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ABSTRACT

This work investigated the production of hydrogen and ethanol from carbohydrates by
bacterial dark fermentation. Meso and thermophilic fermenters were enriched from the
environment, and their H, and/or ethanol production in batch determined. Continuous biofilm,
suspended-cell and granular-cell processes for H, or ethanol+H, production from glucose
were developed and studied. Dynamics of microbial communities in processes were
determined based on the 16S rRNA gene sequence analyses.

Mesophilic enrichment, obtained from anaerobic digester sludge, produced 1.24 mol-H; mol-
glucose™ in batch assays. Hydrogen production by the enrichment in a mesophilic fluidized-
bed bioreactor (FBR) was found to be unstable — prompt onset of H, production along with
butyrate-acetate was followed by rapid decrease and cease associated with propionate-acetate
production. Intermittent batch (semi-continuous) operation allowed a momentary recovery of
H; production in the FBR. The highest H, production rate (HPR) observed in FBR was 28.8
mmol h™' L, which corresponded to a relatively high hydrogen yield (HY) of 1.90 mol-H,

mol-glucose™.

Mesophilic, completely-mixed column reactor (CMCR), with a similar inoculum and feed as
used in the FBR, provided a prolonged H; production for 5 months. Highest HPR observed in
the CMCR was 18.8 mmol h™' L' (HY of 1.70 mol-H, mol-glucose™), while it in general
remained between 1 and 6 mmol h™' L™, Hydrogen production in the CMCR was decreased by
shifts in microbial community metabolism from initial butyrate-acetate metabolism, first to
ethanol-acetate, followed by acetate-dominated metabolism, and finally to propionate-acetate
metabolism, which ceased H, production. The transitions of dominant metabolisms were
successfully detected and visualized by self-organizing maps (SOMs). Developed Clustering
hybrid regression (CHR) model, performed well in modeling the HPR based on the data on
process parameters (pH, HRT) and metabolites (organic acids, ethanol, CO,).

The instability of mesophilic processes (FBR and CMCR) was found to be due to rapid
changes in microbial community structures after the start-up of continuous operation. The
enrichment of organisms in bioreactors changed community metabolism away from H, (and
butyrate-acetate) production. The FBR supported the growth of more diverse microbial
community than that observed in the CMCR. Clostridium butyricum was the main H,-
producing organism in mesophilic bioreactors based on the metabolic pattern (e.g., high B/A
—ratio) and on the 16S rRNA gene sequence analyses. The changes in quantities of C.
butyricum (based on quantitative real time-PCR, and on proportion trends by DGGE) roughly
corresponded to those in HPR.

Hydrogen production was more stable in the mesophilic CMCR than in the FBR. The
instability of H, production in mesophilic reactors was likely related to the following reasons:
Improper biocarrier in the FBR (low mass transfer of H,, good adhesion of propionate-
producers); unsuitable microbial community, e.g., presence of propionate-producers (BESA
enrichment, no selection of spore-formers); too low bioreactor loading (caused sporulation of
C. butyricum and favored the growth of propionate-producers).

Thermophilic isolate AK15, affiliated with C. uzonii (98.8%), produced relatively high
amounts of H, from glucose (up to 1.9 mol-H, mol-glucose™) and xylose (up to 1.1 mol-H,
mol-xylose™) in batch at 60°C. Batch ethanol production by another thermophilic strain,
AK17, affiliated with Thermoanaerobacterium aciditolerans (99.2%), was amongst the
highest reported for thermoanaerobes with ethanol yields of up to 1.6 mol-EtOH mol-glucose
"and 1.1 mol-EtOH mol-xylose™ in batch assays at 60°C. The HYs in batch by AK17 were



up to 1.2 mol-H, mol-glucose™ and 1.0 mol-H, mol-xylose™. Further, AK17 tolerated up to
4%, v/v of exogenously added ethanol, and utilized main sugar residues found in
lignocellulosic materials. Stable, long-term (3 months), co-production of ethanol and H, was
achieved in an open system, CMCR by a co-culture of AK15 and AK17 at 60 °C. AK17
became dominant in the CMCR, producing promising ethanol yield of 1.35 mol-EtOH mol-
glucose™ and HPR of 6.1 mmol h”' L' from glucose at the HRT of 3.1 h.

Extensive screening of Icelandic hot spring samples with glucose resulted in several H, and
ethanol+H, -producing enrichment cultures, over a temperature range from 50 to 78 °C. One
enrichment produced H, directly from cellulose at 70 °C. Enrichment 9HG, dominated by
bacteria closely affiliated with Thermoanaerobacter thermohydrosulfuricus (100%), produced
relatively high yields of ethanol (1.21 mol-EtOH mol-glucose™), and some H, (0.68 mol-H,
mol-glucose™), from glucose in batch at 78 °C. Lactate production decreased the ethanol (0.69
mol-EtOH mol-glucose™) and H, (0.32 mol-H, mol-glucose™) yields in the continuous-flow
bioreactor at 74 °C, and the yields were lower than those obtained in the batch fermentations.
Co-production of ethanol+H, by 9HG was pH-dependent, and favored at the pH range of 6.5
to 7.1.

The hydrogen yield in batch (3.2 mol-H, mol-glucose™) by hot spring enrichment 33HL was
among the highest reported for thermoanaerobes. The batch 33HL produced H, along with
acetate. The dominant bacteria in the batch 33HL, Thermobrachium celere (100%) affiliated
strains, did not thrive in continuous or semi-continuous open reactor systems fed with
glucose. Continuous or semi-continuous reactor cultures with 33HL were dominated bacteria
closely affiliated with Thermoanaerobacterium aotearoense (98.5 — 99.6%). These cultures
produced H; along with acetate and butyrate.

High HY of 2.51 mol-H, mol-glucose™ by 33HL was obtained in semi-continuous reactor at
the HRT of 24 h at 58°C. High hydrogen production rate from glucose, 45.8 mmol h™ L™,
was obtained in continuous-flow reactor by 33HL at the HRT of 3h. Hydrogen production by
33HL was characterized by higher H, production efficiency (i.e., higher H, yield or specific
H, production rate) than reported for mesophilic cultures. The 33HL readily formed granules
in the continuous and semi-continuous reactor systems. Possessing good self-granulation,
wide substrate utilization range and high hydrogen production efficiency, the 33HL is
considered very suitable for thermophilic H, fermentation from carbohydrates.

This study demonstrated the H, or ethanol+H, production potential by thermophilic dark
fermentation. Considering practical applications with the promising thermophilic cultures
(AK17 and 33HL), continuous ethanol+H, or H, production from pentose sugars and real
materials (i.e., organic wastes, lignocellulose hydrolysates) materials should be further
studied. In this study, better stability and higher H, production was obtained by thermophilic
dark fermentation processes compared to mesophilic processes. The better stability was
related to more stable and less diverse microbial communities in the thermophilic systems
compared to mesophilic systems. Further, this study demonstrated ready granulation and high
H, production efficiency of thermophiles, which form basis for further development of
thermophilic, high-rate H, production systems.
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1 INTRODUCTION

By the year 2030, global energy demand is projected to grow by 50% from present
(International Energy Agency 2007). Fossil fuels are used to meet our daily energy demands.
This contributes to resource depletion, and environmental, and public heath problems (climate
change, acid rain, ground level ozone, inhalable particles). Atmospheric CO, concentrations
(379 ppm in 2005) have increased by almost 100 ppm compared to its pre-industrial level
(Rogner et al. 2007). Global warming is evident based on the observations about the increased
global average air and ocean temperatures, rising global average sea level, and widespread
melting of snow and ice (IPCC 2007). Strikingly, eleven of the last twelve years (1995-2006)
rank among the twelve warmest years recorded since 1850 (IPCC 2007). According to
Intergovernmental Panel on Climate Change (IPCC) there is a very high confidence that
human activities have contributed to the climate warming (IPCC 2007). Global average
surface temperatures have risen 0.74 °C over the past 100 years, and depending on the
emission scenarios, expected to increase from 1.8 to 4.0 °C, by the end of the 21 century
(IPCC 2007). The temperature increase is widespread over the globe, and is greater at higher
northern latitudes (IPCC 2007). The global warming is projected to result in serious impacts
on ecosystems, food production, water resources, human health and the economics (IPCC
2007). Contrasting or additional theories to anthropogenic greenhouse gas emissions on
global warming include increased solar activity (Rind 2002; Solanki et al. 2004) and cosmic
rays (Svensmark 1998; Svensmark and Friis-Christensen 2007).

Presently, there is a global need and drive to introduce sustainable energy solutions. The
Kyoto Protocol (United Nations 1997), aiming for global reductions in green house gas
emissions (United Nations 2008), had been ratified, agreed or accessed by 176 countries by
the December 2007 (United Nations 2007). Increased use of renewable energy will not only
decrease the CO; emissions, but also improve energy security and create new jobs (European
Commission 2006b). Renewables covered only 6.38% of primary energy consumption in the
European Union countries in 2005 (22.94% for Finland) (European Commission 2006c), and
the EU objective is to increase this share of renewables to 12% by 2010 (European
Commission 1997). Further, the EU has set directive on increasing the share of renewables in
vehicle fuel (petrol and diesel) up to 5.75 % until year 2010 (European Commission 2003a).
U.S. has lately pushed forward increased usage of renewables — The US Energy Policy Act of
2005 (US Government 2005) states that the oil industry is required to blend 7.5 billion gal of
renewable fuels into gasoline by 2012 (Gray et al. 2006). In the beginning of year 2006, China
adopted “The renewable Energy Law” setting renewable energy a top priority in the Chinese
energy strategy (Hu et al. 2005).

Today, the transport sector is highly dependent on fossil fuels (gasoline, diesel, kerosene etc.),
and contribute to 21% of greenhouse gas emissions in the EU (European Commission 2006a).
The renewable vehicle biofuels include e.g., bioethanol, biomethanol, biobutanol, biodiesel,
biogas (biomethane) and biohydrogen (European Commission 2003a). Presently in the EU,
the vehicle fuel is being supplemented with bioethanol (0.88 million TOE in 2006) or
biodiesel (3.8 million TOE in 2006) to meet the requirements of renewables in fuel
(Eurobserv’ER 2007a). Biogas production in the EU was 5.35 million TOE in 2006, and
mainly used for heat and electricity production with a limited use as a vehicle fuel
(EurObserv’ER 2007b). The theoretical biogas production potential in Europe is estimated to
be up to 20% of natural gas consumption (Plombin 2003). The use of biohydrogen as a
vehicle fuel is at the demonstration phase (Anonymous 2006).

Hydrogen is a secondary energy produced from primary energy sources, and therefore,
considered as energy carrier, like electricity or gasoline, to transport energy to users



(Koroneos et al. 2004; Busby 2005). Unlike electricity, H, can be stored. Hydrogen is the
most abundant element on the Earth (Schlapbach and Ziittel 2001). Hydrogen has the highest
energy content per mass unit of all compounds, about three times higher than that of liquid
hydrocarbons (Schlapbach and Ziittel 2001). The sources of hydrogen are versatile (biomass,
organic wastes, water, fossil fuels) and globally distributed. In fuel cells (FCs), H, can be
converted to electricity efficiently and without air emissions (Schlapbach and Ziittel 2001;
Dincer 2002). The potential uses of H, are many: as a fuel in traffic (vehicles, busses,
airplanes etc.), as in stationary applications for generation of electric power and heat and in
portable applications in electronic equipments.

Hydrogen can be produced from a variety of feedstock including fossil fuels, biomass and
water. Even though H, conversion to energy in FCs is emissionless, the sustainability of H,
energy depends on the production method (Turner 2004). Presently, H, is produced mainly
from fossil fuels, which is not sustainable (Turner 2004). The H, production methods from
renewables are numerous including (thermo)chemical, electrolytic, photolytic, radiolytical
and biological methods (Riis 2006a). In this thesis, biohydrogen is defined as hydrogen
produced by microorganisms (e.g., green algae, cyanobacteria or fermentative
microorganisms). Green algae and cyanobacteria use the energy from sunlight to produce H,
from water through an adapted photosynthesis, while fermentative bacteria are heterotrophs
(Das and Veziroglu 2001). Hydrogen dark fermentation processes have simpler process
design (Nandi and Sengupta 1998) and higher production rates (Levin et al. 2004), but
remain, so far, less studied than photobiological H, production.

Microbial fermentations offer an attractive alternative to produce sustainable energy.
Fermentations can use various kinds of biomass or organic waste to produce energy carriers
such as ethanol, butanol, methane or hydrogen (for reviews, see Zeikus, 1980, Claassen et al.
1999; Antoni et al. 2007). The present study focuses on the production of H; or ethanol plus
H, by dark fermentation. The summary part of this thesis includes literature review on a)
properties and applications of hydrogen and ethanol as energy carriers, b) hydrogen
production methods, ¢) ethanol and hydrogen fermentations, d) bioreactor processes for
continuous production of H, or EtOH+Ho. In the experimental part of this study a) mesophilic
H,-fermenters were enriched, and continuous H, production was studied in biofilm and
suspended-cell processes, b) thermophilic H, or EtOH+H, —producers were enriched, and H,
and EtOH+H,; production characteristics were determined in batch assays, c¢) thermophilic H,
or EtOH+H, production was studied in continuous, granular- and suspended-cell bioreactors,
d) diversity and dynamics of microbial communities were determined in continuous-flow
bioreactors.



2. HYDROGEN AND ETHANOL — PROPERTIES AND APPLICATIONS

2.1 Hydrogen and ethanol as energy carriers

Molecular hydrogen is a colorless, odorless and non-poisonous gas with very low specific
gravity (Anonymous 2008a). H, is the lightest of all gases (Lide et al. 2007), 14.4 times
lighter than air (Lovins 2005; Anonymous 2008a). Hydrogen condensates at very low
temperature (-259.1 °C), and liquid H, has a specific gravity of only 70.8 g L' (Lide 2007)
(Table 1). Hydrogen has the highest heating value of all fuels — 1 kg hydrogen contains as
much energy as about 2.5 kg of natural gas or about 2.8 kg of gasoline (Das 1996). On the
other hand, due to the low specific gravity, the volumetric energy density of H, is low — 3.7 L
of liquid H; has the same energy as 1 L of gasoline (Anonymous 2008a). Therefore, storages,
efficiently compacting H,, are required (Schlapbach and Ziittel 2001).

Hydrogen gas must be handled with extreme care, since hydrogen has a wide ignition range in
the air, and low ignition energy (Busby 2005). Safety of H, fuel as compared to gasoline has
been questioned. Even though H, has wide ignition range in air, H, leaks are diluted rapidly
due to high diffusion coefficient (12 times higher than gasoline’s) (Lovins 2005). The
hydrogen flame in air is almost invisible making it difficult to spot (Busby 2005), but emits
only 10% of the radiant heat compared to hydrocarbon fuel fire (Lovins 2005). Gasoline can
be considered more flammable than hydrogen, as it has 4 times lower concentration limit
required for burning, and lower self ignition temperature than hydrogen (Lovins 2005). In air
atmosphere, H, does not explode easily and it rather burns. The theoretical explosion power is
22 times lower than that of gasoline (Lovins 2005). Hydrogen safety can be enhanced by
storing H, in storage media (e.g., metal hydrides or glass microspheres) (Busby 2005) (See
chapter 2.3).

Ethanol represents a renewable substitute for gasoline in today’s vehicles. Pure ethanol is a
colorless, flammable and volatile liquid with boiling and condensation temperatures of 78.3
and -114.1 °C, respectively (Kosaric and Vardar-Sukan 2001) (Table 1). Ethanol has lower
volumetric energy content than gasoline, about 1.5 L of ethanol has the same energy content
than 1 L of gasoline (Das 1996; US DOE 2006). On the other hand, ethanol is considered
safer than gasoline, because of its low toxicity and better fire safety (Kosaric and Vardar-
Sukan 2001).



Table 1. Properties of energy carriers; hydrogen, ethanol, methane and petroleum (Das 1996; Schlapbach and

Ziittel 2001; Busby 2005; Lide 2007; US DOE 2007b)

Hydrogen Methane Ethanol Gasoline
Density, gas (NTP) (kg m® ") 0.0899 0.651 N.A. N.A.
Density, liquid (kg m® ") 70.8 422.6 789.3 720 -780
Melting point (°C) -259.1 -182.3 -114.15 -40
Boiling point (°C) -252.76 -161.15 78.29 N.A.
Lower heating value [MJ kg!, (kWh kg™)] 119.9 (33.3) 50.0 (13.9) N.A. 44.6 (12.4)
Energy per unit mass [MJ kg™, (kWh kg™)]" 141.9 (39.4) 55.5 (15.4) 29.9 (8.3) 47.4(13.2)
Energy per unit volume (GJ m® ') 10.10 (liquid) 230 (liquid) 23.6 34.85

0.013 (gas) 0.651 (gas)
Flame temperature (°C) 2045 1875 N.A. 2200
Self ignition temperature (°C) 585 540 423 228-501
Minimal ignition energy (mlJ) 0.2 0.29 N.A. 0.24
Ignition limits in air (vol %) 4-175 53-15 43-19 1.0-7.6
Flame propagation in air (m s™") 2.65 0.4 N.A. 0.4
Diffusion coefficient in air (cm?s™) 0.61 0.16 N.A. 0.05
Toxicity No No No Yes

" values represent the higher heating value (HHV), N.A. = not available

As compared to another gaseous fuel, methane, H; is considered to be more attractive energy
carrier due to higher and scale-independent conversion efficiency to electricity in the fuel
cells (FCs) (de Groot 2003); H, has conversion efficiency of 55-60 % (of the combustion
value of H») compared to 33 % of that of methane, respectively (Van Groenestijn et al. 2002).
Further, H, has a wider range of industrial applications compared to methane (Li and Fang
2007a).

2.2 Historical perspective of hydrogen and ethanol utilization

Important milestones in H, research and development have been listed in Table 2. Hydrogen
was first isolated in the mid-1600s by Robert Boyle, who dropped iron nails into sulfuric acid,
calling the H, gas evolved as “factitious air” (for reviews, see Hoffman 2002; Busby 2005).
Roughly 100 years later, in 1766, Henry Cavendish identified hydrogen as a chemical element
(calling it as inflammable air) and described its properties, e.g., density and molar weight.
Cavendish also showed that burning H; in air produced water correcting the mistaken idea of
water as a basic element. In 1783, Antoine-Laurent Lavoisier recognized the oxygen
component of water, and gave hydrogen its modern name (= water producer) (for reviews, see
Dunn 2002; Hoffman 2002; Busby 2005). In the end 1700s and early 1800s, hydrogen was
used in hot air aeronautical balloons, and as a fuel in one of the first internal combustion
engines. Hydrogen was also a rich component in “city-gas” used for heating and lighting
purposes (for reviews, see Hoffman 2002; Busby 2005). In the 1920s and 1930s, hydrogen
research was active and several H-utilizing transport applications were developed, from
Zeppelin dirigibles to trains, buses and submarines (for a review, see Hoffmann 2002). The H,
technology progress halted after the World War II due to low prices of oil and gasoline. The
attention in H; energy raised again on 1970s during the energy crisis, but decreased after the
oil prices dropped (Benemann 1996; Asada and Miyake 1999, for a review, see Hoffmann
2002). In the 1990s, the interest in H, raised again with the growing public awareness of
negative global environmental impacts of fossil fuels (Benemann 1996).

