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Anaerobic digestion

 AD of organic waste to CH4 is a mature process used 

within full-scale facilities worldwide.

 However CH4 is a low-value product, thus to make ADs 

more attractive, additional revenues besides CH4 are 

needed to improve the feasibility of the technology. 

 For this purpose, valuable organic compounds such as 

VFAs and alcohols could be produced via fermentation 

by supressing the final CH4 formation phase.
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Waste streams suitable for AD

 Organic fraction of municipal waste 

 Sludges (primary and secondary sludge)

 Animal manures and slurries

 Agricultural residues

 Yard waste and forestry residues

 Fruit and vegetable processing wastes

 Slaughterhouse and poultry wastes

 Energy crops

 Algae biomass

 Waste paper
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1. Hydrolysis

2. Acidogenesis

(fermentation)

3. Acetogenesis

4. Methanogenesis

Complex Organics
(Carbohydrates, proteins, lipids)

30%

19%11%

CH4 + CO2

30%

Acetate H2 + CO2

Intermediates
(propionate, butyrate, 

etc.)

51%19%

70%

Mono and Oligomers
(sugars, aminoacids, long-

chained fatty acids)

Anaerobic digestion
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1. Hydrolysis

2. Acidogenesis

(fermentation)

3. Acetogenesis

Complex Organics
(Carbohydrates, proteins, lipids)

50-70%

Acetate H2 + CO2

Intermediates
(Propionate, Butyrate

Lactate, Alcohols)

10-30%20-30%

A B

Homoacetogens*

Mono and Oligomers
(sugars, aminoacids, long-

chained fatty acids)

Synthrophic acetogenesis is inhibited because of high H2 partial pressure

*Calli B et al. (2008) Water Sci Technol 57(6):809-14

Anaerobic fermentation
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Hydrolysis

 Hydrolysis is solubilization of insoluble particles and 

decomposition of organic polymers to monomers or 

dimers, which can pass through cell membrane. 

 It is usually carried out by extracellular enzymes but 

could also take place due to physical/chemical reactions

 It depends on different parameters such as; (i) Particle 

size (ii) pH (iii) production of enzymes and (iv) diffusion 

and adsorption of enzymes to particles
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Hydrolysis

Substrate Hydrolysis rate, d-1

Carbohydrates 0.025-0.2*

Cellulose 0.04-0.13**

Proteins 0.015-0.075*

Lipids 0.005-0.01*

Primary sludge 0.4-1.2**

Secondary sludge 0.17-0.6**

* Christ O et al. (2000) Water Sci Technol 41(3):61-68

** Gavala HN et al. (2003) Adv Biochem Eng Biot 81:57-93
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Acidogenesis (fermentation)

 Dissolved organic matter is biodegraded mainly to VFAs 

by a heterogeneous microbial population.

 It is mainly the obligatory and facultative anaerobic 

bacteria that carry out the fermentation.

 Most important factors that influence the acidogenesis; 

(i) interspecies hydrogen transfer (ii) pH (iii) hydraulic 

retention time (iv) previous acclimation of the anaerobic 

culture
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Effect of H2 on fermentation

PH2
> 60 Pa

Angenent LT et al. (2004) Trends Biotechnol 22(9) 477-485

PH2
< 60 Pa (<0,06% H2)
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Acetogenesis

 Homoacetogenesis is production of acetate as a sole 

end product from CO2 and H2.

 Thermodynamically, it is less favorable than methano-

genesis and sulfate reduction.

 Synthrophic Acetogenesis is anaerobic oxidation of 

propionate and butyrate to acetate and H2.

 Propionate and butyrate oxiditation are inhibited by even 

low H2 partial pressures, therefore can occur only if H2 is 

consuming by methanogens, SRB and homoacetogens.
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Acetogenesis

Syntrophic Acetogenesis

 Propionate– + 3 H2O  Acetate– + HCO3
– + H+ + 3 H2

∆G0* = +76.1 kJ/mol substrate

 Butyrate– + 2 H2O  2 Acetate– + H+ + 2 H2

∆G0* = +48.3 kJ/mol

Homoacetogenesis

 4 H2 + 2 HCO3
– + H+

 Acetate– + 4 H2O

∆G0* = -104.6 kJ/mol

Consumed by 

H2 utilizing 

methanogens 

and/or 

homoacetogens 

Thauer RK et al. (1977) Bacteriol Rev 41:100-180
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Syntrophic Acetogenesis

Interspecies H2 transfer

The lower the H2 concentration the better are the thermodynamics 

of the VFA degradation

VFA oxidizing 

bacteria

H2 utilizing 

methanogen, SRB 

or homoacetogens

H2

CH4, H2S or 

acetate

propionate, 

butyrate, etc.
Distance is critical

d
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Anaerobic fermentation

 It takes place at undissociated (free) VFA concentrations 

between inhibitory levels for acidogenesis and 

methanogenesis in order to maintain the activity of 

fermentative bacteria and suppress the methanogens.

