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Introduction 
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Biohydrogen (BIO-H2) has significant feasibility since biological 
processes are much less energy intensive compared with 
electrolysis and thermo-chemical processes. 

It is widely recognized that considerable amounts of hydrogen 
(H2) can be produced from renewable resources without using 
energy from fossil fuels. 

Biological processes and mainly bacterial fermentation are 
considered as the most environmentally friendly alternatives for 
satisfying future hydrogen demand. 

(Ginkel et al., 2005; Azbar and Levin, 2012; Urbaniec and Bakker, 2015) 

Glucose to BIO-H2: 
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Biohydrogen production from agricultural and agro-industrial 
solid waste and wastewater is considered as highly 
advantageous as materials of this kind are abundant, cheap and 
biodegradable. 

Bacterial fermentation of waste for H2 production is a family of 
bioprocesses that can be roughly divided into three groups:  

1. Dark fermentation 

2. Photofermentation (the availability of light is necessary)  

3. Two-stage bioprocesses combining dark fermentation with 
photofermentation 

(Claassen and de Vrije, 2006; Hallenbeck, 2009; Urbaniec and Bakker, 2015) 
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A schematic diagram for bio-
hydrogen production from 
cellulose/starch containing 
agricultural wastes and food 
industry wastewaters (Kapdan and Kargi, 2006) 
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(Hallenbeck et al., 2012) 
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Environmental Impact 
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The combustion of hydrogen with oxygen produces water 
as its only product: 

2H2 + O2 → 2H2O 

NOX 

CO 
CO2 

Hydrocarbons 

PM 
SO2 

N2 
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3 Videos 
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Hydrogen-Producing Bacteria 
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Hydrogen production can be achieved either through mixed 
acidogenic microbial cultures, derived from natural environments 
such as soil, wastewater sludge, and compost, or through pure 
cultures of selected hydrogen producing bacteria.  

Such bacteria can be mesophilic (25–40oC), thermophilic (40–65oC), 
extreme thermophilic (65–80oC), or even hyperthermophilic (80oC). 

The type of used culture can be mixed, pure or co-culture. 

A number of hydrogen-producing bacteria were reported, such as: 

Clostridia (e.g. Clostridium butyricum) and Enterobacteria 

(Fang et al., 2006) 
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Phylogenetic Tree of some 
Hydrogen-Producing Bacteria 

(Fang et al., 2006) 
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Scanning electron microscopy (SEM) photo of Clostridium butyricum EB6, growing in 
Palm oil mill effluent (POME) at pH 6.5 and 37 oC (Chong et al., 2009a) 
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SEM image of the hydrogen-producing bacteria at pH 4.5 
(Fang et al., 2006) 
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Zhang et al. (2007) 

Scanning electron microscopy of the attached bacteria 
in the GAC-AFBR (magnification: 5000×) 

GAC: granular activated carbon 
AFBR: anaerobic fluidized bed reactor 
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Kovács et al. (2006) 

Hydrogenases in Thiocapsa 
roseopersicina. Membrane-
associated HynSL and HupSL 
enzymes are in the same 
orientation in the 
photosynthetic membrane 
and in vivo are linked to H2  
uptake. Nitrogenase, the 
pentameric HoxYH 
hydrogenase and the 
putative H2 sensor HupUV 
are located in the cytoplasm. 
The core hydrogenase dimer 
is indicated by black color, 
other structural proteins are 
light. 
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Metabolic pathways possible for the carbohydrate fermentation 

Guo et al. (2008) 
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Hallenbeck et al. (2012) 

Dark fermentative 
biohydrogen production 
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(Chong et al., 2009b) 

Hydrogen production by various bacteria 
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Comparison of hydrogen yield in 
various types of sugar by different 
Clostridium species 

Pattra et al. (2008) 
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Bioenvironmental and 
Operational Conditions 
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The working temperature ranges from 30 to 70 oC. 

 

Another important factor is the pH, where the working pH ranges 
from 4.5 to 7.5 

 

The Hydraulic Retention Time (HRT) ranges from 24 h to 5 days 
(steady-state must be reached first, which takes 20 days approx.). 