Hydrogen production by microorganisms was revealed in the late 1800s (for reviews, see
Benemann 1996; Hallenbeck and Benemann 2002). The basic research on Hj-producing
bacteria was initiated in late 1920s (for a review, see Hallenbeck and Benemann 2002), and
on microalgae in the early 1940s (Gaffron and Rubin 1942; for a review see Homann 2003).
However, microbiological H, production was not considered as practical possibility until
1970s (Benemann 1996). In the 1970s and 1980s, the research in biohydrogen mostly
concentrated on photobiological H, production (for reviews, see Benemann 1996, Asada and
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Miyake 1999). The research on dark fermentative H, production gained more attention in the
late 1990s with increasing amounts of studies until present.

Table 2. Some important mailstones in hydrogen research (for reviews, see Hallenbeck and Benemann 2002;
Hoffmann 2002, Busby 2005; National Hydrogen Association 2007b)

Mid 1600s hydrogen was isolated by Robert Boyle

1776 H, identified as a chemical element by Henry Cavendish

1783 Hydrogen received it’s modern name by Antoine-Laurent Lavoisier

1783 1* manned hydrogen balloon flight by JAC Charles

1794 Large-scale hydrogen generator operated in France

1800 H; production through water hydrolysis was invented by W. Nicholson and A. Carlisle
1839 1% workable fuel cell “a gas battery” developed by William Grove

1874 Concept of hydrogen economy was established by Jules Verne

1890s Commercial electrolysis cell developed

1896 Hydrogen production by microalgae detected by Jackson and Ellis

1898 H, liquefaction was established by James Dewar

1920s John B.S. Haldane described the structure, advantages and costs of hydrogen economy
1920s to 1930s H, exploited for aviation, e.g. German Zeppelin dirigibles carrying passengers on trans-Atlantic flights
1920s Pressurized electrolyzer developed by F. Lawaczeck and J.E. Noeggerath

1920s First commercial H, electrolyzers set-up

1929 Basic research on H,-producing bacteria initiated by L.H. Strikland

1930s H, transportation using pipelines suggested F. Lawaczeck

1930s to 1940s H, powered trucks, buses, submarines designed by R. Erren

1932 H, powered railway system studied in Dresden, Germany

1932 Modern fuel cell developed by Francis T. Bacon

1937 Hindenburg airship disaster killing 37 passengers

1942 Basic research on Hy-producing microalgae initiated by Gaffrom and Rubin

1950s First proton exchange fuel cell (PEMFC) developed by General Motors for NASA space applications
1959 Practical fuel cell (5 kW), powering a welding machine, developed by F.T. Bacon

1959 1* fuel cell vehicle, a tractor, was demonstrated by Harry K. Ihrig (Allis-Chalmers Manufacturing company)
1960s NASA starts to apply H, fuel cells for electricity power in spacecrafts

1962 John Bockris releases plans for solar energy based H, power supplies to US cities

1970 Term “Hydrogen Economy” released by technicians in General Motors

1973 Oil crisis raises the interest in alternative fuels giving a boost to H, research

1974 International Association for Hydrogen Energy was established

1979 Solid, crystalline H, was created in laboratory

1988 1% H, powered airplane was flown in the U.S.

1989 Solid, semi-metallic H, was created in laboratory by Mao and Russell

1990 1% solar-powered H, production plant operated in Germany

1992 1* grid-independent solar house using H, storage operated in Germany

1993 1* fuel cell bus (by Ballard Power Systems) debuts in Vancouver, Canada

1993 Daimler-Benz displays its 1¥ NECAR I experimental fuel cell vehicle

1994 1% solar-powered H, production demonstration plant operated in Saudi-Arabia

1996 Liquid-H, -powered bus operated in Germany

1997 Hydrogen’s blame for Hindenburg disaster challenged by A. Bain — the catastrophic fire was caused by static
electricity and flammable airship skin material, not H,

1998 1% U.S. residential fuel cell installed

1998 Iceland released ambitions for Icelandic hydrogen economy until 2030

1999 1* European H, fueling stations opened in Hamburg and Munich

2001 1% volume-produced PEM fuel cell wide industrial application released by Ballard Power Systems

2001-2006 European hydrogen bus demonstration project (CUTE) operating FC buses in 10 European cities. Different H,
fueling, distribution and production systems were developed locally.

2007- Hydrogen FCV and fueling station demonstration program in California, U.S. — 24 H, stations and 179 FCVs in
operation (Anonymous 2008b).

Throughout the history, around the world, human societies have discovered the fermentation
of ethanol (for a review, see McGovern et al. 2004). Proofs of ethanol fermentation in China
have been dated as far as 7000 B.C. (McGovern et al. 2004). In addition to being used as
stimulants, ethanol drinks had medicinal value due to analgesic (pain killer) and disinfectant
effects (for a review, see McGovern et al. 2004). Antoine Lavoisier discovered the
biochemical reaction occurring during ethanol fermentation from sugars in 1789 (for a review,
see Barnett 2003). In 1860, Louis Pasteur confirmed the role of yeast in ethanol fermentation
(for a review, see Vaughan-Martini and Martini 1995; Barnett 2003). At present, ethanol is a
chemical which is produced in largest volume by industrial fermentation (Kosaric and Verdar-
Sukan 2001). Today, in addition to alcohols drinks, ethanol is also used in cleaning, in
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cosmetics and pharmaceuticals, as a fuel supplement and antifreezing agent, in chemical
industry as solvent and extractant, and as a feedstock for the production of several chemicals
(e.g., acetaldehyde and acetic acid) (Lynd 1989; Kosaric and Verdar-Sukan 2001).

The production and utilization of ethanol as a vehicle fuel is mature technology with rather
long history (Roehr 2001; Bothast and Schlicher 2005). In the beginning of 1900s, the early T
model Ford allowed the use of either ethanol or gasoline as fuel (Bothast and Schlicher 2005).
Until the late 1930s, the use of ethanol-gasoline blends was common and large ethanol
production plants were set-up in the U.S. (Roehr 2001; Bothast and Schlicher 2005).
However, the plants were closed after the World War II due to low oil prices (Roehr 2001).
During the oil crisis in the 1970s, the interest in ethanol increased and large research
programs were started (Rosillo-Calle and Cortez 1998; Roehr 2001). In Brazil, this led to an
extensive development of vehicles running on 100% ethanol (Rosillo-Calle and Cortez 1998;
Roehr 2001). In the mid 1980s, more than 90% of the cars sold in Brazil were running on
100% ethanol (Rosillo-Calle and Cortez 1998). Until the mid 2000 Brazil was the largest
manufacturer of ethanol, but was overtaken by the U.S. with the present annual production of
about 18 billion liters (about half of the global production) (Gnansounou et al. 2005; Gray et
al. 2006; Angenent 2007).

2.3 Applications of hydrogen and ethanol

Hydrogen has multiple potential applications as energy carrier. Hydrogen can be used as a
vehicle fuel, for stationary production of electricity and heat and as a fuel in portable
electronics. Today, H, is mainly used as a feedstock in the industry with very limited use as a
fuel or energy carrier, such as in spacecrafts (Ramachandran and Menon 1998; Das and
Veziroglu 2001; Busby 2005) (Table 3). Annually, about 450 billion m® (50 million tons) of
H, is produced globally (Busby 2005; National Hydrogen Association 2007a). The main
industrial applications of H, include manufacturing ammonia (about 60 %) and the oil
refining (cracking and hydrogenation of hydrocarbons) (for reviews see Ramachandran and
Menon 1998; Busby 2005; National Hydrogen Association 2007a).

Table 3. Main applications of hydrogen today (Ramachandran and Menon 1998; Busby 2005)

Application Function

Petrochemical industry Cracking and hydrogenation of hydrocarbons and removal of sulfur, nitrogen, oxygen and
metals (hydroprocessing) for the production of gasoline, diesel, jet fuel, and other
petroleum products

Fertilizer industry Production of ammonia as a fertilizer feedstock
Chemical industry Production of chemicals e.g., methanol, acetic acid, butanediol, benzene, butyraldehyde
etc.
Food industry Solidification of oils and fats
Metallurgical applications As a reductant in the production of elemental metals
As an oxygen scavenger
Mechanical industry Arc welding with H, flame
Electricity supply Cooling of generators, motors and transformers
Electronics industry In the production of electrical components (to form reducing atmosphere)
Nuclear industry As an oxygen scavenger to prevent corrosion
Glass manufacture As an oxygen scavenger in float glass manufacture process
Glass cutting with H, flame
Weather monitoring H,-filled weather balloons
Space exploration Rocket fuel

Providing electricity




H; in stationary power and heat applications

Stationary FCs provide reliable power with very consistent voltage output and high efficiency
(40 to 85%) (US Fuel Cell Council 2004b). The waste heat of stationary FCs can be utilized
for heating (cogeneration) or for further electricity production by using gas turbines.
Residential scale FCs (3 to 10 kW) have been developed to provide primary or backup power
for houses (US Fuel Cell Council 2004a). They can run independently or in parallel to an
existing power grid (US Fuel Cell Council 2004a). Some of the FC types (see below) for
stationary or residential power applications can use a variety of fuels as they can internally
reform them to H, (US Fuel Cell Council 2004b). These FCs enable the utilization of
conventional fuels (e.g., methane or propane) with existing distribution infrastructure (US
Fuel Cell Council 2004a). For these reasons, stationary FC systems may provide many
benefits to the industrial or residential power production.

H, as vehicle fuel

World’s leading car manufacturers are conducting vast research efforts on the development
and commercialization of fuel cell vehicles (FCVs). FCs offer cleaner and more efficient
alternative to the internal combustion engine (US Fuel Cell Council 2004c). FCVs are
estimated to be 1.5 to 2 times more efficient than vehicles with conventional combustion
engine, and the exhaust gas consists of H,O and no harmful air emissions (Schlapbach and
Zittel 2001). As in stationary applications, some of the vehicle FCs can reform H, from a
variety of fuels. FC technology has been demonstrated in a variety of vehicles including cars,
buses, mopeds and even locomotives (US Fuel Cell Council 2004c). Proton exchange
membrane (PEM) fuel cells are the most typical FCs for cars and buses, but also solid oxide
FCs (SOFCs) are being evaluated (US Fuel Cell Council 2004c; Sequeira et al. 2007)

In addition to the FCVs, hydrogen can be used to fuel combustion engine vehicles. Hydrogen
fueled combustion engine is less efficient (about half) than the hydrogen fuel cell (Schlapbach
and Ziittel 2001). However, H, fueled combustion engines are still more efficient than
conventional diesel or gasoline engines (Das 1996). The emissions of H, fueled combustion
engines compose mainly of water and some NOx, but no CO, CO,, SOy, VOC and particulates
as in the case of diesel and gasoline engines (Das 1996). The emission levels for road vehicles
will have stricter terms in the future. European Union directive (Euro 5 standard) of cutting
particulate and NOy emissions in road vehicles will enter into force in September 2009
(European Commission 2008), and further emission cut regulations are projected in 2014
(Euro 6 Standard).

The use of H, as vehicle fuel has been greatly hindered by the lack of efficient onboard
storage systems (Das 1996). To make an example, a regular car uses about 24 kg of gasoline
per 400 km (7.5 L per 100 km). To cover the same range, a FCV needs about 4 kg of H,
(Schlapbach and Ziittel 2001). At room temperature and at atmospheric pressure, 4 kg of H,
would take a volume of 45 m® corresponding to a balloon with a diameter of 5 m (Schlapbach
and Ziittel 2001). Alternatively, 4 kg of H, would correspond approximately 57 L of liquid
Ho,.

Ethanol as vehicle fuel

Ethanol is a very flexible vehicle fuel. Vehicles can run on 100% ethanol or it can be mixed
with gasoline in any proportions. In the U.S., car manufacturers have developed vehicles
called flexible fuel vehicles (FFV), which can use ethanol gasoline blends from 0 up to 85%
of ethanol (US DOE 2006, 2007a). The FFVs include some modifications in materials and
engine calibration system compared to regular cars (US DOE 2006). Presently in the U.S., the
focus is on utilizing E85, a fuel mix containing 85 % of ethanol and 15% of gasoline (US
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DOE 2006). Supplementation of 15% gasoline to ethanol improves the cold-start performance
of vehicles (US DOE 2006). In 2007, there were more than 5 million FFVs capable of using
E85 and more than 1000 fueling stations selling E85 (US DOE 2007a).

The advantages and disadvantages of ethanol fuel are listed in Table 4. In brief, ethanol
engines have higher efficiency and result in less air emissions (except for aldehydes) than
gasoline engines (Kosaric and Vardar-Sukan 2001; Niven 2005). The sustainability of fuel
ethanol has been debated. Ethanol has low to negative (-80 to +40%) net energy value (NEV),
i.e., energy needed in ethanol production over the life cycle versus energy released in ethanol
combustion (for a review, Niven et al. 2005). The NEV is highly case dependent and is
influenced by e.g., geography, climate and crop species, and by its cultivation, transportation
and conversion processes. Regarding the life cycle analysis of gasoline-ethanol blends, the
E10 fuel (10% of ethanol in fuel) offers only a minor or no advantages in greenhouse gas
emissions and energy efficiency, and may increase the production of photochemical smog as
compared to gasoline (for a review, see Niven 2005). E85 may decrease significantly the
green house gas emissions, but substantial amounts of aldehydes are produced (27 times more
than gasoline) (for a review, see Niven 2005).

Table 4. Advantages and disadvantages of ethanol as a vehicle fuel compared to gasoline (Kosaric and Vardar-
Sukan 2001; Niven 2005; U.S. DOE 2006)

Advantages (+) Disadvantages (-)

Technical aspects

+ Higher efficiency in engines

+ Better fire safety (however, ethanol flame is less visible than gasoline)

+ 100% ethanol provides about 5% increase in engine power

- Lower energy density, higher fuel consumption per km

- 100% ethanol engines have poor cold start-up (additions of ether, benzene or gasoline needed)

- Larger evaporation losses than with gasoline

- Ethanol-gasoline blends have low water tolerance (small amounts of water can separate ethanol and gasoline)
- Ethanol can dilute the lubrication oils and be harmful to the engine

Environmental and public health aspects

+ Renewable, less CO, emissions (depending on the process and gasoline blend)

+ Less NO, and CO emissions (depending on the gasoline blend)

+ Less particulate emissions

+ Lower benzene, VOC and 1,3 butadiene emissions

+ Less toxic than gasoline

- Ethanol-gasoline blends may cause more diverse contamination effects to soil and ground water than gasoline
- Higher aldehyde emissions (aldehydes highly irritant to mucous membranes, and a probable carcinogen)

- Large scale production of ethanol feedstock causes threats to decrease biodiversity

Socio-economical aspects

+ Domestic production, may increase energy security

+ Supports farmers and rural economies

- Lower net energy value than that of gasoline (fuel energy — energy needed for production and transportation)
- Uneconomic compared to gasoline, subsidies required

- The production of ethanol feedstock competes with food production, impacts food availability and prices

- Large land areas required for ethanol feedstock production

Hydrogen fuel cells

Hydrogen fuel cells (FCs) can be used to provide electricity for mobile (FC vehicles),
stationary (electricity and heat power plants) and portable applications (digital devices, tools,
power generators) (Dincer 2002; Busby 2005; Agnolucci 2007; Sequeira et al. 2007). FC
technology is clean, quiet and flexible, and offers significant improvement in energy
efficiency obtained with present technologies (Dincer 2002). Further, the durability and
reliability of FCs have been demonstrated (Dincer 2002). In hydrogen FCs, H, combines with
oxygen generating electricity, water and heat. Low temperature FCs provide emission free
generation of electricity with high efficiency (in high temperature FCs small amount of NOy
is produced) (Schlapbach and Ziittel 2001; Dincer 2002). Several kinds of fuel cells,
distinguished by the type of electrolyte used, have been developed to meet the demands of
different applications (Sequeira et al. 2007) (Table 5). Presently, the FC technology is in pre-
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commercialization phase with several FC types commercially available, while the full
commercialization still faces numerous technical and market uncertainties (for a review, see
Hellman and van den Hoed 2007).

On-line, laboratory-scale electricity generation by proton exchange membrane fuel cell
(PEMFC) connected to H, dark fermentation bioreactors has been recently demonstrated (Lin
et al. 2007a; Jeon et al. 2008). Lin et al. (2007a) reported a stabile, long term (300d),
electricity generation with PEMFC combined with a dark fermentation bioreactor. The biogas
from dark fermentation reactors need to be carefully purified to remove H,S, CO and CO,, as
these impurities may be detrimental to the FC materials (Levin et al. 2004).

Table 5. Hydrogen fuel cells (FCs) (for reviews, see Dincer 2002; McLean et al. 2002; US DOE 2002; Levin et
al. 2004; Busby 2005; Sequeira et al. 2007)

FC type Temperature  Efficiency Capacities Applications Features

range (°C) (%) (kW)
Polymer or proton 60-120 40 - 60 100 - 250 Vehicles, e Being applied in many passenger vehicles cars
exchange stationary power,  and buses
membrane fuel cell military, portable e Potential uses to replace batteries in mobile
(PEMFC) applications

+ High power density

+ Operate at low temperatures, fast start-up
+ Flexible (rapid response to power demand)
- Sensitive to impurities (CO,, CO, H,S)

Phosphoric acid 150 - 220 37-55 25— 20000 Stationary power, e Arguably most developed FCs for commercial
fuel cell (PAFC) (72 - 80)* large vehicles use
o More than 400 trial installations worldwide
+ Reliable
Solid oxide fuel 800 — 1100 45-170 200 - 5000 Stationary power, e 15 demonstration units installed
cell (SOFC) (70 — 85)“ large vehicles ° Typlcal]y apphed as stacks of FCs

+ High tolerance to impurities

+ High power densities

+ Low value catalyst can be used

- High temperatures required, long startup

Alkaline fuel cell 23 -250 50 -60 2-100 Vehicles, space o Interest faded due to PEMFCs
(AFC) missions, + Operate at low temperatures, fast start-up
military + Can achieve long lifetimes
- Sensitive to impurities (CO,, CO)
Molten carbonate 600 - 660 45 - 65 250 - 3000 Stationary, space e For large scale industrial or power
fuel cell (MFC) (70 — 85)* missions, applications
military + High efficiency

+ Relatively tolerant to impurities
- High temperatures required, long start-up
- Corrosive electrolyte limits durability

* with heat recovery

Hydrogen storage

The storability is one of the most important advantages of H, as energy carrier. However, the
low volumetric energy content of H, gas compared to other fuels poses a problem for energy
storage (Schlapbach and Ziittel 2001; Busby 2005). The main H, storage methods today,
compression (350 to 700 bar, in steel or lightweight composite tanks) and liquefaction,
provide insufficient increase in energy density (for mobile applications) and also consume
energy — about 10 % Hy’s energy content is lost in compression and 30 to 40 % in
liquefaction, respectively (Busby 2005; Riis et al. 2006b). Alternatively, better storage
capacity may be achieved by binding H, in storage materials (through absorption, adsorption
or chemical reactions), which also increase the safety of H, storage by preventing the
evaporation and burning (Busby 2005; Biniwale et al. 2007) (Table 6). However, these
methods are still struggling to overcome the weight penalty associated with the storage
matrixes (Busby 2005). Other issues involved in the H, bonding matrixes include the cost,
stability, recyclability and toxicity of the storage materials (Sakintuna et al. 2007) (Table 6).
In comparison, the International Energy Agency (IEA) targets for H, storage systems in fuel
cell vehicles (FCVs) include 5.0 wt%p, of storage medium density, and with 80 °C H,
liberation temperature (Riis et al. 2006b). The majority of H, today is produced on-site
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without needs for storage or long-distance distribution (Busby 2005). For large scale H;
storage, possibilities include salt caverns, depleted gas fields, and empty mines (Busby 2005).

