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Preface

The environment pollution and energy crisis are two vital issues for sustainable
development worldwide. The use of fossil fuels (petroleum, natural gas, and coal) is
considered as the cause of serious environmental problems.

With the increasing demand of energy and depleting reserves of conventional
fossil fuels, there has been growing global interest in developing alternative sources
of energy. Although hydrogen (H,) is not a primary energy source, it has been
considered a promising candidate as a substitute for fossil fuels because it has the
potential to eliminate most of the problems caused by the fossil fuels.

From the perspective of energy source, hydrogen can be produced from organic
wastes (agricultural wastes, municipal wastes, algal biomass, etc.), renewable
energy (solar, wind, etc.), fossil fuel (coal, oil, natural gas, etc.), and nuclear energy.
Different technologies have been used for hydrogen production, such as direct
thermal, thermochemical (such as hydrocarbon reforming and coal gasification),
electrochemical, and biological. Among the hydrogen production methods,
hydrogen production using biological processes is new, innovative, and potentially
more efficient, which has been broadly studied for its mild reaction condition and
high potential environmental benefits.

Biohydrogen production is performed by hydrogen-producing microorganisms
at ambient temperature and pressure. Microorganisms can recover and concentrate
the energy from aqueous organic wastes, such as industrial wastewater and sludge.
Biohydrogen can be produced from the biophotolysis of water using algae and
cyanobacteria, the photo-decomposition of organic compounds by photosynthetic
bacteria, and the dark fermentation from organic compounds with anaerobic bac-
teria. Among these biological processes, dark fermentation is more favorable than
photo-dependent hydrogen production for its independency of light, generally high
rate of hydrogen generation, simple reactor as well as easy control. In particular
considering the wide range of substrates, dual benefits of clean energy generation
and organic wastes management can be achieved, since hydrogen is produced from
various organic wastes and wastewater enriched with carbohydrates as the sub-
strate, decreasing the cost for hydrogen production. Thus, fermentative hydrogen
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production is widely accepted as a more feasible biohydrogen production way, and
gained widespread interest and attention.

Biological hydrogen production processes offer a technique through which
renewable energy sources like biomass can be utilized for the generation of the
cleanest energy carrier. Hydrogen-intensive research work has already been carried
out on the advancement of these processes, such as the development of genetically
modified microorganism, metabolic engineering, improvement of the reactor
designs, use of different solid matrices for the immobilization of whole cells,
biochemical-assisted bioreactor, and development of two-stage processes for higher
hydrogen production rate.

The present book provides the state-of-the-art information on the status of the
biohydrogen production from various organic wastes. This book has eight chapters,
including the microbiology, biochemistry and enzymology of biohydrogen pro-
duction, the enrichment of hydrogen-producing microorganisms, the pretreatment
of various organic wastes for hydrogen production, the influence of different
physicochemical factors on hydrogen production, the kinetic models and simulation
of biological process of fermentative hydrogen production, the optimization of
biological hydrogen production process, and the fermentative hydrogen production
from sewage sludge.

The text in all the chapters is supported by numerous clear, informative figures
and tables. To our knowledge, this book is a first attempt to describe the biological
hydrogen production from various organic wastes, which is aimed at a wide range
of readers, mainly including undergraduates, postgraduates, energy researchers
engineers, and others who are interested in hydrogen production in general and
biological hydrogen production in particular, as well as to industrial concerns that
are looking for inexpensive hydrogen production technologies.

We warmly thank Dr. Mengchu Huang and Dr. Sivajothi Ganesarathinam, and
the team of Springer Nature for their cooperation and efforts in producing this book.

We hope readers will find this book interesting and informative for their research
pursuits.

Beijing, China Jianlong Wang
Yanan Yin
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Chapter 1
Introduction

1.1 Global Energy Development

World economic growth and rapid urbanization require more energy to fuel the
increased level of activity. It has been predicted that energy consumption will
increase by 35% from 2014 to 2035, and fossil fuels account for around 80% of
total energy supply (BP 2016a). As shown in Fig. 1.1a, world primary energy
consumption increased from around 9400 million tons oil in 2000 to over 13000
million tons oil in 2015. By 2035, fossil fuels remain the dominant source of energy
powering the global economy, providing around 60% of the growth in energy and
accounting for almost 80% of total energy supply. Presently, the utilization of fossil
fuels are causing global climate change mainly due to the emission of pollutants
like COy; NO,; SO,; C H,, soot, ash, droplets of tars, and other organic com-
pounds. A series of environmental problems have been caused by the continuous
heavy dependence on fossil fuels, like global warming, air pollution and acid rain,
and so on. The increase in Greenhouse Gas (GHG) emissions was estimated to have
increased by 80% from 1970 to 2004 (Li and Lin 2015) and a further increase of
52% between 2005 and 2050 was predicted (De Boeck et al. 2015). Considering the
far-reaching effect on world climate change, environmental problems are seriously
affecting the sustainable development of human beings. Measurements must be
taken to deal with the problems at the fundamental level.

On the other side, the reserves of primary energy can hardly meet the quick
increasing demand. By the end of 2015, the increase of explored fossil fuel reserves
was much lower than the increase of production (BP 2016b). Primary energy crisis
forces people to search for renewable energy candidates.

Thus, to solve the environmental degradation and energy crisis, exploration of
clean and renewable energy alternatives is extremely urgent. Quite a few renewable
energy sources have been explored, like solar energy, wind energy, hydropower, and
biomass. Solar energy is one of the most abundant energy resources on the surface of
the earth. However, solar energy has a tiny contribution in the world’s total primary

© Springer Nature Singapore Pte Ltd. 2017 1
J. Wang and Y. Yin, Biohydrogen Production from Organic Wastes,
Green Energy and Technology, DOI 10.1007/978-981-10-4675-9_1
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Fig. 1.1 Situation of world energy consumption. a World energy consumption equivalent with
million tons oil (Adapted from (BP 2016b)); b Shares of various energy sources (Adapted from
(BP 2016a))

energy supply of less than 1% (Demirbas et al. 2017). Wind energy has been used for
centuries to power windmills to mill wheat or pump water. The wind energy sector is
one of the fastest growing energy sectors in the world: wind power generation
capacity has increased from about 24.3-337 GW in the last 50-60 years (World
Wind Energy Agency 2014). The water in rivers and streams can be captured and
turned into hydropower. Large-scale hydropower provides about one-quarter of the
world’s total electricity supply. The technically usable world’s potential of
large-scale hydropower is estimated to be over 2,200 GW, of which only about 25%
is currently exploited (Demirbas et al. 2017). Biomass resources include various
natural and derived materials. Biomass can be turned to energy through three ways:
it can be burned to produce heat and electricity; changed to gas-like fuels (methane,
hydrogen, carbon monoxide, etc.); and converted to a liquid fuel (alcohols, volatile
fatty acids, etc.). Besides the above-mentioned renewable energy, other energy
sources like tide energy, geothermal energy, etc., are also explored. There still
remains great potential in the further development of renewable energy. It has been
predicted that the share of primary energy will decrease gradually in the future and
renewable energy will rise from around 3% today to 9% in next 20 years (Fig. 1.1b),
supplying one-third of the growth in power generation (BP 2016a). According to
International Renewable Energy Agency (IRENA) with policies in place and under
consideration today, the global penetration of modern renewable energy will reach
14% of total final energy consumption (TFEC) by 2030 (International Renewable
Energy Agency (IRENA) 2014).

However, energy sources like solar, wind and ocean projects have limited life-
times and if applied globally might consume a remarkable share of construction
materials (Budzianowski and Postawa 2017). The facilities for energy collection are
usually in remote regions, and energy supply is heavily dependent on climate,
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leading to the high cost of energy storage and transportation. Furthermore, some
negative effects on environment are also exist in developing solar, wind energy and
hydropower, mainly include the water and air pollution caused in equipment
manufacture, ecological environmental impact caused in energy generation process
(Demirbas et al. 2017).

By contrast, biogas production from biomass owns several advantages in further
application: (1) dual benefits of energy generation and organic wastes management;
(2) easy storage and transportation; (3) Infrastructures for natural gas are available;
(4) little negative impacts on environment throughout the production and utilization
process. And among methane, hydrogen and carbon monoxide, hydrogen is con-
sidered as the most potential candidate.

1.2 Hydrogen Energy

Hydrogen is the most plentiful element in the universe, making up about
three-quarters of all the matters (Das and Veziroglu 2001). The atmosphere contains
about 0.07% hydrogen. At standard temperature and pressure, hydrogen is a col-
orless, odorless, tasteless, nontoxic, diatomic gas. While on the earth’s surface,
most of the hydrogen exists in molecular forms such as water or organic com-
pounds, occupies around 0.14% of all the compounds.

Hydrogen has extensive applications, such as:

(1) Hydrogen is an important raw material in chemical industries.

Over 60% of hydrogen produced all over the world is used in ammonia
production. Hydrogen is also used as a hydrogenating agent in increasing the
level of saturation of unsaturated fats, oils, and alcohol production.

(2) Hydrogen is an important raw material in petroleum and coal industry.
Hydrogen is used in upgrading the fossil fuels. For example, the
hydrodealkylation, hydrodesulfurization, and hydrocracking process in the
petrochemical plant; coal gasification; desulfurization and denitrification of
fossil fuels, etc.

(3) Hydrogen has wide applications in engineering.

Hydrogen is used as a shielding gas in welding process, as the rotor coolant in
electrical generators and so on.

(4) Hydrogen is a potential energy carrier.

With a pretty high energy density of 142 kJ/g, hydrogen has been used to store
energy from wind, solar, nuclear, and so on.

(5) Hydrogen is an ideal fuel.

Hydrogen is highly flammable and can burn in air at a very wide range of
concentrations between 4 and 75% by volume. The enthalpy of combustion is
—286 kJ/mol, and the combustion forms only water.
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1
Hy+ 502 — H0  AG = ~286k]/mol (1.1)

From the evolution of fuel, mankind’s fuels have continually evolved as better,
more efficient, safer, and cleaner fuels. From wood, to animal fat, to coal, to
petroleum, to natural gas, shows a clear trend to lighter and cleaner fuels, and
low-carbon energy becomes more and more preferable (Das 2009). Hydrogen, as
the only carbon-free energy, is the direction of energy evolution.

Hydrogen owns several benefits as a promising fuel candidate, for example:

(1) it has the highest energy yield of 142.35 kJ/g;

(2) it is totally clean with water as sole product;

(3) it is easy for the storage and transportation;

(4) the rapid development of fuel cell technology further facilitates the application
of hydrogen in engines and electric power system.

Hydrogen is universally accepted as an environmentally safe, renewable energy
resource, and an ideal alternative to fossil fuels.

1.3 Hydrogen Production

Hydrogen can be produced from many ways. From the perspective of energy
source, hydrogen can be produced from biomass (agricultural wastes, municipal
wastes, algae, etc.), renewable energy (solar, wind, etc.), fossil fuel (coal, oil,
natural gas, etc.) and nuclear energy (Fig. 1.2).

Hydrogen production methods mainly include four categories:

Microbial

electrolysis cell
Dark
Biomass fermentation
R bl Photo
eneu{a e energy — fermentation
Solar, wind, wave etc. |\

Fossil fuel
Coal, oil, natural gas

Gasification,

cracking, reforming / ,
Electrolysis I
Thermal chemical

water splitting

Nuclear energy

Fig. 1.2 Sources and methods of hydrogen production
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1.3.1 Steam Reforming

At present, steam reforming is the most widely and commercially used method in
hydrogen production. In the steam reforming of natural gas, steam (water vapor)
reacts with methane at high temperatures (700-1100 °C), following reactions
happen (Oxtoby et al. 2015):

CH; +H,O — CO +3H, (1.2)
CH; — C+2H, (1.3)
CO +H,O — CO,; + H,. (1.4)

Besides steam reforming of natural gas, hydrogen is also produced through the
partial oxidation of hydrocarbons (Williams 1968) and coal reaction (Oxtoby et al.
2015):

2CH, + 0, — 2CO +4H, (1.5)

C+H,0 — CO+H, (1.6)

1.3.2  Electrolysis

Hydrogen can be produced from the electrolysis of water:
2H20(l) — 2H,(g) +02(g) Eo= +1.229V (1.7)

A DC electrical power source is connected to two electrodes placed in the water.
Hydrogen will appear at the cathode, and oxygen will appear at the anode.
Assuming an ideal state, the amount of hydrogen generated is twice the amount of
oxygen, and proportional to the total electrical charge conducted by the solution.
Considering the electrical conductivity, electrolysis of pure water requires excess
energy in the form of over potential to overcome the activation barriers. Thus,
studies usually increase the efficiency of electrolysis through the addition of an
electrolyte (such as a salt, acid, base, etc.) and the use of electrocatalysts.

