Biohydrogen production and bioprocess enhancement:
review

Ackmez Mudhod*, T. Forster—Carneitband Antoni Sanchez

& Department of Chemical and Environmental EngimegriFaculty of Engineering,
University of Mauritius, Réduit, Mauritius

P Department Chemical Engineering, Food TechnologyEmvironmental
Technologies, Faculty of Sea Sciences and Envirotaeh8ciences, University of
Cadiz, Campus Rio San Pedro s/n, 11510-Puerto Rédiz, Spain

“Departament d'Enginyeria Quimica, Escola Técniqze8ar d'Enginyeria, Universitat
Autonoma de Barcelona, 08193-Bellaterra, BarcelSpajn

* Corresponding AuthorAckmez Mudhoo (ackmezchem@yahoo.cd.uk

Tel: (+230) 4037772; (+230) 7757994; Fax: (+2305 2844

Postal Address of Corresponding Authér Rajiv Gandhi Street, Maurel Road, Riviere
du Rempart, Mauritius.

Abstract

This manuscript provides a review of the actualestéand the most recent advances as
well as current trends and future prospects inogichl production of hydrogen
(Biohydrogen). Biohydrogen has attracted worldwidigention and enjoys much
promise as a green fuel, an important componentherenergy balance of a global
economy. Hydrogen from both fossil and renewablamaiss resources is a source
sustainable source of energy not limited and ofeddht applications. The most
commonly used technologies of biohydrogen produadicluding direct biophotolysis,
indirect biophotolysis, photo—fermentations, andkeéermentation, conventional or
“modern” techniques are examined in detail. It itfezs the key limitations (chemical
reactions and reactor design) to an increased Oroggn production and suggests
different substrates of renewable sources. Theneafliscusses the several physical
pretreatment, design reactor, biochemical and genetnipulations techniques that are
being developed to enhance the overall rates aidsyi
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1. Introduction

The world population and consequently energy dema®gm to grow following an
exponential rate (Antonopoulou et al., 2007). Thgpending shortage of energy
resources together with the environmental fall aiie to unreasonable use of fossil
fuels, leading many scientists to the search fotermhtive energy sources
(Antonopoulou et al., 2007). Among others, resedrab focused on the hydrogen
production field, either by physicochemical or bigical methods. Hydrogen is a clean
(Kovacs et al.,, 2006) and environmentally friendilyel (Shin et al., 2010), which
produces water instead of greenhouse gases whebusted. It can be produced by
renewable raw materials, such as organic wastes passesses a high—energy vyield
(122 kJ/g) due to its light weight and which is2tines greater than the hydrocarbon
(Han and Shin, 2004), and it could be directly usegdroduce electricity through fuel
cells (Lay et al., 1999; Benemann, 1996).

Hydrogen has been an unrealized “fuel of the ftitéwe over 30 years, but there are
signs that hydrogen may finally become an importambponent of the energy balance
of a global economy (Logan et al., 2002) arising oluthe projection of fossil fuel
shortfall towards the middle of 21st century (Kotayd Das, 2008). The demand for
hydrogen is not limited to utilization as a souofeenergy but hydrogen gas is also a
widely used on the production of chemicals, forreggnation of fats and oils in food
industry for margarine producion, processing sael also for the desulphurization and
re—formulation of gasoline in refineries (Kapdan &=agi, 2006). Low—cost hydrogen
based fuel cells, which have been expensive orewautily available, are now entering
commercial production and are finding applicatiamgesidential housing and buses.
Despite the “green” nature of hydrogen as a fueis istill primarily produced from



nonrenewable sources such as natural gas and euetrohydrocarbons via steam
reforming. In order for hydrogen to become a marstanable and green source of
energy, hydrogen must be produced by biologicabiochemical reaction pathways
(Logan et al., 2002; Han and Shin, 2004).

This paper review shall presently address the hindgen production advance from a
Green Engineering by revisiting the essential bivbgen generation processes,
identifying the key limitations to a more efficiertiohydrogen production and
thereafter probing into some selected recent rekeéindings which report the
enhancement realized in the overall rates andyieldiohydrogen production.

1.1 The biohydrogen alternative

Biological hydrogen production and utilization hraseived special attention during the
last decadeHig. 1). Biohydrogen may be produced by cyanobacteriagdgeake through
biophotolysis of water (Asada and Miyake, 1999) loy photosynthetic and
chemosynthetic—fermentative bacteria. Some speckscyanobacteria naturally
produce hydrogen gas as a byproduct of anaerobimefdgation at night using
fixed—carbon compounds (Damian et al., 2008). Atstgerobic fermentative bacteria
produce hydrogen without photoenergy, and so tlsé @aohydrogen production is 340
times lower than the photosynthetic process.

The main source of hydrogen during a biologicalymientative process is
carbohydrates, which are very common in plant &ssueither in the form of
oligosaccharides or as their polymers, cellulosamibellulose and starch. Thus, the
biomass of certain plants with high content in oagurates has been earnestly
considered as a very promising substrate for bimgeh production. In addition,
using properly selected microorganisms, many ruesidues and waste organic
materials can be processed and degraded for biopgdrproduction as well (Venkata
Mohan, 2010). Mohanakrishna et la. (2010) verifitlat domestic sewage
supplementation as co—-substrate with compositetablpebased market waste could
increase hydrogen production at fermentative pso@sd maintain good buffering
microenvironment that supports fermentation processl in addition provides
micro—nutrients, organic matter and microbial biesiaThe maximum theoretical
hydrogen vyield is 4 moles per mole of utilized cdmpdrates, expressed as glucose
equivalents when carbohydrates are used as subgiMaindi and Sengupta, 1998;
Logan et al., 2002).

Fermentative hydrogen production from biomass @adhieved either by using mixed
acidogenic microbial cultures or a pure cultur@afaccharolytic strainRuminococcus
albusis a non spore-forming, obligatory anaerobic bawme, the natural habitat of
which is the first stomach (rumen) of the ruminaittproduces extracellular hydrolytic
enzymes (exoglucanases and endoglucanases), whedk Wown cellulose and
hemicellulose, whereas it cannot break down peatith starch (Antonopoulou et al.,
2007). The oligosaccharides produced from cellubosg hemicellulose degradation —
cellobiose, glucose and the respective pentosdssexyand arabinose, are further
metabolized (Lou et al., 1997).



Logan et al. (2002) have analyzed the biologicaldpction of hydrogen from the

fermentation of different substrates in batch tesisig heat—shocked mixed cultures
with two techniques: an intermittent pressure #emethod (Owen method) and a
continuous gas release method using a bubble nezasot device (respirometric

method). Also, Lay et al. (2004) demonstrated ogtisubstrate concentration and pH
for generating biohydrogen gas in composting eedctfrom heat—-shocked by
anaerobic microbes of cow compost. Under otherwdentical conditions, the

respirometric method resulted in the production48f more hydrogen gas from
glucose than the Owen method. The lower conversigiucose to hydrogen using the
Owen protocol may have been produced by repressidiydrogenase activity from

high partial pressures in the gastight bottles. hHgpnversion efficiencies were

consistently obtained with heat—shocked soils taktedifferent times and those stored
for up to a month. Hydrogen gas composition wasisbently in the range of 60— 64%
for the glucose—grown cultures during logarithmiowth but declined in the stationary
cultures. Overall, biohydrogen conversion efficiescfor glucose cultures were 23%
based on 4 mol of hydrogen/mol of glucose. Logaralet(2002) noted that the

biohydrogen conversion efficiencies were similar gucrose (23%) and lower for
molasses (15%) but were much lower for lactateO@)pand cellulose (0.075%).
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Fig. 1. Concept of biological hydrogen production andizdiion. (Miyake et al., 1999)
1.2. Green technology and biohydrogen production

With sustainable development and waste minimizatissues, biohydrogen gas
production from renewable sources, also known asely technology” has received
considerable attention in recent years (Chang.e®2806; Kapdan and Kargi, 2006).
Biologically hydrogen can be produced by the phgttsetic and fermentative

methods which are more environmental friendly ass$ lenergy intensive compared to



chemical process (Kim et al., 2004; Shin et al1®0 The production of biohydrogen
hence fits very well with the emerging “Green Chetnyi’ concept. We now outline
the salient characteristics of Green Chemistry @rvden Engineering which host
hydrogen production bioprocesses.