Chong et al. (2009) 
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Cumulative Hydrogen Production 
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Cumulative hydrogen production 

Fang et al. (2006) 
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Pattra et al. (2008) 
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Pattra et al. (2008) 
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Feedstocks 
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The following substrates/biowastes are usually used as 
feedstocks for biohydrogen production: 

1. Municipal/Domestic wastewater (sewage) 

2. Activated sludge  

3. Food processing wastewaters 

4. Food waste 

5. Cheese whey 

6. Molasses 

7. Manure 

8. Corn stover 

9. Sugarcane bagasse 

10. Wheat straw 

11. Rice slurry  

12. Algal biomass 

13. Palm oil mill effluent 

14. Glycerol 

15. Further substrates …etc.  
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Urbaniec and Bakker (2015) 
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Selected large streams of by-products and waste from biomass 
processing industries 

Urbaniec and Bakker (2015) 
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A schematic diagram for biohydrogen production from cellulose 

Chong et al. (2009b) 
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Characteristics of the food waste (FW), primary sludge (PS) and waste activated sludge (WAS) 

Zhu et al. (2008) 
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Biohydrogen production by Clostridium butyricum EB6, using raw Palm Oil Mill Effluent (POME) as sole substrate 

Chong et al. (2009a) 
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Yield of 
biohydrogen 
production 
from food 
and starch-
based waste 

Chong et al. 
(2009b) 
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Fermentative hydrogen production from energy crops 

Ntaikou et al. (2010) 
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Ntaikou et al. (2010) 

Fermentative 
hydrogen 
production 
from 
lignocellulosic 
residues 
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Ntaikou et al. 
(2010) 

Fermentative hydrogen production from different types of waste and wastewaters 
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(Kapdan and Kargi, 2006) 
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(Kapdan and Kargi, 2006) 
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(Kapdan and Kargi, 2006) 
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(Kapdan and Kargi, 2006) 
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(Kapdan and Kargi, 2006) 
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(Kapdan and Kargi, 2006) 
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Bioreactors 
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The types of bioreactors used for biohydrogen production are: 

1. Batch Flow Reactor 

2. Continuous Flow Reactor 

3. Continuously Stirred Tank Reactor (CSTR) 

4. Upflow Anaerobic Sludge Blanket Reactor (UASB) 

5. Packed Bed Reactor (PBR) 

6. Anaerobic Sequencing Batch Reactor (ASBR) 

7. Fixed Bed Bioreactor with Activated Carbon (FBBAC) 

8. Anaerobic Fluidized Bed Reactor (AFBR) 

9. Carrier-Induced Granular Sludge Bed (CIGSB) 

10. Membrane Bioreactor (MBR) 

11. Rhomboidal Reactor 
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Schematic representation of a continuous stirred-tank reactor (CSTR) 

Ren et al. (2007) 
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Process schematic of continuous-flow acidogenic reactor with a three-phase separator 

Ren et al. (2006a) 
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Schematic diagram of a hydrogen bio-producing reactor (HBR) system 

Ren et al. (2006b) 
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Schematic of H2 fermentation systems. (a) Batch bioreactor set-up: (1) bioreactor, (2) gas 
collector, (3) magnetic stirrer, and (4) magnetic plate. (b) Continuous bioreactor system set-
up: (1) feed tank, (2) bioreactor, (3) effluent tank, (4) magnetic stir plate, (5) magnetic stirrer, 
(6) gas meter, and (7) pumps: (a) feed influent, (b) bioreactor effluent, and (c) recirculation. 

(Yang et al., 2007) 
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Schematic diagram of the TBR system used in the study: (A) 4oC cold chamber; (B) feed tank; (C) magnetic 
stirrers; (D) peristaltic pumps; (E) influent liquid stream; (F) liquid recirculation circuit; (G) pH control module; 
(H) 6 N NaOH solution bottle; (I) 4 N HCl solution bottle; (J) pH sensor; (K) pH control vial; (L) liquid trap; (M) 
gas sampling port; (N) wet gas meter; (O) biogas outlet; (P) water bath circulator; (Q) ‘Saran-Lock’ packing; (R) 
media sampling ports; (S) thermocouple probe; (T) thermometer; (U) drain valve; and, (V) liquid waste stream. 