Table 6. Hydrogen storage methods

Method Storage Advantages (+) and disadvantages (-) References
capability
(kgn m’ _l)
Compression 20.7 (350 bar) +Simple and well established process for reviews, see
(350 to 700 bar) 30.0 (700 bar) - Low volumetric energy density Schlapbach and Ziittel
- Filling requires high pressures and some energy 2001; Busby 2005; Riis
- Hydrogen losses by leakage et al. 2006b
- Low safety
Liquefaction 333 +Well established process for reviews, see Sherif
+ Relatively high energy density in storage et al. 1997; Busby 2005;
+ Low storage pressure Riis et al. 2006b
- Liquefaction requires large energy
- Hydrogen losses by evaporation (short term storage)
- Low safety
Glass microspheres 5.4 wt% + Relatively safe (H, stored at low pressures) for reviews, see Dincer
+ Relatively high energy density in storage 2002; Riis et al. 2006b
+ Low cost containers can be used
- Filling, and H, release require high temperature (300 °C)
- Filling requires high pressures
- Hydrogen losses by leakage
Metal hydrides + Safe Pinkerton et al. 2005;
- Magnesium hydrides 7.7 wt% + High energy density in storage for reviews, see Busby
- Lithium hydrides 96 (10 wt%) + Good reversibility in several hydrides 2005; Bououdina et al.
+ Low storage pressures 2006; Riis et al. 2006b;
- Heavy storage matrix Sakintuna et al. 2007
- Hydrides with best storage capabilities require high temperatures
for H, release
- Heat exchanger required
Borohydrides (NaBH4) + High energy density in storage For reviews, see Riis et

116 (10.8 wt%)

+ H, release at room temperature (NaBH,)

+ Safe and controllable onboard H, generation

+ Low storage pressures

- Storage medium must be regenerated off-board
- Expensive, suitable for high-value applications

al. 2006b; Biniwale et
al. 2007; Sequeira et al.
2007

Rechargeable organic
liquids

Cycloalkanes (e.g.
methylcyclohexane)

62 (8.6 wt%)

+ Low storage pressures

+ High energy density in storage

- High temperatures required for H, release (cycloalkanes)
- Heat exchanger required (cycloalkanes)

- Toxicity

for reviews, see
Fakioglu et al. 2004;
Riis et al. 2006b

Nanotubes + High theoretical H, storage capabilities for reviews, see Lamari
- Carbon nanotubes (or  7.4wt% + Light storage matrix Darkrim et al. 2002;
nanofibres) + Plenty of raw material (carbon) available for their construction Hirscher et al. 2003;
- Boron nanotubes 2.6wt% - Still in laboratory scale, no practical applications Fakioglu et al. 2004;

- High temperatures and/or pressures required
- Difficulties in constructing the nanotubes

Riis et al. 2006b

2.4 Hydrogen economy

Bockris, who has contributed to the development of the concept “hydrogen economy”, defines
it as “the utilization of hydrogen to transport energy from renewable sources over large
distances; and to store it (for supply to cities) in large amounts” (Bockris 2002). Thus,
hydrogen economy includes the production, storage, distribution, and use of hydrogen as an
energy carrier (Turner 2004). The term of hydrogen economy was developed in the early
1970s by technicians of General Motors (Bockris 2002; Hoffmann 2002). However, the
concept of hydrogen economy was developed far earlier (Dunn 2002; Turner 2004). In 1874,
Jules Verne stated in the book of Mysterious Island that “water will be the coal of the future”
(Verne 1874). The view by Jules Verne was based on the recognition of finite supply of coal
and the possibilities of producing hydrogen by water electrolysis (for a review, see Turner
2004). Later, in the 1920s, Haldane developed the concept by including the H, energy storage
potential, integrated it with H, production by wind-power, and estimated costs and social
advantages of hydrogen transition (for reviews, see Hoffman 2002; Busby 2005).

The main drivers and barriers of hydrogen economy are listed in Table 7. European
Commission has outlined that hydrogen economy would aid in sustaining high life standard,
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and simultaneously providing a clean, safe, reliable and secure energy supply (European
Commission 2003b). The main barriers of hydrogen economy are related to the immaturity of
technology, the lack of commercially competitive technology and infrastructure, and
economical risks.

The potential climate impacts of hydrogen economy are not well known. The potential
environmental concerns of H, economy may be the increase in water vapor in the stratosphere
due to unintended H, emissions (Tromp et al. 2003). The increase in water vapor can cause
stratospheric cooling, increase ozone degradation, and change tropospheric chemistry and
atmosphere-biosphere interactions (Tromp et al. 2003).

Table 7. Main drivers and barriers of hydrogen (and ethanol) as energy carrier (Wyman 1999; US Energy
Agency 2002; Dunn 2002; Gosselink 2002; Australian Government 2003; European commission 2003b; Busby
2005; Marban and Solis 2007; van Ruijven et al. 2007).

Drivers of H, utilization as energy carrier

Environmental and public health impacts related to the use of fossil fuels
o Global climate change

o Air and water pollution

e Acid rain

Energy security and decreases in geopolitical and price instability

e Depletion of fossil fuel resources

o Decreasing the dependency of fossil fuel

o Geographical distribution of fossil fuel resources and its political impacts

Increasing energy demand
o Growth of population
o Economic growth, growth in energy intensity and standard of living

Technological advantages
e Increasing energy efficiency
o Increasing flexibility for balancing centralized and de-centralized energy systems

Unsafety of present energy production technologies (e.g. nuclear energy)

High market potential, growing markets

Energy production integrated with waste disposal

Directives and regulations
e E.g., the proportions of renewables in vehicle fuel

Barriers of H, utilization as energy carrier

Immaturity of technology, lack of commercially competitive technologies
o Hydrogen production, fuel cells, storage and distribution

o CO, sequestration technologies

o Fuel cell vehicles

Lack of infrastructure and high costs of creating it
o Hydrogen production, fuel cells, storage and distribution

Difficulties in finding national, regional and global consensus for priorities in energy solutions

Availability of lower cost energy alternatives (e.g., coal, natural gas and nuclear power)
e Prices for fossil fuels not high enough
o Energy prices not yet affecting economic growth enough

Hydrogen safety issues

Market risks involved in H, transition

Doubts of sustainability
o Non-renewable H, production pathways
o Climate effects of H, unknown (Tromp et al. 2003)

Concerns and uncertainties of new technologies
o Lack of knowledge
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3 HYDROGEN PRODUCTION METHODS

Large-scale H, production was started in France as early as late 1700s (for a review, see
Hoffmann 2002). First commercial hydrogen electrolyzers were established in the late 1920s,
and in the 1960s the H, production shifted to fossil-fuel feedstock (Hoffmann 2002; Riis et al.
2006a). Today, the majority of hydrogen is produced from fossil fuels with the main methods
being steam reformation of natural gas (48% of H, globally) or partial oxidation of coal (30
%) or oil (18%) (US Energy Agency 2002; National Hydrogen Association 2007a). Hydrogen
production through water electrolysis (only 4% of global production) is considered feasible
only when low-cost electricity is available or when high H, purities are required (Busby 2005;
Riis 2006a; National Hydrogen Association 2007a).

The production of H, from fossil fuels results in greenhouse gas emissions (unless CO;
sequestration is used), and therefore, H, economy based on renewable sources is more
favorable (Turner 2004; Busby 2005; Riis et al. 2006a; National Hydrogen Association
2007a). The potential feedstock and process technologies for hydrogen production are
numerous (Riis et al. 2006a) (Table 8). The H, production technologies include
(thermo)chemical, electrolytic, photolytic, radiolytical and biological processes (Lay et al.
1999; Riis et al. 2006a).

In steam reforming, methane is mixed with water steam at high temperature and pressure
producing a mix of H,, and CO (syngas) (Riis et al. 2006a). The CO can be converted to H
(and CO,) through water-gas shift reaction (Nath and Das 2003; Ni et al. 2006a,b; Riis et al.
2006a). The net conversion efficiency of the process is about 65% due to high energy inputs
of the reforming process (Dincer 2002).

Nearly all kinds of biomass or fossil fuels can be thermally converted H, and other fuels via
gasification or pyrolysis (Busby 2005; Ni et al. 2006b). Gasification aims at forming gaseous
products, while pyrolysis aims at liquid products (Ni et al. 2006a). Pyrolysis is thermal
decomposition of organic matter occurring in the absence of oxygen (for reviews see, Ni et al.
2006a; Sequeira et al. 2007). The main products of pyrolysis include H,, CO,, CO and
hydrocarbon gases, liquids (oils, solvents and tar) and solid charcoal (for reviews, see Ni et al.
2006a,b). In gasification, the feedstock undergoes partial oxidation at high temperature (above
1000 K) producing gas (syngas: H,, CO,, CO, CHy4 and hydrocarbons), tar and charcoal (for
reviews, see Ni et al. 2006a; Riis et al. 2006a; Florin and Harris 2007). The tar and charcoal
fraction from pyrolysis and gasification can be further oxidized to H,, CO, and CHy4 (Ni et al.
2006;a Florin and Harris 2007).

Electrolyzers have high energy efficiencies from 60 up to 85%, and the H, production process
does not produce CO, emissions provided that the electricity for the operation is produced
from renewable sources (Dincer 2002; Turner 2004; National Hydrogen Association 2007d).
The need of electricity in water splitting decreases with increasing process temperature
(Turner 2004; Riis et al. 2006a).
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Table 8. Hydrogen production methods. The renewable feedstock are emphasized.

Process Feedstock Energy required Emission(s) Reference(S)
Thermal
Steam reforming Natural gas Water steam at high temperature (700 to 850 CO,, NO, for reviews, see Milne et al. 2001; Riis et al. 2006a; Ni et al. 2007
Biogas or Bioethanol °C) and pressure (3 to 25 bar) NOy
Methanol or Biomethanol Water steam at 150 to 300 °C CO,, NO, Palo et al. 2007
Thermochemical gasification Coal Water steam and oxygen at high CO,, NO, for reviews, see Milne et al. 2001; Nath and Das 2003; Ni et al. 2006a ;
(partial oxidation) Heavy oil temperature(> 700 °C) (and pressure) CO,, NOy Riis et al. 2006a
Biomass or gas, organic wastes NOy
Thermal pyrolysis Biomass, organic wastes Water steam at moderately high temperature NO, for reviews, see Milne 2001; Ni et al. 2006a

(350 to 550 °C)

Autothermal reforming (combination
of steam reforming and gasification)

Natural gas

Water steam and oxygen at high temperature
(800 — 1000 °C) and pressure (100 bar)

CO,, NO (lower than in
steam reforming)

for reviews, see Dincer 2002; Ni et al. 2006a ; Riis et al. 2006a

Biogas or bioethanol NO,
Direct solar gasification Biomass and wastes Heat (by sun light) No for reviews, see Milne et al. 2001; Nath and Das 2003
Supercritical gasification Biomass Water at super critical state (high pressure No for reviews, see Milne et al. 2001; Nath and Das 2003; Ni et al. 2006a
and temperature (400 to 700 °C)
Water thermolysis Water Heat, high temperature required (~3000 °C) No for reviews, see Busby 2005, Riis et al. 2006a; Ni et al. 2006b
Electrochemical
Electrolysis (Conventional or high Water Electricity from renewables (Solar No for reviews, see Busby 2005; Riis et al. 2006a; National Hydrogen
temperature ) photovoltaics, solar thermal, hydro or wind Association 2007d
power, geo or ocean thermal energy or
biomass)
Water Electricity from nuclear power Nuclear waste from for reviews, see Busby 2005 National Hydrogen Association 2007¢
electricity production
Water Electricity from fossil fuels CO, for a review, see Busby 2005
Photoelectrochemical Water Direct sunlight No Dincer 2002
Thermochemical
Thermochemical water splitting Water Heat (450 — 1000 °C) (from nuclear or solar Nuclear waste from heat for reviews, see Turner 2004; Riis et al. 2006a; National Hydrogen
energy) production Association 2007¢c
Thermochemical H,S splitting H,S Ni et al. 2006b
Radiolytical Water High energy particles in nuclear reactor Nuclear waste Dincer 2002
Clean-up of industrial off-gases Off-gas Depends on application Depends on application Dincer 2002
As a by product .e.g. in the Petroleum, chlorine Electricity, heat Depends on application Busby 2005

petroleum and chlorine manufacture

Biological

Direct and indirect photolysis

Water

Light

for reviews, see Benemann 1996; Ghirardi et al. 2000; Das and
Veziroglu 2001; Lopes Pinto et al. 2002; Melis 2002; Tamagnini et al.
2002

Photo and dark fermentation

Biomass, organic wastes and
waste waters

Light (photofermentation), heating (< 80 °C)

Minor emissions of H,S

for reviews, see Claassen et al. 1999; Das and Veziroglu 2001;
Hallenbeck and Benemann 2002; Nath and Das 2003; Kapdan and
Kargi 2006)

Electrochemically assisted microbial ~ Organic waste waters Electricity Depends on electricity Liu et al. 2005a,b, for reviews, see Angenent et al. 2004; Logan 2004;
fuel cells production method Hawkes et al. 2007
Enzymatic H, production Sugars (glucose, sucrose) Heat No Woodward and Orr. 1998; Woodward et al. 2000a,b.




3.1 Microbiological hydrogen production

A variety of microorganisms produce hydrogen in their metabolism. Some photosynthetic
organisms, such as green algae and cyanobacteria produce H; directly from water. Photo and
dark fermenting bacteria produce H, from organic substrates. Hydrogen production is due to
reductant disposal catalyzed by two families of enzymes, hydrogenases and nitrogenases
(Claassen et al. 1999, for reviews see Vignais et al. 2006; Vignais and Billoud 2007). The
nitrogenase complex catalyzes the reduction of nitrogen gas to ammonia according to the
following equation (for reviews, see Tamagnini et al. 2002; Vignais et al. 2006)

N, +8H' +8e + 16ATP — 2NH; + H, + 16ADP + 16Pi.

In the absence of N, the total electron flux is directed to the production of H,. The reaction is
irreversible, and can produce H; even at 100% hydrogen atmosphere, but is energy intensive
requiring large quantities of ATP (Vignais et al. 2006). Hydrogenases catalyze the simplest of
chemical reactions, the formation of molecular H, (for a review, see Vignais and Billoud
2007)

2H ' +2¢ & H,

The reaction is reversible and some of the enzymes are committed to consume H, (uptake
hydrogenases, in the presence of electron acceptors), some to produce H; (in the presence of
electron donor of low redox potential), or some can catalyze both reactions (bidirectional
hydrogenases) depending on the environmental conditions (for reviews, see Vignais et al.
2006; Vignais and Billoud 2007). Most of the known hydrogenases are iron-sulfur proteins
with two metal atoms at their active site, either Ni and Fe atoms ([NiFe]-hydrogenases) or two
Fe atoms ([FeFe]-hydrogenases) (for a review, see Vignais and Billoud 2007).

The mechanisms, advantages and disadvantages of microbiological H, production methods
are presented in Table 9.
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Table 9. Microbial hydrogen production mechanisms — advantages and disadvantages

Mechanism Organisms Advantages Disadvantages References
Direct photolysis Green algae, + H, production from water - Discontinuous process for reviews, see Benemann 1996,1997; Das and
2H,0 Light energy 5 ,+0, cyanobacteria + No need for organic electron donors (other - Low production rates Veziroglu 2001; Levin et al. 2004; Kapdan and Kargi
than CO,) - End product inhibition by O, 2006; Kovacs et al. 2006
Indirect photolysis + Higher solar light conversion efficiency than - O, in the product gas may cause fire hazard
) plants
6H,0+6C0O, —"“*% ¢ H O, +90,
C(H,,0, +6H,0 - 12H, +6CO,
Water-gas —shift reaction Photohetero- + Can remove CO (purification of CO from - CO; present in the product gas for reviews, see Benemann 1996,1997; Levin et al.

CO (g) + HO () > Ha (g) + CO1 (2)

trophic bacteria

gas streams)
+ Relatively high production rates
+ No light required

- Low mass transfer

2004

Photofermentation Photohetero- + H, production from various carbohydrates - CO, present in the product gas for reviews, see Claassen et al. 1999; Das and
C H,0, +6H,0 Light energy o 151 , +6C0, trophic bacteria,  and organic wastes - Effluent treatment required Veziroglu 2001; Hallenbeck and Benemann 2002;
purple, non- - High hydrogen yields, relatively high - Low light energy conversion efficiency Levin et al. 2004; Kapdan and Kargi 2006
sulfur bacteria production rates - Impurity of product gas, traces of H,S etc.
+ Can oxidize organic acids - Requires light, discontinuous if not
illuminated
Dark fermentation Heterotrophic + H, production from various carbohydrates - CO, present in the product gas for reviews, see Benemann 1996; Nandi and Sengupta
e.g., bacteria and organic wastes - Incomplete oxidization of organic materials 1998; Das and Veziroglu 001; Hallenbeck and
C¢H 1,06 + 2H,0O — 2CH;COOH + 4H, + 2CO, + High H, production rates to Ha, low H; yields Benemann 2002; Levin et al. 2004; Kleerebezem and
+ No light required - Effluent treatment required van Loosdrecht 2007
+ Simpler process for engineering than the - Impurity of product gas, traces of H,S etc.
others
+ H, can be produced along with the high-
value compounds (e.g. glucogenic acid and
1,3-propanediol)
Electrochemically assisted microbial fuel cells  “Anodophilic” + Can oxidize organic acids - CO, present in the product gas for reviews, see Angenent er al. 2004; Logan 2004;
(EAMFC) bacteria + High H, yield - Low efficiency Hawkes et al. 2007; Cheng and Logan 2007

Electric energy

C.H,,0, +6H,0—E=m 1o 4 6CO,

- Low H, production rates




Direct and indirect photolysis

Some green algae and cyanobacteria are able to produce H, from water by direct or indirect
photolysis. The H, production through photolysis is discontinuous, because it suffers from the
feed back inhibition of the hydrogenase activity by oxygen (for reviews, see Benemann 1996;
Melis 2002). Therefore, the H, and O,-producing reactions need to be temporally or spatially
separated (for a review, see Ghirardi et al. 2000). There are several ways of achieving this.
Some non-heterocystous cyanobacteria achieve the temporal separation by using day-night
cycles (for a review, see Benemann 1996). Alternatively, the sulfur deprivation of green algae
Chlamydomonas reinhardtii results in the temporal H, production in light through the
inhibition of oxygenic photosynthesis (for reviews, see Ghirardi et al. 2000; Melis 2002).
Continuous Hj-production for over 5 months by C. reinhardtii has been reported in a two-
stage photobioreactor combining aerobic phase in sulfur limitation and anaerobic, H,
production phase (Fedorov et al. 2005). In heterocystous cyanobacteria (e.g. Anabaena), H,
production occurs through indirect photolysis in spatially separated heterocysts under N»-
starvation by nitrogenase activity (for reviews, see Benemann 1996,1997; Asada and Miyake
1999).