 If VFAs concentration becomes to high, acidogenesis 

may also be inhibited and/or pathways are affected.

 However, it is unclear whether the pH dropped or VFAs

themselves do affect the metabolic pathways. 
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Anaerobic fermentation

Parameters influencing fermentation yield and products

1. Composition of feed (co-digestion)

2. Fermentation pH

3. Temperature

4. Hydraulic retention time (HRT) 

5. Organic loading rate (OLR)

6. Reactor (mixing) type
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1. Feed compostion

o Organic wastes are composed of;

• Carbohydrates

• Lipids

• Proteins

• (Ligno)cellulose

o Their anaerobic biodegradability depends on relative 

amount of each component. 

o Almost all carbohydrates can be fermented easily while 

proteins, lipids & cellulose require longer hydrolysis times.
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Fermentation of carbohydrates

o Carbohydrates are synthesized in green leaves of plants 

by conversion of CO2 into glucose during photosynthesis.

o They are macromolecules or polymers that contain 

numerous monomers of sugars (monosachharides).

o Insoluble or complex soluble forms must be hydrolyzed 

into smaller, soluble sugars before being fermented. 

o Many studies on anaerobic fermentation of carbohydrates 

have been performed while much attention was paid to 

the hydrolysis/fermentation of cellulose.
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Fermentation of carbohydrates 

Ren N et al. (1997) Bioresource Technol 54(5):428-33

Hydrolysis

LactateAcetate

Ethanol

Butyrate PropionateH2

CO2

Glucose
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Fermentation of lipids

o Animal and vegetable fats or oils are the most abundant 

lipids in wastes causing clogging problems in ADs.

o They also result in mass transfer problems since they 

become adsorbed onto the surface of microorganisms.

o Besides, flotation of biomass due to adhesion of fat 

causes loss of active biomass because of washout.

o Nevertheless, lipids are attractive substrates for co-

digestion due to the higher fermentation yields obtained 

when compared to proteins or carbohydrates.



19/39

Fermentation of lipids

o Lipids are first hydrolysed to glycerol 

& free LCFAs by extracellular lipases 

that are excreted by acidogens

o Glycerol is fermented to propionate by 

acidogenesis, while LCFAs are 

converted to acetate (or propionate) &

H2 through syntrophic acetogenesis.

o This conversion is thermodynamically 

favored only at very low H2 pressure.

Lipids

LCFA Glycerol

Propionate

Acetate

H2/CO2

Lipases

LCFA 

degrading 

acetogens
H2/CO2

Gavala HN et al. (2003) Adv Biochem Eng Biot 81:57-93
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LCFAs (Long Chain Fatty Acids)

o Inhibitory effect of lipids is commonly attributed to LCFAs, 

with neutral lipids being less inhibitory.

o However, lipid hydrolysis may be inhibited by product 

accumulation due to the particularity of lipases, which 

generally require an interface to be activated.

o LCFAs remain at lipid–water interface and consequently 

affect the activity of lipases and/or damage the transport 

channels of bacterial cells.
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Fermentation of proteins

o Proteins are the principal nitrogenous wastes in municipal 

solid waste, animal manure and sewage sludges.

o These molecules have relatively large surface area and 

do not dissolve in water or settle out.

o Proteins are made of amino acids that are either straight-

chain or ring-shaped in structure.

o Regardless of their structure, all amino acids contain an 

amino group (-NH2) and a carboxyl group (-COOH). 
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Ammonia

Fermentation of proteins

o Proteins are hydrolzed by a variety of 

extracellular proteases to amino acids

o Hydrolysis rate depends on the 

solubility of protein and pH.

o In the fermentation of amino acids, 

pyruvate is the important intermediate 

from which lactate, propionate, 

butyrate and acetate are formed.

o Acetate is the main end product.

