobic Digestion

Complex Substrates

Ref: Gerardi M. H. The Microbiology of
‘ Anaerobic Digesters. Wiley Interscience.
2003

Hydrolysis,
performed by hydrolytic bacteria
(facultative anaerobes and anaerobes)

'

Simple Substrates

Acid production, including
Brelogenesis
(faculiative anaerobes and anaerobes )

'

Acetate, Formate, CO2, CO, Ha,
Methanol,
Methyl Amine. Propionate. Butyrate

Methane production {methanogenesis)

'

| A CHg + COn
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Three steps of Anaerobic Digestion

Hydrolysis

Complex carbohydrates = Simple sugars
Complex lipids --— = Fatty acids
Complex proteins -——— > Amino acids

Acid Production

Ref: Gerardi M. H.
The Microbiology of
Anaerobic Digesters.

Wiley Interscience.
2003

Simple sugars + fatty acids + amino acids = organic acids, including acetate + alcohols

Acetogenesis (acetate production)
Organic acids + alcohols

Methane production: acetoclastic methanogenesis

Acetate

CHa + CO2

Methane production: hydogenotrophic methanogenesis

H2 + CO2

Methane production: methyltrophic methanogencsis

.| Methanol
=
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Extracellular (exo)enzymes

Ref: Gerardi M. H. The Microbiology of
Anaerobic Digesters. Wiley Interscience.
2003

Substrate to be Exoenzyme Example Bacterium Product
Degraded Needed

Polysaccharides Saccharolytic Cellulase Cellulomonas Simple sugar
Proteins Proteolytic Protease Bacillus Amino acids
Lipids Lipolytic Lipase Mycobactenum Fatty acids
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Enzymes used in AD

Ref: Gerardi M. H. The Microbiology of
Anaerobic Digesters. Wiley Interscience.
2003

*Stage of AD Enzymes

Hydrolysis: Exoenzymes
Solubilization of particulate and colloidal wastes
Acid forming: Endoenzymes
Conversion of soluble organic acids and alcohols to
acetate, carbon dioxide, and hydrogen
Methanogenesis: Endoenzymes
Production of methane and carbon dioxide
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Enzymes

Ref: Gerardi M. H. The Microbiology of
Anaerobic Digesters. Wiley Interscience.
2003
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Step 1 - Hydrolysis

HYDROLYSIS...

the splitting of a polymer

by adding water to a
Hydrolysis adds a water Sovalerit Bomst:

molecule, breaking a bond

catalyzed by a
v hydrolyase enzyme.

HO S S oas— H

(b) Hydrolysis of a polymer

Ref: http://bealbio.wikispaces.com/Period+3+ch+5+Q
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Hydrolysis

(b) Hydrolysis

H —{ Monomer H Monomer H Monomer

H,O

Monomer Monomer H Monomer

H,0

Monomer Monomer Monomer

Ref:http://student.biology.arizona.edu/honors20
03/group15/BackgroundTrans.htm
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Hydrolysis

eExtracellular
D cnzymes

O A - ODA *Soluble substrates

*[nsoluble
substrates

__» *Cell wall

e[ntracellular
enzymes

N

*Cell membrane
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Hydrolysis of cellulose

Cellulose

CH OH CH OH CH OH CH OH

cellulase

CH20H

H O. OH
H
H OH

Glucose
Ref:http:/ /www.biotek.com/resources/articles/e
nzymatic-digestion-of-polysaccharides-2.html
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Hydrolysis of
Cellulose

Cellulase

Cellulase

Ref: Gerardi M. H. The Microbiology of
Anaerobic Digesters. Wiley Interscience.
2003

-

Figure 7.3 Cellulose is an insoluble starch or particulate organic waste. Cellulose must be hydrolyzed
before it can be degraded. Exoenzymes releases by specific hydrolytic bacteria such as Cellulomonas
add water to the chemical bonds between the glucose units that make up cellulose. Once the chem-
ical bonds are hydrolyzed, glucose goes into solution and is absorbed by numerous bacteria and
degraded inside the bacterial cells.
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Hydrolysis of Proteins

s Peptide
R A
" - Iv l\ : 4 "
N PN /I\\. P HO— ,/('{l ,/OH+ /I\\ 2
x; C ?1 II\ C| H (ITII
H O R H O R,

Ref:http://chempaths.chemeddl.org/services/ch
empaths/?q=book/General%20Chemistry%20T
extbook/Chemical%20Kinetics/1789/enzymes
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Amino acid

Aamino acid

Exoenzymes
(profease )
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Hydrolysis of proteins

Amino acid

Amino acid

Ref: Gerardi M. H. The Microbiology of
Anaerobic Digesters. Wiley Interscience.

2003

Yeptide bonds

Amino acid

Amine acid

Amino acid

Amine acid




Step 2 — Acid Forming Phase (Fermentation)

Fermentative
Pathway

Products

Representative
Bacterial Genus

Acetone—butanol
Butanediol

Butyrate
Lactate
Mixed acid
Propionate

Acetone, butanol, ethanol,

Acetate,2,3-butanediol, butylene, ethanol, gylcol,
lactate, CO,, H;

Acetate, butyrate, CO;, H.