Green Chemistry (or, environmentally benign cherpjsis the utilization of a set of
principles that reduces or eliminates the use oegdion of hazardous substances in
the design, manufacture and application of chempicabucts (Kidwai and Mohan,
2005). In practice, Green Chemistry is taken toecav much broader range of issues
than the definition suggests. As well as using proadiucing better chemicals with less
waste, Green Chemistry also involves reducing adkeociated environmental impacts,
including reduction in the amount of energy useahemical processes (Kidwai and
Mohan, 2005). Anastas and Warner (1998) have dpedl ‘The Twelve Principles of
Green Chemistry’ that serve as valuable and bendhrgaidelines for practicing
chemists, researchers and engineers in developth@ssessing how green a synthesis,
compound, process or technology is. These priesipte outlined belogAnastas and
Warner, 1998).

Prevention:lt is better to prevent waste than to treat orrclea waste after it has been
created.

Atom EconomySynthetic methods should be designed to maximiedrtorporation
of all materials used in the process into the fpralduct.

Less Hazardous Chemical Synthes&4terever practicable, synthetic methods should
be designed to use and generate substances thespd#tle or no toxicity to
human health and the environment.

Designing Safer Chemical€Chemical products should be designed to effectr thei
desired function while minimizing their toxicity.

Safer Solvents and Auxiliarie$he use of auxiliary substances (solvents, separati
agents, etc.) should be made unnecessary wheressibfe and innocuous when
used.

Design for Energy EfficiencyEnergy requirements of chemical processes should be
recognized for their environmental and economicaate and should be minimized.
If possible, synthetic methods should be conduet@mbient temperature and
pressure.

Use of Renewable Feedstocksraw material or feedstock should be renewableerat
than depleting whenever technically and econonyigathcticable.

Reduce Derivatives: Unnecessary derivatization (use of blocking groups,
protection/deprotection, and temporary modificatioof physical/chemical
processes) should be minimized or avoided if péssliiecause such steps require
additional reagents and can generate waste.

Catalysis: Catalytic reagents (as selective as possible) @per®r to stoichiometric
reagents.

Design for DegradationChemical products should be designed so that aérldeof
their function they break down into innocuous degteon products and do not
persist in the environment.

Real-Time Analysis for Pollution PreventioAnalytical methodologies need to be
further developed to allow for real-time, in—prae@sonitoring and control prior to
the formation of hazardous substances.



Inherently Safer Chemistry for Accident Preventi®ubstances and the form of a
substance used in a chemical process should berchmsninimize the potential for
chemical accidents, including releases, explosionkfires.

Green chemistry is also and intimate and essepé#l of Green Engineering. The
definitions of Green Chemistry and Green Engingesinare many commonalities, and
the application of both chemistry and engineeringgiples is needed to advance the
goals of environmental sustainability (Kirchhof@3). A working definition of Green
Engineering proposed in Kirchhoff (2003) is theigascommercialization, and use of
processes and products that are feasible and eawalomhile minimizing pollution at
the source and risk to human health and the erwieoih  The link between Green
Chemistry and Green Engineering is strong in enguhat inputs and outputs, both for
materials and energy flows and budgeting, are lsramntly safe as possible. Whilst
Green Chemistry focuses on the design of chemiwalyets and processes that reduce
or eliminate the use and generation of hazardobstauoces, it also lays down the
ground plan for the design of the Green Engineetéefnologies needed to implement
sustainable products, processes, and systems [(Kiifcl2003). The reader is in point
of fact directed to the following excellent publiceas which present and discuss the
salient aspects of Green Chemistry and Green Eegnge Anastas and Kirchhoff
(2002), Anastas and Zimmerman (2003), Anastas arkey (2000), Clark (2006),
Hofer and Bigorra (2007), Kirchhoff (2003), Lankapd Anastas (2002), Ran et al.
(2008), Tang et al. (2008) and Tundo et al. (2000).

Over the last decade, Green Chemistry has conyglhcirdemonstrated how
fundamental scientific methodologies may be devesad be applied to protect human
health and the environment in an economically berafmanner (Anastas and
Kirchhoff, 2002). Significant progress is being deain several key research areas,
such as biosynthesis, biochemical engineering, abédgsis, photocatalysis,
heterogeneous catalysis, the design of safer claégsnand environmentally benign
solvents, sonochemistry, microwave assisted polyaton and the development of
renewable feedstocks. Biohydrogen production wisassentially a novel category of
biochemical processes in the renewable energyrsiscam emerging tentacle of Green
Engineering in terms of design for energy efficigngse of renewable feedstocks and
novel bioprocesses, as more fully evidenced bysthdies reported downstream in this
review. However, it is also crucial to perform Liféycle Assessment (LCA) to
guantitatively know how green is a chemical reactis a general process to extract
reliable conclusions about its sustainability (Doweeh et al., 2002).

2. Biohydrogen production methods

Processes for biological hydrogen production opet ambient temperatures and
pressures, and are expected to be less energgivedhan thermochemical methods of
hydrogen production (Manish and Banerjee, 2008)drblyen can be produced
biologically by biophotolysis (direct and indirect)photo—fermentation and

dark—fermentation or by a combination of these psses (such as integration of dark-
and photo—fermentation, or biocatalyzed electrglysit laboratory scale biological

hydrogen has been produced continuously (Manish Bawerjee, 2008); however

biohydrogen production at commercial scale is regorted in the literature and

challenges regarding process scale up remain (Haetka., 2002).



The biohydrogen production are fundamentally depahdipon the presence of a
hydrogen (H) producing enzyme. These enzymes catalyze the ichkmeaction
2H+ + 2e & H,. A survey of all presently known enzymes capaifidnydrogen
evolution shows that they contain complex metallosters as active sites (Manish and
Banerjee, 2008). At present three enzymes carrging this reaction are known;
nitrogenase, Fe—hydrogenase and NiFe—-hydrogenas#ieifdeck and Benemann,
2002). Fe-hydrogenase enzyme is used in the biolysi processes whereas
photo—fermentation processes utilize nitrogenasériéf description, condensed from
Manish and Banerjee (2008) of these processe®wsdad below (Photo—fermentation
technology).

In resume, the major bioprocesses utilized for bgdn gas production can be
classified in three categories:

1. Biophotolysis of water by algae

2. Dark-fermentative hydrogen production duringdagenic phase of anaerobic
digestion of organic matter

3. Two stage dark/photo—fermentative productiohyafrogen

2.1. Biophotolysis

The direct biophotolysis method is similar to theqesses found in plants and algal
photosynthesis. In this process solar energy isctlyr converted to hydrogen via
photosynthetic reactions 28 + hv — 2H, + O, wherehv represent the energy from a
photon in light f is the Planck constant andis the frequency of the light). The
indirect biophotolysis method circumvents probleafssensitivity of the hydrogen
evolving process by separating temporally and/aatialy oxygen evolution and
hydrogen evolution. Thus, indirect biophotolysisgesses involve separation of the H
and Q evolution reactions into separate stages, couplddough CQ
fixation/evolution. Our survey of literature showsat cyanobacteria are the only
bacteria capable of performing oxygenic photosysithé which they harness solar
energy and convert it into chemical energy storedarbohydrates, and under specific
conditions, cyanobacteria can use solar energyradugce also molecular hydrogen
(Allahverdiyeva et al., 2010). Thus, cyanobacté@ae the unique characteristics of
using CQ in the air as a carbon source and solar energy &nergy source. The cells
take up CQ first to produce cellular substances, which aressgbently used for
hydrogen production. The overall mechanism of hgdroproduction in cyanobacteria
can be represented by the following reactions: ,f2H 6CQ + hv — CgH1.06 + 60O,
and GH1206 + 12H0 +hv— 12H, + 6CQ.