Proteins

Propionate Butyrate

Acetate

H2/CO2

Amino acids

Proteases

Lactate

H2/CO2H2/CO2

Pyruvate

Valerate

Gavala HN et al. (2003) Adv Biochem Eng Biot 81:57-93
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Fermentation of lignocellulose

o Lignocellulose is cell wall component of plant cells which 

basically contain lignin, cellulose and hemi-cellulose.

o Its hydrolysis and fermentation is limited by factors such 

as particle size, moisture content, crystallinity of 

cellulose, available surface area and lignin content.

o Lignocellulose is present in fruit and vegetable waste, 

yard waste, agriculture and food processing industry 

residues, non-recycleable paper and animal wastes.
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Fermentation of lignocellulose

o Enzymatic degradation rate of lignocellulose is low due to 

the resistant crystalline structure of cellulose and physical 

barrier formed by lignin that surrounds the cellulose.

o A pretreatment may be needed to improve the hydrolysis 

yield by alterating lignin structure and providing improved 

accessibility of the cellulose for hydrolytic enzymes.

o Cellulose and hemi-cellulose can then be hydrolzed to 

their low-molecular-weight sugar components.
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Structure of lignocellulose

Lignocellulosic biomass typically contain 55-75% of 

carbohydrates that are polymers of C5 and C6 sugar units

Lignocellulose exist 

mostly in plant cell wall
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Hydrolysis of lignocellulose

XyloseXylose
ArabinoseArabinose

GalactoseGalactose

Lignin

Mannans

C6

Cellulose
Hemicellulose

Xylans

C5

Cellulases

Hemicellulases Glucose
GlucoseGlucose

Mannose Galactose

Xylose Arabinose



27/39

2. pH

o pH is the most important parameter to regulate anaerobic 

fermentation pathways. 

o Below pH 4-5, carbohydrate fermentation shifts from 

organic acid to alcohol production.

o Therefore, it is crucial to control pH within the optimum 

range to obtain the targeted fermentation products.

o Methanogens can be inhibited at weakly acidic conditions.
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3. Temperature

o As temperature rises, solids are hydrolyzed faster and 

therefore fermentation rate increases.

o However, higher rates of heat requirement makes the 

anaerobic fermentation process economically 

unreasonable especially if the products are not valorized. 

o On the other hand, psychrophilic temperatures (15-20°C) 

are not suitable for solubilization of long chain fatty acids

and slow down the lipids hydrolysis.
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4. Hydraulic Retention Time (HRT)

o HRT can be used to avoid the methanogenic consumption

of fermentation products.  

o Along with low pH values, 2-3 d HRT is sufficient to

prevent CH4 production from high-solid wastes.

o However, it has to be long enough to allow hydrolysis

(solubilization) of solids and a good acidification. 

o If the characteristics of waste require a long HRT, another 

parameter must be used to inhibit methanogenic activity.
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5. Organic Loading Rate (OLR)

o For easily degradable substrates, such as sugars, the 

acidogenic reactions are fast and high organic loadings 

may increase the reactor’s VFAs production rate.

o However, attention has to be paid to VFA concentrations

and decreasing pH not to inhibit the fermentation process.

o As OLR increases, organic acid production shifts from

acetate and butyrate to propionate and lactate.
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6. Reactor type

Most common reactor types used in anaerobic fermentation 

of organic wastes are; 

o Completely stirred reactors (CSTR)

o Leach-bed reactors (LBR)

o Plug flow reactors (PFR)
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Completely stirred reactor (CSTR)

Vegetable & fruit 

residues of

supermarkets

Completely stirred fermentor
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Leach-bed reactor (LBR)

Vegetable 

& flower 

wastes

Zhu M et al. (2009) Waste Manage 29:2042-50
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Plug flow reactor (PFR)

Sans C et al. (1995) Bioresource Technol 51:89-96
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 Mixed VFAs

 Lactic acid

 Ethanol, Butanol

 1,3-propanediol

 C-source for BNR

 C-source for bioremediation

 PHAs (Bio-plastics)

 Bio-electricity (MFC)

 Bio-H2 (MEC & photo fermentation)

 Polylactic acid (Bio-plastics)

 Biofuel

 Polymer production

Valorization of fermentation products
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