Currently, about 4% of hydrogen gas produced worldwide is generated by
electrolysis, and normally used onsite. Electricity used may come from fossil
energy, nuclear energy, and renewable. Especially for wind and solar, hydrogen is
used as energy storage media to match the variation of production and demand.
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1.3.3 Thermal Chemical

Thermal chemical hydrogen production mainly refers to the thermal decomposition
of water.

At elevated temperatures, water molecules can split into hydrogen and oxygen.
Thermal water splitting has been investigated for hydrogen production since the
1960s (Funk 2001). As the temperatures needed to obtain substantial amounts of
hydrogen is pretty high (over 3000 °C), requirements on the materials used are very
severe, which inhibited the direct application of thermal chemical methods in
hydrogen production. However, the development of catalysts effectually reduces the
temperature required and makes thermal chemical hydrogen production focus in the
area of the catalysis and thermochemical cycles. Among the available thermo-
chemical cycles, iodine—sulfur cycle, copper—chlorine cycle, iron oxide cycle,
cerium (IV) oxide—cerium (IIT) oxide cycle, zinc zinc-oxide cycle, and hybrid sulfur
cycle are commonly studied. Both solar energy and nuclear energy are used as heat
source for thermal chemical hydrogen production.

For the hydrogen production from nuclear plant, an important advantage of
hydrogen production from nuclear energy is that a nuclear reactor can shift between
producing electricity and hydrogen, which can both match the electrical demand
variation and achieve excess energy storage. Besides nuclear energy, the high
temperatures needed to split water can be achieved through the use of concentrating
solar power. Material constraints due to the required high temperatures are reduced
by the design of a membrane reactor with simultaneous extraction of hydrogen and
oxygen. Thermal chemical hydrogen production from solar energy is completely
clean. With concentrated sunlight as heat source and only water in the reaction
chamber, the produced gases are very clean with the only possible contaminant
being water.

1.3.4 Biological

Biological hydrogen production is defined as hydrogen produced through the
metabolism of microorganisms, mainly including algae, bacteria, and archaea.

Based on the different energy sources, biological hydrogen production can be
categorized as photo-dependent (biophotolysis and photo fermentation) and
photo-independent (dark fermentation). Figure 1.3 shows the overview of biolog-
ical hydrogen production processes.

1.3.4.1 Biophotolysis

Producing hydrogen through biophotolysis of water catches researchers’ high
attention for it shows the potential to generate a clean fuel from water and light,
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Fig. 1.3 Overview of biological hydrogen production processes

which is plentiful in the nature. It can be achieved by either isolated cellular
components or algae cultures, and studies of microorganisms that produce hydro-
gen through biophotolysis of water have been focused on green algae and
cyanobacteria.

In the green algae, energy of sunlight in photosynthesis is used to extract
electrons from water, generating O, on the oxidizing side of photosystem II(PSII),
and producing H, on the reducing side of photosystem I(PSI) (Fig. 1.4). However,
since the reversible hydrogenase is sensitive to O, and the production of O, seri-
ously inhibits H, production, it extremely restricted the application of H, produc-
tion by biophotolysis process (Gaffron 1942). Until in 1998, Wykoff et al. (1998)
found that sulfur starvation can dramatically limit O, generation in PSII. This
breakthrough discovery leads people to turn to the indirect biophotolysis, in which
H,O oxidation and hydrogen generation is spatially or temporally separated.

As to the cyanobacteria, there are three pathways of producing hydrogen. The
first pathway is catalyzed by [MoFe]-nitrogenase and can only be found in
nitrogen-fixing cyanobacteria, this way is energetically inefficient for it requires two
ATP molecules for per electron to be transferred. Furthermore, uptake [NiFe]-
hydrogenases also take part in this process to consume some hydrogen generated. In
the second pathway, water acts as electron donor like in algae, but as cyanobacteria
do not depend on Fd- as the sole electron donor, the efficiency of hydrogen pro-
duction in this way is higher than in algae. In the third way, external carbon is
required to metabolize in the presence of light. Hydrogen is produced from
exogenous carbohydrates, and the reaction is catalyzed by nitrogenase or
hydrogenase.

In theory, biophotolysis would only be limited by the inherent maximal effi-
ciency of photosynthesis which can convert up to 33% of absorbed light into
chemical energy. Since somewhat less than half the sunlight energy is in the visible,



8 1 Introduction

Solar energy

Fig. 1.4 Water is photosynthetically oxidized on PSII, producing O,, H* and electrons, then the
electrons are transferred to PSI, and finally go into three ways: the formation of H,, the
reproduction of H,O with O, and the synthesis of NADPH

photosynthetically active region and since there are unavoidable losses, the theo-
retical maximal efficiency for photosynthesis is generally given as about 6%.

At present, development of practical biophotolysis systems is limited by the low
efficiency of photosynthesis, lack of scientific knowledge and economic constraints.

1.3.4.2 Photofermentation

The concept of photofermentation was initially proposed by Benemann et al.
(Benemann et al. 1973). Photofermentative bacteria essentially belong to two
groups: Purple and Green. The purple bacteria can be further subdivided into purple
sulfur (e.g., Chromatium) and purple nonsulfur bacteria (Rhodobacter), while the
green bacteria are further subdivided into green sulfur (e.g., Chlorobium) and
gliding bacteria (e.g., Chloroflexus). These photofermentative bacteria have evolved
light-harvesting complexes akin to photosynthetic organism. Light energy is con-
verted to chemical energy via photophosphorylation.

As shown in Fig. 1.5, take purple sulfur bacteria as example. Sulfide or organic
substrate is used as electron donors, and hydrogen production is accompanied with
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Fig. 1.5 Hydrogen production in purple sulfur bacteria (Modified from Das et al. (2014))

inorganic (sulfur-containing compounds) or organic substrate-driven reserve elec-
tron flow. NAD™ is reduced to NADH through a reversed electron flow. Then,
electrons are transferred toward nitrogenase via ferredoxin, ATP is consumed and
hydrogen is produced. 1 mol hydrogen production through nitrogenase requires 4
ATP consumption, which is pretty expensive for microbes.

As to the purple nonsulfur bacteria, hydrogen is produced to supply electron for
photosynthesis, in which process CO, is fixed via Calvin cycle and oxygen is
formed as terminal electron acceptor. However, the presence of oxygen is toxic to
enzyme nitrogenase, and hydrogen formation is suppressed consequently. Thus, to
produce hydrogen using purple nonsulfur bacteria, absence of oxygen is necessary.
In this case, light energy is only used for ATP generation, and electrons are
obtained from the oxidation of organic substrate. Then, under nitrogen starvation,
nitrogenase catalyzes the formation of molecular hydrogen from protons instead of
NH;. The overall reaction is stated as follows:

CH;COOH + 2H,0 — 4H, +2CO, (1.8)

Similar to purple nonsulfur bacteria, green sulfur bacteria can fix nitrogen by the
enzyme nitrogenase, and hydrogen can be production at limited N, conditions. For
the green gliding bacteria, the metabolic pathways are not completely known yet,
and very few studies have been conducted for the hydrogen production from gliding
bacteria.

Photo fermentative hydrogen production appears promising because of the
possibility of achieve hydrogen production from free solar light and organic wastes.
However, its application is still far from being practical, low light conversion
efficiencies, low hydrogen production rate, and the high-cost photo bioreactors, etc.,
a lot of work is needed in enhancing hydrogen production rate and light absorption
efficiency.
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1.3.4.3 Dark Fermentation

Dark fermentation is more favorable than photo-dependent hydrogen production for
its independency of light, generally high rate of hydrogen generation, simple reactor
as well as easy control. Especially considering the wide range of substrate, dual
benefits of clean energy generation and organic wastes management can be
achieved. Thus, fermentative hydrogen production is widely accepted as a more
feasible biohydrogen production way, and gained widespread interest and attention
in recent years.

Metabolic pathways leading to hydrogen production from organic wastes are
shown in Fig. 1.6. Taking the catabolism of carbohydrate as example, pyruvate is
formed from the glycolytic pathway. Then, pyruvate can then be further converted
to acetyl coenzyme A (acetyl-CoA), carbon dioxide, and hydrogen. Acetyl-CoA is a
central intermediate, and it can be dissimilated into a variety of soluble metabolites,
like acetate, butyrate, and ethanol and so on.

Although dark fermentation is more feasible than biophotolysis and photo fer-
mentation, the low hydrogen yield and substrate degradation rate still barriers its
application. Thus, breakthroughs are needed in process optimization, expansion and
SO on.

1.3.4.4 Microbial Electrolysis

Bioelectrochemical systems involve the use of exoelectrogenic microbes to produce
current in conjunction with the oxidation of reduced compounds. This current can
be used directly for power in a microbial fuel cell (MFC). Then, by exploiting the
low redox potential produced by exoelectrogens at the anode, cathodic proton
reduction can be accomplished with a little extra power supply (PS). This system is

Fig. 1.6 Metabolic pathways
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called microbial electrolysis cell (MEC), which is capable of producing hydrogen
from organic matters. The MEC efficiency relative to the electrical input has
reached over 400% (Call and Logan 2008), proving that the electrical energy
needed (typically > 0.2 V applied) is much less than that used for water electrolysis
(>1.6-1.8 V applied) (Lalaurette et al. 2009). Unlike dark fermentation, MEC
systems are not subject to the hydrogen yield constraints of 4 mol H2/mol hexose,
while they owns the benefits of organic wastes degradation and high hydrogen
production rate.

Figure 1.7 shows the schematic of MEC systems. The essential physical com-
ponents include an anode, a cathode, a membrane, electrochemically active
microrganisms, and a PS. During the hydrogen production process, organic matters
are degraded in the anode chamber by the exoelectrogenic microbes, releasing the
electrons and protons. Then, the electrons travel through the wire driven by the PS,
and combine with the protons at the cathode chamber to form hydrogen. The
protons formed in anode chamber with travel through the proton exchange mem-
brane (PEM) to the cathode chamber.

Taking acetate as example, the electrode reactions can be written as follows:

Anode : CH3COO™ +4H,0 — 2HCOy5 +9H™ +8e” (1.9)
Cathode : 2H" +2¢~ — Hy (1.10)
Overall reaction : CH;COO™~ +4H,0 — 2HCO; +H™ +4H, (1.11)

It requires the electrochemically active microbes to achieve the transformation
of electrons from organic matters to anode, hydrogen production efficiency in MEC
is closely related with the ability of the exoelectrogenic microbes. Microorganism
with electron transfer activity to anodes include b—Proteobacteria sp. (Rhodoferax),
g-Proteobacteria sp. (Shewanella and Pseudomonas), d-Proteobacteria sp. (Aeromonas,
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Geobacter, Geopsychrobacter, Desulfuromonas, Desulfobulbus), Firmicutes
sp. (Clostridium), and Acidobacteria sp. (Geothrix), etc. (Hallenbeck 2010).

Besides the microorganisms, hydrogen production efficiency by MEC is also
affected by the exchange efficiency of PEM, electrical conductivity and chemical
stability of anode and cathode. For the application of MECs in biohydrogen pro-
duction, continuous development in reactor design focus on reducing system
internal resistance, decreasing the material costs and increasing the biomass con-
centration in anode chambers are needed.

1.3.4.5 Combined Systems for Biohyrogen Production

Hydrogen production in single biological ways usually have some limitations. For
the photo-dependent hydrogen production, the low production rate and light con-
version efficiency hinders its application. Dark fermentation can hardly achieve
hydrogen yield over 4 mol Hp/mol hexose, which is only 33% of the 12 mol of
hydrogen possible based on stoichiometric conversion of glucose to hydrogen. The
residual organic matters present in liquid phase (include acetic and butyric acids,
and ethanol, etc.) can hardly be further converted, leading to the energy dissipation.
MEC:s are believed to be able to produce hydrogen from any biodegradable organic
matters, but studies have found that the conversation rates from complex organic
wastes (like cellulose) is pretty low compared to small molecules (like VFAs)
(Cheng and Logan 2007).