2.2. Photo—fermentation

Photosynthetic bacteria evolve molecular hydrogetalgzed by nitrogenase under
nitrogen—deficient conditions using light energy amdluced compounds (organic
acids) (Levin et al., 2004). These bacteria themeseare not powerful enough to split
water. However, under anaerobic conditions, themetelba are able to use simple
organic acids, like acetic acid as electron doribtanish and Banerjee, 2008). These
electrons are transported to the nitrogenase bgdexin using energy in the form of



adenosine triphosphate (ATP). When nitrogen ispmesent, this nitrogenase enzyme
can reduce proton into hydrogen gas again usingp extergy in the form of ATP
(Akkerman et al., 2002). The overall reaction oflitpgen production can be given as
CeH1206 + 6H,O + hv — 12H, + 6CQ (AG, =+3.2 kJ). Recently, Gadhamshetty et al.
(2008) developed a kinetic model for the photo—femtative biohydrogen production
to predict the dynamics of the process. The praposedel contained 17 parameters to
describe cell growth, substrate consumption, andrdgen evolution as well as
inhibition of the process by biomass, light intéysand substrate. Based on sensitivity
analyses performed with the validated model, oMyo§the 17 parameters were found
to be significant.

The fermentation process for hydrogen productianbieen widely reported but there is
observably a lack of information related to dethilanetic studies. Our review of
literature has shown that the kinetic analysis mhjdrogen production has been
mostly performed using the modified Gompertz equmafor fitting the experimental

data of accumulative hydrogen production (Lay, 2001 and Lin, 2004; Fang et al.,
2005; Van Ginkel et al., 2005; Mu et al., 2006; Gaudshetty et al., 2010). The
modified Gompertz equation is:

H(t) = Px exp{— ex;{Rm?e (2-t)+ 1}

whereH(t) is the accumulative hydrogen production (I) durthg fermentation time
t(h), P the (maximum) hydrogen production potential &), the maximum production
rate (I/h), /1 the lag—phase time (h), aeds 2.7182818. The values Bf R, and/ are
normally determined by best fitting the experimémgdrogen producing data using a
suitable software (Fang et al., 2002).

2.3. Dark—fermentation

Dark—-fermentation among the processes is the moserful system because of a
relatively higher rate of hydrogen production, amény researchers have studied
biohydrogen production by fermentative bacteriahsasEscherichia coli(Yoshida et
al., 2005),Enterobacterspecies (Palazzi et al., 2000; Kurokawa and Tani2005;
Zhang et al., 2005; Shin et al., 2007) &@ldstridiumspecies (Jo et al., 2008). Many
studies on hydrogen production have been perforomsadg facultative anaerobes
because of a difficulty in maintaining the stricta&robic condition, which is necessary
for obligate bacteria. Strict anaerobes, suc@lastridiumspecies, are very sensitive to
trace amounts of dissolved oxygen, resulting in rikeessity of expensive reducing
agents to be added in the culture medium (Shinl.e2@10). However, facultative
anaerobes, such &siterobacterspecies, are less sensitive to dissolved oxygehitee
activity of the enzyme involved in hydrogen prodoctcan be rapidly recovered from
the oxygen damage when depleted in the cultureumedbhin et al., 2010).

The majority of microbial hydrogen production isvéin by the anaerobic metabolism
of pyruvate, formed during the catabolism of vasi@ubstrates. The breakdown of
pyruvate is catalyzed by one of two enzyme systgtaienbeck and Benemann, 2002)



given below. The metabolic pathways, types andtfan of enzymes involved in the
biological hydrogen production for different micrabprocesses are discussed in much
more details in the following excellent review elgis: Das and Veziroglu (2001),
Asada and Miyake (1999), Miyake et al. (1999), @tdr et al. (2000), Kruse et al.
(2005), Manish and Banerjee (2008). Carbohydratesthe preferred substrate for
hydrogen—producing fermentations. Glucose yieldfedént amount of hydrogen
depending on the fermentation pathway and end—gt(=ju

Pyruvate: formate lyase
Pyruvate + CoA— acetyl-CoA + formate

Pyruvate: ferredoxin oxido reductase
Pyruvate + CoA + 2Fd(ox)»» acetyl-CoA + CQ+ 2Fd(red)

2.4. Two-stage process with integration of dark-6grhoto—fermentation

In fermentation, complete oxidation of 1 mole ai@ise yields 12 moles of hydrogen.
However, complete oxidation of glucose into hydmged carbon dioxide is not
possible as the corresponding reaction is not beashermodynamically (§1,06 +
6H,O — 12H, + 6CQ, AG, =+3.2 kJ). With external energy supply (photorergy in
photo—fermentation) theoretically 12 moles of hygkn per mole of glucose can be
produced. However, this process cannot be opeiatd¢lde absence of light. On the
other hand, in the absence of external energy Hen dase of dark-fermentation),
oxidation of glucose by fermentative bacteria ressu other by—products also and only
a maximum of 4 moles of hydrogen are produced pae rof glucose consumption
(CeH1206 + 2H,0 — 4H, + 2CQ + 2CHCOOH, AG, =—206 kJ). Acetate produced
in the dark—fermentation stage can be oxidized lgtgsynthetic bacteria to produce
hydrogen (CHCOOH + 2HO + hv — 4H, + 2CQ, (AG, =+104 kJ). Hence,
continuous production of hydrogen at maximum yiedsh be achieved by integrating
dark— and photo—fermentation methods. Yang et28l1Q) recently reported enhanced
biohydrogen  production rates by integrating darkmfentation  with
photo—fermentation process for pretreated corndobthe first step, the maximum
biohydrogen yield and rate from corncob by darkmfentation was 120.3 mlt
corncob and 150 ml#A/h, respectively. In the second step, a hydrogesid of
713.6 ml H/g COD was obtained from digesting the effluentlafk—fermentation by
photosynthetic bacteria.

2.5. Substrates for biohydrogen production

Hydrogen gas shows great promise as a non-polldtiey but to reduce carbon
dioxide releases hydrogen gas will need to be predldrom renewable sources (Van
Ginkel et al., 2005; Refaat and El Sheltawy, 2008)st hydrogen gas produced is
obtained from thermocatalytic and gasification psses using natural gas (50%),
petroleum—derived napthenes and distillates (3@, coal (18%), with the remainder
from electricity (2%) (Van Ginkel et al., 2005).

Substrates are present in very large quantitigsreducts or waste from agriculture,
crop residues, the food industry and market wastamal waste and organic matter of
municipal solid waste (Forster—Carneiro et al., 80@nd this substrate is readily



utilized for biohydrogen production. Biohydrogero@uction from the fermentation of
renewable carbohydrate-rich and non-toxic raw neate(Kapdan and Kargi, 2006) is
one promising alternative although the use of comiaky produced food products,
such as corn and sugar, is not yet economical (Bane, 1996). Substrates used for
biohydrogen production have ranged from simple sugach as glucose (Li et al.,
2008), sucrose (Antonopoulou et al., 2007), staxmhtaining waste such as cassava
wastewater (Sangyoka et al., 2007), dairy wastew@enkata Mohan et al., 2007a),
sweet potato starch residue (Yokoi et al., 200dgascane bagasse (Patra et al., 2008),
cheese whey (Davila-Vazquez et al., 2009) and feadte (Ruknongsaeng et al.,
2005). Others substrates for biohydrogen productiere showed inTable 1
According Holladay and collaborates (2009) thec$taagricultural and food industry
waste must by hydrolyzed to glucose or maltosdovi@d by conversion to organic
acids and finally hydrogen; cellulose agricultueadd food industry waste must be
finely ground and go through delignification, thénis processed as starch; and
carbohydrate rich industrial waste may requirerpegtment for removal of undesirables
and for nutritional.

