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Bio - Hydrogen Production
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� Direct biophotolysis

� Photofermentation
Bio hydrogen

� Dark fermentation

� Microbial electrolysis cell
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Dark fermentation

� Anoxic conditions 
O2

� Organic substrates

Carbohydrate or (organic substrate)
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Dark fermentation

Carbohydrate (glucose) or (organic substrate)
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Liu et al.2006

Clostridium tyrobutyricum 
fermentation
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Mathews and Wang 2009

Dark fermentation
Faculative anaerobic bacteria
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Dark fermentation

Fermentation have ben optimised by evolution to pro duce cell 
biomass and not hydrogen. 
Fermentation have ben optimised by evolution to pro duce cell 
biomass and not hydrogen. 

Fermentation parameters max

temperature 37-55°C

pH 4.0-7.0 optimal 5.5 

Butyric acid 19 -30 mM (maximal stress)

Fe2+ 20-1800 mg/L

Nitrogen 0.5-10 g N/L

Cu > Ni–Zn > Cr > Cd > Pb Toxic order
Wang et Wan 2008
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Dark fermentation

C6H12O6 + 2H2O → 2C2H4O2 + 2CO2 + 4H2

glucose acetic acid

C6H12O6 → C4H8O2 + 2CO2 + 2H2

butyric acidglucose Hydrogen clostridial producers

Clostridium acetobutylicum

Clostridium beijerinckii

Clostridium butyricum

Clostridium tyrobutyricum

Clostridium saccharoperbutylacetonicum

Clostridium thermolacticum

Clostridium cellulolyticum
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Hydrogen production

Angenent et al 2004

Maximal theoretical yield hydrogen production :
�4 moles of  H2/mole of hexose (i.e. glucose)
�H2 Partial pressure < 60 Pa
�Production of: NADH, reduced ferredoxin

Thermodinamics of hydrogenase reaction

� 2 moles of  H2/mole of hexose (i.e. 
glucose)

� H2 Partial pressure > 60 Pa
� Production of: NADH, reduced 

ferredoxin

NADH ferredoxin reductase
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� Pure culture
� Mixed culture
� Natural culture

Dark fermentation

Wang et Wan 2009

�Pure culture



Fabrizio Cappa - Istituto di Microbiologia

Dark fermentation

� Mixed culture:
Advantages

� Compost, anaerobic sludge, municipal sewage sludge
� Thermal treatment to select clostridial community
� Wide range of substrate utilisation

Disadvantages
� The hydrogen produced by the bacteria can be consumed by other bacteria 

(hydrogenotrophic methanogenesis,  4H2+CO2 = CH4+2H2O)

� Mixed culture:
Advantages

� Compost, anaerobic sludge, municipal sewage sludge
� Thermal treatment to select clostridial community
� Wide range of substrate utilisation

Disadvantages
� The hydrogen produced by the bacteria can be consumed by other bacteria 

(hydrogenotrophic methanogenesis,  4H2+CO2 = CH4+2H2O)

Pretreatment methods to enrich the community of H2 producing bacteria

Heat-shock

Acid Base Heat-shock

Acid Base Heat-shock Aeration

Acid Base Heat-shock chloroform

Acid Base Heat-shock 2 bromoethanesulfonate



Dark Fermentation

Operating conditions
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temperature,
pH and H2 partial pressure regulate 
metabolic pathways of
hydrogen producing microorganisms

In addition,
substrate types and their pre-treatment 
methods, bioreactor configurations,
inoculum sources and enrichments also 
influence the
biohydrogen production.

� pH
� biohydrogen partial pressure
� Temperature
� inhibitors
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Bio -hydrogen and
Food waste – by products

� the waste generated from direct agricultural
� production, i.e. crop residues
� livestock waste, i.e. animal manure 
� food waste.

� Deproteinised whey

Parameter Value

Fat 0.59 g L−1

Protein 3.44 g L−1

Lactose 113 g L−1

COD 157 g L−1

Phosphate 820 mg P L−1

Total phosphorous 1040 mg P L−1

Ammonia 27.0 mg N L−1

Total nitrogen 759 mg N L−1



Selection of clostridial strains based on gas production. 
Experiments were performed by culturing the bacteria in 
shyntetic medium, whey, deproteinised whey
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2CoA
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Clostridium acetobutylicum Mu56 mutant strain

Carbohydrate (glucose) or 

(organic substrate)

Acetyl-CoA

Acetone

Acetate

Butyryl-CoAButyrate

2 pyruvate

2FdH

2Fd+ 2NADH+H+

2NAD+2CO2

2H2Lactate

Ethanol

Acetoacetyl-CoA

Butanol

C. acetobutylicum DSM792 type strain:
�Contains pSOl1 megaplasmid
�Encodes genes for solventogenesis
�High energetic metabolic products: 
acetone, butanol, ethanol  

C. acetobutylicum Mu56:
�Degenerate strain
�Loss pSol1 megaplasmid
�No production of acetone and 
butanol
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Clostridium acetobutylicum Mu56 mutant strain

C. acetobutylicum Mu56:
�Loss of pSol1 was checked by aldehyde/alcohol dehydrogenase gene 
detection using PCR technique
�Southern blot  was used to confirm the loss of pSOL1 megaplasmid
�Complete genome analysis was carried out of Mu56 strain
�production of acetone and butanol was detected 
�Hydrogen production and VFA were evaluated in C. acetobutylicum 
type strain 792 and mutant Mu56.

C. acetobutylicum DSM792
C. acetobutylicum DSM792 C. acetobutylicum Mu56
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Concentration (mmol/L)of VFA and alcohols after 48 h incubation

Acetic Propionic Isobutyric Butyric Isovalerianic Valerianic Ethanol Caproic Butanol Total 

Mu56 73,4 0,00 0,00 39,04 0,00 0,00 0,43 0,00 0,00 112,87

DSM 792 69,38 0,00 0,00 34,58 0,00 0,00 0,80 0,00 2,18 106,93

mol H2/mol lactose

Time (h) C. acetobutylicum 792 C. acetobutylicum

Mu56

17,25 3,82 ± 0,09 4,42 ± 0,01

Hydrogen production in deproteinised whey
BHP analysis
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A B

C D

A: Mu56 growth in RCM
B: Mu56 growth in whey

Scanning Electronic Analysis of C. acetobutylicum
DSM792 and Mu56 

C: DSM792 growth in RCM
D: DSM792 growth in whey
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Clostridium butyricum B0124

Hydrogen production in deproteinised whey
BHP analysis

Mixed inoculum:
C. acetobutylicum DSM792
C. butyricum DSMZ10702
C. tyrobutyricum  UC7086

C. acetobutylicum DSM792 (red)
C. acetobutylicum Mu56 (blue)
C. butyricum DSMZ10702(green)

B0124



TConclusions
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� The Dark Fermentation is more than a promising technique for the
production of bio-hydrogen that may already have the application 
outcomes

� The dark fermentation is a relevant process to valorize by products food 
or food waste

� The Clostridia are efficient producers of bio-hydrogen but research must 
be continued

� The Mixed culture of bacteria is a promising technique to increase the 
final hydrogen yield

� The natural culture for dark fermentation are a world to explore
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