To make biological hydrogen production processes more practical, various
two-stage systems have been proposed. The combined systems usually take an
optimized dark fermentation as the first stage, and the second stages include a
methane digestion of the endproduct of dark fermentation, photo fermentation and
MEC:s to further recover the energy remained in liquid metabolites.

(1) Combined dark fermentation and methane production

In this approach, dark fermentative hydrogen production and methane pro-
duction are conducted in separated reactors, effluent from hydrogen fermenta-
tion system is used as substrate for methane production. Both reactors are
operated under their optimized conditions, respectively. Studies have found that
both energy extraction and wastes degradation rate are enhanced in two-stage
system. Hydrogen production system facilitated the hydrolysis of complex
substrates, leading to higher methane yield and more complete substrate
degradation. Thus, it is more important to optimize hydrogen productivity than
yields in hydrogen production system.

Thus, although not generating a pure hydrogen stream, a two-stage approach,
with an acidogenic hydrogen fermentation in the first stage and a second stage
with a methane generating anaerobic digestion of the effluent from the first
stage can achieve both enhanced waste treatment and energy recovery.
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Combined dark and photo fermentative hydrogen production

Similar with combined dark fermentation and methane production, a two-stage
process combining dark and photo hydrogen fermentation also take dark fer-
mentation as the first stage and the liquid metabolites in the first stage is used as
substrate for the second stage. Therefore, the combination of the dark and photo
fermentation could achieve a theoretically maximum yield of 12 mol H,/mol
hexose, which is an efficient system to increase biohydrogen yield, enhance
energy recovery, and benefit the subsequent process of organic metabolites
(Chen et al. 2008).

However, the practical application of the combined system still has a number of
problems to be overcome. Since different microorganisms are used in two
stages, the microbial biomass in the effluent of first stage may need to be
separated or sterilized before starting the second stage. Besides, effluent from
dark fermentation may need to be pretreated like pH adjustment, unfavorable
components separation (such as sulfur or nitrogen). Furthermore, when com-
plex organic wastes are used as substrate for dark fermentation, the effluent may
be dark colored and rich in suspended particles, which strongly affect the light
conversation efficiency for microbes in photo fermentation system (Hallenbeck
2010).

Combined dark fermentation and MECs hydrogen production

Similarly, in the combined dark fermentation and MECs system, MECs sys-
tems are used to further convert dark fermentation metabolites into hydrogen
with the application of an additional voltage. Such a process can theoretically
derive complete conversion of a hexose and achieve a maximum yield of
12 mol Hp/mol hexose with only a minimal (0.14 V) input of electrical energy.
Studies have proved the significant enhancement of hydrogen yields to 67-90%
of theoretical value (Cheng and Logan 2007).

There are several advantages of this combined system over the others. It is more
practical in using a wide range of organic wastes for hydrogen generation,
higher hydrogen production rate and efficiency, and relatively abundant energy
input (electricity). However, there are also some obstacles. Since MECs sys-
tems are sensitive to the pH change, effluent from dark fermentation need to be
buffered before the electrolysis process, which can be pretty costly. Besides,
improvements on MECs systems are still required like the development of
low-cost electrode materials, efficient system control, etc.

Combined dark fermentation and MFCs

In microbial fuel cells (MFCs), organic matters are oxidized by the microor-
ganisms, generating electrons and transferred from the anode (biological
compartment) to a cathode through an external circuit, where electricity is
produced from the electron flow. Then, the protons transferred from the anode
to a cathode through PEM, combined with oxygen generating water (Fig. 1.8).
Similar with MECs, small molecules are more easily used in MFCs. Through
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the combination of dark fermentation and MFCs, the metabolites can be further
used and turned into electricity power. In this case, particulate organic matters
can be hydrolyzed in dark fermentation system, producing hydrogen and
enhancing the adequate MFCs operation (De Gioannis et al. 2013).

The application of MFCs is hindered by similar problems with MECs, including
the cost of material, internal resistance, microbial density, and the pH sensitivity.
Furthermore, lots of efforts are still need to achieve a constant sufficiently high
catalytic density.

Hydrogen generation is attracting worldwide attention. According to survey, the
global hydrogen production increased from USD 87.5 billion in 2011 to USD 118
billion by 2016, and it was estimated to reach USD 152.09 billion by 2021, at a
compound annual growth rate (CAGR) of 5.2% from 2016 to 2021 (Markets and
Markets 2016). To achieve a long-term decarbonisation, the share of hydrogen was
predicted to reach 5-6% by 2050 (16000 PJ), and be dominated by low-carbon
hydrogen production technologies (Sgobbi et al. 2016).

However, at present, over 90% of the hydrogen production still relies on the
fossil energy, among which 40% is produced from natural gas, 30% from heavy oils
and naphtha, 18% from coal, and 4% from electrolysis. Only about 1% is produced
from biomass (Das 2009), which can hardly realize the sustainable hydrogen pro-
duction (Fig. 1.9). To maintain a sustainable development of hydrogen society,
hydrogen production from renewable sources attracts more attention. With mild
reaction condition, high potential environmental benefits and low-cost substrate,
dark fermentation supplies a promising way for hydrogen production (Urbaniec and
Bakker 2015). Furthermore, hydrogen production from biomass supplies dual
benefits of energy generation and wastes treatment. Thus, the biological hydrogen
production makes more sense in developing hydrogen society.
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1.4 Overview of This Book

Biological hydrogen production is considered as the most environmentally friendly
alternatives for satisfying future hydrogen demands. Biohydrogen production from
organic wastes obviously offers advantages for environmental protection over the
existing physicochemical methods.

In this book, we summarized the principles and applications of dark fermentative
hydrogen production from various kinds of organic wastes. This chapter introduces
the hydrogen production from different technologies. Chapter 2 reviews the
microbiology, biochemistry, and enzymology involved in the biological process of
dark fermentative hydrogen production. Chapter 3 introduces the various treatment
methods for the enrichment of hydrogen-producing microorganisms. Chapter 4
outlines the pretreatment technologies of organic wastes for biological hydrogen
production. Chapter 5 summarizes the different factors influencing fermentative
hydrogen production. Chapter 6 focuses on the kinetic models for biological pro-
cess of fermentative hydrogen production. Chapter 7 deals with the optimization of
biological hydrogen production process. Finally, Chap. 8 reviews the current states
of fermentative hydrogen production from sewage sludge.

To our knowledge, this book is a first attempt to describe the biological
hydrogen production from various organic wastes, which is aimed at a wide range
of readers, mainly including undergraduates, postgraduates, energy researchers
engineers, and others who are interested in hydrogen production in general and
biological hydrogen production in particular, as well as to industrial concerns that
are looking for inexpensive hydrogen production technologies.

We hope readers will find this book interesting and informative for their research
pursuits.
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Chapter 2
Microbiology and Enzymology

2.1 Microorganisms in Hydrogen-Producing System

2.1.1 Overview

As shown in Fig. 2.1, microorganisms present in biological hydrogen production
system can be categorized into hydrogen producers and non-hydrogen producers.

Taking hydrogen as target product, lots of studies have been focused on isolating
and exploring the characteristics of hydrogen producers. Based on the different
metabolisms in producing hydrogen, hydrogen producers include photosynthetic
microorganisms, photo-fermentative microorganisms, and dark fermentative
microorganisms. Photosynthetic microorganisms include cyanobacteria and green
algae. They can use light as an energy source, splitting water into hydrogen and
oxygen. Photo-fermentative microorganisms include purple sulfur bacteria (e.g.,
Chromatium), purple nonsulfur bacteria (Rhodobacter), green sulfur bacteria (e.g.,
Chlorobium), and gliding bacteria (e.g., Chloroflexus). These photo-fermentative
microorganisms convert organic matters to hydrogen in the presence of light, and
substrate in small molecules like short-chain volatile fatty acids can be used in
photo fermentation system. Dark fermentative microorganisms are rich in species
and widely distributed; they not only include the common strains like Clostridium
sp. and Enterobacter sp., but cover the strains live in harsh conditions like the
thermophiles habitat in hot spring (Thermoanaerobacterium sp.) and the psy-
chrophiles live polar areas (Polaromonas sp.). These strains can convert organic
substrate into hydrogen a series of biochemical reactions. Unlike photo fermenta-
tion, dark fermentation can be conducted in the absence of light.

© Springer Nature Singapore Pte Ltd. 2017 19
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Fig. 2.1 Schematic diagram represents the diversity of microorganisms present in
hydrogen-producing systems

2.1.2 Microbial Diversity in Hydrogen-Producing System

Besides the hydrogen producers, there are usually some other microorganisms
present in the system, especially the mixed cultures are used as inoculum. Some of
them are in demand while others are undesirable. The undesired non-hydrogen
producers include the hydrogen consumers (methanogen and homoacetogenic
bacteria) and the strains compete with hydrogen producers for substrate. The
presence of the undesired non-hydrogen producers can lead to the low hydrogen
production and hydrogen yield. Studies usually try to eliminate the undesired
non-hydrogen producers through the pretreatment of inocula and operational con-
trol. Besides the undesired non-hydrogen producers, the presence of some
non-hydrogen producers might provide useful combinations of metabolic pathways
for the processing of complex waste material ingredients, thereby supporting the
more efficient decomposition and hydrogenation of biomass. For example, some
strains can improve the hydrogen production by the granular formation/retention of
biomass, like Streptococcus sp. (Hung et al. 2011a, b); some aerobes or facultative
anaerobes can help to maintain an anaerobic environment in the system (Hung et al.
2011a, b); and some cultures have the potential to increase the hydrogen production
through the breakdown of macromolecular organic compounds, which is pretty
helpful when complex organic wastes are used as substrate.

2.2 Inocula for Dark Fermentation

Inoculum for dark fermentative hydrogen production system can be mixed cultures,
like anaerobic sludge, compost, soil, leachate, etc., or pure cultures, like
Clostridium sp., Enterobacter sp., etc. In the practical application, mixed cultures
are more widely used because of the broader choice of feedstock, cheaper operation,
and easier control (Das 2009). It was also proved that the co-cultures of different
bacteria can be more effective in hydrogen production especially when complicated
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substrates are used (Hung et al. 2011a, b). On the other side, systems with pure
cultures may cost more in system operation and maintenance. However, operations
applying pure cultures can provide a better understanding of metabolic pathways
happening during the hydrogen production process, thus revealing precious infor-
mation about the ways of promoting hydrogen production rate and hydrogen yield
of the system. Furthermore, the isolation and identification of effective hydrogen
producers can provide valuable microbial species resources for the research on gene
modification. Some studies have proved that hydrogen production can be signifi-
cantly enhanced through the addition of high-efficient pure cultures to
mixed-culture systems (Kotay and Das 2009).

2.2.1 Mixed Culture

Microorganisms capable of producing hydrogen are widely present in natural
habitat, such as sludge, compost, soil, sediments, leachate and organic wastes, and
so on. These materials can be potential sources for enriching hydrogen producers.
Anaerobic sludge is the most commonly used source for hydrogen producers
(Wang and Wan 2008; Abdallah et al. 2016; Yin and Wang 2016), followed by
animal compost (Xing et al. 2011; Chu et al. 2012; Li et al. 2016), soil underground
(Garcia et al. 2012), seacoast sludge (Lin et al. 2013; Lee et al. 2012), and leachate
(Watanabe and Yoshino 2010; Wong et al. 2014). When organic wastes were
applied for hydrogen production, like waste-activated sludge, food waste, cereal,
etc., the indigenous microorganisms can be used as hydrogen producers and no
additional inoculum was required (Bru et al. 2012; Cui and Shen 2012; Li et al.
2012a, b; Argun and Dao 2016).

A different microbial diversity was observed from different inoculum sources.
System inoculated anaerobic sludge usually dominated by Clostridium spp., among
which Clostridium butyricum, Clostridium pasteurianum, and Clostridium beijer-
inckii were most common strains (Ren et al. 2008a, b; Chu et al. 2011a, b; Chen
et al. 2012; Li et al. 2012a, b; Jeong et al. 2013). As to the system applied compost
as inoculum, Enterobacter spp., Bacillus spp., and Enterococcus spp. were usually
coexist with Clostridium spp. (Song et al. 2012a, b; Li et al. 2016).