Table 1

Substrates for biohydrogen production

Substrates for biohydrogen | References

production

Cassava wastewater Sangyoka et al. (2007)

Cellulose Lay (2001); Wang et al. (2008); Taguchi et al.
(2007a);

Cellulose and wastewater Liu et al. (2003)

Cheese Davila—Vazquez et al. (2009); Castell6 et al. (20D9

Chemical wastewater Venkata Mohan et al. (2007a)

Coffee wastewater Dinsdale et al. (1997)

Composting Sparling et al. (1996); Fan et al. (2004)

Cornstalk wastes Zhang et al. (2007a)

Corncob Yang et al. (2010)

Glucose Li et al. (2008); Mu et al. (2009); Fang and Liu
2002)

Glucos—-Peptone Li et al. (2010)

Food waste Ruknongsaeng et al. (2005); Wu and Lin (2004);
Han and Shin (2004); Han et al. (2005)

Food waste-sludge Kim et al. (2004)

Fruit and vegetable waste Bouallagui et al. (2004)

Malate Gadharnshetty et al. (2008)

Market waste Mohanakrishna et al. (2010)

Microalgae Melis et al. (2007); Beer et al. (2009); Ghirardi te
al. (2000)

Molasses wastewater Wu and Lin (2004)

Olive mill effluents Raposo et al. (2004)

10



Organic fraction of municipdl Okamoto et al. (2000); Valdez-Vazquez et al.

solid wastes (2006); Ueno et al. (2006); Lay et al. (2009)

Palm oil mill O-Thong et al. (2007)

Pineapple waste Ruknongsaeng et al. (2005)

Sorghum biomass Antonopoulou et al. (2007)

Sludge Zhu and Beland (2006); Wu et al. (2002); Lee et

al. (2004); Lay et al. (2003); Kotsopoulos et al.
(2006); Kotay and Das (2009); Guo et al. (2008);
Chang and Lin (2004); Cai et al. (2004)

Sucrose Lin and Jo (2003); Chen and Lin (2003)
Sugarcane bagasse Patra et al. (2008)

Sweet potato starch residue | Yokoi et al. (2001)

Wet Sludge Wee and Verstraete (1998)

Wastewaters Van Ginkel et al. (2005); Zheng et al. (2009);

Venkata Mohan et al. (2007a); Fang et al. (2005);
Various wastes and Logan et al. (2002); Kapdan and Kargi (2006)
wastewaters

Wastewaters show great potential for economicabyeton of hydrogen because
producing a product from a waste could reduce wasément and disposal costs (Van
Ginkel et al., 2005). Hydrogen has so far been yred from the organic fraction of
municipal solid wastes (Okamoto et al., 2000) aekuose (Lay, 2001). Batch tests
using various wastes and wastewaters suggest gurbden production is more
efficient from carbohydrates than other materiélsgén et al., 2002). Simple sugars,
such as sucrose and glucose, are converted atedeteanperatures to hydrogen at high
conversion efficiencies. Yields of 28% were obtdingith glucose, and 26% with
sucrose, at 36C, while hydrogen produced from molasses, lactatd, cellulose were
15%, 0.5% and 0.075%, respectively (Logan et 8022 These results indicate that
high—carbohydrate wastewaters will be seemingly thest useful for industrial
production of hydrogen. Wu and Lin (2004) have aordd batch experiments to
convert molasses wastewater (10-160 g chemical esxygemand (COD)/l) into
hydrogen at 35 °C at various pH (4-8). The maxiniyairogen productivity (HP) and
hydrogen production rate (HPR) reached 47.1 mmgl-BOD and 97.5 mmol-jA/d,
respectively, at a substrate concentration of 4@@D/l and pH 6.0, and the
methane—free biogas contained up to 50% (v/v) afrbgen. O-Thong et al. (2007)
seeded thermophilic microflora into an anaerobicuseqging batch reactor for
hydrogen production from palm oil mill effluent (R{E) and supplemented the
reaction mixture with nitrogen, phosphorus and irsources for biostimulants.
O-Thong et al. (2007) noted that the nutrient seim@ntation strategy had increased
the bacterial diversity in the reactor and promotadparticular the growth of
hydrogen—producing bacteriBhermosaccharolyticunwhich ultimately increased the
hydrogen production yield from 1.60 to 2.24 mol/tHol hexose and hydrogen
production rate from 4.4 to 6.1 LHPOME/d.

Cellulose is a predominant constituent of agriqaltwaste and waste generated by the
pulp and paper industry. To generate hydrogen ttjré&om cellulose materials using
dark fermentation requires expensive pretreatmmugsses such as delignification and
hydrolysis to dissolve organic matter from a ligelhdose complex (Taguchi et al.,
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1996). Lay (2001) investigated the potential ofoducing hydrogen from
microcrystalline cellulose using mesophilic digestwith heat—shocked sludge. With a
4-day lag, a maximum hydrogen yield of 4.36 mg/futese was produced from
suspensions containing 12:5 g cellulose/l. The budt@s were predominantly
alcohols, followed by volatile fatty acids. Liu &t (2003) determined that their mixed
culture comprising microbes closely affiliated witle genus Thermoanaerobacterium
produced hydrogen that peaked at 7:56 mafg ldellulose and a maximum rate of 21:2
mg Hy/g VSS/d from a 5 g cellulose/l suspension maimtziat pH 6.5 and 5%. The
metabolites observed were primarily acetate, btegyend ethanol.

3. Constraints of H,—producing bioprocesses
3.1. Chemical reactions related limitation

For hydrogen generation, the current biomass tdobies include: gasification,
pyrolysis, liquefaction, hydrolysis and conversitm liquid fuels by supercritical
extraction, etc. followed in some cases by reforomatand biological hydrogen
production (Holladay et al., 2009). The gasificatitechnology of biomass or
wastewater is commonly used in many processes Hautbiological hydrogen has
substantially increased over the last several yéldie sewage sludge of wastewater
treatment plants is composed largely of organidenatike carbohydrates and proteins
(Weemaes and Verstraete, 1998; Xiao and Liu, 2@0®) the anaerobic digestion
technique has been employed to treat sludge arainobitethane (Reith et al., 2003).
Hydrogen is an intermediate product of the anaershidge digestion, but unstable,
because it will be quickly consumed by hydrogenscmning bacteria, such as
methanogens and sulpate-reducing bacteria. Inr cda@eharvest hydrogen from
anaerobic sludge digestion, the activity of conswgnhydrogen bacteria must be
inhibited and stopped at the hydrogen and acetid &rming stage and the
consumption of hydrogen must be blocked (Hawkesl.e2002). In cornstalk wastes
conversion into hydrogen, the acetate, propioraigjrate, and the ethanol were main
by—-products in the metabolism of hydrogen fermeéoatAlso, the test results showed
that the acidification pretreatment of the substgaays a crucial role in conversion of
the cornstalk wastes into biohydrogen gas by th& dong composts generating
hydrogen (Zhang et al., 2007a). Additionally, thieeering challenges of scale up
and a shift in the type of biomass substrates fistarch—based food crops to
lignocellulosic feedstock and wastes that are ecncally and environmentally less
costly to produce, yet more difficult to biochenligaprocess, present technical
challenges that are inherent to the biohydrogenggrgomise (Jones, 2008).

3.2. Reactor design related limitation

Biohydrogen production by anaerobic fermentatios htiracted worldwide attention
owing to the fact that hydrogen can be producedstamiially at a high rate form

renewable organic matters (Benemann, 1996). Biageir production systems are to
become commercially competitive they must be ablsyhthesize Hat rates that are

sufficient to power fuel cells of sufficient size do practical work (Logan, 2010).