Water gas-shift reactions

Some photoheterotrophic bacteria or archaea produce H, by using so called water-gas shift
reaction pathway — utilizing CO as a sole energy source for ATP generation with the
generation of CO, and H, (for reviews, see Levin et al. 2004; Henstra et al. 2007). The
reaction is thermodynamically very favorable with a AG” of -20 kJ mol™ (Levin et al. 2004).
Reaction occurs both in light and dark, but in light H; is not accumulated. This is due to the
oxidation of H, by uptake hydrogenases for supporting CO, fixation (Maness and Weaver
2002). The bacteria can potentially be used in the treatment of synthesis gas (CO and H,)
derived from the biomass gasification, or alternatively to remove CO from the gas stream
prior to utilization in fuel cells (Maness and Weaver 2002; Merida et al. 2004; for a review,
see Henstra et al. 2007). In addition to water-gas shift reaction, some of these bacteria, such as
Rhodopseudomonas palustris, are also capable of photo or dark fermentative H, production
(Oh et al. 2004c).

Photo and dark fermentations

In fermentation, H; is produced in the oxidation of organic compounds either with help of
light energy (photofermentation) or without it (dark fermentation) (Claassen et al. 1999). Dark
H, fermentation results in incomplete oxidization due to thermodynamic restrictions (see
Chapter 6). Photofermentations enable the complete oxidization of carbohydrates to H, and
CO,, since these bacteria use the energy from sunlight to overcome the thermodynamic
restrictions faced by dark fermenters. Generally, dark fermentations have higher H,
production rates, but photofermentation processes have higher theoretical yields of H, (Das
and Veziroglu 2001). High H, yields have been achieved by integrating dark and
photofermentation processes (see Chapter 8).

Photofermentative hydrogen production by some purple, non-sulfur bacteria occurs in
nitrogen-deficient conditions by nitrogenases (Ziirrer and Bachofen 1979; Fedorov et al.
1998; Levin et al. 2004). Generally, species belonging to the genera Rhodobacter,
Rhodomicrobium, Rhodopseudomonas, or Rhidospirillum have been used in the
photofermentation studies (Ziirrer and Bachofen 1979; Segers and Verstraete 1983; Zhu et al.
1999; for a review, see Claassen et al. 1999). The fermentation rates are influenced by factors,
such as pH, temperature, light intensity and wavelength and concentration and C/N values of
the substrates (Hillmer and Gest 1977; Claassen et al. 1999). The substrate range for
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photofermenters is wide (de Vrije and Claassen 2003), and photofermentative H, production
have been demonstrated from several wastewaters (Ziirrer and Bachofen 1979; Zhu et al.
1999). Dark fermentations will be discussed in detail in the following chapters, 5 to 8.

Microbial fuel cells

Microbial fuel cells (MFCs) use bacteria as catalysts to generate electric current while
oxidizing organic and inorganic compounds (for reviews, see Rabaey and Verstraete 2005;
Logan et al. 2006). Electricity production has been demonstrated from various substrates
including carbohydrates (Rabaey et al. 2003,2005, Bond and Lovley 2003; Logan 2004),
organic acids (Liu et al. 2005a,b; Oh and Logan 2005; Cheng and Logan 2007) and even from
domestic or industrial wastewaters (Liu et al. 2004a; Min and Logan 2004; Oh and Logan
2005; Min et al. 2005; Rabaey et al. 2007) or organic matter in marine sediments (Bond et al.
2002). These anodophilic bacteria are able to mediate the electrons, released in the oxidation
of electron donors, to extracellular anode electrode, where the electrons are passed through an
external circuit to cathode, thus producing electric current (for reviews, see Logan 2004;
Rabaey and Verstraete 2005; Logan and Regan 2006). A modification of a microbial fuel cell,
called an electrochemically assisted microbial fuel cell (EAMFC) or a bioelectrically assisted
microbial reactor (BEAMR), can produce hydrogen from carbohydrates (Cheng and Logan
2007; Liu et al. 2008; for a review, see Hawkes et al. 2007). The voltage applied on EAMFC
(~300 - 410 mV with acetate) is substantially lower than that required for the electrolysis of
water (1800 — 2000 mV) (Liu et al. 2005b,2008; Logan and Grot 2006). EAMFCs can be
potentially used to treat the effluent of dark fermentation bioreactors (Logan 2004; Liu et al.
2005a,b; Oh and Logan 2005; Cheng and Logan 2007) — the voltage applied on the electrodes
is able to overcome the energy barrier of hydrogen production from organic acids (Liu et al.
2008). With EAMFCs, high H; yields have been obtained from various organic acids, e.g. up
to 3.95 mol-H, mol-acetate™! (99% from theoretical maximum), or 8.01 mol-H; mol—butyrate'1
(80%), or 5.45 mol-H, mol-lactate™ (91%) (Cheng and Logan 2007).

Power source

CoO, H,
A PEM
e e
Bacteria 1
T _n
Anode Cathode
C,H,0,+2H,0 — 8e+8H*— 4H,
2C0O,+8e+8H"*

Figure 1. General schematic of electrochemically assisted microbial fuel cell (EAMFC) producing H, and from
acetate (Adapted from Liu et al. 2005b). PEM = proton exchange membrane.
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Comparison of H, production rates between different biological H, production systems

Table 10 compares the H, synthesis rates reported with different microbiological H;
production systems. Highest H, production rates so far have been achieved with dark
fermentation processes followed by photofermentation and water-gas shift reactions. The H,
synthesis rates of direct and indirect photolysis have been far lower. Based on the calculations
of Levin et al. (2004) using the highest H, production rate achieved with dark fermentation
(627 mmol h™' L™, Wu et al. 2006) , the volume of bioreactor required to provide H, for a 5
kW PEMFC would be about 190 L. In practice, the main concern is the scalability of the
reactors, i.e., maintaining the high H, synthesis rates when scaling up the reactors (Levin et al.
2004). Further, the highest H, production rates have been obtained with model carbohydrate
compounds (sucrose) while high rate H, production from real waste materials is yet to be
proven.

Table.10. Comparison of H, synthesis rates of different microbiological H, production systems (Modified from
Levin et al. 2004).

BioH, systems H, synthesis rate Reference
(mmol H, k'L
Direct photolysis 0.166 Kruse et al. 2005
Indirect photolysis 1.15 Weissman & Benemann 1977
Photo fermentation 158 Tsygankov et al. 1998a;b, in Levin 2004
Water-gas shift reaction 96.0 Levin et al. 2004
Dark fermentation 627 Wu et al. 2006
Microbial fuel cell 2.13 Cheng and Logan 2007
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4 MICROBIAL FERMENTATIONS

Humankind has utilized microbial fermentations for thousands of years (Steinkraus 2004).
When man evolved, he needed to consume the food before the microorganisms spoiled it. In
some cases, microorganisms produced toxins, which caused illness and man learned to avoid
it while in others pleasant flavors and textures were produced and man learned to appreciate
such food (Steinkraus 2004). Such fermented food found today include e.g., wine, beer,
cheese and yoghurt (Steinkraus 2004). Fermentations also preserve, increase the digestability
the food, and enrich vitamins, proteins and amino acids (Steinkraus 2004; McGovern et al.
2004). At present, fermentations are utilized in numerous applications in the fields of food,
pharmaceutical, chemical industry, energy production and waste management.

Fermentation is an internally balanced oxidation-reduction process. It takes place in
environments, which lack terminal electron accepting compounds, such as oxygen, sulfate,
nitrate and ferric iron (Madigan et al. 2000). In fermentation, ATP is produced by substrate
level phosphorylation, where high energy intermediates with phosphate groups are formed
that can couple energetically with the phosphorylation of ADP (Madigan et al. 2000). ATP
yield in fermentation is low compared to the catabolism using terminal electron acceptors
(respiration) — in the oxidation of glucose, 1-3 ATP per molecule is produced in fermentation
as compared to 38 ATP per molecule generated in aerobic respiration. Due to low ATP yields,
substrate level phosphorylation results in high end product formation compared to cell
biomass synthesis rates (Madigan et al. 2000).

Fermentations, which do not require light energy have been named as dark fermentations.
Fermentative H, production is an intermediate stage in the anaerobic degradation of organic
material, which is a multistep process with series and parallel sets of reactions (Pavlosthathis
and Giraldo-Gomez 1991). In environments lacking terminal electron acceptors, H, is
produced to maintain the electron balance, i.e., to dispose the excess of electrons liberated in
the oxidation of substrates (Madigan et al. 2000). In the nature, however, H, is not
accumulated due to rapid consumption by H, utilizing bacteria, which maintain the low partial
pressure of H, (pHy), necessary for the anaerobic digestion to proceed (Madigan et al. 2000).

In the anaerobic degradation, organic polymers are first hydrolyzed by extracellular enzymes
to monomers capable of passing through the cell membrane (Figure 2). The monomers are
then fermented or anaerobically oxidized to intermediate products including organic acids
(often called volatile fatty acids or VFAs) and alcohols and H, and CO; (acidification).
Intermediate products are further degraded to acetate, H, and CO,, which can be converted to
methane by methanogenic bacteria (Pavlosthathis and Giraldo-Gomez 1991). Dark
fermentation of H, from acetate (acetate oxidation) and other intermediated products (organic
acids and organic alcohols) is possible only if the pH, is kept low in the system. H,
consuming reactions, such as methanogenesis and homoacetogenesis, are obviously,
undesirable in bioprocesses aiming at H, production.
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COMPLEX POLYMERS

| PROTEINS | | CARBOHYDRATES | | LIPIDS |

1 1 | HYDROLYSIS 1

A 4 A 4

| Amino acids, sugars | | Fatty acids, alcohols |

\ / ANAEROBIC

FERMENTATION INTERMEDIARY PRODUCTS
(Propionate, butyrate, ethanol etc.) OXIDATION

1 1
2

A 4

Acetate oxidation
ACETATE 3 H,, CO,

. . Homoacetogenesis .
Aceticlastic 5 4 Reductive _
methanogenesis | methanogenesis

| cH,co,

Figure 2. Anaerobic degradation of organic compounds and the microbial groups involved. 1, Fermentative
bacteria; 2, hydrogen-producing acetogenic bacteria; 3, hydrogen-consuming acetogenic bacteria; 4, carbon
dioxide-reducing methanogens; 5, Aceticlasctic methanogens (modified from Pavlosthathis and Giraldo-Gomez
1991). The crosses represent hydrogen consuming reactions, methanogenesis and homoacetogenesis, which are
undesirable in H, producing reactors.
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S ETHANOL FERMENTATION

Ethanol production is the largest application of fermentation (Kosaric and Verdar-Sukan
2001). Majority of ethanol today is produced by Saccharomyces yeasts (Wiegel 1980; Ingram
et al. 1999; Zaldivar et al. 2001; Gray et al. 2006; Lin and Tanaka 2006). An demonstration-
scale alternative to ethanol fermentation includes gasification of lignocellulosic biomass to H»
and CO (syngas), followed by e.g. thermochemical catalysis, such as Fischer-Tropsch process
to form ethanol (for reviews, see Angenent 2007; Henstra et al. 2007; Phillips et al. 2007).
Also microbiological pathways exist among meso- and thermophilic bacteria for syngas
conversion to ethanol, e.g., by Clostridium ljungdahlii (Tanner et al. 1993; Abrini et al. 1994;
Sakai et al. 2004; for a review, see Henstra et al. 2007).

Feedstock for ethanol fermentation

Corn (starch) and sugar cane (sucrose) are the most utilized feedstock for bioethanol
production while several alternatives exist (Table 11) (Gray et al. 2006). Starch can be rather
easily hydrolyzed with enzymatic treatment prior to fermentation (Gray et al. 2006). As
supplies of presently used bioethanol feedstock are rather limited and compete with food
production, lignocellulosic materials are seen as an attractive feedstock of the future (Gray et
al. 2006). Lignocellulosic materials such as agricultural residues, forestry wastes, herbaceous
and woody energy crops, could serve as low-cost and abundant feedstock for bioethanol (for
reviews, see Lynd 1989; Olsson and Hahn-Hégerdal 1996; Wyman 1999; Zaldivar et al. 2001;
Gnansounou et al. 2005). Increasing research efforts have recently been directed to
lignocellulose-to-ethanol technologies (Angenent 2007), and several demonstration-scale
processes exist (Abengoa 2008; Verenium 2008).

Table 11. Feedstock for ethanol production (Kosaric and Verdar-Sukan 2001; Senn and Pieper 2001; Zaldivar et
al. 2001; Gnansounou et al. 2005; Lin and Tanaka 2006; Cardona and Sanchez 2007; Angenent 2007).

Feedstock Geographical distribution

Sugar crops

Sugar cane Brazil, India, South Africa, Australia
Sugar beet France, Europe

Potatoes Germany and Eastern Europe

Fruits Global

Starches

Corn U.S., South America, Europe

Wheat, Rye, Barley, Triticale (a hybrid or wheat and ~Western Europe, Eastern Europe, North America
rye)

Cassava (manioc, tapioca) Brazil, China, Indonesia, Zaire
Sweet sorghum China, Australia

Sweet potato North and South America, South-East Asia
Jerusalem artichoke (Topinambur) North America

Lignocellulosic biomass

Industrial wastes Global

- Waste sulfite liquors (pulp and paper industry)

Forestry wastes Global

Agricultural wastes Global

Energy crops Global

Food industry wastes Global

Algal and/or cyanobacterial biomass Global

Lignocellulose, the structural polymer of plants, is far more difficult and expensive to
hydrolyze than starch (Ingram et al. 1999; Zaldivar 2001; Gray et al. 2006). In lignocellulose,
cellulose (20-50 % of plant dry weight) fibers are embedded in covalently found matrix of
hemicellulose (20—40 %), pectin (2-20%) and lignin (10-20%) thus forming very resistant
structure for biodegradation (Ingram et al. 1999). Of the lignocellulosic constituents,
cellulose, hemicellulose and pectin fractions are suitable for the production of bioethanol by
fermentation (Ingram et al. 1999; Zaldivar et al. 2001). Lignin cannot be readily converted to
ethanol, but can be used as fuel (i.e., burned) or utilized in the production of bioplastics
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(Ingram 1999). The sugar residues of hemicellulose contain a varying mixture of hexoses
(e.g., glucose, mannose and galactose), and pentoses (e.g., arabinose and xylose). The pentose
sugars of hemicellulose, cellulose (a polymer of glucose), and pectin (a polymer of
galacturonic acid) are not utilized by the wild-type strains of the main bioethanol-producing
organisms, Saccharomyces cerevisiae and Zymomonas mobilis (Olsson and Hahn-Hagerdal
1996; Ingram et al. 1999; Zaldivar et al. 2001; Gray et al. 2006). The economically feasible
production of ethanol from lignocellulosic materials requires efficient conversion of all the
main carbohydrate constituents of this complex material to ethanol (Olsson and Hahn-
Hagerdal 1996; Ingram et al. 1999; Zaldivar et al. 2001; Galbe and Zacchi 2002).

Thermophilic microorganisms have been suggested as potential producers of bioethanol from
lignocellulosic biomass (for reviews, see Wiegel 1980; Lynd 1989; Lee 1997). Even though
research efforts have improved the economical feasibility of lignocellulosic material
conversion to ethanol, it still cannot compete with traditional feedstock (Wyman 1999). The
steps of lignocellulose conversion to ethanol include (for reviews, see Hamelinck et al. 2005;
Hahn-Héagerdal et al. 2006):

(1) Growing, harvesting, storing, and transporting of feedstock

(2) Pretreating lignocellulosic feedstock to open the cell-wall matrix and to remove lignin

(3) Exposing the feedstock to a mixture of purified enzymes to hydrolyze hemicellulose
and cellulose to five- and six-carbon sugars

(4) Fermenting these sugars to ethanol

(5) Separating the produced ethanol

Improvements are needed in each of these steps to make the technology more cost-effective
(Angenent 2007). From microbiological point-of-view, more effective and cost-efficient
enzymes for the hydrolysis of feedstock, and more robust and efficient fermentative
microorganisms are required (Gray et al. 2006; Angenent 2007). Solid-substrate fermentation
of lignocellulosic materials by fungi, yeast and bacteria has been demonstrated, but the
technology is not mature yet (Chinn et al. 2006, 2007, 2008; for reviews, see Lee 1997;
Pandey et al. 2000; Pandey 2003). Many white-rot basidiomycetes (e.g., Phanerochaete
chrysosporium and Phlebia radiate) and some actinomycetes have been employed for
production of lignin-degrading enzymes and for delignifying lignocellulosic materials via
solid-state fermentation (for a review, see Lee 1997).

Ethanol-producing microorganisms

Ethanol-producing microorganisms include yeasts, fungi and mesophilic and thermophilic
bacteria (Table 12).The desired characteristics for ethanol fermentation microorganisms
include the following (Kosaric and Vardar-Sukan 2001; Zaldivar et al. 2001 Dien et al. 2003).