When same pretreatment method is used, inoculum from different sources also
showed different activities on fermentative hydrogen production. Chen et al.
compared hydrogen production by heat-treated different inocula, and sludge from
municipal wastewater treatment plant showed 2.2 times higher in hydrogen yield
over cow dung compost at same reaction conditions (Chen et al. 2012). Indicating
that waste-activated sludge had better hydrogen production ability over compost,
similar conclusion was also obtained by Ghimire et al. who found that H, yield was
doubled when heat-treated waste-activated sludge was used in comparison to
buffalo manure fed digested sludge (Ghimire et al. 2016). Besides, Garcia et al.
conducted hydrogen production with heat-treated soil beneath the surface ground,
but the result was not satisfied comparing with parallel tests that adopted anaerobic
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sludge or compost (Garcia et al. 2012). The indigenous bacteria in organic sub-
strates were also studied; however, results obtained by Lay et al. showed that the
hydrogen production from sweet potato with indigenous microorganisms was far
behind the parallel groups with extra inocula (waste-activated sludge or cow dung
compost) (Lay et al. 2012).

Therefore, the inoculum has a significant influence on hydrogen production.
According the present studies, highest hydrogen yield was usually obtained by
waste-activated sludge, followed by animal compost, soil underground, and fer-
mentation with indigenous bacteria came last.

2.2.2 Pure Culture

At present, a lot of strains have been reported to be capable of producing hydrogen.
Commonly studied strains include Clostridium sp., like Clostridium butyricum,
Clostridium beijerinckii, Clostridium pasteurianum, Clostridium tyrobutyricum,
etc.; Enterobacter sp., like Enterobacter aerogenes, Enterobacter asburiae,
Enterobacter cloacae, etc., and some other strains like Ethanoligenens, Bacillus,
Klebsiella, Thermoanaerobium, Rahnella, etc., all showed capacity in hydrogen
production.

According to the cultivation temperature, hydrogen producers can be categorized
into mesophiles (Clostridium sp., Enterobacter sp., etc.), thermophiles (Klebsiella
sp., Thermoanaerobium sp., etc.), and psychrophiles (Rahnella sp., Polaromonas
sp., etc.). Mesophilic cultures are more widely used for the process employing
mesophiles is more economical. Basing on the tolerance to oxygen, they can be
categorized into anaerobes (Clostridium sp.), facultative anaerobes (Enterobacter
sp.), and aerobes (Bacillus lichenformis). Anaerobes usually have higher hydrogen
yield, while facultative anaerobes can help to supply anaerobic environment for
anaerobes in the fermentation system. Table 2.1 shows some typical hydrogen
producers and their hydrogen yields obtained in studies.

Besides the known strains, new strains of hydrogen producers are still being
found. Species Enterococcus faecium has been detected in many hydrogen pro-
duction systems in which mixed cultures were used (Liu et al. 2009; Song et al.
2012a, b; Cisneros-Pérez et al. 2015). Studies showed that species Enterococcus
faecium is usually found in systems applying heat-treated sludge as inoculum.

Although many strains that are able to produce hydrogen have been obtained,
studies searching for high-efficient hydrogen producers have never stopped. Besides
trying to isolate more efficient strains, many attempts have been made focus on
enhancing the hydrogen production through the engineering of strains. This
includes overexpression of hydrogen-producing genes (native and heterologous),
knockout of competitive pathways, creation of a new productive pathway, and
creation of dual systems.
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Our studies have tried to obtain the high-efficient mutant of hydrogen producers
through the gamma irradiation, and strains Clostridium butyricum INET1 and
Enterococcus faecium INET2 were isolated from 5 kGy gamma-irradiated sludge.

2.3 Pure Culture for Hydrogen Production
2.3.1 Clostridium butyricum INET1

2.3.1.1 Isolation and Identification of Strain

The strain Clostridium butyricum INET1 (NCBI GenBank accession number:
KX148520) was isolated from the 5 kGy gamma irradiation pretreated digested
sludge (Yin and Wang 2016). Medium used for isolation contains 10 g/L glucose
and 5 mL/100 mL nutrient solution, and the composition of nutrient solution is
given in our previous study (Yin et al. 2014a, b); the initial pH of the medium was
adjusted to pH 7.0. During the isolation process, 5 mL gamma irradiation pretreated
sludge was transferred into 200 mL medium and cultured under anaerobic condi-
tion at 36 °C for 24 h. Then, incubated culture was diluted serially (10_1, 10_2,
107°) with normal saline and further processed for isolation using the roll-tube
method on solid medium (1.5% agar w/v). The process was repeated until single
colony was obtained. Then, the obtained strains were transferred into the fresh
medium and cultured at 36 °C for 48 h. The purity of the isolates was checked
through microscopic observation. Hydrogen production from glucose was investi-
gated and strain INET1 showed the best hydrogen production.

The 16S rRNA gene of the isolated strain was amplified by PCR according to the
standard method, PCR was performed in a DNA thermal cycler, and the process
condition is as follows: denaturation at 96 °C for 2 min, 94 °C for 40 s (32 cycles),
54 °C for 40 s, 72 °C for 60 s, and final extension at 72 °C for 5 min. The 16S
rRNA gene sequence (1344 bp) was characterized by universal primers 27F and
1492R. The PCR products were purified using DNA Fragment Purification Kit
(Takara, Dalian, China). The strain was identified by China General
Microbiological Culture Collection Center (CGMCC) and deposited in CGMCC
numbered as CGMCC 1.5199. A phylogenetic tree was established with MEGA
6.06 using the neighbor-joining method. Credibility of the obtained phylogenetic
tree was evaluated by re-sampling 1000 bootstrap trees.

In our previous study, gamma irradiation pretreated digested sludge was proved
to be a good source of hydrogen producers (Yin et al. 2014a, b). Hydrogen yield of
2.15 mol Hy/mol glucose was achieved by the mixed culture, and various carbon
sources were able to be used for hydrogen production. Microbial analysis
demonstrated that the mixed culture was dominated by genus Clostridium (Yin and
Wang 2016). Considering the mutation effect of gamma irradiation, we expected to
obtain high-efficiency hydrogen-producing isolates from gamma-irradiated sludge.
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Table 2.2 Standard biochemical analyses of strain Clostridium butyricum INET1

Characteristics Results | Characteristics Results | Characteristics Results
Methyl red test + Catalase - Oxidase -
Utilization of
Glycerol + Mannitol - Melezitose -
Erythritol - Sorbitol - Raffinose +
D-Arabinose - o-Methyl-D-Mannitol - Starch +
glycosides
L-Arabinose + a-Methyl-D-Glucoside + Glycogen +
D-Ribose + N-Acetyl-Glucosamine + Xylitol -
D-Xylose + Amygdalin + Gentiobiose +
L-Xylose - Arbutin + D-Turanose +
Adon alcohol - Esculin + D-Lyxose -
B-Methyl-D-Xyloside |- Salicin + D-Tagatose
D-Galactose + Cellobiose + D-Fucose -
D-Glucose + Maltose + L-Fucose -
D-Sucrose + Lactose + D-Arabinitol -
D-Mannose + Melibiose - L-Arabinitol -
L-Sorbitol - Sucrose + Gluconate -
L-Rhamnose - Trehalose + 2-Keto-Gluconate | —
Dulcitol - Inulin + Inositol -

For the strain isolation, over 10 strains were isolated from digested sludge
pretreated by 5 kGy gamma irradiation. Among the isolated strains, strain INET1
showed the best hydrogen production ability both in cumulative hydrogen pro-
duction (218 mL/100 mL) and hydrogen yield (2.07 mol H,/mol glucose). Strain
INET1 was identified as Clostridium butyricum by CGMCC according to 16S
rRNA gene (1344 bp) and standard biochemical analyses using standard method
(Table 2.2).

It can be seen from Table 2.2 that various carbon sources can be used by
Clostridium butyricum INET1, including monosaccharides (like glucose, galactose,
mannose), disaccharides (like sucrose, lactose, maltose, trehalose), and polysac-
charides (like starch, inulin, glycogen). Sugars like inulin, arabinose, and xylose are
widely present in plants, indicating that this strain can use the hydrolysate of
agricultural wastes as substrate. However, for the sugar, alcohols and acids like
arabinitol, inositol, and gluconate cannot be used as carbon source by strain INET1.

The 16S rRNA gene sequence (1389 bp) analysis against public gene bank
(http://www.ezbiocloud.net/eztaxon) showed strain Clostridium butyricum INET1
had the highest similarity of 99.79% to strain Clostridium butyricumm DSM 10702 T
(accession No. AQQF01000149). A detailed phylogenetic tree is shown in Fig. 2.2
to describe the relationship between strain Clostridium butyricum INET1 and the
most closely taxonomic species.
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100 1— Clostridium butyricum INET1
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Fig. 2.2 Phylogenetic tree showing the relationships between strain Clostridium butyricum
INET1 and related species based on 16S rRNA gene

2.3.1.2 Characteristics of Hydrogen Production

As shown in Fig. 2.3a, both maximum cumulative hydrogen production and highest
hydrogen yield were obtained at 35 °C. Figure 2.3b shows that the hydrogen yield
flocculated between 1.75 and 2.07 mol Hp/mol hexose when initial pH ranges from
5.0 to 7.0, then decreased with the increase of initial pH. Maximum cumulative
hydrogen production of 218 mL/100 mL was obtained at initial pH 7.0. Figure 2.3c
shows that the hydrogen yield decreased from 2.24 to 1.49 mol H2/mol hexose with
the increase of substrate concentration from 5 to 20 g/L glucose. The highest
cumulative hydrogen production was achieved at 10 g/l glucose. Figure 2.3d
shows that hydrogen yield fluctuated between 1.76 and 2.07 mol H,/mol hexose
when inoculation proportion was between 10 and 20%. The optimum inoculation
proportion for cumulative hydrogen production was 10%.

In general, the maximum cumulative hydrogen production of 218 mL/100 mL
was obtained at 35 °C, initial pH 7.0, substrate concentration 10 g/L. glucose, and
inoculation proportion 10%, at this condition hydrogen yield of 2.07 mol H,/mol
hexose was achieved. Otherwise, the highest hydrogen yield of 2.24 mol H,/mol
hexose was attained at same condition as maximum cumulative hydrogen pro-
duction except initial pH 5.0. However, cumulative hydrogen production was only
138 mL/100 mL.
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Fig. 2.3 Characteristics of hydrogen production by Clostridium butyricum INETI1. a, b, c,
d represents the effect of temperature, initial pH, substrate concentration and inoculation
proportion on hydrogen production, respectively. (—a— Cumulative hydrogen production, —0—
Hydrogen yield)

2.3.1.3 Optimization of Fermentative Conditions

The operational conditions, including temperature, initial pH, substrate concentra-
tion, and inoculation proportion, were optimized, and the optimal condition for
hydrogen production by Clostridium butyricum INET1 was determined to be 35 °C,
initial pH 7.0, substrate concentration of 10 g/L glucose, and inoculation proportion
of 10%.

Temperature applied in fermentative hydrogen production by different
Clostridium butyricum isolates lies in 30—40 °C (Beckers et al. 2010; Junghare
et al. 2012; Pachapur et al. 2016). Junghare et al. explored the effect of temperature
on hydrogen production by Clostridium butyricum EB6 in a range of 25-55 °C, and
the maximum hydrogen production was obtained at 37 °C (Junghare et al. 2012).
Chong et al. optimized hydrogen production through response surface methodol-
ogy, and the optimal temperature was determined to be 36 °C (Chong et al. 2009a,
b). In this study, hydrogen production by Clostridium butyricum INET1 showed
sensitive reaction to temperature change, which may due to the inactivation and
denaturation of the key enzymes at inappropriate temperature condition (Cai et al.
2013a, b).