Lactate

Acetate, ethanol, lactate, CO,, H,

Propionate

Clostridium
Enterobacter

Clostridium
Lactobacillus
Escherichia
Propionibacterium
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Fermentative bacteria

Aeromonas Lactobacillus
Bacteroides Pasteurella
Bifidobacteria Propionobacterium
Citrobacter Proteus
Clostridium Providencia
Enterobacter Salmonella

Erwinia Serratia
Escherichia Shigella

Klebsiella
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Step 2 — Acid Forming Phase (Fermentation)

TABLE 7.1 Major Acids and Alcohols Produced
Through Fermentation Processes in Anaerobic

Digesters
MName Formula

Acotate CH.COOH

Butanal CH:{CH.).CH.OH
Butyrate CH3(CH 1 CHCOOH
Caproic acid CHy(CH.),COOH
Farmatea HCOOH

Ethanaol CH;CH.OH

Lactate CH,CHOHCOOH
Meathanol CH.0OH

Propanol CH;CH,;CH,OH
Propionate CH,CH.COOH
Succinate HOOCCHCH.CO0H

Ref: Gerardi M. H. The Microbiology of

A Marmara Anaerobic Digesters. Wiley Interscience.
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Step 3 — Methane Forming Phase (Methanogenesis)

s  Methane is mostly formed from acetate, H,, and CO,

Substrate Chemical Formula

Acetate CH,COOH
Carbon dioxide CO,
Carbon monoxide CO
Formate HCOOH
Hydrogen H,
Methanol CH;OH
Methylamine CH:NH;

acetoclastic methanogens

Acetate > CH, + CO;,

hydrogenotrophic methanogens

H_"+(()_" >(H_1 +2Hj()

methyltrophic methanogens
Methanol T Ry ey LR

~—— 2CH, +2H-,0
A MArm:z
| Ref: Gerardi M. H. The Microbiology of Anaerobic Digesters. Wiley Interscience. 2003




Habitats of methanogens

o
Termite hindgut

M. arboriphilus
M. bryantii

o ln
Sewage sludge digester
M. thermoautotrophicum
M. formicicum
Methanosaeta
Rice Paddles
f;

Landfills,

Marshes, Sediments
M. bryanhi
M. barken
M. voliae

Tundras - Taigi
unknown
methanoarchaea

A Marmara
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Hydrothermal vent
M. kandleri - 110° C
M. jannaschii - 85° C

M. fervidus -90° C

Q\/VV 100 liters
7‘ (

Wet wood of trees
M. arboriphilus

6)

Human large

intestine
M. stadtmaniae
M. srmuthii

Black Sea
Cariaco Trench

Anaerobic oceans
M. cariaci
M. marisnigri

Protozoa
Rumen M. formicicum

M. ruminantium M. endosymbiosus
M. mobile

30 iters

Cecum
Methanobrevibacter sp.




Acetoclastic Methanogens

A Marmara .
) Universitesi  *Methanosaeta conciliz



http://www.wadsworth.org/resnres/bios/macario/slide-08_M_concilii_I_10_05.jpg

Methanogens

P&

A -*",
Methanosaeta
Substrate:
Acetate

«

Mixed culture
Substrate: Sucrose
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Competition: SRB vs Methanogens

Acetate

H>
04

eSulfate reducing *Methanogenic archaea
bacteria
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Competition: SRB vs Methanogens

*Model of kinetic and thermodynamic competition among sulfate
reducing bacteria and methanogenic archaea

r'y
L

Thermodynamic
UUlTI]JE’[itiUH Sulfate reducing bactera

—7 L A a
/ ; — Methanogens

[ / '|
| | Kinetic

1 _|'I : o
\ ~ WEY; competition

T =

e —
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Minimum doubling times of major microbial groups in

Sugar-fermenting, acid forming bacteria

Methanogens growing on hydrogen

Acetogenic bacteria fermenting butyrate

Acetogenic bacteria fermenting propionate

Methanogens growing on acetate
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Sludge Granulation

Millimeter

paper
indicating the

size of the , (Gas vents in

granules. | the granules,

where biogas

1s released

Anaerobic sludge granules from a UASB reactor treating
effluent from a recycle paper mill (Roermond, The

Netherlands).
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Arhael Biofilm

Ref: 1. Sossa, K.; Alarcon, M.; Aspé, E.; Urrutia, H.
(2004) Etffect of ammonia on the methanogenic
activity of methylaminotrophic methane producing

Archaea enriched biofilm. Anaerobe, 10 (1): 13-18.
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Archael Biofilm

Ref:
http://commtechlab.msu.edu/sites/dlcme/
z00/microbes/media/biofilm.jpg




Spaghetti theory of granulation

I) Disperse methanogens (filamentous
Methanosaeta)

IT) Floc formation via entanglement

IIT) Pellet formation (spaghetti balls) and

IV) Mature granules, with attachment of other

S Marmara C ,
%ls) niversitesi anaerobic microorganisms onto the pellet.