* High ethanol yield per unit substrate oxidized and high ethanol productivity

* Broad substrate utilization range

* Substantial ethanol tolerance (> 4%)

* Minimal byproduct formation

* Robust growth (tolerance to changes in environmental parameters) and simple nutrient
requirements

* Ability to grow on undiluted hydrolysates, and tolerance to inhibitors
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Table 12. Ethanol-producing microorganisms (Adapted from Wiegel 1980; Olsson and Hahn-Hégerdal 1996)

Genus Species M/T*  EtOH yield EtOH yield References
hexose™ " xylose™ ¢
Bacteria
Bacteroides polyfragmatus M 1.07 0.73-1.01 Patel 1984; Patel et al. 1986
Geobacillus stearothermophilus T 1.0 N.A. Atkinson et al. 1975
Clostridium thermocellum T 0.7-1.6 N.A Sudha Rani et al. 1997; Ng et al. 1981; Bothun et al. 2004; for a review, see Zeikus 1980;
saccharolyticum M 1.2-1.6 0.9-1.0 Khan and Murray 1982; Asther and Khan. 1985
uzonii T 0.29 -0.76 N.A. Krivenko et al. 1990
Erwinia amylovora M 0.3-1.5 N.A. Sutton and Starr 1959
chrysanthemi M <1.0(1.46)*  0.72(1.45)  Tolan and Finn 1987;
Escherichia coli M (2.20%? (1.48 n for reviews, see Ohta et al. 1990; 1991a; Yomano et al. 1998; Dien et al. 2003
1.74%
Klebsiella oxytoca M 0.62 (1.96)"  0.52(1.57)"  Ohtaetal. 1991b
Sarcina ventriculi M 1.71 N.A. for a review, see Cysewski and Wilke 1978
Raoultella planticola M N.A. 0.22 (1.41)° Feldmann et al. 1989
Ruminococcus albus M 0.5-0.8 N.A. Tannotti et al. 1973
Spirochaeta aurentia M 0.8-1.5 N.A. for a review, see Canale-Parola 1977
litoralis M 1.1-14 N.A. for a review, see Canale-Parola 1977
stenostrepta M 0.8-1.5 N.A. for a review, see Canale-Parola 1977
Thermoanaerobacter ethanolicus T 1.7-1.9 12-14 Ng et al. 1981; Wiegel and Ljungdahl 1981; Lacis and Lawford 1988, 1991
mathranii T N.A. 1.1 Larsen et al. 1997; Klinke et al. 2001
thermohydrosulfuricus T 1.1-1.5 1.1 Wiegel et al. 1979; Cook and Morgan 1994
Thermoanaerobacterium aciditolerans T 0.9 N.A. Kublanov et al. 2007
aotearoense T ~1 ~1 Liu et al. 1996
polysaacharolyticum T 1.08 N.A. Cann et al. 2001
thermosaccharolyticum T 1.09 042 -1.24 Lee and Ordal 1967; Mistry and Cooney 1989; Baskaran et al. 1995
zeae T 1.19 N.A. Cann et al. 2001
Zymomonas mobilis M 1.9 (1.44-1.57)° Lawford and Rousseau 1999; for reviews, see Swings and De Ley 1977; Zhang et al. 1995; Dien et al. 2003
Fungi
Aurobasidium pullulans M N.A. 0.69 Nigam et al. 1985
Fusarium avenaceum M 1.57 0.78 Suihko and Enari 1981
gramineanum M 1.65 0.72 Suihko and Enari 1981
oxysporum M 1.80 1.63 Suihko and Enari 1981
sambucium M 1.57 0.85 Suihko and Enari 1981
solani M 1.80 0.72 Suihko and Enari 1981
sporotrichioides M 1.72 0.26 Suihko and Enari 1981
Yeast
Candida famata M N.A. 0.65 Nigam et al. 1985
shehatae M N.A. 1.08 - 1.47 Toivola et al. 1984; Slininger et al. 1985
tenuis M N.A. 1.05 Toivola et al. 1984
Pachysolen tannophilus M N.A. 0.92 -1.05 Slininger et al. 1985; Delgenes et al. 1986
Pichia segabiensis M N.A. 0.82 Toivola et al. 1984
stipitis M N.A. 098 -141 Toivola et al. 1984 ; Slininger et al. 1985; Delgenes et al. 1986
Saccharomyces cerevisiae M 1.8-1.9 (0.26)° Kotter and Ciriacy 1993; for a review, see Kosaric and Vardar-Sukan 2001
uvarum M 1.72 N.A. for a review, see Kosaric and Verdar-Sukan 2001
Schizosaccharomyces pombe M N.A. (1.37)° Chan et al. 1989

N.A.= not available; *mesophilic/thermophilic; ®theoretical maximum 2 mol-EtOH mol-glucose-1; ‘theoretical maximum 1.67 mol-EtOH mol-xylose"; drecombinant strains in brackets; ‘higher than theoretical maximum, extra

EtOH comes from the catabolism of complex nutrients (Ohta et al. 1991a)



The yeast species, which are of primary interest in industrial bioethanol production, include
Saccharomyces cerevisiae, S. uvarum (carlsbergensis), Schizosaccharomyces pombe, and
Kluyveromyces species (Kosaric and Vardar-Sukan 2001). The main advantage of yeasts
compared to bacteria include higher ethanol tolerance, up to 18 %, (Kosaric and Vardar-
Sukan 2001; Lin and Tanaka 2006).

A great variety of bacteria is capable of producing ethanol (Table 12), however, majority of
them produce several side products, which decrease ethanol yields (Wiegel 1980; Kosaric and
Vardar-Sukan 2001). Of the bacteria, only mesophilic Zymomonas mobilis and thermophilic
Thermoanaerobacter ethanolicus can be regarded as strict ethanol producers (Wiegel and
Ljungdahl 1981; Kosaric and Vardar-Sukan 2001; Lin and Tanaka 2006). Z. mobilis,
traditionally used in the production of Mexican pulque-drink, has significantly higher ethanol
productivity (3-5 fold) than yeast, and relatively high ethanol tolerance (up to 12%) (for
reviews, see Sprenger 1996; Dien et al. 2003). However, the ethanol industry relies on S.
cerevisiae mostly due to its hardiness (robustness) (Dien et al. 2003). However, alike S.
cerevisiae, natural strains of Z. mobilis are not able to utilize pentose sugars of lignocellulosic
materials (Olson and Hahn-Héigerdal 1996; Ingram et al. 1999; Zaldivar et al. 2001; Galbe
and Zacchi 2002; Gray et al. 2006). The main advantage of many thermophilic bacteria is
their metabolic diversity, i.e., the capability of degrading great variety of carbohydrates of
lignocellulosic feedstock (Sommer et al. 2004). Other advantages and disadvantages of
thermophilic bacteria are shown in Table 13.

Table 13. Advantages and disadvantages of using thermophilic bacteria and thermophilic temperature range for
bioethanol fermentation (Wiegel 1980; Lynd 1989)

Advantages

+ Wide substrate utilization range

+ Direct fermentation of some biopolymers, e.g., starch (and cellulose), possible
+ Enhanced separation of ethanol, better possibilities for continuous distillation
+ Beneficial physical properties of growth medium (reduced viscosity and surface tension, increased diffusion
rates and substrate solubility)

+ High reaction rates

+ Low risk of contamination by undesired microorganism, including pathogens
+ No aeration required

+ Easier to heat than cool bioreactors

+ Low cell yields, high product yield per substrate

Disadvantages

- Low ethanol tolerance

- Advanced technology required

- Production of side products (organic acids)

- Lower substrate tolerance

- Complex growth factor requirements

- Costs from bioreactor heating

Metabolically engineered organisms for ethanol production

Ethanol yields (Table 12) and/or substrate utilization range of microorganisms, mainly S.
cerevisiae, Z. mobilis, E. coli, Klebisella oxytoca and Erwinia chrysanthemi, have been
improved by genetic engineering (for reviews, see Olsson and Hahn-Hégerdal 1996; Zaldivar
et al. 2001; Dien et al. 2003). Xylose and arabinose oxidising S. cerevisiae (genes imported
from yeast Pichia stipitis and bacterium Lactobacillus plantarum or Bacillus subtilis) (Kotter
and Ciriacy 1993; Moniruzzaman et al. 1997; Becker and Boles 2003; Karhumaa et al. 2006;
Wouter Wisselink et al. 2007) and Z. mobilis (genes from E. coli) (Zhang et al. 1995,1998;
Deanda et al. 1996) have been constructed. Very promising ethanol yields from pentoses have
been obtained by recombinant Z. mobilis (75-95% of theoretical maximum), but the
production is limited by low tolerance to acetic acid (Lawford and Rousseau 1999, 2002; for
reviews, see Zaldivar et al. 2001; Dien et al. 2003). Nearly theoretical ethanol yields from
glucose by recombinant strains of E. coli (Alterthum and Ingram 1989; Ohta et al. 1990;
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1991a), Klebsiella oxytoca (Ohta et al. 1991b) and E. chrysanthemi (Tolan and Finn 1987)
have been obtained by the insertion of genes from Z. mobilis. Engineered K. oxytoga is a
potential organism for direct conversion of cellulolytic materials to ethanol (for a review, see
Dien et al. 2003). More large scale demonstrations of ethanol production with genetically
engineered organisms (GMOs) are required to prove their applicability in commercial

processes (Dien et al. 2003).
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6 HYDROGEN DARK FERMENTATION

6.1 Fermentation of glucose

The main reaction stoichiometries involved in the dark fermentative H, and ethanol
production from glucose are listed in Table 14. Complete oxidation of glucose to CO, and H,
is not thermodynamically favorable reaction in standard conditions. The conversion of
glucose to acetate and butyrate are thermodynamically favorable reactions and sufficient to
support microbial growth (Thauer et al. 1977; Han and Shin 2004a), whereas, further
conversion of acetate and butyrate to H, and CO, are unfavorable reactions in standard
conditions (Thauer et al. 1977). The conversions of acetate and butyrate to H, are
thermodynamically favorable only when the pH, of the system is maintained very low. E.g.,
Lee and Zinder (1988) reported a threshold of pH; of 50 Pa for thermodynamic favorability
for acetate oxidation at 60 °C by a thermophilic co-culture. This threshold has not been
achieved with the present gas extraction systems used in H, dark fermentation processes.
Therefore, the theoretical maximum H, yield is considered to be 4 mol-H, mol-glucose™
associated with acetate as sole end product of dark fermentation (Claassen et al. 1999; Levin
et al. 2004).

Table 14. Reaction stoichiometries of dark fermentation of glucose

Reaction Stoichiometry AG” (kJ References
reaction™)

Complete oxidation of C¢H 1,06 + 12H,0 — 12H, + 6HCO; + 6H" +3.2 Thauer et al. 1977
glucose
Acetate production CeH;,04 + 4H,0 — 2CH;COO" + 4H, + 2HCO; + 4H" -206.3 Thauer et al. 1977
Butyrate production C¢H,,06 + 2H,0 — CH3;CH,CH,COO- + 2H, + 2HCO5; + - 254.8 Thauer et al. 1977

3H"
Ethanol production C¢H,,04 + 2H,0 — 2CH;CH,0OH + 2HCO; + 2H" -235.0° Ren and Gong 2006
Acetate and ethanol CgH /1,06 + 3H,0 — CH;CH,OH + CH;COO™ + 2H, + -215.716 Hwang et al. 2004; Ren and
production 2HCO; +3H" Gong 2006
Lactate production C¢H;,05 — 2CH;CHOHCOO™ +2H" -198.1° Kim et al. 2006¢
Butanol production C¢H,,04 + H,0 — CH;CH,CH,OH + 2HCO; + 2H" - 280.5 Chin et al. 2003
Propionate production C¢H,,04 + 2H, — 2CH;CH,COO" + 2H,0 + 2H" -359.0° Hussy et al. 2003
Valerate production CgH /1,06 + H, - CH;CH,CH,CH,COO" + HCO;™ +H,0 + -330.9 Ren and Gong 2006

2H"
Acctogenesis 4H, + 2HCO; + H' - CH;COO" + 4H,0 - 104.6 Thauer et al. 1977
Acetogenesis CeH 1,06 = 3CH;COO" + 3H" -310.6" Kim et al. 2006a
Acetate fermentation to H, CH;COO" + 4H,0 — 4H, +2HCO; + H" +104.6 Thauer et al. 1977; Stams 1994
Butyrate fermentation to H,  CH3;CH,CH,COO™ + 10 H,0 — 10H, + 4HCO; + 3H" +257.3 Thauer et al. 1977; Stams 1994

“calculated based on the Gibbs free energies of formation provided in Thauer et al. 1977
6.2 Biochemical pathways of hydrogen and ethanol fermentation

Fermentative bacteria, lacking the ability of utilizing terminal electron acceptors, face a
problem of disposing electrons provided in the oxidation of electron donors, i.e., the
organisms need to regenerate the cytoplasmic electron carrier NAD (oxidize NADH) to
maintain the glycolysis (Madigan et al. 2000). The means of regenerating NAD include the
formation of H, and/or reduced products such as lactate, ethanol, butyrate, succinate and
propionate (Stams 1994). In addition to serve in the regeneration of NAD, the formation of
butyrate, succinate and propionate is coupled with the formation of ATP through substrate
level phosphorylation (Madigan et al. 2000). The formation of acetate is coupled with the
formation of ATP, but not with the regeneration of NAD.

The two main fermentation pathways of carbohydrate oxidation by H,- and ethanol-producing
microorganisms include Embden-Mayerhof (EM) (glycolysis) and Entner-Doudoroff (ED)
pathways (Wiegel et al. 1980). Clostridia and enteric bacteria, the main groups of dark
fermentative Ha-producers, use the EM pathway in the oxidation of carbohydrates generally
resulting in a mixed-acid fermentation with several end products (Wiegel et al. 1980; Nandi
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and Sengupta 1998; Hallenbeck 2005). The EM pathway yields two net ATPs, and one
NADH per mol glucose oxidized (Nandi and Sengupta 1998; Madigan et al. 2003; Hallenbeck
2005). The ED pathway is used by many pseudomonads and other Gram-negative bacteria
(Madigan et al. 2000).

A strict ethanol-producing bacterium, Zymomonas mobilis, uses the ED pathway gaining only
one ATP per mol of glucose, a half of that obtained by S. cerevisiae through the EM pathway
(for reviews, see Wiegel 1980; Sprenger 1996; Dien et al. 2003). This feature together with
high number (50% of total proteins) and activity of enzymes involved in the ED pathway
results in highly efficient funneling of carbon to fermentation products instead of biomass
(2% yield only) (for reviews, see Sprenger 1996; Dien et al. 2003; Lin and Tanaka 2006).
Therefore, Z. mobilis has very high ethanol yields (> 95 % of theoretical maximum), and 3 to
5 times higher ethanol productivity than S. cerevisiae (Sprenger 1996).

Among enteric bacteria and clostridia, two different enzymatic systems are being used for the
metabolism of pyruvate formed in the glycolysis; Enteric bacteria use pyruvate formate lyase
(PFL), while clostridia use pyruvate ferredoxin (flavodoxin) oxidoreductase systems (for
reviews, see Nandi and Sengupta 1998; Hallenbeck and Benemann 2002; Hallenbeck 2005)
(Figure 3). The breakdown of pyruvate results in the production of acetyl-CoA and either
formate (enteric bacteria) or reduced ferredoxin (Fd[red]) (clostridia) (Figure 3). The
breakdown of acetyl-CoA serves a two way means for maintaining cell growth while
generating a variety of fermentation end products — Acetyl-CoA is used to obtain ATP
(acetate production) via substrate level phosphorylation, and to regenerate NAD needed to
maintain glycolysis (e.g., ethanol, butanol production), or for both needs (butyrate,
propionate, succinate production) (Madigan et al. 2000; Temudo et al. 2007). An alternative
way to regenerate NAD occurs via formation of lactate directly from pyruvate (Hallenbeck et
al. 2005; Temudo et al. 2007). Enteric bacteria produce hydrogen through formate by using a
formate-hydrogen lyase complex (FHL) (Figure 3A), while clostridia produce H, through
Fd(red) (Figure 3B)(Nandi and Sengupta 1998; Hallenbeck 2005). The H; yields in enteric
bacteria are limited by incomplete degradation of formate by FHL and the formation of lactate
(and ethanol) for NAD regeneration. Therefore, in general, H; yields by enteric bacteria from
glucose remain at about half of the theoretical maximum of 2 mol-H, mol-glucose™
(Hallenbeck 2005).

In clostridia, the generation of ATP from acetyl-CoA degradation proceeds, in general,
through the formation of acetate and butyrate which are linked with H, production (Figure 3B,
Table 14) (Nandi and Sengupta 1998). In addition, the NAD regenerating reactions occur (i.e.,
ethanol, butanol, acetone, lactate), that are not linked with H, production (Figure 3B). The
theoretical H, production maximum for clostridia takes place, when acetate is the sole end
product (4 mol-H, mol-glucose™), while butyrate production results in a maximum of 2 mol-
H, mol-glucose”’ (Nandi and Sengupta 1998; Hallenbeck 2005) (Table 14). From the
breakdown of pyruvate, only 2 mol-H, mol-glucose™ can be obtained. Additional H, can be
obtained by the activity of NADH-ferredoxin oxidoreductase, which recycles NAD and
produces Fd(red) (Hallenbeck 2005). However, the reduction of hydrogenase by NADH is
thermodynamically favorable only at low pH of hydrogen, and therefore, the NADH is
generally used to drive more energetically favorable reactions of butyrate or ethanol instead of
acetate (Stams 1994; Hallenbeck 2005). At elevated temperatures, the thermodynamic
conditions are more favorable for the production of additional H, through NADH reduction
hydrogenase (Stams 1994; Hallenbeck 2005).
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Figure 3. Glucose oxidation pathway of Escherichia coli (A) (Modified from Aristidou et al. 1999; Turcot et al.
2008) and Clostridium butyricum (B) (Modified from Saint-Amans et al. 2001).

Especially among hyperthermophiles, some modifications exist in the classical EM or ED
pathways allowing increased H, production. Thermotoga maritima ferments carbohydrates
via a mixture of conventional EM (85%) and ED pathways (15%) allowing a nearly
theoretical conversion of glucose to H, (4 mol-H, mol-glucose™) (Schrdder et al. 1994; Selig
et al. 1997; for a review, see Schifer and Schonheit 1995). Hyperthermophilic archaeon
Pyrococcus furiosus uses a modified EM pathway in which Fd(red) is the main electron
carrier instead of NAD, which could result in theoretical H, formation. However in practice,
the metabolism is sensitive to pH, and alanine is produced instead of acetate decreasing the
H; yield (Kengen and Stams 1994; for reviews, see Schifer and Schonheit 1995; Verhees et
al. 2003; Hallenbeck 2005).