Optimal pH for hydrogen production by Clostridium butyricum strains varies a
lot, ranging from pH 5.2 to pH 9.0 (Abdul et al. 2013; Hiligsmann et al. 2014). In
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this study, maximum hydrogen production was obtained at initial pH 7.0. Little
hydrogen was produced at initial pH 5.0-6.0, which was because of the formation
of VFA further decreased pH of liquid phase, leading to the inhibition of hydrogen
production process. Many studies have showed that Clostridium species can hardly
grow below a pH range pH 4.0-5.0 (Cai et al. 2013a, b). However, high hydrogen
yield was obtained at initial pH range from pH 5.0 to pH 7.0. Basing on this
phenomenon, many studies have tried to enhance the hydrogen yield through fixing
pH of a reactor at around pH 5.5 (Calusinska et al. 2015). Both low hydrogen
production and hydrogen yield decreased with the increase of initial pH, possibly
because the metabolic pathways changed from hydrogen production to volatile fatty
acids production at higher pH conditions.

Organic loading is a vital factor for fermentative hydrogen production process. In
this study, maximum hydrogen production was obtained at 10 g/L glucose, lower or
higher substrate concentration all caused a significant decrease in cumulative
hydrogen production. Low substrate concentration may constrain the microbial
growth, while high substrate concentration may cause a quick decrease in pH and
end-product inhibition (An et al. 2014), both will result in low hydrogen production.
Hydrogen yield decreased with the increase of substrate concentration, possible
reason is that more energy was used for microbial growth rather than hydrogen
production when substrate was abundant. Many studies also observed the decrease of
hydrogen yield along with the increasing substrate concentration. Hydrogen pro-
duction by Clostridium butyricum CGS5 from microalgal biomass showed an
increase in cumulative hydrogen production at 3-9 g/L sugar concentrations and
declined over 9 g/L, but hydrogen yield decreased along with the increase of sugar
concentration from 3 g/L to 9 g/L. It was reported a decline in hydrogen yield when
sugar concentration was over 20-25 g COD/L with Clostridium butyricum TISTR
1032 (Plangklang et al. 2012). Clostridium butyricum EB6 was reported to achieve the
highest hydrogen yield at 15.7 g/L glucose concentration and higher substrate con-
centration resulted in significant decrease in hydrogen yield (Chong et al. 2009a, b).

Inoculation proportion also plays a crucial role in the successful operation of
fermentative hydrogen production process. Proper inoculation proportion can help
to achieve the quick start and high hydrogen production rate of a fermentative
hydrogen production system. In this study, both highest cumulative hydrogen
production and hydrogen yield were obtained at inoculation proportion of 10%.
Lower or higher inoculation proportion all resulted in a decrease of both cumulative
hydrogen production and hydrogen yield. Possible reason is that more energy is
required for microbial reproduction when inoculation proportion is low. Since
studies have found that most of hydrogen production happened at the logarithmic
growth phase for Clostridium spp. (Patel et al. 2015); thus, much high inoculation
proportion can make the bacteria in the system grow quickly into stable and decline
phase, leading to a change of metabolic pathway from hydrogen production to the
formation of other soluble metabolites.
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2.3.1.4 Hydrogen Production from Different Substrates

Strain Clostridium butyricum INET1 showed the ability of producing hydrogen
from different carbon sources, including monosaccharide (glucose and xylose),
disaccharide (sucrose and lactose), polysaccharide (starch), and alcohol (glycerol).

It can be observed from Fig. 2.4a that highest cumulative hydrogen generation
was obtained with glucose as substrate (218 mL/100 mL), followed by lactose
(178 mL/100 mL), sucrose (140 mL/100 mL), starch (114 mL/100 mL), xylose
(102 mL/100 mL), and glycerol (68 mL/100 mL). Kinetics of hydrogen production
process was simulated by the Modified Gompertz equation (Table 2.3), hydrogen
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Fig. 2.4 Hydrogen production from different carbon sources by Clostridium butyricum INET1.
a. Hydrogen generation during the fermentation process. b. Volatile fatty acids formation and
hydrogen yield obtained from different substrates
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Table 2.3 Parameters Substrates | P (mL) | R,, (mL/h) | % (h) | R

Es;‘;‘;;;‘i t:lylot;; modified Glucose 215.9 30.2 104 | 0.9955
Xylose 103.3 75 366 | 0.9872
Sucrose 141.2 10.6 164 09954
Lactose 177.7 2.1 275 |0.9983
Starch 112.6 6.1 168 |0.9946
Glycerol 67.8 4.7 14.4 0.9907

production from glucose showed both highest maximum hydrogen production rate
and lowest lag time, test with xylose demonstrated the longest lag time, while test
with glycerol showed the smallest maximum hydrogen production rate.

As shown in Fig. 2.4b, more VFA was formed with glucose, xylose, and lactose
as substrate, followed by starch, glycerol, and sucrose. VFA was dominated by
butyric acid in test with lactose as substrate, for tests with sucrose, starch, and
glycerol as substrate, more acetate acid was formed, while for tests with glucose and
xylose as substrate, both acetate acid and butyric acid are the main metabolic
products.

Highest hydrogen yield of 2.24 mol H,/mol hexose was achieved with glucose
as substrate, followed by 2.17 mol H,/mol hexose with starch. 1.23-1.83 mol
H,/mol hexose was attained with xylose, sucrose, and lactose, while glycerol
showed the lowest hydrogen yield of 0.67 mol H,/mol hexose.

Analysis of VFA formation shows that hydrogen production from different
substrates followed different fermentation types. Hydrogen production from glucose
and xylose was dominated by mixed acid type fermentation, fermentation with
sucrose, starch, and glycerol as substrate followed by acetate-type fermentation,
hydrogen production from lactose went through butyrate-type fermentation. Similar
phenomenon was observed in hydrogen production by Clostridium butyricum
TM-9A from different carbon sources (Junghare et al. 2012). However, Patel et al.
examined hydrogen production from various carbon sources by Clostridium
sp. IODB-03, and all the tests were dominated by butyrate-type fermentation (Patel
et al. 2015).

Table 2.4 shows the comparison of hydrogen production from various carbon
sources by Clostridium butyricum INET1 and other Clostridium butyricum isolates.
It can be seen from Table 2.3 that operational condition used in different studies
with Clostridium butyricum isolates also various, the temperature ranged from 30 to
37 °C and the initial pH ranged from pH 5.5 to pH 9.0. Most commonly used
condition was 37 °C and pH 7.0. Variation in operational conditions indicates that
although belonging to specie Clostridium butyricum, characteristics of different
isolates also varies in a certain extent.

For the studies used glucose, xylose, sucrose, lactose, starch, and glycerol as
substrate, hydrogen yield of 0.23-3.47 mol H,/mol hexose, 0.59-3.12 mol H,/mol
hexose, 0.44-1.63 mol H,/mol hexose, 0.69-1.83 mol H,/mol hexose, 0.73-
3.2 mol Hy/mol hexose, and 0.67-3.6 mol Hy/mol hexose were obtained by dif-
ferent Clostridium butyricum isolates. Different strains showed advantage in
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Table 2.4 Comparison of hydrogen production by Clostridium butyricum INET1 and other
Clostridium butyricum isolates

Microorganism | Substrates Temperature | pH | Hydrogen yield | References
(mol H2/mol
hexose)
Clostridium Glucose 37 7.0 |3.47 Ortigueira et al.
butyricum DSM (2015)
10702
Clostridium Glucose (1- 30-37 5.2—- 10.23-24 Beckers et al.
butyricum 10 g/L) 8.0 (2010; Beckers
CWBI1009 et al. 2015)
Clostridium Glucose (5— 39 6.5 |0.82-14 Wang et al. (2009)
butyricum W5 10 g/L)
Clostridium Glucose (3 g/L) |37 6.5 |2.09 Seppilé et al.
butyricum (2011)
Clostridium Glucose (9 g/L) |37 7.0 |1.26 Karube et al.
butyricum IFO (1976)
3847
Clostridium Glucose (9 g/L) |37 7.0 1.04 Karube et al.
butyricum 1AM (1976)
19002
Clostridium Glucose (9 g/L) |37 7.0 1.2 Karube et al.
butyricum IMA (1976)
19003
Clostridium Glucose (10 g/L) |37 8.0 |2.67-3.1 Junghare et al.
butyricum (2012)
TM-9A
Clostridium Glucose (10 g/L) |37 6.5 1.9 Jenol et al. (2014)
butyricum Al
Clostridium Glucose (10 g/L) |37 6.8 |24-3.1 Hu et al. (2013)
butyricum DSM
10702
Clostridium Glucose 37 56 (22 Chong et al.
butyricum EB6 | (15.7 g/L) (2009a, b)
Clostridium Glucose 35 7.0 |2.24 This study
butyricum (COD =10 g/L)
INET1
Clostridium Xylose 37 7.0 |3.12 Ortigueira et al.
butyricum DSM (2015)
10702
Clostridium Xylose (10 g/L) |- 5.5- | 1.94-2.48 Heyndrickx et al.
butyricum LMG 7.0 (1991)
1213t1
Clostridium Xylose (10 g/L) |37 8.0 0.9 Junghare et al.
Butyricum (2012)
TM-9A
Clostridium Xylose 35 7.0 |1.23 This study
butyricum (COD =10 g/L)
INET1

(continued)
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Table 2.4 (continued)
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Microorganism | Substrates Temperature | pH | Hydrogen yield | References

(mol H2/mol

hexose)
Clostridium Sucrose (4.3 g 30 7.3 1044 Beckers et al.
butyricum COD/L) (2010)
CWBI 1009
Clostridium Sucrose (10 g/L) |37 8.0 1.49 Rafieenia and
butyricum Chaganti (2015)
TM-9A
Clostridium Sucrose 37 7.1 |0.95 Fritsch et al.
butyricum (COD =20 g/L) (2008)
CGS2
Clostridium Sucrose 37 5.5 1.39 Chen et al. (2005)
butyricum (COD =20 g/L)
CGS5
Clostridium Sucrose 37 6.5 1.52 Plangklang et al.
butyricum (COD =25 g/L) (2012)
TISTR 1032
Clostridium Molasses 35 7.0 1.63 Wang et al. (2009)
butyricum W5 (100 g/L)
Clostridium Molasses 37 9.0 |1.49 Abdul et al. (2013)
butyricum (5.9 g/L)
KBH1
Clostridium Sucrose 35 7.0 |1.44 This study
butyricum (COD =10 g/L)
INET1
Clostridium Lactose 30 7.3 10.69 Beckers et al.
butyricum (COD =43 g/L) (2010)
CWBI 1009
Clostridium Lactose 35 7.0 |1.83 This study
butyricum (COD =10 g/L)
INET1
Clostridium Starch 37 - 32 Ortigueira et al.
butyricum DSM (2015)
10702
Clostridium Starch 30 7.3 10.73 Beckers et al.
butyricum (COD =4.3 g/L) (2010)
CWBI 1009
Clostridium Starch (10 g/L) 37 - 2.58 KIM et al. (2006)
butyricum NCIB
9576
Clostridium Starch 37 7.5 |1.23-2.03 Pattra et al. (2008)
butyricum hydrolysate
CGS2
Clostridium Starch 35 7.0 |217 This study
butyricum (COD =10 g/L)
INET1

(continued)
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Table 2.4 (continued)

Microorganism | Substrates Temperature | pH | Hydrogen yield References
(mol H2/mol
hexose)
Clostridium Glycerol (5 g/L) |37 74 3.6 Kivisto et al.
butyricum (2013)
Clostridium Glycerol 37 6.5 |0.67 Pachapur et al.
butyricum (20 g/L) (2016)
Clostridium Glycerol 35 7.0 |0.67 This study
butyricum (COD =10 g/L)
INET1

degrading different substrates. Highest hydrogen yields from glucose, xylose, and
starch were all obtained by Clostridium butyricumn DSM 10702 at 37 °C and initial
pH 7.0 (Ortigueira et al. 2015). Clostridium butyricum W5 showed high efficiency
in using molasses wastewater (Wang et al. 2009). Strain INET1 isolated in this
study showed relatively high hydrogen yield with all the mentioned carbon sources,
especially for lactose, and highest hydrogen yield among published reports was
obtained. Thus, hydrogen production from dairy wastewater by this strain can be
further explored in future studies.

In general, Clostridium butyricum INET1 showed a relative high hydrogen yield
with glucose, sucrose, lactose, starch, and glycerol as substrate compared with the
other Clostridium butyricum isolates. Especially for the lactose, few studies have
reported hydrogen production from lactose based substrate by species Clostridium
butyricum. Therefore, Clostridium butyricum INET1 is a potential strain for effi-
cient hydrogen production from complex organic waste.