The studies on continuous fermentative hydrogemymrtion in the laboratory—scale
had been conducted using suspended-cell systemmamubilized—cell systems since
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1980s (Chen and Lin, 2003; Fan et a., 2006). Th& HBs been considered as an
important index to evaluate the performance of ioowus hydrogen—producing

processes (Chang et al., 2002). However, contmsgiired tank reactor (CSTR)

process, a typical representative of suspended-sysiiems, usually exhibits poor

performance in HPR since it is unable to maintaghHevels of hydrogen—producing

biomass at a short hydraulic retention time (HR@¢ db its intrinsic structure (Zhang

et al.,, 2007a). To achieve satisfactory HPR, imidad—cell systems have become
popular alternatives to suspended-cell systemsdntinuous biohydrogen production

since they are more capable of maintaining higlh@mhss concentration even at lower
HRTs (Wu et al.,, 2002). More recent studies by otnghors conclude that, at low

hidraulic retention time, acidogenic anaerobic digm of organic waste reaches top
speeds of hydrogen production, while contributioghte elimination of contaminating

waste (Kapdan and Kargi, 2006; Kotsopoulos eR8l06; Kyazze et al., 2005).

4. Enhancement of biohydrogen production

Under anaerobic conditions, hydrogen is produced bBg—product during conversion
of organic wastes into organic acids which are thead for methane generation.
Anaerobic digestion allows the stabilization of thaste disposal or in conjunction
with hydrogen production at rates higher than tiaither biological processes (Lee et
al., 2004; Valdez-Vazquez et al.,, 2006) and confansteady—state model for
biological hydrogen production in a fermentatioogass (Whang et al., 2006). In the
acidogenic phase of anaerobic digestion of wasées e manipulated to improve
hydrogen production. Photosynthetic processesidiechlgae which use G@nd HO
for hydrogen gas production. However, the rate @eltl of H, production has been
found to be relatively low (Kapdan and Kargi, 200Bas, 2009) and hence the
biohydrogen technology has been thoroughly resedr¢Rachman et al., 1998; Levin
et al., 2004).

Currently, laboratory—scale studies on anaerobdrdgen fermentation technology are
being conducted by a large number of research grauplifferent countries over the
world (Fang and Liu, 2002; Lin and Jo, 2003). Ttaeshnology exhibits positive
features in hydrogen production such as high proalucate, low energy demand, easy
operation and high sustainability. However, it yst to compete with those
thermochemical processes converting hydrogen frassilf fuels in cost, performance
or reliability (Das and Veziroglu, 2001). As a uls current research of anaerobic
hydrogen fermentation has been focused on improwiiggobial hydrogen conversion
rate and unit volumetric production rate. The farmeuld be achieved by screening
efficient hydrogen—producing bacteria and optimizimg operational conditions, while
the latter is substantially influenced by the reabiomass retention. To achieve such
purposes, immobilization processes of hydrogen—ywig) culture have become most
popular and have been developed extensively, dtigetelevated biomass retention as
compared to suspended—-cell systems (Chang an@Q@4). Low yields and the rates
of hydrogen formation may additionally be overcoime selecting and using more
effective organisms or mixed cultures, developingreénefficient processing schemes,
optimizing the environmental conditions, improvithg light utilization efficiency and
developing more efficient photo—bioreactors. Due imdibition of biohydrogen
production by oxygen and ammonium-nitrogen, miablgrowth and hydrogen
formation steps may need to be separated in oodergrove the hydrogen productivity
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(Kapdan and Kargi, 2006). A possible alternativetasincrease the production of
hydrogen using chemical inhibitors of methanogeneSiparling and collaborates
(1996) have shown how to apply low concentratiohgaaetylene (0.5-1% v / v) to

reactor atmosphere, an effective method of premgnihethanogenesis in reactors
designed for hydrogen production. Another stratibgy has been applied is the thermal
shock treatment of the inoculum used (Lay et &03).

Many bacteria contain enzymes (hydrogenases) #rajpooduce hydrogen during the
fermentation of a variety of substrates. ATP isdoiced by substrate—level or electron
transport phosphorylation, but the ATP vyields ofnfentation are quite low as
compared to those of aerobic oxidation reactiomesméntation reactions can produce
many different end products such as hydrogen, tetthanol, and others. The
hydrogen—acetate couple produces more ATP per ofdabstrate than alcohols such
as ethanol and butanol and is the energeticallefépred” bacterial fermentation
product for a sugar (Logan et al., 2002). The aedation of hydrogen and other
degradation byproducts during fermentation, howewan make the hydrogen—acetate
reaction unfavorable leading to solvent productisnmixed anaerobic cultures, the
accumulation of hydrogen is normally balanced hyidahydrogen consumption by
methanogens resulting in little net hydrogen acdatman in the system, and the
individual and interactive effects of pH, temperatand glucose concentration op H
production could be evaluated (Mu et al., 2009hidih concentrations of hydrogen are
desired, a system must be designed to remove hgrdogfore it can lead to repression
of its production and to prevent interspecies hgdro transfer leading to
methanogenesis. The culture conditions that caeradly affect hydrogen production
are only beginning to be studied and are theraioteso well-understood. Batch tests
using mixed cultures have demonstrated that vewy pH's and high substrate
concentrations can reduce biohydrogen productinarebsing the substrate loading
increases relative production of volatile acids dedreases the pH, which can shift the
reactions to solvent production. Heat shocking Hee®en used to reduce the
concentration of nonspore forming bacteria sucmathanogens, but the effect of this
procedure on the storage of the material and tfiereinces between different batches
of mixed cultures has not been tested. Indeedk&tanMohan et al. (2008) have
observed that heat—-shock pretreatment QA h) evaluated for selectively enriching
the hydrogen producing mixed culture using dainsteaater as substrate resulted in
relatively low H yield. Furthermore, the optimization of nutritadrand environmental
conditions has also been demonstrated to play gporiant role in developing
hydrogen producing bioprocesses and improving tipgrformance (Kumar and
Satyanarayana, 2007). Among various reaction m@ingd affecting the fermentation
of organic substrates like food waste, a key faddhe adjustment of environmental
conditions during the fermentation because varemmponents of such substrates have
different characteristics of degradation (Han artdnS2004). Moreover, given a
selected substrate, its concentration appears taritieal in terms of hydrogen
production, being in most cases a factor to beagggl (Akutsu et al., 2009).

4.1. Physical pretreatments and operating condgion
With regards to K generation during anaerobic wastewater treatmenereby

hydrolysis is the rate limiting step (Li and Noiki€92), thermal pretreatment, alkaline
pretreatment, acidification (Zhang et al., 20078&yrilgzation (Kotay and Das, 2009),

14



microwave (Guo et al., 2008), steam—-exploded strgwimultaneous saccharification
and fermentation (Li and Chen, 2007) and ultraspreétreatment (Penaud et al., 1999;
Xiao and Liu, 2009; Venkata Mohan et al., 2008)tlué parent anaerobic inoculum
have been strategies which help to accelerateyithlysis step reducing the impact of
rate limiting step and augmenting the anaerobiestign to enhance JHyeneration
(Zhu and Béland, 2006).

Xiao and Liu (2009) have assessed acid pretreatnaékdline pretreatment, thermal
pretreatment and ultrasonic pretreatment to enhdmaleydrogen production from
sewage sludge. Their experimental results showaidthie four pretreatments could all
increase the soluble chemical oxygen demand (SG®Bludge and decrease the dry
solid (DS) and volatile solid (VS) because the n@a&timents could disrupt the floc
structure and even the microbial cells of sludgddifonally, the results of batch
anaerobic fermentation experiments demonstratet athaof the four pretreatments
could select hydrogen—producing microorganisms fitben microflora of sludge and
enhance the hydrogen production such that the bpdrgield of the alkaline pretreated
sludge at initial pH of 11.5 was maximal at 11.6BHw/g VS and that of the thermal
pretreated sludge was second at 8.62 nmigH/S. Another study optimizes the
pre—acidification conditions in the thermophilic danmesophilic digestion of
instant—coffee—production wastewater in upflow aob& sludge blanket (UASB)
reactors. In this case, the thermophilic pre—aicaiion stage was operated with pH
control or with 1.5 g I-1 NaHCg®added to the feed, at retention times of 24, 18, 1
and 12 h. The results suggest that thermophilicdptec two—stage system gave a
consistent improvement in performance (measuradXample, as % COD reduction)
compared with the single—stage system (Dinsdade. e€1997). Earlier, Cai et al. (2004)
had performed batch tests to analyze influencebeofilkaline pretreatment and initial
pH value on biohydrogen production from sewage gdud he experimental results of
the impact of different initial pH on biohydrogemoduction showed that both the
maximal hydrogen yield occurred and that no methaas detected in the tests of at
the initial pH of 11.0. Additionally, the biohydreg yield had increased from 9.1 ml of
H./g of dry solids (DS) of the raw sludge to 16.6 oflH./g of DS of the alkaline
pretreated sludge. Hence, the results of Cai et(2004) clearly showed that
biohydrogen production could be enhanced and magadastable by the combination
of the high initial pH and alkaline pretreatment.