6.3 Hydrogen dark fermentation microorganisms

A variety of microorganisms, including bacteria, archaea and yeast, in a wide temperature
range, are capable of H, production by dark fermentation. The organisms used in H, dark
fermentation studies include obligate anaerobes, facultative anaerobes and aerobes (in
anaerobic conditions) (Table 15) (Nandi and Sengupta 1998; de Vrije and Claassen 2003).
Clostridia and enteric bacteria are the most studied bacterial genera in dark fermentative Hs
production. Clostridia are obligate anaerobic, Gram-positive, rod-shaped and spore-forming
bacteria (Chen et al. 2002). Enteric bacteria are facultatively anaerobic, oxygen tolerant,
Gram-negative and non-sporulating rods (Madigan et al. 2000). The use of facultative
anaerobes together with obligate anaerobes in H, fermentation process is beneficial since
facultative anaerobes reduce the oxygen to water and create an anaerobic environment for the
Os-sensitive obligate anaerobes, and thus avoid the addition of reducing agents in the growth
medium (Yokoi et at. 1998a).
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Table 15. Microorganisms used in hydrogen dark fermentation studies and their H, yields

Genus Species M/T*  HY (mol-H, References
mol-hexose™')°
Obligate anaerobes
Acetomicrobium flavidum T 4 Soutschek et al. 1994
Acetothermus paucivorans T 3.5 Dietrich et al. 1988
Caldicellulosiruptor saccharolyticus T 33-3.6 van Niel et al. 2002, 2003; Kadar et al. 2003 ; de Vrije et al. 2007
Clostridium acetobutylicum M 1.8-2.0 Podesta et al. 1996; Noike et al. 2002, Chin et al. 2003; Zhang et al. 2006a; Lin et al. 2007b; Wang et al. 2008
bifermentans M N.D. Wang et al. 2003a; Lin et al. 2007b
beijerinckii M 1.96 —2.81 Taguchi et al. 1993; Lin et al. 2007b
butyricum M 1.1-23 e.g., Karube et al. 1982; Crabbendam et al. 1985; Heyndrickx et al. 1986; 1987, 1990; Kataoka et al. 1997; Noike et al. 2002; Chen et al.
2005; Ogino et al. 2005; Lin et al. 2007b
diolis M N.D. Matsumoto and Nishimura 2007
pasterianum M 2.08-2.4 Brosseau and Zajic 1982; Heyndrickx et al. 1990
paraputrificum M 1.0-22024)" Evvyernie et al. 2000, 2001; Morimoto et al. 2005
thermocellum T 1.05-1.6 Sparling et al. 1997; Islam et al. 2006; Levin et al. 2006
thermolacticum T 1.1-1.5 Collet et al. 2003, 2004
tyrobutyricum M 1.47 Zhu and Yang 2004; Lin et al. 2007b
uzonii T 0.55-0.67 Krivenko et al. 1990
Fervidobacterium pennavorans’ T N.D. van Qoteghem et al. 2004
Petrotoga miotherma® T N.D. van Ooteghem et al. 2004
Pyrococcus® furiosus T 3.0-3.5 Schifer and Schonheit 1992; Kengen and Stams 1994; Ma et al. 1994
Ruminococcus albus M 0.59 -2.52 Tannotti et al. 1973; Miller and Wolin 1973; Ntaikou et al. 2008
Spirocheta thermophila T 2.95 Janssen and Morgan 1992
Thermoanaerobacterium thermosaccharolyticum T 1.4-2.53 Sjolander 1937; Ueno et al. 2001b; O-Thong et al. 2008
Thermococcus® litoralis T N.D. Belafi-Bako et al. 2006
kodakaraensis T N.D. Kanai et al. 2005
Thermohydrogenium kirishi T 0.53 Teplyakov et al. 2002
Thermotoga elfii T 33 de Vrije et al. 2002; van Niel et al. 2002 ; Kadar et al. 2003; van Ooteghem et al. 2004
maritima T 1.56 -4.0 Schroder et al. 1994; Nguyen et al 2007
neopolitana® T 0.85 - 1.84° van Ooteghem et al. 2001; 2004; Nguyen et al 2007
Thermosipho africanus’ T N.D. van Qoteghem et al. 2004
Facultative anaerobes
Candida" maltosa M ~0.90° Lu et al. 2007
Citrobacter amalonaticus M 1.12-1.24 Oh et al. 2007, 2008a
intermedius M 1.0-15 Brosseau and Zajic 1982
Escherichia coli M 0.75 -2.55 . Ordal and Halvorson 1939; Blackwood et al. 1956; Chittibabu et al. 2006; Yoshida et al. 2006 ; Turcot et al. 2008
(1.82-3.12)
Enterobacter aerogenes M 04-1.7 Tanisho and Ishiwata 1994, 1995; Yokoi et al. 1997; Rachman et al. 1997, 1998; Palazzi et al. 2000; Fabiano and Perego 2002; Nakashimada
et al. 2002; Ito et al. 2004; Ogino et al. 2005
ashuriae M 0.54 Shin et al. 2007
cloacae M 2.1-34 Kumar et al. 2000, 2001; Kumar and Das 2000, 2001a,b
Ethanoligenens harbinense M 1.93 Wang et al. 2008 ; Xing et al. 2008
Klebsiella pneumoniae M N.D. Solomon et al. 1995
Aerobes
Alcaligenes eutrophus M N.D. Kuhn et al. 1984
Bacillus coagulans M 2.28 Kotay and Das 2007
licheniformis M 0.34-1.04 Kalia et al. 1994; Kumar et al. 1995

*mesophilic/thermophilic; ® HY = hydrogen yield; ‘archaea; *produce H, in microaerobic conditions (6-8 % O, [v/v]); ‘calculated based on the information given; | yield in brackets obtained by genetic engineering; ¢ H, yield
calculated per mol N-acetylglucosamine (GlcNAc), a monomer of chitin; " yeast species



Hydrogen dark fermenting microorganisms can be easily enriched from various natural and
engineered environments. Different waste treatment processes have been the most used
sources of microorganisms for dark fermentative H, production systems (Table 16). Heat or
extreme pH can be used to enrich spore-forming H, -fermenters and to inactivate Hj-
consuming methanogens. Different methods, such as heating in an oven (e.g. 2 h at 100 °C)
(Lay et al. 2003) or on a pan (e.g. 104 °C for 2 h) (van Ginkel et al. 2001), boiling (e.g. 15
min) (Lay 2000), acid (pH 3 for 24h) (Chen et al. 2002) or base treatment (pH 10 for 24h)
(Chen et al. 2002) have been successfully used to select for spore-forming H,-producers from
various environments. In addition, forced aeration of seed material can be used to enrich H,
fermenters (Ueno et al. 1995; 1996).

Table 16. Sources of microorganisms for fermentative H, production experiments

Source of microorganisms Reference

Activated sludge from WWTP Wang et al. 2003a; Kawagoshi et al. 2005

Anaerobic digester sludge from WWTP e.g., Han and Shin 2004a; Lin and Chang 2004; Kawagoshi et al.
2005

Settling tank, WWTP e.g., Chen and Lin 2001; Fang et al. 2002a;b; Yu et al. 2002b

Cattle dung Kumar et al. 1995; Vijayaraghavan et al. 2006a,b; Yokoyama et al.
2007a,b

Sludge from reactor treating fructose-manufacturing Liang et al. 2002

wastewater

Soybean-meal fermentor e.g. Mizuno et al. 2000b; Noike and Mizuno 2000

Palm oil mill effluent sludge, sludge compost, Morimoto et al. 2004

CREST compost

Mixture of thermophilic household compost, Nielsen et al. 2001
methanogenic landfill simulation reactor, landfill
solid waste and garden soil.

Acrated sludge compost Ueno et al. 1995; 1996

Composted soil Van Ginkel et al. 2001

Compost pile Khanal et al. 2004; Kawagoshi et al. 2005

Soils Van Ginkel et al. 2001;Logan et al. 2002; Kawagoshi et al. 2005
Sludge from pig manure digester Lay et al. 2003

WWTP = wastewater treatment plant

Genetic engineering of dark fermentative H,-producers

Genetic engineering of dark fermenting bacteria aims at redirecting electron fluxes towards
H; production (Benemann 1996; Hallenbeck and Benemann 2002; for a review, see Vardar-
Schara et al. 2008). The means include the elimination of uptake hydrogenases or non-H,
producing pathways, overexpression or modification of Hj-producing hydrogenases, or
insertion of H-producing pathways (Hallenbeck and Benemann 2002; Nath and Das 2004;
Yoshida et al. 2006) (Figure 3A). Hydrogen production by E. coli has been successfully
increased by overexpression of formate-hydrogen-lyase (FHL) and by direction of
metabolism towards pyryvate formate lyase (PHL) (disrupting succinate and lactate
production pathways) (Yoshida et al. 2005, 2006, 2007). Without genetic engineering, by the
addition of suicide substrates, Kumar et al. (2001) improved the H, yield of E. cloacae up to
3.4 mol-H, mol-glucose” by creating mutants lacking alcohol (ethanol and butanediol),
butyrate and lactate production pathways.

So far, only a few reports exist on genetic engineering of Clostridia for H, fermentation.
Morimoto et al. (2005) overexpressed hydrogenase gene of C. paraputrificum resulting in 1.7
fold increase in H, yield compared to the wild-type strain. Genetic engineering of Clostridia
so far, has mainly focused on the maximization of solvent (C. acetobutylicum, Boynton et al.
1996; Green et al. 1996; Green and Bennet 1998) or acid (C. tyrobutyricum, Zhu et al. 2005)
production rather than H,. Low amounts of genetic data available and difficulties in gene
transformation (as Gram-positive organisms) have likely limited the genetic modification of
Clostridia.
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Idea of incorporating microalgal oxidizing pentose phosphate pathways (PPP) into dark
fermenting bacteria have been proposed (Hallenbeck and Benemann 2002). Stoichiometric H
yields (12 mol-H, mol-glucose™) have been obtained with the enzymes involved in PPP
pathway in in vitro assays (Woodward et al. 2000b). Further, the microaerobic conditions
have been suggested to enhance the H, production by facultative anaerobic bacteria (Nath and
Das 2004; Chen et al. 2006b). With Klebsiella pneumoniae in microaerobic conditions, the
TCA cycle would provide more ATP to run the Hy-producing nitrogenase with higher H,
production potential (theoretical maximum 6.68 mol-H, mol-glucose™) than in anaerobic
condition (2.86 mol-H, mol-glucose™) (Chen et al. 2006b). However, only a certain, limited
level of oxidative phosphorylation of NADH and FADHj; is allowed, making the control of
metabolic fluxes a highly challenging task for metabolic engineers (Chen et al. 2006b).

6.4 Feedstock for H, dark fermentation

In terms of H, production rates and yields, carbohydrates are the most suitable feedstock for
H, fermentation followed by proteins and peptides, while H, production from fats is
considered very limited (Tables 17 and 18) (Okamoto et al. 2000; de Vrije and Claassen 2003;
Lay et al. 2003). Majority of H, dark fermentation studies have been conducted with model
compounds, mainly with glucose or sucrose. Glucose is the monomeric unit of the most
abundant biopolymers, cellulose and starch while sucrose is a major component in some crops
(see Chapter 5) and food industry wastes (sugar industry, brewing etc.) (Chang and Lin 2004).
Hydrogen production from xylose, a sugar constituent of hemicellulose, has been
demonstrated (Taguchi et al. 1995a; Lin and Cheng 2006; Lin et al. 2006b; Calli et al. 2008;
Wu et al. 2008b). In a similar manner, H, production from lactose, a main carbohydrate
constituent of diary wastes, has been demonstrated (Collet et al. 2003,2004; Calli et al. 2008).
Further, H, production from the sugar polymers, starch and cellulose, has been reported (e.g.
Taguchi et al. 1995b; Ueno et al. 1995; Lay 2001; Yokoi et al. 2002; Zhang et al. 2003). In
addition, H, fermentation from chitin and N-acetyl-D-glucosamine, the monomer of chitin,
has been demonstrated by Clostridium paraputrificum M-21 (Table 15) (Evvyernie et al.
2000).

Hydrogen production has been demonstrated from several wastes and potential energy crop
materials (Tables 17 and 18). Pilot-scale H, production has been demonstrated from molasses
(Ren et al. 2006), spent grains (Chou et al. 2008), citric acid production waste water (Yang et
a. 20006), office paper slurry (Ueno et al. 2007) and food waste (Kim et al. 2005a). Depending
on the feedstock and microorganisms used, the material may require pretreatment with
processes, such as mechanical cutting or crushing (Kalia and Joshi 1995; Okamoto et al.
2000; Kim et al. 2004b), acid, enzymatic hydrolysis (Okamoto et al. 2000; Palazzi et al. 2000;
Kadar et al. 2003, 2004; Wang et al. 2003a; Fan et al. 2006b,c) or sterilization (Tanisho and
Ishiwata 1994,1995; Wang et al. 2003a). The treated feedstock may need to be diluted
(Tanisho and Ishiwata 1994,1995) and supplied with nutrients and buffers prior to feeding to
the reactors (Yu et al. 2002b).
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Table 17. Batch H, production from actual wastes and wastewaters

Microorganism Conditions Substrate H, production Reference
T Initial  (concentration HY (mol H, mol- HPR (mmol h'L™)
(°C) pH [g/L]) hexose™)
Mixed culture 35 N.A. Bean curd waste 2.54 N.A. Noike and Mizuno 2000
Mixed culture 35 6.0 Bean curd waste 2.54 N.A. Mizuno et al. 2000b
Mixed culture 37 4.5 Rice slurry 2.5 N.A. Fang et al. 2006
Caldicellulosiruptor  N.A.  N.A. Sweet  sorghum  2.32 21 Claassen et al. 2004
saccharolyticus juice
Mixed culture 55 5.5 Food waste 1.8 3.8 mmoly, g vs Shin et al. 2004
Mixed culture 35 N.A. Wheat Bran 1.73 N.A. Noike and Mizuno 2000
Mixed culture 37 N.A. Food waste 1.5 12*1'6 mmoly, gTVS'l d Lay etal. 2005
Mixed culture 35 N.A. Rice bran 1.29 N.A. Noike and Mizuno 2000
Mixed culture 35 6.0 Food waste + 1.01 0.9 mmoly, gvss h! Shin et al. 2003
sewage sludge
(80%:20%)
Mixed culture 26 N.A. Potato starch 0.59 N.A. Logan et al. 2002
Mixed culture 37 N.A. Organic  fraction 7.48 mmoly, g vs N.A. Lay et al. 1999
of municipal solid
waste
Mixed culture 36 7.0 Cornstalk (15) 6.22 mmoly, gTVg'l* 2.1 mmoly, grvs' L Zhang et al. 2007a
Mixed culture 37 N.A. Rice 3.46 mmoly;; gvs' N.A. Okamoto et al. 2000
Mixed culture 36 7.0 Beer lees (20) 2.86 mmoly, g']'vs-l* N.A. Fan et al. 2006b
Mixed culture 36 7.0 Wheat straw (25) 2.83 mmmoly, gTVS‘l* ?;42 mmoly, gTVS'l h™  Fanetal. 2006c
Mixed culture 40 6.0 Grains (solid conc.  0.54 mmol y, gvs-l* 6.7 mmoly, grvs” 4 Chou et al. 2008
3 wt%)
Mixed culture 37 N.A. Lean meat 0.22 mmoly, gvs-l* N.A. Okamoto et al. 2000
Mixed culture 37 N.A. Chicken Skin 0.17 mmoly, gvg"* N.A. Okamoto et al. 2000
Mixed culture 37 N.A. Fat 0.17 mmoly, gyvs N.A. Okamoto et al. 2000
Mixed culture 37 N.A. Egg 0.15 mmoly, gvg"* N.A. Okamoto et al. 2000
Mixed culture 37 7.5 Pineapple waste 5.92 moly» gCOD‘1 159 mmol L I h'™" Wang et al. 2006
Mixed culture RT N.A. Candy production  7.06 mmoly, gcoD-l* N.A. Van Ginkel et al. 2005
wastewater
Mixed culture RT N.A. Potato —  5.82 mmoly, gCOD'1 N.A. Van Ginkel et al. 2005
processing
wastewater
Mixed culture 35 6.0 Food waste + 5.10 mmoly, geop' N.A. Kim et al. 2004b
sewage sludge
(87%:13%)
Mixed culture RT N.A. Apple - processing  4.15 mmoly, geop N.A. Van Ginkel et al. 2005
wastewater
Mixed culture RT NA. Municipal 1.66 mmoly, geop N.A. Van Ginkel et al. 2005
wastewater
Mixed culture 37 N.A. Brewery mixture 1.12 mmoly, gCOD'l* 8.5 mmol gvss'l d! Fan and Chen 2004
Mixed culture 35 N.A. Municipal waste 0.88 mmol i, g cop N.A. Wang et al. 2003b
water sludge +
sludge filtrate
Mixed culture 55 6.0 Starch N.A. Zhang et al. 2003

15.2 mmoly, gyss'-d”
b

N.A. = not available; RT=room temperature
“calculated based on the information provided
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Table 18. Continuous or semi-continuous H, production from actual waste waters and solid wastes

Reactor Microorganism Conditions Substrate (concentration [g L)) H, production VSS  Reference
type T (°C) pH HRT HY (mol H, mol- HPR (mmol (gL’

(h) hexose™) h'LY) ")
Waste waters
PBR E. coli 37 6.0 2.7 Molasses 3.12 97.4 N.A.  Chittibabu et al. 2006
CSTR + Enterobacter 38 6.0 N.A. Molasses (20) 2.5° 36 6.2 Tanisho and Ishiwata 1994
granules aerogenes
ASBR Mixed culture N.A. 6 12 Paper and food slurry N.A. 8.3 N.A.  Ueno et al. 2006
CSTR Mixed culture 60 6.8 12 Sugar factory wastewater (31.9 gcop/L) 2.59% 8.3 N.A. Ueno etal. 1996
CSTR Mixed culture 32 52 15 Sugar beet extract 1.7 ~7.5" N.A.  Hussy et al. 2005
UASB Mixed culture 55 5.5 2 Rice winery wastewater (34 gcon/L) 2.14° 6.6 11.7  Yuetal. 2002b
CSTR Mixed culture 37 55-60 18 Brewery waste 1.78 mmoly geop™ 53 N.A.  Fan et al. 2006a
ASBR Mixed culture 37 5.5-6.0 8 Dehydrated brewery waste N.A. ~5.2" N.A. Fan and Chen 2004
CSTR Mixed culture 30 5.2 15 Wheat starch (7.5) 1.9 5.0 N.A.  Hussy etal. 2003
ACF Mixed culture N.A. N.A 72 Mixed fruit peel waste (84 gL' as VS) 19.1 mmoly, gys 3.4 N.A. Vijayaraghavan et al. 2007
ASBR Mixed culture 55 5.5 96 Palm oil mill effluent 2.24 2.6" N.A.  O-Thong et al. 2007
ACF Mixed culture N.A. 5 72 Palm oil mill effluent N.A. 18 N.A.  Vijayaraghavan and Ahmad 2006
CSTR Mixed culture 55 5.5 120 Food waste 2.2 1.7 N.A.  Shin and Youn 2005
ASBR Mixed culture 35 6 6 Sweet sorghum extract 0.7 1.5 10.2  Antonopoulou et al. 2008
UASB Mixed culture 35-38 6.8-7.2 12 Citric acid wasterwater 0.84 1.2 N.A.  Yang et al. 2006
CSTR Mixed culture 35 ~4.5 4.2 Molasses N.A. 1.0 ~7 Ren et al. 2006
ACF Mixed culture N.A. N.A. 288 Jackfruit peel waste 16.6 mmoligys " 0.9" N.A.  Vijayaraghavan et al. 2006a
CSTR Mixed culture 35-38 4.5 24 Cheese processing wastewater 1.8 mmoly, gCOD-l‘ 0.9 N.A.  Yangetal. 2007
CSTR Mixed culture 55 N.A. 29 Olive pulp 0.32 mmol grs”' 0.58 N.A.  Gavala et al. 2005
ASBR Mixed culture 35 6.0 72 Grains N.A. 0.35 N.A. Chou et al. 2008
CSTR Mixed culture 35 4.0-43 6 Molasses 2.01° N.A. 10.6  Ren and Gong 2006
Solid wastes
LBR Mixed culture 37 N.A. 144 Food waste 12.9 mmoly,/ gvs'l 6.3 N.A. Han and Shin 2004b
ASBR Mixed culture 37 N.A. 30 Food waste N.A 5.5 N.A.  Shinetal. 2005
ASBR Mixed culture 35 N.A. 36 Food waste + steamed rice N.A. 3.7 N.A.  Kimetal. 2005a
ASBR Mixed culture 35 55 48 Kitchen waste 1.2 mmoly, geop” 2.5 N.A. Lietal. 2006
ASBR Mixed culture 28 ~4.6 24 Dairy wastewater N.A. 0.066" N.A.  Venkata Mohan et al. 2007
LBR Mixed culture 35 N.A. 5-10 Food waste 19.3 %2 CODyemoved’~ NLA. N.A. Han and Shin 2004a
ASBR Mixed culture 55 5.5 84 Food and paper waste 15.0 mmolH, gVS™" N.A. N.A. Valdez-Vazquez et al. 2005

“calculated based on the information provided
ACF = Anaerobic contact filter; ASBR = anaerobic sequencing batch reactor; CSTR = Completely-stirred tank reactor; HY= hydrogen yield; HPR = hydrogen production rate; LBR = Leaching bed reaction;
N.A. = not available; UASB = Up-flow sludge blanket reactor



6.5 Factors affecting dark fermentative H, production

The metabolism of H, dark fermenting bacteria is highly dependent on the physicochemical
conditions in the process. To maximize the H, yields, bacterial metabolism should be directed
towards acetate production and away of producing reduced end products (e.g. alcohols and
more reduced organic acids), which include H, that has not been liberated as gas (Hawkes et
al. 2002; Levin et al. 2004). Physicochemical factors affecting H, and ethanol dark
fermentation are listed in Table 19.
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Table 19. Main factors affecting hydrogen and ethanol production

Factor Effect(s) References
Temperature - Affects fermentation metabolism, activity and microbial composition Yokoi et al. 1995; Evvyernie et al. 2000; Fang and Yu 2001; Fabiano and Perego 2002;
- See Table 20 Yu et al. 2002a,b; Chin et al. 2003; Hussy et al. 2003; Zhang et al. 2003; Lin and Chang
2004; Morimoto et al. 2004; Gavala et al. 2006; Lee et al. 2006a; Mu et al. 2006;
Valdez-Vasquez et al. 2006; Georgieva et al. 2007; Yokoyama et al. 2007b; for reviews,
see Li and Fang 2007a; Li et al. 2007
pH - Affects fermentation metabolism, activity and microbial composition Heyndrickx et al. 1986;1987; Kalia et al. 1994; Yokoi et al. 1995; Majzat et al. 1997; Lin

- Low pH decrease H, and increase solvent (e.g. ethanol) production (inhibition of hydrogenase activity).