2.3.2 Enterococcus faecium INET2

2.3.2.1 Isolation of Strain

The bacterium used in this study, Enterococcus faecium INET2, was isolated from
the gamma irradiation pretreated digested sludge (Yin et al. 2014a, b). The digested
sludge used in this study was obtained from the primary anaerobic digester of a
municipal wastewater treatment plant located in Beijing, China. The anaerobic
digested sludge was pretreated with 5 kGy gamma irradiation to enrich hydrogen
producers (Yin and Wang 2016). After the irradiation process, treated sludge was
pre-cultured to enrich the hydrogen producers. Medium used for pre-culture was as
follows: 50 g glucose, 10 g peptone, 0.5 g yeast extract, and 10 ml/100 mL of
nutrient solution (each liter of nutrient solution contains 40 g NaHCO3, 5 g NH,Cl,
5 g NaH,PO, * 2H,0, 5 g K,HPO, - 3H,0, 0.25 g FeSO, « 7H,0, 0.085 g
MgCl, « 6H,0, 0.004 g NiCl, * 6H,0). Treated sludge was pre-cultured in flask
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reactors, and the pre-culture process was conducted in triplicate. 10 mL of treated
sludge was added in each 100 mL medium, and the initial pH of the mixture was
adjusted to 7.0. The medium was flushed with pure N, for 3 min to create the
anaerobic environment. Then, flask reactors were incubated in reciprocal shaker
(100 rpm) at constant temperature of 36 °C for 36 h.

After the enrichment step, the bacterial strain was isolated according to the
method described elsewhere (Archana et al. 2004; Cai et al. 2013a, b).

2.3.2.2 Identification of Strain and Phylogenetic Analysis

The chromosomal DNA was extracted from cell pellets and the 16S rRNA gene of
isolated strain was amplified by PCR according to the standard method (Green and
Sambrook 2012). A pair of universal primers of 27F (50-AGA GTT TGA TCC
TGG CTC AG-30) and 1492R (50-TAC GGT TAC CTT GTT ACG ACT T-30)
were used to obtain the 16S rRNA gene sequence (1389 bp) of strain INET2.
The PCR products were purified using DNA Fragment Purification Kit (Takara,
Dalian, China). The strain was identified and deposited in China General
Microbiological Culture Collection Center (CGMCC1.15321). The 16S rRNA gene
sequence was aligned in GenBank using BLAST program (Altschul et al. 1990).
A phylogenetic tree was constructed using the neighbor-joining method (Saitou and
Nei 1987), and neighbor-joining analysis was conducted with MEGA 6.06 (Tamura
et al. 2013). Credibility of the obtained tree was evaluated by re-sampling 1000
bootstrap trees (Felsenstein 1985).

The pyrosequencing data of strain INET2 has been deposited in the NCBI
GenBank with accession number of KU647682.

The isolated strain was identified by CGMCC, and the results indicated it
belongs to genus Enterococcus and species faecium. This strain was stored in
CGMCC (CGMCC 1.15321), and named as Enterococcus faecium INET2.
Enterococcus faecium INET2 is a facultative anaerobic bacterium, Gram-positive,
and sphere shape. The results of the standard biochemical analyses are shown in
Table 2.5. It can be seen that the strain INET2 was not spore-forming bacteria. The
strain was positive for the utilization (sole carbon source) of D-Glucose,
D-Fructose, D-Mannose, D-Ribose, D-Galactose, L-Arabinose, lactose, sucrose,
maltose, trehalose, melibiose, cellobiose, raffinose, mannitol, esculin, salicin, and
amygdalin.

The 16S rRNA gene sequence (1389 bp) was deposited in Genbank under
accession number KU647682, and it was aligned with public gene bank at website
http://www.ezbiocloud.net/eztaxon. Results showed that the 16S rRNA gene
sequence from strain Enterococcus faecium INET2 exhibited over 99% sequence
identity with strain Cedecea davisae DSM 4568" (ATDT01000040), Enterobacter
cancerogenus LMG 2693" (296078), Leclercia adecarboxylata GTC 12677
(AB273740), and Kluyvera cryocrescens ATCC 33435" (AF310218). The strain
Enterococcus faecium INET2 had the highest similarity of 99.79% to Enterobacter
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Table 2.5 The

characteristics of the strain
Enterococcus faecium INET2

2 Microbiology and Enzymology

Characteristics Results Characteristics Results
Methyl red test + Catalase -
Ability of forming - Oxidase —
spore
Ability to grow
50 °C - 45 °C +
15 °C + 6.5% NaCl +
Air +
Utilization of
D-Glucose + Trehalose +
D-Fructose + Melibiose +
D-Mannose + Cellobiose +
D-Ribose + Melezitose -
D-Xylose - Raffinose +
D-Galactose + Sorbitol
D-Arabinose - Mannitol +
L-Arabinose + Sodium -
gluconate
L-Sorbose - Esculin +
L-Rhamnose - Salicin +
Lactose + Amygdalin +
Sucrose + Starch -
Maltose +

asburiae JCM 60517 (AB004744). As shown in Fig. 2.5, a phylogenetic tree was
constructed to describe the relationship between strain Enterococcus faecium
INET2 and the most closely taxonomic species based on 16S rRNA sequences. It

Enterobacter xiangfangensis 10-17" (HF679035)

Enterobacter hormaechei ATCC 491627 (AFHR01000079)
Enterobacter mori LMG 25706 (GL890774)

Enterobacter cancerogenus LMG 26937 (Z96078)

Enterobacter ludwigii DSM 16688" (AJ853891)

63

Enterobacter soli LF7a™ (CP003026)
52 86 Enterobacter aerogenes KCTC 2190T (CP002824)

Enterobacter cloacae subsp. Cloacae ATCC 130477 (CP001918)
Enterococcus faecium INET2T (CGMCC 1.15321)
Enterobacter asburiae JCM 60517 (AB004744)
Enterobacter cloacae subsp. Dissolvens LMG 2683" (Z96079)

—
0.002

Enterobacter massiliensis JC163T (JN657217)

Fig. 2.5 Phylogenetic tree showing the relationships between strain Enterococcus faecium INET2
and related species based on 16S rDNA gene
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can be seen that strain Enterococcus faecium INET2 was grouped together with the
reference strain Enterobacter asburiae JCM 60517 (AB004744). Species
Enterobacter asburiae has also been reported to be effective in fermentative
hydrogen production (Shin et al. 2007; Lee et al. 2014).

2.3.2.3 Batch Fermentation for Hydrogen Production

All batch tests were performed in 150-mL Erlenmeyer flasks with working volume
of 100 mL. Neoprene rubber stoppers were used to avoid gas leakage from the
flasks. Glucose was used as the sole carbon source and 10 mL of nutrient solution
(as mentioned above) was added in each flask. 5 mol/LL HCI and 5 mol/L. NaOH
were used to adjust the pH of the medium. Nitrogen gas was passed through to
drive away the oxygen in the medium. Before the inoculation, mediums were
sterilized at 115 °C for 30 min. Strain Enterococcus faecium INET2 was inoculated
at its logarithmic phase.

Effect of culture temperature, initial pH, substrate concentration and inoculation
proportion on hydrogen production by strain Enterococcus faecium INET2 was
explored. Experiments were conducted at varying incubation temperature (20-40 °
O), initial pH (5.0-10.0), glucose concentration (5-20 g/L), and inoculation pro-
portion (5-30%). Flasks were cultured in constant temperature reciprocal shaker at
100 rpm until the reaction terminated. Hydrogen production by suspended and
immobilized Enterococcus faecium INET2 under the optimized conditions (tem-
perature 35 °C, pH 7.0, glucose concentration 15 g/L, and inoculation proportion
10%) were then studied. Modified Gompertz equation was used to describe the
kinetics of hydrogen production process. All the batch tests were performed in
duplicate.

The cumulative hydrogen production (mL) was calculated from the total biogas
produced and the concentration of H, in the headspace. The hydrogen yield (mol
H,/mol glucose) was calculated using Eq. (1). The substrate degradation rate (%)
was calculated by dividing the amount of glucose consumed after hydrogen pro-
duction process by the amount of initial glucose added in the system:

Cumulative hydrogen production (mol)

Hydrogen yield = (1)

Amount of glu cose consumed (mol)

2.3.2.4 Effect of Fermentative Parameters on Hydrogen Production

Since fermentative hydrogen production is a complex microbial metabolic process,
it can be affected by many parameters. In this study, the effects of operational
conditions like temperature, initial pH, substrate concentration, and inoculation
proportion were explored to obtain the optimal hydrogen production conditions.
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(1) Effects of temperature

Temperature is one of the most important parameters affecting the activity of
hydrogen-producing microorganism, and high temperature may damage the
enzymes while low temperature may cause the low activity of microorganisms
(Wang and Wan 2009). Incubation temperature used in studies produces hydrogen
by species Enterococcus faecium ranged from 30 to 37 °C (Liu et al. 2009; Song
et al. 2012a, b; Cisneros-Pérez et al. 2015). However, Enterococcus faecium in
those studies were all present in mixed hydrogen-producing cultures, and no study
has examined the effects of cultivation temperature on hydrogen production by pure
stain of Enterococcus faecium. Thus the effects of cultivation temperature in the
range of 25 to 40 °C were studied in the medium with 10 g/L. glucose as sole
carbon source and initial pH of the medium was adjusted to 7.0, and inoculation
proportion adopted was 10%.

Figure 2.6 shows the effects of temperature on cumulative hydrogen production
(mL H,/100 mL), hydrogen yield (mol H,/mol glucose), and substrate degradation
rate (%). As shown in Fig. 2.6a, cumulative hydrogen production increased with
the rise of temperature in the range of 25-35 °C, and achieved the highest point of
102 mL H,/100 mL at 35 °C. When the temperature further increased to 40 °C,
cumulative hydrogen production showed a little decrease to 85 mL H,/100 mL, and
similar trend was observed in Fig. 2.6c, which showed relation between the sub-
strate degradation rate and fermentation temperature, highest substrate degradation
rate of 89.9% was obtained at 35 °C. Similar with Enterococcus faecium INET1,
cumulative hydrogen production as well as substrate degradation by different
hydrogen-producing strains also showed sensitive reaction to temperature: An et al.
and Zhang et al. examined hydrogen production by Clostridium strains, and the
deviation of temperature from the suitable one all caused significant decrease in
cumulative hydrogen, hydrogen production rate, and xylose degradation rate, which
may because of the inactivation and denaturation of the key enzymes at inappro-
priate temperature conditions.

As shown in Fig. 2.6b, hydrogen yield increased gradually with the rise of
temperature, and highest hydrogen yield of 0.96 mol H,/mol glucose was attained
at 40 °C, which was slightly higher than 0.90 mol H,/mol glucose obtained at 35 °
C. Possible reason was that 35 °C was more suitable for the growth of strain
Enterococcus faecium INET2, leading to more energy consumption for microbial
growth and reproduction.

It can be seen that different suitable temperatures were obtained for cumulative
hydrogen production and hydrogen yield. Chookaew et al. also observed similar
phenomenon that suitable temperature for hydrogen yield was higher than that for
cumulative hydrogen production (Chookaew 2012).

(2) Effects of initial pH

The value of pH is another important factor that influences the fermentative
hydrogen production process, as the pH changes the electric charge on the cell
membrane, and then affects enzyme activity as well as the metabolism pathway. To
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Fig. 2.6 Effect of
temperature on hydrogen
production
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determine the optimal initial pH for hydrogen production by Enterococcus faecium
INET2, initial pH ranged from 5 to 10 was studied. For the tests with different
initial pHs, substrate concentration of 10 g/L glucose and inoculation proportion of
10% were used and batches were incubated at 35 °C.

Figure 2.7 shows the effects of different initial pHs on hydrogen production by
strain Enterococcus faecium INET2. It can be seen that highest cumulative
hydrogen production, hydrogen yield, and substrate degradation rate were obtained
at initial pH 7, pH 5, and pH 8, respectively. Figure 2.7a shows that the cumulative
hydrogen presented a summit at initial pH 7, lower or higher initial pH all led to the
decrease of cumulative hydrogen production. As to hydrogen yield, it decreased
gradually with the increase of initial pH as shown in Fig. 2.7b, and highest
hydrogen yield of 1.74 mol Hp/mol glucose was obtained at initial pH 5. When it
comes to Fig. 2.7c, substrate degradation rate raised when initial pH increased from
5 to 7, and then stayed stable at around 92% at initial pH range of 7 to 9, and then
decreased slightly to 83% at pH 10.