Higher yields of hydrogen gas can be recovered ftbenmicrobial fermentation of
organic substrates at high concentrations whenrsipéeies hydrogen transfer to
methanogens is prevented. Bearing this metaboticimement in focus, Oh et al.
(2003a) have used two techniques to limit methanegje in mixed cultures: heat
treatment, to remove nonspore forming methanogesme in inoculum, and low pH
during culture growth. It was found that high hygea gas concentrations (57-72%)
were produced in all tests and that heat treatroérthe inoculum (pH 6.2 or 7.5)
produced greater hydrogen yields than low pH (6d)ditions with a nonheat-treated
inoculum. Overall, the results of Oh et al. (2008howed that low pH was, without
heat treatment, sufficient to control hydrogen éss$o methanogens in mixed batch
cultures and suggested that additional methods dvoeled to be found to limit
acetogenesis in order to increase hydrogen gadsyisl batch cultures. With regards
to operational control of pH, Mohanakrishna et @010) observed significant
improvement in K production and substrate degradation upon suppiingethe waste
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with domestic sewage, and much less variation endbtlet pH in supplementation
experiments compared to normal operation. Suppltmtien of waste with
co—substrate seemingly helps to maintain good boffemicroenvironment supports
fermentation process and in addition provides mioudrients, organic matter and
microbial biomass.

Another non-solved problem about hydrogen produactioanaerobic conditions is the
usual controversy between mesophilic and thermmplkibnditions of temperature.
Although most of the published works are carrietlasound the mesophilic conditions,
recent studies have shown that hydrogen was sdobbgsproduced under the
thermophilic condition (55°C, 6 months), whereasstable hydrogen production was
observed under the mesophilic condition using ktast substrate and digested sludge
as inoculum (Akutsu et al., 2009). This point igical in terms of hydrogen production
and yield.

4.2. Modified reactor configurations

The reactor design and process configuration aksee ha bearing on the overall
chemistry the hydrogen producing reactions. Irs tt@spect, researchers have also
studied several new configurations of experimestdlups to optimize the hydrogen
production rates and yields (Maag et al., 2009k $tudied of feasibility of anaerobic
digestion process in separate phases show thenththatydrogen production could
continuously maintain and effluent with low congatibns of volatile fatty acids
(VFA). Similar results have been obtained by othethors for the treatment of fruit
and vegetable waste (Bouallagui et al., 2004); svasils (Raposo et al., 2004) and
municipal solid waste (Ueno et al.,, 2006). Remanstudies have developed a new
carrier—induced granular sludge bed (CIGSB) biamaand it was shown to be very
effective in hydrogen production (Lee et al., 2008)owever, since mechanical
agitation was not employed to enable sludge graoualathe CIGSB system might still
encounter problems with poor mass transfer eff@yeduring prolonged operations.
Lee et al. (2006) designed the CIGSB to improventitang efficiency of CIGSB for
better biomass—substrate contact by adjusting ¢ighhto diameter (H/D) ratios of the
reactor and by implementing appropriate agitatiewice. Reactor designs with a H/D
ratio of 8 gave better Horoduction performance with aroduction rate of 6.87 I/h/l
and a H yield of 3.88 mol H/mol sucrose, suggesting that the effectivenesklof
production in the CIGSB system can be enhancedsbywa proper upflow velocity
and physical configuration of the reactor. Lee e{2006) deepened their analysis and
following the supply of additional mechanical agia for CIGSB reactor at a H/D =
12, sludge piston floatation was dampened and ¢aid to further increases in the H
production rate and Hyield to 9.31 I/h/l and 4.02 mol Jnol sucrose, respectively.
Ren et al. (2007) investigated optimal fermentatigre and the operating conditions of
anaerobic process in continuous—flow acidogenictoea for the maximization of
biohydrogen production using mixed cultures. Thepgorted a maximum hydrogen
production of up to 14.99 l/d for organic loadirage (OLR) of 86.1 kg COD/id.

Zhang et al. (2007b) have examined a new appraadmrobilize mixed culture of
hydrogen—producing bacteria by growing these omuyea activated carbon in an
anaerobic fluidized bed reactor, with the productadnhydrogen assessed by the
immobilized culture at a consistent pH of 4.0 amchdemperature of 37C. It was
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observed that the hydrogen production rate andifspbgdrogen production rate were
linearly correlated to the effective OLR, which weaaculated on the basis of organic
loading and glucose conversion rate, giving th@eeve maximum rates of 2.36 I/I/h
and 4.34 mmol-kgVSS/h. Zhang et al. (2007b) concluded that atsuitial quantity
of retained biomass would enable the reactor toatutime high organic loading rates
and thus enhance the production rates of hydrogsn d.ater, Zhang et al. (2008a)
used biofilm sludge and granular sludge to convértgge into hydrogen in two
anaerobic fluidized bed reactors (AFBRs) operated aH of 5.5 and 37C. The
influence of HRT and glucose concentration on hyeinogroduction in the reactors
was examined at a constant organic loading ra#0aj—glucose/l/h by varying HRT
from 0.125 to 3 h and glucose concentration froto 320 g/l. The hydrogen vyield
obtained in both reactors ranged between 0.4 anohdl. H/mol-glucose, with a
maximum Yyield occurring at an HRT of 0.25 h andwcgse concentration of 10 g/l. It
was noted that the biofilm had been washed out suntisily in the biofilm reactor and
the reactor biomass was replaced by granules duhegoperation of 50 days, and
consequently no apparent variation in hydrogen yctdn was observed as the biofilm
was replaced by granules. Zhang et al. (2008a) adetlthat as compared with the
carrier—-based biofilm reactor, the granule—-basedtoeandicated an advantage of
better biomass retention without subject to waslebsupport carriers. Later, Zhang et
al. (2008b) equally concluded that a granule—basdenm-shaped reactor system
appears to be the preferred process for continagdeogen fermentation on glucose
substrate.

Another community reactor optimize for biohydrogenoduction is the Upflow
Anaerobic Sludge Blanket (UASB) and operating cbods of the acidogenic reactor
(concentration of solids in the feed, retentiongjmrganic loading density, pH and
flow recirculation) were extensively studied to nmaie hydrogen production (Yu and
Mu, 2006; Zhao et al., 2008). Mu and Yu (2007) mddthe performance of a
granule—based #producing upflow anaerobic sludge blanket (UASBdaator
simulated using neural network and genetic algoritand a model was designed,
trained and validated to predict the steady-stat@opmnance of the reactor. The, H
concentration, klproduction rate, KHyield and effluent total organic carbon were the
inputs of the model, and the simulation results alestrate that the model was able to
effectively describe the daily variations of the 8B reactor performance, and to
predict the steady—state reactor performance abuarsubstrate concentrations and
HRTs. The response surface methodology (RSM) wad by Zhao and collaborates
(2008) to evaluated the biohydrogen production freutrose in a granule—based
upflow anaerobic sludge in the blanket (UASB) react

Recently, an anaerobic sequencing batch reactoBR)Sadopted from the classical
reactor for wastewater treatment, has shown pragnisesults in hydrogen production
by changing the time of each cycle, and the autbhorgluded that pH and the cyclic
duration of the operations profoundly impacted femtative hydrogen production
(Chen et al., 2009).