(Oh et al., 2004) 

Continuous trickling 
biofilter reactor (TBR) 
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Guo et al. (2008) 

Schematic diagram of the expanded 
granular sludge bed (EGSB) reactor 
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Schematic diagram of the 
granular activated carbon 
anaerobic fluidized bed 
reactor system 

Zhang et al. (2007) 
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Chen et al. (2008) 

Schematic description of the two-stage process combining dark and photo fermentation 
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(Kapdan and Kargi, 2006) 

Some configurations for photo-
bioreactors used for biohydrogen 
production. (a) Photo-bioreactor with 
gas recirculation: (1) membrane gas 
pump, (2) gas bag for collection of 
produced gas, (3) two 1 L pressure 
vessels, (4) pressure valve, (5) mass 
flow controller, (6) condenser and (7) 
pH/redox electrode. (b) Flat panel 
airlift (FPA) photo-bioreactor. (c) 
Multi-tubular (Tredici) photo-
bioreactor and (d) a modular 
outdoor photo-bioreactor. 



Dr. sc. agr. M. Samer | Biohydrogen | 55 
Cairo University 

Zhang et al. (2007) 

GAC: granular activated carbon 
AFBR: anaerobic fluidized bed reactor 
CSTR: continuous stirred tank reactor 
CIGSB: carrier-induced granular sludge bed 
HPR: hydrogen production rate 
HRT: hydraulic retention time 
VSS: volatile suspended solid  
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Examples on Bioreactors 
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Anaerobic batch reactors applied on laboratory scale 

Maintinguer et al. (2015) 
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4 Videos 
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Calculations 
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Kinetic modeling 

The cumulative hydrogen production in the batch experiments 
followed the modified Gompertz equation (Fang et al., 2006; 
Chong et al., 2009a): 

Where, 
H: the cumulative hydrogen production (mL) 
λ: lag time (h) 
P: hydrogen production potential (mL) 
Rm: maximum hydrogen production rate (mL/h)  
e: 2.718281828 
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Hydrogen gas production can be calculated from bioreactor 
headspace measurements of gas composition and the total volume 
of biogas produced at each time interval using the followed 
equation (Chong et al., 2009a): 

VH,i and VH,i-1 are cumulative hydrogen gas volumes at the current (i) and previous 
(i-1) time intervals, VG,i and VG,i-1 the total biogas volumes in the current and 
previous time intervals, CH,i and CH,i-1 the fraction of hydrogen gas in the 
headspace of the bottle measured using gas chromatography in the current and 
previous intervals, and VH the total volume of headspace in the bioreactor. 
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(Fang et al., 2006) 

(Fang et al., 2006) 
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(Fang et al., 2006) 
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Chen et al. (2008) 



Dr. sc. agr. M. Samer | Biohydrogen | 65 
Cairo University 

Chen et al. (2008) 



Dr. sc. agr. M. Samer | Biohydrogen | 66 
Cairo University 

Chen et al. (2008) 
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Recent Advancements 
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Algae for Biohydrogen Production 



Dr. sc. agr. M. Samer | Biohydrogen | 69 
Cairo University 

Melis and Melnicki (2006); Eroglu and Melis (2011) 

Simplified schematics 
for integrated hydrogen 
production processes:  
 
(a) Dark fermentation 
followed by photo-
fermentation process.  
 
(b) Photosynthetic 
process (co-cultivated 
green algae and photo-
fermentative bacteria) 
followed by dark 
fermentation process. 
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Comparison of H2 production rates obtained from various 
photobiological processes 

 
See Table 1 

 
In 
 

Eroglu and Melis (2011) 
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Metabolic pathways in 
green algae related to 
biofuel and biohydrogen 
production 

Beer et al. (2009) 
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Beer et al. (2009) 

Photosynthetic and 
glycolytic pathways 
in green algae 
related to biofuel 
and biohydrogen 
production 
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Algae biomass or co-products conversion into biohydrogen through dark fermentation process 
integrated in a biorefinery  approach concept  Sambusiti et al. (2015) 
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Principles of dark fermentation: scheme of 
carbohydrate polymers degradation through dark 
fermentation process operated with mixed cultures (Monlau  et al., 2014; Sambusiti et al. 2015) 
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Hydrogen Production from Bioethanol 



Dr. sc. agr. M. Samer | Biohydrogen | 76 
Cairo University 

Hydrogen production from bioethanol using catalysts 

Fang et al. (2014, 2015) 
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Biohydrogen Production in a Biorefinery Process 
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Mass flow in a biorefinery process 

Kaparaju et al. (2009) 
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Cairo University 

Thank You! 