For the test with initial pH 5, little hydrogen was produced because during the
fermentation process, pH of the medium dropped quickly to 3.86, which con-
strained the further utilization of substrate and hydrogen production. Many studies
have found that fermentative hydrogen production process terminated when pH of
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Fig. 2.7 Effect of initial pH
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medium was decreased to a certain degree (Yin et al. 2014a, b). Considering this
phenomenon, to achieve high hydrogen yield and hydrogen production, measure-
ments can be taken to maintain the pH of medium at 5 in the future study.
Cisneros-Pérez et al. applied EGSB in continuous fermentative hydrogen produc-
tion, and the pH was kept at 5.5 to achieve a high hydrogen production yield and
hydrogen production rate (Cisneros-Pérez et al. 2015). For the batches with initial
pH 7-10, over 80% of glucose was used and pH of the medium was all ended at
around 5. Thus, the glucose consumed may be transformed into volatile fatty acids,
indicating that higher pH can lead to the metabolic pathways change from hydrogen
production to volatile fatty acids production (Jung et al. 2015). Thus, the optimum
initial pH for hydrogen production by strain Enterococcus faecium INET2 was 7.

(3) Effects of substrate concentration

Organic loading is a crucial factor for fermentative hydrogen production process.
Studies have found that in an appropriate range, increasing substrate concentration
could lead to an increase in microbial hydrogen production ability. However,
substrate concentration at much higher level may constrain the hydrogen production
process and even harm the microbial activity. In this study, substrate concentration
in a range of 5 to 20 g/L glucose was investigated at initial pH 7, incubation
temperature 35 °C, and inoculation proportion of 10%.
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Fig. 2.8 Effect of substrate
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As shown in Fig. 2.8a, b, the optimal substrate concentration for both cumula-
tive hydrogen production and hydrogen yield was 15 g/L, and maximum cumu-
lative hydrogen production of 125 mL H,/100 mL and hydrogen yield of 1.06 mol
Hy/mol glucose were obtained. Figure 2.8c demonstrates that the increase of sub-
strate concentration results in the decrease of substrate degradation rate. Over 95%
of glucose was degraded in batch test with 5 g/L. glucose as substrate, while only
55% of the substrate was used for the test of 20 g/L. glucose.

Many other studies also observed the inhibitory effect of high substrate con-
centration on both microbial growth and hydrogen production (Chookaew 2012;
Cai et al. 2013a, b; An et al. 2014). Some studies applied load shock in selectively
inhibiting microorganisms (Kannaiah Goud and Venkata Mohan 2012). On the
other side, Shin et al. found that substrate degradation rate remained at a high level
of over 99% when substrate concentration ranged from 2 to 50 g/L, possible reason
was the addition of peptone and yeast extract in the medium, which promoted the
glucose utilization and microbial growth (Shin et al. 2007).
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(4) Effects of inoculation size

Inoculation proportion is also a vital factor for the successful operation of fer-
mentative hydrogen production process. Proper inoculation proportion can help the
fermentative hydrogen production system start quickly and keep a high hydrogen
production rate. Different inoculation proportions (5-30%) were investigated at
35 °C, initial pH 7 and substrate concentration of 10 g/L to explore the optimum
inoculation proportion of strain Enterococcus faecium INET2.

Figure 2.9 shows the effect of inoculation proportion on hydrogen production by
Enterococcus faecium INET?2. It can be seen that both highest camulative hydrogen
production (102 mL H,/100 mL) and hydrogen yield (0.90 mol H,/mol glucose)
were obtained at inoculation proportion of 10%, while highest substrate degradation
rate (96.9%) was achieved at 20% inoculation proportion. As shown in Fig. 2.9a, b,
lower inoculation proportion resulted in lower cumulative hydrogen production and
hydrogen yield, which may because of more energy was used for cell growth.
Furthermore, little bacteria present in a system can lead to a much longer lag time of
hydrogen production process.

Many studies have attempted to shorten the lag time of a reactor through
enriching hydrogen producers exist in the system (Zhu and Béland 2006; O-Thong
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et al. 2009; Yin et al. 2014a, b; Yin and Wang 2016). However, for the inoculation
proportion higher than 10%, both cumulative hydrogen production and hydrogen
yield showed a downtrend with the increase of inoculation proportion, since studies
have found that the maximum hydrogen production rate happened at the logistic
phase of microbial growth (Abdeshahian et al. 2014; Singh et al. 2014). However,
too much microorganism present in a system can make the bacteria grow quickly
into stable and decline phase, causing less hydrogen production. Figure 2.9 shows
that substrate degradation rate raised from 74.2 to 96.7% with the increase of
inoculation proportion from 5 to 20%, and then declined slightly to 94.9% at
inoculation amount of 30%.

2.3.2.5 Hydrogen Production at Optimized Condition

Optimized condition for fermentative hydrogen production by Enterococcus fae-
cium INET2 was determined to be incubation temperature of 35 °C,initial pH of 7,
substrate concentration of 15 g/l glucose, and 10% inoculation proportion.
Furthermore, hydrogen production by Enterococcus faecium INET2 under the
optimized condition was conducted, and hydrogen generation, substrate degrada-
tion, and microbial growth were examined during the fermentation process.

As shown in Fig. 2.6a, hydrogen began to evolve after 16 h incubation and the
hydrogen generation process terminated at 44 h. Cumulative hydrogen production
of 130 mL H,/100 mL was obtained. Hydrogen production process could be
simulated by the modified Gompertz model, and the determination of coefficient
(R?) of the regression was over 0.99. Hydrogen production potential, maximum
hydrogen production rate, and the lag time obtained by the modified Gompertz
model were 132.20 mL, 8.28 mL/h, and 21.86 h, respectively. It can also be seen
from Fig. 2.10a that substrate was utilized since the beginning of the fermentation,
and the substrate degradation rate increased gradually with the increase of fer-
mentation time, when cumulative hydrogen production reached the maximum value
at 44 h, substrate degradation rate came to 93.3%, and remained constant.

Figure 2.10b shows the microorganism growth during the fermentation process.
It can be seen that after 16 h adaptation, microorganisms entered the exponential
growth phase and lasted for 20 h, and then followed by stationary phase and decline
phase. During the stationary phase from 36 to 44 h, little hydrogen was produced
while substrate concentration decreased continuously. When the bacteria came to
decline phase, both hydrogen production and substrate utilization terminated. What
worth mention was that hydrogen production was mainly happened throughout the
exponential phase. Same phenomenon has also been observed by many other
studies (WANG et al. 2007; Abdeshahian et al. 2014; Singh et al. 2014). However,
Harun et al. got highest hydrogen production rate both at exponential and stationary
phase (Harun et al. 2012).

Figure 2.10c depicts the hydrogen production rate at different fermentation time
intervals. The hydrogen production rate increased gradually from 16 h and achieved
the highest point at 36 h. Then it decreased continuously until the termination of
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Fig. 2.10 Hydrogen production performances at the optimized condition

hydrogen production. As to the hydrogen yield (Fig. 2.10d), same trend as
hydrogen production was observed in the first 40 h. However, with the further
degradation of substrate and little hydrogen generation during microbial stationary
phase, hydrogen yield dropped from 1.166 to 1.160 mol H,/mol glucose from 44 h
to 48 h.

Composition of volatile fatty acids formed during the fermentation process can
be a good indicator of the microbial metabolic pathway. Thus, the formation of
VFA as well as pH change during the hydrogen production process was examined
in this study. As shown in Fig. 2.11, formic acid, acetic acid, and butyric acid were
the main VFA detected during the fermentation process. In the first 12 h, little VFA
was formed, consistent with little hydrogen production. Then, both of acetic acid
and butyric acid showed significant increase from the 20th h, until the end of
fermentation, concentration of formic acid, acetic acid, and butyric acid reached
0.44 g/L, 2.94 mg/L and 1.78 g/L, respectively. Acetic acid was the dominant VFA
during the process, indicating that the hydrogen production process followed
acetate-type fermentation (Yin and Wang 2016). With the accumulation of VFA,
pH decreased from 7.0 to 4.42.
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Fig. 2.11 Variation of volatile fatty acids (VFA) with time

2.3.2.6 Immobilization of Enterococcus Faecium INET2

Isolated Enterococcus faecium INET2 was enriched and centrifuged at 5000 r/min
for 10 min, and then washed by 0.9% NaCl solution for 3 times before
immobilization.

Polyvinyl alcohol (PVA, nominal degree of polymerization = 1750, approx.
molecular weight 75,000-80,000) was dissolved in distilled water at 80 °C (10%
w/v), and then sodium alginate was added and stirred until the mixture became
homogenous (1% w/v). 15 mL of formed mixture was sterilized at 115 °C for
30 min, and then cooled to room temperature before being mixed thoroughly with
5 mL of microorganisms prepared previously. Then, the mixture was filled into a
syringe, and dropped through a needle into saturate boric acid solution containing
2% w/v CaCl, to form spherical beads (about 3 mm in diameter). The formed beads
were kept in the solution for 4 h to complete gelation process inside beads, and then
the beads were washed by 0.9% NaCl solution for 3 times and kept at 4 °C until
being used (Long et al. 2004).

Studies have found that immobilization of bacterial cells can help to relieve the
end-product inhibition to biomass activity (Hawkes et al. 2002, 2005), protect
microorganisms from the adverse impacts of hazardous materials existing in the
substrate (Guo et al. 2008), and furthermore prevent the biomass washout from the
system. Studies have figured out that PV A-sodium alginate beads possess both high
activity and good mechanical properties, which is necessary for a long-term stable
operation (Long et al. 2004; Zhang et al. 2007). Thus, PVA-sodium alginate was
employed in this study to entrap anaerobic digested sludge for dark fermentative
hydrogen production.
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Fig. 2.12 Comparison of hydrogen production by immobilized and free cells

Hydrogen production by suspended and immobilized Enterococcus faecium
INET2 were compared at optimized condition of 35 °C,initial pH of 7, substrate
concentration of 15 g/L. glucose, and 10% inoculation proportion. As shown in
Fig. 2.12, the immobilized microorganisms established a better performance both in
cumulative hydrogen production of 202 mL/100 mL and hydrogen yield of
1.69 mol Hjp/mol glucose than suspended bacteria with 130 mL/100 mL and
1.16 mol H,/mol glucose, respectively. Possible reason was that during the fer-
mentation process, volatile fatty acids were formed which cause feedback inhibition
to the microbes. However, immobilization of cells can reduce negative effects of
metabolites and toxic substances in the liquid phase, thus enhancing the hydrogen
production of system (Chu et al. 2011a, b).

2.4 Biochemistry of Hydrogen Production
2.4.1 Metabolic Pathways

Fermentative bacteria such as Enterobacter sp., Bacillus sp., and Clostridium
sp. are capable of producing H, from carbohydrate-rich substrates in a dark envi-
ronment. Among them, Clostridium sp have several advantages, for example, they
have the highest H, yield (1.61-2.36 mol H,/mol glucose); they are abundant in
natural environments.

As shown in Fig. 2.13, Clostridium sp. have diverse liquid metabolites; some
metabolites (acetate and butyrate) are related to H, production, and others are not.

Through the metabolism of bacteria present in the system, complex polymers are
hydrolyzed to glucose. Subsequently, pyruvate is produced via the glycolytic
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Fig. 2.13 Biological H, production mechanism in dark fermentation

pathway to generate adenosine triphosphate (ATP). And then, according to
hydrogen-producing strains present in the system (obligate anaerobes like
Clostridia or facultative anaerobic enteric bacteria like E. coli.), pyruvate is
involved in two different biochemical reactions leading to the formation of
hydrogen (Eqgs. 2.1-2.4) (Bundhoo and Mohee 2016).