Yet another main factor influencing the bacteriabductivity and total yield of
hydrogen is the partial pressure of produced gasorel solution to enhance the
bacterial productivity was through reduction of tjees pressure has been proposed by
Alshiyab et al. (2009). An increase in the reaciae showed an enhancement in the

17



bacterial production of hydrogen. This techniquenafeasing reactor size resulted to
enhance the 1 glucose utilized to maximum yield+bgdn yield from 269 ml/g
glucose utilized by using 125 ml and 2 | react@esof 448 ml/g, respectively. The
hydrogen productivity was also enhanced from 7lhnd a maximum of 91 mi/h.
Alshiyab et al. (2009) concluded that by using ggbr reactor size, the effect of
gaseous products in fermentation medium was redaoédthereafter enhanced both
bacterial productivity and biomass concentration.

4.3. Novel bacterial strains

Microbial H, production is an attractive process accountingaf@ignificant share of
the H required for the near future. The biochemical bgén potential (BHP) tests
were conducted to investigate the metabolism délint inoculums fermentation and
evaluate the hydrogen potential of bacterial stragpecies growing on different
substrates. Lin et al. (2007) investigate the nwdisim of glucose fermentation of four
Clostridial species, including GacetobutylicumM121, C.butyricumATCC19398, C.
tyrobutyricumFYal02, and Cbeijerinckii L9 and the results were able to accurately
describe the profile of glucose degradation as aflproduction of biomass, butyrate,
acetate, ethanol, and a significant amount of hyelnogas in the batch tests. Another
microbial species, belonging to the gené&materobacter Citrobacter, Bacillus and
Clostridium are reported to produce hydrogen through dark datation (Nandi and
Sengupta, 1998). Apart from pure cultures, varimirdseed micro—flora and co—cultures
have also been explored for hydrogen productiomfrecarbohydrates (Das and
Verziroglu, 2001). Nevertheless, the search fdeal’ and more selective microbe(s)
for microbial H production have thrust the researchers to scragous sources.

Isolating strains that can effectively utilize cédise materials to produce hydrogen at
room temperature is also of great practical inter@b et al. (2003b) had isolated a
newly isolatedCitrobactersp. Y19 for CO-dependent,Hhroduction for its capability

of fermentative H production in batch cultivation.When glucose wasduas carbon
source, the pH of the culture medium significankbgcreased as fermentation proceeded
and H production was seriously inhibited but fortifedogphate at 60—-180 mmol/l
alleviated this inhibition. The maximal,Hield and H production rate were estimated
to be 2:49 mol Blmol glucose and 32:3 mmolJkg cell/h, respectively. According to
Oh et al. (2003b), the overall performance of Ya%drmentative bHproduction was
quite similar to that of most Hproducing bacteria previously studied, especitdly
that of Rhodopseudomonas palustR4, and that indicated that the attempt to find an
outstanding bacterial strain for fermentative ploduction might be very difficult. In
the case glucose present in a mediunCitfobacter Y19 being used for biohydrogen
generation, the glucose is believed to serve doudiks in enhancing the sustained
production rate of hydrogen (Pandey and Pande\8)2@rstly, it quenches the free O
liberated as a side product of reaction catalyzgdibrogenase, which is Qabile.
Secondly, organic acids produced by this reactienuélized by theCitrobacter Y19

as organic substrate in anaerobic conditions.

Nevertheless, several other studies followed irs ttlirection and results seemed
promising. Wang et al. (2008) isolated a straig),(& member otlostridia genera
(Clostridium acetobutylicumATCC 824), from a hydrogen—producing reactor, and
determined hydrogen production potential by damknentation of this strain from
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microcrystalline cellulose suspensions at°87 In their work, Wang et al. (2008) also
tested whether this stain could work with anotheails, Ethanoigenens harbinense
B49, which could produce hydrogen efficiently frommonosaccharides, for
bioaugmented biohydrogen production from microaliste cellulose. At 37C and
pH 5.0, the mono—culture ofgielded hydrogen with a 5-h time lag and end tiqui
products contained primarily of acetate and bugrathe co—culture of g with
Ethanoigenens harbinens849 produced more efficiently the biohydrogen via a
ethanol-type fermentation metabolism compared witmo—culture X test. It hence
meant that the bioaugmentation with+849 improved cellulose hydrolysis and the
subsequent hydrogen production rates as compared thiat of monoculture
bioaugmentation with X Earlier, Venkata Mohan et al. (2007b) studiea femasibility

of a bioaugmentation strategy in the process oéraing biohydrogen production from
chemical wastewater treatment for an OLR of 6.3 ®§On’/d in anaerobic
sequencing batch biofilm reactor (AnSBBRy. 2) operated at 28 under acidophilic
microenvironment (pH 6) with a total cycle periofl 24 h. A parent augmented
inoculum, kanamycin resistant, was acquired fromoperating upflow anaerobic
sludge blanket (UASB) reactor treating chemicaltesaater and subjected to selective
enrichment by applying repetitive/cyclic pretreatithemethods altering between
heat-shock treatment at @) 2 h and acid treatment at pH 3, 24 h to elinginat
non-spore forming bacteria and to inhibit the gitowt methanogenic bacteria. In the
case of food waste at upflow anaerobic sludge Miar(klASB) reactor treating
wastewater the specific methanogenic activity (SMA)granule was the highest for
butyrate, and the lowest for propionate, also Metisaeta—like bamboo—-shaped rods
were present in abundance (Han et al., 2005). Fhendata obtained, Venkata Mohan
et al. (2007b) show a positive influence of thealigmentation strategy on the overall
H, production with a specific Hproduction almost doubling after augmentation from
0.297 to 0.483 mol kg COD/d. The survival and retention of the augtedn
kanamycin resistant inoculum and its positive dftet process enhancement was most
seemingly attributable to the adopted reactor cardiion and operating conditions.
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Fig. 2. Schematic details of AnSBBR (HRydrogen monitoring probe; PPF—feeding
peristaltic pump; PPRecirculation peristaltic pump; FL—feed line; RL—recirculation
line; GL-gas collection line; T—preprogrammed timer; PPD—decanting peristaltic
pump; FSFfeed storage tank; GCT—gas collection container; DST—decant storage
tank). (Venkata Mohan et al., 2007b).

Additionally, analyses of evolution of the microb@mmunity was studied during
reactor operation using molecular biology tools RFLP, 16S rRNA cloning library
and FISH) and conventional microbiological techmigjdor examines the feasibility of
producing hydrogen by dark fermentation (Castetl@le 2009). The results showed
that hydrogen can be produced but in low amountsnaigrobiological studies showed
the prevalence of fermentative organisms from thenega Megasphaera,
Anaerotruncus, Pectinatus and Lactobacillus, whigy be responsible for hydrogen
production. According Venkata Mohan and collab@g@007b), the images analyses
made on the scanning electron microscope (SEM)ircoed the selective enrichment
of morphologically similar group of bacteria capabf producing KHunder acidophilic
conditions in anaerobic microenvironment. The s@vand maintenance of the
augmented consortia suggested that the growthofatee organism might have been
higher than washout and the activity of the grazesis negligible. The SEM images
(X5 K) of augmented mixed consortia showed slighibnt, rod—shaped and thick
fluorescent capsid bacterikig. 3). It was most apparently presumed from the image
visibility that the adopted selective enrichmenbgadure might have resulted in an
enrichment of morphologically similar group of radvaped bacteria capable of
producing H.
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Fig. 3. Scanning electron microscopy (SEM) images (X5 (4): Selectively enriched
kanamycin resistant anaerobic mixed culture (biczerged culture). (b) Biofilm taken
after five cycles of feeding after bioaugmentati®enkata Mohan et al., 2007b).