- Extreme pH (low or high) can be used to select spore-forming organisms

- Affects cell membrane charge and the transport of compounds through the membrane
- Affects enzyme activity

- Affects toxicity of harmful substances

and Chang 1999; Evvyernie et al. 2000,2001; Kumar and Das 2000; Lay 2000; Fang and
Yu 2001; Van Ginkel et al. 2001; Chen et al. 2002; Fabiano and Perego 2002; Fang and
Liu 2002; Horiuchi et al. 2002; Liu and Fang 2002; Yu et al. 2002b; Chin et al. 2003;
Hussy et al. 2003; Zhang et al. 2003; Collet et al. 2004; Fan et al. 2004, 2006b,c; Hwang
et al. 2004; Khanal et al. 2004; Kim et al. 2004a; Wu and Lin 2004; Chen et al. 2005;
Kawagoshi et al. 2005; Shin and Youn 2005; Cheong and Hansen 2006; Fang et al.
2006; Lin and Cheng 2006; Lin et al. 2006b; Ren and Gong 2006; Vijayaraghavan and
Ahmad 2006; Koskinen et al. 2007b; for reviews, see Hawkes et al. 2007; Li and Fang
2007a; Li et al. 2007; Ren et al. 2007

Substrate concentration
and loading rate (Food
to microorganism
[F/M] ratio)

- Affects fermentation metabolism, activity and microbial composition

- High substrate loading may decrease H, production and increase solvent (.e.g. ethanol) production

(substrate inhibition, improper F/M-ratio)

Harris et al. 1986; Lacis and Lawford 1988,1991; Dabrock et al. 1992; Lay et al. 1999;
Fang and Yu 2001; Kumar and Das 2001; Lay 2001; Van Ginkel et al. 2001; Yu et al.
2002a; Chin et al. 2003; Kadar et al. 2003 ; Lee et al. 2003; van Niel et al. 2003; Wu et
al. 2003; Fan et al. 2004, 2006b,c; Oh et al. 2004b; Sommer et al. 2004; Wu and Lin
2004; Chen et al. 2005; Kim et al. 2005b,2006¢, Shin and Youn 2005; van Ginkel and
Logan 2005b; Chen et al. 2006a; Fang et al. 2006; Kyazze et al. 2006; Ren and Gong
2006; Lin and Cheng 2006; Georgieva and Ahring 2007; Ren et al. 2007; Zhang et al.
2007b; for a review, see Kraemer and Bagley 2007

Hydraulic retention
time (dilution rate)

- Affect the fermentation mechanism, activity and microbial composition

- Generate “hydraulic selective pressure”, which effect the microbial composition, and granulation

- Low HRT favors H, production

- Too low HRT may result in washout of H, (or ethanol) producers

- Too low HRT decrease H, production due to substrate inhibition and improper F/M ratio
- Low HRT can be used to wash out methanogens or homoacetogens

Heyndrickx et al. 1986; Dabrock et al. 1992; Nakamura et al. 1993; Ueno et al. 1996;
Majzat et al. 1997; Francese et al. 1998; Rachman et al. 1998; Lin and Chang 1999; Lay
2000; Chen et al. 2001; Chang et al. 2002; Fang and Yu 2002; Liu and Fang 2002; Yu et
al. 2002b; Hussy et al. 2003; Lin and Jo 2003; Lee et al. 2003; 2004a,b, 2006a,b; Wu et
al. 2003, 2005a, 2006a,b; Chang and Lin 2004; Collet et al. 2004; Han and Shin 2004a;
Lin and Chang 2004; Oh et al. 2004b; Fan et al. 2006a; Gavala et al. 2006; Lin et al.
2006a,c; Zhang et al. 2006b, 2007b,c,2008a,b; Cheong et al. 2007; Wang and Chang
2008; Vijayaraghavan and Ahmad 2006; Yu and Mu 2006; Antonopolou et al. 2008; for
reviews, see Hawkes et al. 2002; 2007; Li and Fang 2007a

Hydrostatic pressure
(effecting partial
pressures of gases)

- Affects fermentation metabolism

- Increase in hydrostatic pressure may improve ethanol yield, e.g. C. thermocellum or decrease it

Bothun et al. 2004

Partial pressure of

- Affects fermentation metabolism, activity and microbial composition

Wiegel et al. 1979; Ben Bassat et al. 1981; Wiegel and Ljundahl 1981; Lamed et al.

hydrogen (pH,) - Increased pH, decreases H, production, but may improve ethanol production 1988; Lovitt et al. 1988; Kataoka et al. 1997; Mizuno et al. 2000a; Nielsen et al. 2001;
- Increase in pH, decreases the regeneration of NADH leading to the formation of reduced products Liang et al. 2002 ; Hussy et al. 2003, 2005; van Niel et al. 2003; Kim et al. 2006a;
Kraemer and Bagley 2006; Kyazze et al. 2006; Liu et al. 2006; for reviews, see Hawkes
et al. 2002,2007; van Groenestijn et al. 2002; Levin et al. 2004; Kraemer and Bagley
2007
Partial pressure of CO, - May affects fermentation metabolism and activity Tanisho et al. 1998; Park et al. 2005; Kim et al. 2006a; for a review, see Hawkes 2007

- May affect the activity of acetogens and methanogens

Ethanol concentration
(ethanol tolerance)

- High concentrations inhibit growth due increasing membrane instability
- Ethanol tolerance depends high on bacterial species
- Bacteria generally more vulnerable to self-produced acids than externally added

Lovitt et al. 1988; Baskaran et al. 1995; Sudha Rani et al. 1996; Sudha Rani and
Seenayya 1999; Lynd et al. 2001; Georgieva et al. 2007, for reviews, see Lynd 1989,
Zaldivar et al. 2001; Burdette et al. 2002;




Stirring (effects partial
pressure of gases)

- Affects fermentation metabolism
- Vigorous stirring can increase H, production, and decrease ethanol production

Lamed et al. 1988

Fermentation products
(organic acids)

-May affect the fermentation metabolism, activity and microbial composition

- The passage of undissociated acids through cell membrane followed by their dissociation uncouples proton
motive force

- High concentrations of undissociated acids may decrease H, production and increase solvent production

- High acid concentrations may lead to cell lysis

- Sensitivity depends on organism and on acids, longer acids generally more toxic

- Sensitivity to organic acids depends on pH (pH affects the dissociation of acids)

- Bacteria generally more vulnerable to self-produced acids than externally added

Chin et al. 2003; Van Niel et al. 2003; van Ginkel et al. 2005; Zheng and Yu 2005;
Kyazze et al. 2006; for a review, see Jones and Woods 1986

Inhibitory compounds
in complex substrates
or waste streams

- Sensitivity to inhibitory compounds is strain-dependent.

-Compounds (organic acids, alcohols, alhedydes etc.) released in the hydrolysis of lignocellulosic substrates
may be toxic to microorganism. Toxicity increase with increasing hydrophobicity of compounds

- Na-ion. Inhibitory at high concentrations.

- Heavy metals, e.g., Cu, Ni, Zn, Cr, Cd, Pb. Micronutrients, but inhibitory at high concentrations.

Zaldivar and Ingram 1999; Zaldivar et al 1999, .2000; Klinke et al. 2001; Kadar et al.
2003; Hao et al. 2006; Li and Fang 2007b; Lin and Shei 2008; for a review, see Zaldivar
etal. 2001

Composition of growth
media

- Buffers

- Nutrients

- Growth factors

- Buffers, phosphate and carbonate. Needed to resist pH change. Carbonate buffers release CO,.
- Macronutrients (e.g., N, P, S, Mg, Ca, Na.). Essential for cell growth. Needed in synthesis of macro and
micromolecules in cells.

o Calcium is important in the granulation of cells. Increase mechanical strength of the granules.
- Micronutrients (trace elements). Often play structural role in enzymes.

e Iron concentration. Important e.g., in the formation and activity of hydrogenases and redoxins

e Zinc concentration, essential for ethanol production in some organisms
- Growth factors (e.g., Peptone, tryptone, yeast extract). Contain vitamins, amino acids, purines and
pyrimidines. Vitamins fuctions often as parts of coenzymes. Generally required by thermophiles.

Mistry and Cooney 1989; Heyndrickx et al. 1990; Lee et al. 2001; Ueno et al. 2001a; van
Niel et al. 2002; Kadar et al. 2003; Lee et al. 2004a; Lin and Lay 2004a,b,2005; Liu and
Shen 2004; Chen et al. 2005; Lay et al. 2005;; Zhang et al. 2005; Wang et al. 2006,
Zhang and Shen 2006; Yang and Shen 2006; Avci and Dénmez 2006; Chang and Lin
2006; Kim et al. 2006b; Lin and Chen 2006;.for reviews, see Madigan et al. 2000;
Hawkes et al. 2007; Li and Fang 2007a




Growth inhibition of H,-consuming microorganisms

The growth inhibition or absence of H,-consuming microorganisms, such as methanogens,
acetogens and sulfate reducers, is a prerequisite for high-rate H, production. The growth of
methanogens in a Hj-producing reactor can be avoided by adjusting the operational
parameters, such as HRT, pH and temperature, or by inhibitory compounds. There are three
major inhibitors of methanogens: oxygen, 2-bromoethanesulfonic acid (BESA) and acetylene
(Sparling et al. 1997). Oxygen cannot be continually used as inhibitor in H, fermenting
systems, since it inhibits the activity of H, fermenters. BESA is a structural analog, and
therefore a competitive inhibitor, of the coenzyme M in methanogens (Taylor and Wolfe,
1974) and is rather specific, and sensitive, for methanogens only (Sparling et al. 1987, 1997).
However, some BESA-tolerant methanogens have been reported (Smith 1983; Santoro and
Konisky 1987), and BESA may also decrease the H, production by dark fermentation (Wang
et al. 2003a).

Low pH (<5.5) is generally considered to inhibit the growth of methanogens (Kraemer and
Bagley 2007), while too low pH inhibits also the activity of hydrogenases resulting in
production of more reduced products (Lay 2000). Weakly acidic pH alone may no be enough
to inhibit Hy-utilizing methanogens. Methanogenic activity has been detected even at pH 4.5,
which already initiated solventogenesis (production of acetone and butanol) in H, —producing
bacteria (Kim et al. 2004a). The growth rates of methanogens and homoacetogens are
generally lower than those of Hy-producers (Ueno et al. 1996; Chen et al. 2002). Methanogens
and homoacetogens can, therefore, be washed out by using short HRTs. The HRTs should
not, however, exceed the critical value, where H, producers are washed out from the reactor
(Chen et al. 2002). During the bioreactor operation, heat shocks (e.g., 75 °C, 1h) can be used
to re-select spore-forming bacteria (Chang et al. 2002; Sung et al. 2002; Wu et al. 2003).

Temperature

Temperature is one of the most important factors affecting the growth of microorganisms.
When temperature rises, microbial growth rates increase due to the increase in the rates of
chemical and enzymatic reactions in cells (Madigan et al. 2000). Dark fermentation
metabolism takes place in a wide temperature range. H,-producing dark fermentation reactors
can be operated in various temperature ranges from of mesophilic (15-45°C) up to even of
hyperthermophilic (more than 80°C) microorganisms. Most of the H, dark fermentation
studies have been conducted at temperature range of mesophiles, between 35 and 40°C.
Temperatures of the thermophiles may, however, offer several advantages as shown in Table
20.
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Table 20. Advantages and disadvantages of hydrogen dark fermentation in temperature range of the thermophiles

Advantages Reference(s)

+ Increase in the rates of chemical and enzymatic reactions for reviews, see van Groenestijn et al. 2002; Hallenbeck 2005

+ Increase in thermodynamic favorability of H,-producing reactions. H,  Lee and Zinder 1988; for reviews, see Conrad and Wetter 1990;
production becomes less affected by partial pressure of H,. Zinder 1990; Stams 1994; Schonheit and Schifer 1995; Claassen

et al. 1999; van Groenestijn et al. 2002; Levin et al. 2004,
Hallenbeck 2005

+ Solubility of H, and CO, to water decreases for a review, see Hawkes et al. 2002

+ Reactors are less prone to contamination by H,-consuming organisms  for a review, see Claassen et al. 1999; van Groenestijn et al.
2002; de Vrije and Claassen 2003

+ Decreased diversity of side products for a review, see Schonheit and Schifer 1995

+ Some thermophiles excrete exoenzymes, which can hydrolyze for reviews, see Schonheit and Schifer 1995; Claassen et al.
biopolymers (e.g., starch, cellulose, xylan and peptides) 1999

+ Suitable for direct processing high temperature waste waters Yu et al. 2002b

+ Destruction of pathogens in the reactor effluent Kotsopoulos et al. 2006

+ In general, easier to warm-up than cool bioreactors Wiegel 1980

Disadvantages

- Low cell densities achieved for reviews, see de Vrije and Claassen 2003; Hallenbeck 2005

- Complex nutrient requirements

- Energy need for heating for reviews, see Hawkes et al. 2002, van Groenestijn et al. 2002;

de Vrije and Claassen 2003

Medium pH

The optimal growth pH is highly dependent on the organism. The optimal pH of H, dark
fermentation processes vary in the range of 4.0 to 9.0 (Fang and Liu 2002). Generally, weakly
acidic pHs have been considered optimal for dark fermentative H, production. Control of pH
and buffering of growth medium is essential in dark fermentation since organic acids
produced which tend to decrease the pH. Low pH inhibits the activity of hydrogenases and
can shift the metabolic pathways of dark fermentation microorganisms away from H;
production. Probably the best known example of this is C. acetobutylicum, which changes
metabolism from H, (+ acetate and butyrate) to the production of solvents (acetone and
butanol) when the pH is decreased to less than 5.0 (Bahl et al. 1982). Alternatively, depending
on the organism, low pH can shift the metabolism towards ethanol production (Li et al. 2007).

Change in the environmental pH affects the intracellular pH and the accumulation of organic
acids within the cell (see Chapter “End product inhibition” below). These effects together
with the necessity of generating ATP and recycling NADH affect the metabolic patterns of
microorganisms (Li et al. 2007). Depending on the pH, different fermentation patterns have
been proposed in mesophilic acidogenesis. Ethanol-acetate fermentation (Table 14) is
considered to dominate at pH below 4.5 or 5.0 (Ren et al. 1997, 2007; Hwang et al. 2004).
Stable H-production has been reported with ethanol-acetate fermentation (Ren and Gong
2006; Li et al. 2007; Ren et al. 2006, 2007).

Butyrate-acetate production dominates at pH < 5.5 and > 6.0, whereas propionate production
is increased at pH 5.5 to 6.0 (Li et al. 2007). Butyrate-acetate type fermentation is favorable
for H, production, where as propionate-type fermentation results in low H, production (Table
14). These fermentation patterns are also affected by other environmental (and process)
factors, such as Redox-potential (Ren et al. 2007) and pH, (Ren et al. 1997; Li et al. 2007),
and by the microorganisms (Ren et al. 2007).

Hydraulic retention time (HRT) and loading rate (LR)

Hydraulic retention time is inversely related to the substrate loading rate and the bacterial
growth rate in bioreactors (Lay 2000). HRT and LR are the main optimization parameters of
continuous H, dark fermentation bioprocesses. HRT and LR affect the metabolic balance of
H, -fermenters (Dabrock et al. 1992; Ueno et al. 1996; Hawkes et al. 2002). Generally, short
HRT (high loading rate) is considered to favor the H, fermentation metabolism (Chang et al.
2002), with optimal HRTs as short as 0.25 h reported in mesophilic dark fermentation reactors
(Zhang et al. 2008a;b). On the other hand, too high loading rates (low HRT) or substrate
concentrations may result in substrate inhibition effects, improper food to microorganism
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(F/M) ratios to H, producers or washout of microorganisms (Lay 2001; Wu et al. 2003; Lee et
al. 2003). These “shock loads” reduce the H, production metabolism through pH decrease,
metabolite inhibition (accumulation of intermediates) and/or increased pH, (Van Ginkel et al.
2001).

Partial pressure of hydrogen (pH,) and carbon dioxide (pCO,)

Partial pressure of hydrogen (pH;) in the liquid phase is a key factor in dark fermentative H,
production (Hawkes et al. 2002; Levin et al. 2004). The pH, effects the hydrogen production
pathways through end product inhibition (Levin et al. 2004; Nath and Das 2004). The re-
oxidation of reduced ferredoxin and H,-carrying coenzymes becomes less favorable when H;
concentration in liquid increases and, therefore, a decrease in pH, should increase H, yields
(Stams 1994; Hawkes et al. 2002). When pH, increases, metabolic pathways are directed
towards more reduced organic acids and alcohols decreasing the H, yields. When temperature
increases, H, production becomes less affected by pH, (Levin et al. 2004). In some
microorganisms, e.g., C. thermocellum (Freier et al. 1988; Bothun et al. 2004) and T. brockii
(Ben-Bassat et al. 1981), increased pH, can be used to increase ethanol production.