Pyruvate + CoA + 2Fd(ox) — AcetylCoA + 2Fd(red) + CO, (2.1)

4H™" +2Fd(red) — 2H, + 2Fd(0x) (2.2)
Pyruvate + CoA — AcetylCoA + HCOOH (2.3)
HCOOH — CO, + H,. (2.4)

It is obvious that higher hydrogen yield can be attained through Eq. 1.1; different
microbial distributions can lead to diverse hydrogen production efficiency. Studies
have shown that over 2.6 mol H,/mol hexose was obtained by genus Clostridium
while no more than 2.0 mol H,/mol hexose was achieved by genus Enterobacter
and Bacillus (Harun et al. 2012; Junghare et al. 2012; Beckers et al. 2013; Sinha
and Pandey 2014; Ortigueira et al. 2015).

Equation 1.1 mainly happens in hydrogen production by Clostridium sp. During
this process, pyruvate is catalyzed by pyruvate dehydrogenase (PDH), and releases
electrons and forms AcetylCoA. Then, with the function of Ferredoxin (FeFd), the
released electrons are catalyzed by hydrogenase and united with H*, forms H,.
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AcetylCoA is further disintegrated into acetate and ethanol with the function of
alcohol dehydrogenase (ADH) and acetate kinase (ACK).

Equation 1.2 mainly happens in hydrogen production by Enterobacter
sp. During this process, pyruvate is catalyzed by pyruvate formate-lyase (PFL), and
forms formate and AcetylCoA. Then, with the function of formate hydrogen lyase
(FHL) and hydrogenase, formate is decomposed into H, and CO,.

Besides, studies have found that some syntrophic acetogenic bacteria species are
able to disintegrate the liquid metabolites like butyrate, propionate, and ethanol into
hydrogen and acetate. However, syntrophic acetogenic bacteria species grow very
slow, and the long growth cycle makes it hard for syntrophic acetogenic bacteria
become dominant, especially in the systems with short hydraulic retention time.

2.4.2 Fermentation Types

Theoretically, 1 mol glucose can be converted into 12 mol H,. However, during the
fermentation process, hydrogen production is accompanied with microbial growth
and volatile fatty acid formation, leading to the maximal hydrogen yield with no
more than 4 mol H,. Volatile fatty acids as important by-products in dark fer-
mentation process, microbial metabolism pathways can be speculated from the
composition of volatile fatty acids. According to the main volatile fatty acids,
widely accepted fermentation types include butyrate-type fermentation,
propionate-type fermentation, ethanol-type fermentation, and mixed-type
fermentation.

2.4.2.1 Butyrate-Type Fermentation

Main volatile fatty acids for butyrate-type fermentation are butyrate acid and acetate
acid. Take glucose as example, during the fermentation, glucose is degraded to
pyruvate through the glycolytic pathway, and then, pyruvate is changed to
AcetylCoA, H,, and CO, by the function of pyruvate dehydrogenase (PDH).
Theoretically, ratio of formed acetate acid and butyrate acid is 2 (Eq. 2.5). Studies
have found that butyrate-type fermentation usually happens in Clostridium sp.

5C¢H,06 + 12H,0 + 2NAD ' + 16ADP + 16Pi
— 4[Bu] +2[Ac] + 10HCO; + 2NADH + I18H" + 10H, + 16ATP

AG = —252.3 kJ/mol glucose(pH = 7, T = 298.15K). (2.3)
As shown in Egs. 2.6 and 2.7, during the butyrate-type fermentation, the more

acetate acid is formed, and higher hydrogen yield can be achieved. However, the
accumulation of NADH + H* is accompanied with the formation of acetate acid,
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leading to the significant decrease of pH. Thus, butyrate acid is usually formed in
microbes to relieve the accumulation of NADH + H*.

CeH1206 + 2H,0 — 2CH3COOH + 4H, + 2CO, (2.6)

CsH 20 — 2CH3CH,CH,COOH + 2H, + 2CO;. (2.7)

2.4.2.2 Propionate-Type Fermentation

Main volatile fatty acids for propionate-type fermentation are propionate acid and
acetate acid. As shown in Eq. 2.8, glucose is degraded into acetate acid and pro-
pionate acid in the ratio of 1. It can be seen that only 1 mol H; is produced from
1 mol glucose in propionate-type fermentation. Thus, studies usually try to avoid
the propionate-type fermentation through controlling the operational conditions:

C¢H206 + H,O + 3ADP — CH3;COO™ + CH3CH,COO™ + HCO; + 3H* + H, + 3ATP.
(2.8)

2.4.2.3 Ethanol-Type Fermentation

Main volatile fatty acids for ethanol-type fermentation are ethanol and acetate acid.
Similar with butyrate-type fermentation, the formation of ethanol is also a way to
balance the amount of NADH + H* formed in cells

2.4.2.4 Mixed-Type Fermentation

There are no significant characteristics of volatile fatty acids in mixed-type fer-
mentation; it represents a state of the coexistence of various fermentation types.
Mixed-type fermentation mainly happens at the start-up of fermentation process,
since no significant dominant bacterial community is formed at the beginning.
There is no theory of microbial metabolism for mixed-type fermentation; it is a
representative of the uncertainty of fermentation process.

2.5 Enzymology of Hydrogen Production

The enzymes can greatly accelerate the rates of biochemical reactions. The key
enzyme involved in catalyzing H, formation from protons or oxidation to protons is
hydrogenase, which can catalyze the following reaction:
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2H' +2¢~ — H,. (2.9)

The above reaction is reversible, and its direction is dependent upon the redox
potential of the components that are able to interact with hydrogenase.

In addition, nitrogenase, an enzyme that normally catalyzes the reduction of N,
to ammonia, is able to reduce protons to H, as a by-product under
photo-heterotrophic conditions. The knowledge of hydrogenase is essential for
understanding the H, production mechanism, for controlling the metabolism of
hydrogen-producing microorganisms, and for improving H, production (Kim and
Kim 2011).

2.5.1 Classification of Hydrogenase

Nature has evolved plenty of hydrogenases, as shown in Fig. 2.14. Some of these
hydrogenases are oxygen-sensitive, which can be irreversibly inactivated when
exposed to oxygen; some of them are oxygen-resistant, they can be suppressed by
oxygen but can be recovered in anaerobic condition; others are oxygen-tolerant,
they are aerobically active and catalyze hydrogen oxidation. Some hydrogenases
catalyze the reversible hydrogen oxidation and hydrogen formation, while others
are only active in either hydrogen formation or hydrogen consumption. Some
microorganisms own more than one hydrogenase, and each of them functions in
different ways.
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Fig. 2.14 Classification of hydrogenases
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Fig. 2.15 a Schematic representation of the crystal structures [Fe]-hydrogenase from
Desulfovibrio desulfuricans ATCC 7757 (Nicolet et al. 2002). b Structure of the active site of
[Fe]-hydrogenase. (Chen et al. 2010)

According to the metal content of the active site, the hydrogenases can be
categorized into three classes, [Fe]-, [FeFe]-, and [NiFe]-hydrogenases.

2.5.1.1 [Fe]-Hydrogenases

[Fel]-hydrogenase or H,-forming methylene-tetrahydromethanopterin dehydroge-
nase (Hmd) is also referred to as iron—sulfur-cluster-free hydrogenase for it is
devoid of iron—sulfur clusters.

Figure 2.15a shows the structure of [Fe]-hydrogenase according to the current
model; it can be seen that it contains three clusters and the active site is buried.
Figure 2.15b shows the structure of the active site, in which the iron center is
coordinated to a cysteine sulfur atom, two cis-CO ligands, a bidentate pyridone
molecule through its nitrogen and acyl carbon atoms, and a yet unidentified ligand
(Chen et al. 2010).

[Fe]-hydrogenase catalyzes the reversible reduction of methenyltetrahy-
dromethanopterin (methenyl-H;MPT") with H, to methylene-H;MPT, which is an
intermediate step in the reduction of CO, to methane by some methanogens. In the
reaction, a hydride from H, is transferred into the pro-R position of the C (14a)
methylene group of the reaction product (Schleucher et al. 1999). Figure 2.16
shows the reduction reaction of methenyl-H;MPT" to methylene-H,;MPT.

2.5.1.2 [NiFe]-Hydrogenases

[NiFe]-hydrogenases catalyze the heterolytic cleavage of molecular hydrogen into
two protons and two electrons. Besides, under sufficiently reducing conditions, they
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Fig. 2.16 The reversible reduction of methenyltetrahydromethanopterin (methenyl-H,;MPT™)
with H, to methylene-H4;MPT catalyzed by [Fe] hydrogenase. (Vogt et al. 2008)

are also able to catalyze the production of hydrogen from two protons and two
electrons. [NiFe]-hydrogenases are the most-studied classes of hydrogenases.

All [NiFe]-hydrogenases have a common heterodimeric core that resembles the
first structure of the enzyme from Desulfivibrio gigas published by (Volbeda et al.
1995), as shown in Fig. 2.17a.

The active site of [NiFe]-hydrogenases is located in the hydrogenase large
(L) subunit, which shows two strong peaks of Ni and Fe in the initial 2.85 A reso-
lution electron density map. Figure 2.17b shows the nickel—iron active site of D.

(b)

His72

Fig. 2.17 A structure of D. gigas [NiFe]-hydrogenase. Arrows b-strands; Ribbons a-helices;
spheres metal sites with color codes: Ni green, Fe red-brown, Mg cyan, S yellow. B-The nickel-
iron active site (Fontecilla-Camps and Volbeda 2013)
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gigas [NiFe]-hydrogenase. The active site contains two cis sites available for sub-
strate binding: a bridging site between Fe and Ni, called E2, and a Ni-terminal one
called E1. The small subunit is composed of two structural domains called Ig and Il
(Fig. 2.17a). Three FeS clusters are responsible for the transformation of electrons to
and from the active site. I5 has a flavodoxin-like topology, and it binds [Fe,S,]; g
lacks extensive secondary structure, and it binds the rest two FeS clusters: mesial
[Fes3S4] and distal [Fe,S,4]. All the remaining protein ligands to the FeS clusters are
cysteine thiolates.

The active sites of [NiFe]-hydrogenases are buried in the protein. Consequently,
electron and proton need to transfer between the catalytic center and the molecular
surface. Thus, the consumption and generation of hydrogen also requires the
molecular hydrogen access the active site or escape from it.

The oxygen tolerance of microorganisms determines their survival in aerobic
environment, while the oxygen tolerance of hydrogenase determines the oxygen
tolerance of microbial hydrogen production. Thus, lots of efforts have been made to
understand the oxygen-tolerant hydrogenase, giving directions on molecular
modification of hydrogen producers. Three typical structures have been identified
responsible for the oxygen resistance of [NiFe]-hydrogenase:

(1) [NiFeSe]-hydrogenases
In some [NiFe]-hydrogenases, the mesial [Fe;S4] cluster is substituted by
[Fe4S4] cluster, and one of the cysteine ligands of the Ni is replaced by a
seleno-cysteine (SeCys). Then, it is named as [NiFeSe]-hydrogenases. The
[NiFeSe]-hydrogenases attract attention not only for its higher catalytic activity
than the [NiFe] enzymes but for its high oxygen tolerance (Baltazar et al. 2015).
A possible reason for the less oxygen-sensitive is the presence of Se in the
active site, which allows the transformation of hydrogen while obstructs
oxygen.

(2) Hydrogen sensors related to [NiFe]-hydrogenases
In bacteria like Ralstonia eutropha and Rhodobacter capsulatus, presence of
hydrogen sensors limits the access of oxygen to active Ni—Fe site, leading to the
oxygen resistance of [NiFe]-hydrogenases.
In those species, H,-dependent transcription is directed by a signal transduction
apparatus. The sensors related to [NiFe]-hydrogenases are responsible for the
catalysis of hydrogen consumption, generation, and H-D exchange. Only the
hydrogenases in reduced states are accessible to the sensors; thus, the oxidized
hydrogenases are avoided from the sensors. Consequently, the sensors are
insensitive to both oxygen and carbon monoxide.

(3) Oxygen-insensitive [NiFe]-hydrogenases

[NiFe]-hydrogenases connected to the respiratory chain in Knallgas bacterium
Ralstonia eutropha shows high resistance to both oxygen and carbon monoxide.
The enzymes connected [NiFe]-hydrogenases and respiratory chain include a b-type
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cytochrome (MBH) and a cytoplasmic soluble one (SH), which are both
oxygen-insensitive, and results in the oxygen resistance of [NiFe]-hydrogenases.

2.5.1.3 [FeFe]-Hydrogenases

[FeFe]-hydrogenases catalyze the interconversion of hydrogen with 