4.4. Genetic manipulations

Improved biohydrogen production rates will cledvnefit from both the selection of a
suitable phototroph and the engineering of its lémsical pathways (Kruse et al.,
2005). The majority of microorganisms currentlydséa for hydrogen photoproduction
have been selected because of their ease of tidhyavhich is often consistent with
slow growth rates (Kruse et al., 2005). Howevarther efforts to overcome existing
issues of low rates and yields of biohydrogen petidn in optimized reactors
configurations will need to rely on the abilityaoalyze, predict and engineer microbial
metabolism in native fproducing strains as well as genetically enginderatrains
with constructed b+-metabolism (Vignais et al., 2006; Jones, 2008).

Recently, there has been substantial progressemtifging relevant bioenergy genes
and pathways in microalgae, and powerful genetinipudations have been developed
to engineer some strains via the targeted dismptb endogenous genes and/or
transgene expression (Beer et al., 2009). Collelgtivthe progress that has been
realized in these areas is rapidly advancing thityabf researchers and engineers to
genetically optimize the production of targetedfiéds including biohydrogen. Akhtar
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and Jones (2008) have recently engineered a simthyet~—hydE-hydG-hydAoperon
for biohydrogen production while Xing et al. (2008ported genomic evidence for the
presence of novel Hproducing bacteria in acidophilic ethanob+doproducing
communities that were enriched using molasses watte. Earlier, Melis et al. (2007)
have examined the physiological and genetic engmgeapproaches by which to
improve the hydrogen metabolism characteristicsnafroalgae. Melis et al. (2007)
discussed the application of sulphur—nutrient deggiion to attenuate Oevolution and
to promote H-production, as well as the genetic engineeringsuiphate uptake
through manipulation of a newly reported sulphatengease in the chloroplast of the
model green alg&hlamydomonas reinhardtii

Franchi et al. (2004) have constructed three diffdy metabolically engineered
strains, 2 single PHAand Hup mutants and one double PHAup mutant, of the
purple nonsulphur photosynthetic bacteritRhodobacter sphaeroideRV, were
constructed to improve a light—driven biohydrogenduction process combined with
the disposal of solid food wastes. These phenoty@es designed to abolish, singly or
in combination, the competition of ;Hpohotoproduction with polyhydroxyalkanoate
(PHA) accumulation by inactivating PHA synthasen\dist, and with H recycling by
abolishing the uptake hydrogenase enzyme. Withclacid—based synthetic medium,
the single Hup and the double PHAHup mutants, but not the single PHMutant,
exhibited increased rates o Hhotoproduction, about one third higher than tfahe
wild—-type strain. All three mutants sustained aglemr-term H photoproduction phase
than the wild-type strain, with the double mutaxiibiting overall the largest amount
of H, evolved. The work of Franchi et al. (2004) heneendnstrated the feasibility of
single and multiple gene engineering of microorgars to redirect their metabolism
for improving H photoproduction using actual waste—derived sutestraYet another
interesting advance was made by Yoshino et al. {RO@here a strategy to establish
cyanobacterial strains with high levels of ptoduction that involved the identification
of promising wild-type strains followed by optimtzan of the selected strains using
genetic engineering was developed. Yoshino e807) selected thHostocsp. PCC
by virtue of it having the highest nitrogenase \atti After sequencing the uptake
hydrogenase (Hup) gene cluster as well as thedgiitonal hydrogenase gene cluster
from the strain, and constructing a mutanhypl) by insertional disruption of the
hupL gene, H was produced a rate three times that of the wyjok:t Lately, Kars et al.
(2008) improved the hydrogen producing capacitycelfs by introducing a suicide
vector containing a gentamicin cassette in thgSL genes intoRhodobacter
sphaeroiodes0.U.001. The wild-type and the mutant cells showedilar growth
patterns but the total volume of hydrogen gas eawlby the mutant was 20% higher
than that of the wild type strain.

NH," is typically an inhibitor to hydrogen productiorofn organic wastewater by
photo—-bacteria. Recently, Zheng et al. (2009) fotived biohydrogen generation with
wild—type anoxygenic phototrophic bacteriuRhodobacter sphaeroidesas to be
sensitive to N due to the significant inhibition of Nfto its nitrogenase. In order to
avoid the inhibition of Nif' to biohydrogen generation R. sphaeroidesa glutamine
auxotrophic mutanR. sphaeroidefAR-3 was obtained by mutagenizing with ethyl
methane sulphonate. Zheng et al. (2009) noticedthizgaAR-3 mutant could generate
biohydrogen efficiently in the hydrogen productiomedium with a higher NH
concentration, because the inhibition of NHo nitrogenase of AR-3 was released.
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Under suitable conditions, Zheng et al. (2009) sssfully demonstrated that AR-3
could effectively produce biohydrogen from tofu veagater, which normally
contained 50-60 mg/l Nfi, with an average generation rate of 14.2 ml/Ithe Falient
improvement was that the biohydrogen generatioe tad more than doubled
compared with that from wild—typgR. sphaeroides Several other related studies hence
indicate that genetic, and hence metabolic, engmg€Vignais et al., 2006; Mathews
and Wang, 2009) is a promising approach to the angiment of biological hydrogen
production by existing microorganisms, particulagdy concerns the redirection and
optimization of the flow of reducing equivalents tilee H-producing enzymes,
nitrogenase or hydrogenase.

5. Conclusion

Day by day the human society seems to have an nohable appetite for energy to
meet up with global prosperity. But yet paradobycdependence on fossil fuels as the
primary energy source appears to be a major caugbal warming, environmental
degradation and health problems which threatensthreival of mankind. Hydrogen
from both fossil and renewable biomass resourcassisstainable source of energy not
limited and with different applications. The biologl production of hydrogen
(Biohydrogen) has attracted worldwide attention angbys much promise as a green
fuel owing to the fact that hydrogen can be produitem renewable organic matters.
The several methods and experimental techniquesiémgies so far developed and
analyzed offer promising potential for practicaldér industrial application, for
become commercially competitive should it be ablsynthesize sufficient hydrogen.
Additionally, also the use of modern bioreactord apecific substrates (food crops and
lignocellulosic wastes) will be economically andvieonmentally less costly and
inherent to the biohydrogen energy promise. Biobgdn production from the
fermentation of renewable substrates is one prowpialternative, when one considers
that the organic substrates (agriculture, cropdress, the food industry and market
waste, animal waste and organic matter of municspétl waste) are present in very
large quantities as subproducts or waste and camrdmbly utilized for biohydrogen
production.

The most commonly used technologies of biohydrggemduction include direct and
indirect biophotolysis, photo—fermentations, andkeéermentation. This biohydrogen
production technologies are still in a very eathge of their research and development
(R&D); and further applied R&D aimed at enhancihg tates of biosynthesis and final
yields of hydrogen are essential prerequisites phinoze in a first instance.
Optimization of bioreactor designs and operatiot@iditions for pH and microbial
flora, testing and validation of biological, cheali@and physical pretreatments, rapid
removal and purification of gases, and genetic ficadions of enzymatic metabolic
pathways that compete with hydrogen producing emz\systems offer exciting
prospects for biohydrogen systems.

The specific areas of research can be summarizedaashing for, reengineering and
improving photosynthetic microorganisms which havehigh hydrogen production
capacity; large scale -cultivation techniques forximézing and making more
cost—effective the efficiency of hydrogen productiomaking use of such
microorganisms; development of techniques for &ffety separating and refining the
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hydrogen formed.; design of integrated systemsbfohydrogen production followed
by technical evaluations and cost-benefit analySdéwe biological production of
hydrogen (Biohydrogen) on an industrial scale aetsravorldwide attention and enjoys
much promise as a green fuel to the growing globaérgy demand from an
environmental sustainability perspective (renewalggnic matters).

Finally, it is clear that global tools such as th€A and the comparison with
established processes are necessary to discerrgamemossibilities of biohydrogen
production and to compare with other sources ofg@ne
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