Despite several demonstrations of increased H, production with gas extraction techniques, the
actual mechanisms of this improvement are not known and different theories exist (Kraemer
and Bagley 2007). Hydrogen and CO, are substrates for the H»-utilizing methanogens and
acetogens. Decreasing pH, and pCO,, may, therefore, limit the substrate availability for H,-
consumers and increase the H; yield (Hussy et al. 2003; Park et al. 2005; Kraemer and Bagley
2006). Further, CO, removal may enhance the fermentative H, production by increasing
residual amounts of NADH, contributing to the H, production via so called NADH pathway
(Tanisho et al. 1998). On the other hand, high CO,-concentrations are inhibitory to bacteria,
the reason why CO, is used as a preservation gas in food packing (Dixon and Kell 1989). Kim
et al. (2006a) reported a decrease in microbial diversity and an increase in H, production
during CO, sparging of H, fermentation bioreactor and suggested the CO, inhibition of
acetogenic bacteria.

End product inhibition

Organic acids (such as acetate and butyrate) in their undissociated form can pass the cell
membrane, and then dissociate within a cell (at higher pH than outside the cell), thus releasing
a proton (van Ginkel and Logan 2005a). High concentrations of organic acids, therefore,
uncouple the proton motive force (pH gradient) across the cell membrane resulting in
metabolic inhibition (van Ginkel and Logan 2005a; for a review, see Jones and Woods 1986).
At lower concentrations, organic acids may decrease the cell growth rate (Chin et al. 2003; for
a review, see Jones and Woods 1986) and cause shifts in cell metabolism, e.g., from H;
production (acetate and/or butyrate) production to the production of solvents or propionate
(van Ginkel and Logan 2005a; Zheng and Yu 2004; Kyazze et al. 2006; for a review, see
Jones and Woods 1986). The pH affects the dissociation of organic acids (van Ginkel and
Logan 2005a), and the levels of undissociated organic acids increase when pH drops close to
the pKa value (Hawkes et al. 2007). The inhibition in H, fermentation by undissociated
organic acids, sets an upper limit on substrate concentration as a function of pH (van Ginkel
and Logan 2005a). Hydrogen fermentation is generally affected more by undissociated
butyric acid than acetic acid (Chin et al. 2003; van Ginkel and Logan 2005a).

Low ethanol tolerance of bacteria (especially thermophiles) is one of the major reasons
limiting their use in commercial ethanol production (Lynd et al. 2001). Thermoanaerobes
should be able to sustain ethanol concentrations above about 4 to 5 % (v/v) in order to obtain
commercially viable separation of ethanol from bioprocess (Lynd et al. 2001; Sudha Rani and
Seenayya, 1999). The mechanism of ethanol inhibition is considered to be related to changes
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in membrane fluidity resulting in decreased cell growth (Herrero et al. 1980; Herrero and
Gomez 1982), and blockage of glycolysis by inhibiting the enzymes involved (Herrero et al.
1985). Further, high ethanol concentration may cause changes in the end product formation
(Lovitt et al. 1984) and cause imbalance in the NAD-recycling (Lovitt et al. 1988).

Thermophilic microorganisms are generally less tolerant to ethanol than mesophiles
(Georgieva et al. 2007). High temperatures affect the synthesis of saturated fatty acids
resulting in changes in membrane organization and increased membrane fluidity (Herrero and
Gomez 1980; Georgieva et al. 2007). Thermophilic microorganisms have generally ethanol
tolerance of only less than < 1 to 2%, v/v (Burdette et al. 2002; Lynd, 1989) and the highest
ethanol tolerances for wild-type thermoanaerobes include 5.1% (v/v) for Thermoanaerobacter
sp. strain A10 (Georgieva et al. 2007) and 5% (v/v) for Clostridium thermocellum sp. strain
SS22 (Sudha Rani and Seenayya 1999), respectively. The ethanol tolerance of several
thermoanaerobes has been successfully increased by batch or continuous cultivation at high
ethanol concentrations resulting in adaptation or generation of ethanol-resistant mutants
(Baskaran et al. 1995; Burdette et al. 2002; Sudha Rani and Seenayya 1999).

Other inhibitors

The pretreatment and hydrolysis of complex substrates (e.g., lignocellulosic materials) may
release chemical compounds that are inhibitory to ethanol (or hydrogen) -producers (Klinke et
al. 2001; for a review, see Zaldivar et al. 2001). The inhibitory compounds can be derived
from degradation of sugars (furfurals, and organic acids), or lignin (lignols and other phenolic
alcohols, acids and aldehydes), from acids used on pretreatment (acetic and formic acid), and
from the pretreatment vessel (inorganics) (Zaldivar and Ingram 1999; Zaldivar et al. 1999,
2000; for a review, see Zaldivar 2001). These compounds may result in decreased viability,
ethanol yields and ethanol productivity (for a review, see Zaldivar et al. 2001).

Some waste streams can contain significant amounts of heavy metals, which can inhibit
hydrogen production (rate and yield), and cause metabolic shifts (Lin and Shei 2008). Li and
Fang (2007b) studied the toxicity of several heavy metals on H, production by granular
sludge and reported that toxicity was in the following order: Cu (most toxic)> Ni > Zn > Cr >
Cd > Pb (least toxic).

Composition of growth media

The dark fermentation medium needs to be supplied with macronutrients including
ammonium and phosphate ions, if not present in sufficient quantities in the feedstock
(Heyndrickx et al. 1990; Lay et al. 2005). Sulfur (Lin and Chen 2006; Chen et al. 2008) and
iron (Lee et al. 2001; Zhang et al. 2005; Zhang and Shen 2006) are important micronutrients
in H, fermentation, as they are constituents of hydrogenases (for a review, see Vignais and
Billoud 2007), and ferredoxin (Mistry and Cooney 1989). Iron limited hydrogenase activity
may alter the fermentation pathways away from H, (plus acetate and butyrate) production
towards the production of more reduced end products such as lactate, ethanol and butanol
(Dabrock et al. 1992; Junelles et al. 1988; Lee et al. 2001; Peguin and Soucaille 1995; Zhang
and Shen 2006). Iron limitation may also increase lactate production by decreasing ferredoxin
formation and activity, and thereby decrease the formation of acetyl-CoA from pyruvate
(Figure 3B) (Mistry and Cooney 1989). Other important minerals and trace elements include
magnesium, zinc and sodium (Lin and Lay 2005).

Hydrogen dark fermentation systems require strong buffering of growth medium to resist the
pH change caused by organic acids produced. Generally, carbonate buffers have been used in
H, dark fermentation studies (NaHCO3; and NH4COs). However, carbonate buffers result in
undesirable formation of additional CO, due to the interaction of HCO5; and acidic
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metabolites, and therefore, the use of phosphate buffers may be desirable (Wang et al. 2006;
Wang and Chang 2008).
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7 BIOREACTOR PROCESSES FOR H, DARK FERMENTATIONS

Several bioreactor types have been applied for the dark fermentative H, production. The
benefits and drawbacks of different H, dark fermentation bioreactor types are listed in Table
21.
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Table 21. Benefits and drawbacks of bioreactors used for dark fermentative H, production

Reactor type

Benefits (+) and drawbacks (-)

References

Continuously stirred tank reactor (CSTR)

+ Simple process, easy to operate and control
- Low biomass retention

Heydrickx et al. 1986; Taguchi et al. 1995a; Chang and Lin 1999, 2004; Chen et al.
2001; Kim et al. 2006a; Kyazze et al. 2006; Zhang et al. 2006b; for reviews, see
Speece 1983; Li and Fang 2007a

Upflow anaerobic sludge blanket reactor (UASB)

+ Good retention of biomass
- Slow development of granules (long start-up period)

Chang and Lin 2004,2006; Gavala et al. 2006; Kotsopoulos et al. 2006; Yu et al.
2002a,b; Mu and Yu 2006; Yu and Mu 2006; for a review, see Rajeshwari et al.
2000

Fluidized-bed reactor (FBR)

+ Good retention of biomass

+ Good mass transfer due to efficient mixing

+ No clogging

- Instability of H, production

- Volume occupied by carrier (less volume available for biomass)
- Strong shear forces can detach biomass

- Energy needed for biomass fluidization

Wu et al. 2003; Kim et al. 2005b; Lin et al. 2006a; Zhang et al. 2007b;2008a; Jeon
et al. 2008; for reviews, see Rittman 1982; Speece 1983; Shieh and Keenan 1986;
Marin et al. 1999; Rajeshwari et al. 2000; Liu et al. 2003

Packed-bed reactor (PBR)

+ No need for mechanical mixing

+ Good retention of biomass

- Clogging

- Lower mass transfer than in FBR

- Gas hold-up

- Volume occupied by carrier (less volume available for biomass)

Rachman et al. 1998; Kumar and Das 2001; Chang et al. 2002; Lee et al. 2003; for
areview, see Rajeshwari et al. 2000

Tricking biofilter reactor (TBR)

+ Good biomass retention

+ High mass transfer between liquid and gas phase (reduced gas hold-up)
- Clogging

- Long start-up period

Oh et al. 2004b; Ahn et al. 2005; Zhang et al. 2006a; Jeon et al. 2008; for a review,
see Cohen 2001

Granular bioreactors, e.g. carrier induced
granular sludge bed bioreactor (CIGSB) and
immobilized-cell-seeded anaerobic bioreactor
(ICSAB)

+ Excellent biomass retention (allows very high loading and short HRT)
+ Rapid sludge granulation (short start-up time)

+ Maximized space available for biomass (no or low amount of carrier)
- Mass transfer can be poor

- Channeling of flow and formation of gas pockets (if no mixing)

Lee et al. 2004a, b, 2006a,b; Wu et al. 2006; Wang and Chang 2007

Membrane bioreactor (MBR)

+ Efficient retention of biomass

+ Disinfection and high quality of the treated water (no bacteria)
+ Low sludge volume

- Fouling and clogging of membranes

- High capital costs of the membrane

- High energy requirements to push liquid through membranes

Oh et al. 2004a; for reviews, see Cicek et al. 1998; Defrance and Jaffrin 1999;
Cohen 2001; Cicek 2003; Daigger et al. 2005; Li and Fang 2007a




7.1 Bioprocess parameters and configurations

Mass transfer

In H;, production bioreactors, efficient mass transfer is especially important to enable good
contact between microorganisms, substrates and nutrients (Lee et al. 2006b), and to enable
efficient separation of gases from the system (Wu et al. 2003). Packed (carrier material) or
granular bioreactors are prone to suffer from gas hold-up (Kumar and Das 2001) and from
formation of gas pockets which result in decreased H, production (Lee et al. 2006b). Mass
transfer can be increased by mixing and by proper bioreactor design. Efficient mixing can be
achieved by mechanical stirring (Lamed et al. 1988; Lee et al. 2006b), recycling of gases
(Kim et al. 2006a) or liquids (Wu et al. 2003; Lee et al. 2006b), or by gas purging (Mizuno et
al. 2000a; Hussy et al. 2005; Kim et al. 2006a; Kraemer and Bagley 2006) depending on the
reactor type and configuration. Mass transfer can be further enhanced by applying proper
bioreactor shapes (Kumar and Das 2001), and by optimizing bioreactor dimensions such as
the height-to diameter ratio (Lee et al. 2006b).

Biomass retention

High biomass concentration, enabling the use of high organic loading, is a prerequisite for
high-rate H, production. However, the quality of bacteria is even more important. Different
retainment strategies affect both the quality (Wu et al. 2008a) and quantity (Wu et al. 2005a;
Lee et al. 2004b) of biomass. The cell retainment strategies applied for dark fermentative H,
production are listed in Table 22.
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Table 22. Cell retainment strategies used in H, dark fermentation

Strategy Bioreactor Comments VSS (gL References

Biofilms on carrier material

Porous glass beads PBR Higher H, production obtained than by agar entrapment N.A. Yokoi et al. 1997

Loofah sponge, expanded clay, activated PBR Activated carbon resulted in the highest H, production rates 15" Chang et al. 2002

carbon

Lignocellulosic ~ materials; rice straw, FBR The best cell retention and H, production rate obtained with coir N.A. Kumar and Das 2001

bagasse and coir

Urethane foam PBR N.A. Tanisho and Ishiwata 1995

Synthetic commercial sponge PBR N.A. Palazzi et al. 2000

Brick dust Batch Immobilization increased H, production. Higher H, production obtained with brick dust than with calcium- N.A. Kumar et al. 1995
alginate entrapment

Activated carbon pellets FBR High biomass content in attached-growth phase (21.5 gVSS L), no granulation observed 21.5 Zhang et al. 2007b

Polyvinyl alcohol CSTR Low H, production and process stability, likely due to mass transfer limitations with biofilm and carrier material N.A. Kim et al. 2005b

Cell entrapment within matrix

Calcium alginate Batch N.A. Kumar et al. 1995

Agar matrix PBR N.A. Yokoi et al. 1997

Ethylene-vinyl acetate copolymer + AC Batch H, production stable in repeated batch assays N.A. Wau et al. 2005b

powder

Sodium alginate + AC powder + Batch Cell entrapment increased H, production, acrylic latex/ silicone entrapment provided the best mechanical strength ~ N.A. Wau et al. 2002

polyurethane or acrylic latex/silicone and durability in repeated batch assays

Sodium alginate + AC powder + acrylic FBR N.A. Wau et al. 2003

latex/silicone

Granulation, induction method or self

granulation

Acid-treatment (pH 2, 24 h) CSTR Granules formed at HRT 2h within 5 d after acid treatment. No granules formed without acid treatment 322 Zhang et al. 2007¢

Addition of cationic polyacrylamide and CSTR Granulation occurred within 5 min. Higher H, production and better stability achieved than with biofilm reactor N.A. Kim et al. 2005b

anionic silica sol

Cylindrical AC pellets FBR Efficient cell granulation achieved, best H, production with lowest (70%) bed porosity (more space for granules). N.A. Lee et al. 2003
Granulation occurred at HRTs 2 to 4 h.

Spherical or cylindrical AC, sand or filter ~CIGSB Spherical AC most effective inducer, granulation occurred within 100 h at 2h HRT. Carrier type affected the time  26.1 Lee et al. 2004b

sponge and HRT required for granulation.

Cylindrical AC CIGSB Addition of CaCl, improved the mechanical strength of granules, liquid and gas refluxing increased H, production ~ ~15 Lee et al. 2004a

Cylindrical AC CIGSB Applying agitation and optimization of reactor H/D-ratio increased biomass retainment and H, production. ~40 Lee et al. 2006b

Siliconet+ AC powder-immobilized sludge CSTR Efficient granulation (35.4 gvss L") and H, production achieved (15.09 L h™ L") 34.5 Wu et al. 2006

Cylindrical AC or Silicone+ AC powder- CSTR Granulation affected H, production through quantity and quality of microorganisms. Granular sludge reactors had  10.3 Wu et al. 2008a

immobilized sludge higher biomass, less diverse community structure compared to a suspended-cell reactor

Self-granulation CMCR Self-granulation was achieved at 10 h HRT. Organism E. aerogenes N.A. Rachman et al. 1998

Self-granulation UASB Self-granulation was achieved at 12 h HRT, formation of granules took 120 days. 3.1 Chang and Lin 2004

Self-granulation UASB Addition of calcium increased the size of granules, total biomass and H, production ~9 Chang and Lin 2006

Self-granulation CSTR Granules formed within 15 d at HRT 6 h 20 Fang et al. 2002a

Self-granulation CMCR Granules formed within 15 d at HRT of 2.2 h N.A. Wang and Chang 2008

"Calculated based on the information provided. AC = activated carbon; CSTR = completely-stirred tank reactor; CMCR = completely-mixed column reactor; CIGSB = carrier-induced granular sludge bed reactor; FBR = fluidized-
bed reactor; H/D —ratio = height/diameter —ratio; PBR=packed bed reactor; UASB = up-flow sludge blanket bioreactor; N.A. = not available



Granulation

Granulation has been the most effective means of biomass retention in hydrogen dark
fermentation bioprocesses (Lee et al. 2004b,2006b; Wu et al. 2005a, 2006a). Further,
granulation can improve H, production by altering the microbial community structure (Wu et
al. 2006;2008a). In H, fermentation bioreactors, granulation has been obtained through self-
flocculation or through induction by the addition of entrapped cells or inert carriers (Table
22). The formation of methanogenic granular sludge has been studied extensively, but there
are only few reports on the composition and characteristics of granules in H-producing
bioreactors (Fang et al. 2002a; Zhang et al. 2004, 2007b; Mu and Yu 2006). H,-producing
granules have simpler (non-layered) structure (Fang et al. 2002a), higher extracellular
polymeric substance (EPS) content (Fang et al. 2002a; Mu and Yu 2006), and higher
carbohydrate content in the EPS (Mu and Yu 2006) than methanogenic granules.

The microbial granulation process is not fully understood and several granulation theories
exist (Liu et al. 2003; Hulshoff Pol et al. 2004). Granulation is a complicated process
involving physicochemical, biological and hydrodynamic factors (for reviews, see Liu et al.
2003; Hulshoff Pol et al. 2004; Zhang et al. 2008a) (Table 23). Microbial composition and
characteristics (for a review, see Schmidt and Ahring 1996), EPS (Fang and Liu 2002; for a
review, see Liu et al. 2004c) and hydrodynamic selection forces (for a review see Liu et al.
2003; Hulshoff Pol et al. 2004) likely play important roles in the granulation. EPS,
metabolized and secreted by the cells, form a “sticky” layer in the cell surface and can alter
the surface charge promoting the granule formation. (Schmidt and Ahring 1996; Liu et al.
2004c; Zhou et al. 2006). Hydraulic (and organic loading) pressure can trigger granulation
and affect the characteristics of granules (Francese et al. 1998; Liu et al. 2003). Therefore,
microbial granulation can be increased by optimizing bioreactor dimensions (e.g. H/D-ratio)
to obtain proper up-flow velocity (Lee et al. 2006b), and by applying proper HRT and
substrate LR (Zoutberg et al. 1989; van Ginkel and Logan 2005b; Lee et al. 2003, 2004a,
2006b). Since cell surface is negatively charged, the addition of positively charged ions (e.g.
AP, Ca®", Fe’*, Mg™) can decrease the electronic repulsion between cells and trigger
granulation (Figure 4A) (for a review, see Liu et al. 2003; Liu et al. 2004b; Zhou et al. 2006).
Alternatively granulation can be enhanced by the addition of synthetic polymers through
formation of bridges between the cells (Figure 4B) (Kim et al. 2005b; for a review see Liu et
al. 2003).

46



Table 23. Factors affecting granulation (Lettinga 1995; Schmidt and Ahring 1996; Liu et al. 2003,2004a,b;
Hulshoff Pol et al. 2004; Zhou et al. 2006 )

Physicochemical

Gravitation force

Electrostatic forces (opposite change attraction)
Hydrodynamic shear forces

Surface tension

Diffusion

Van der Waals forces

Thermodynamic forces (Brownian motion)

Biological

Microbial community composition

Microbial morphology, physiology and genetic competence
Quality and quantity of extracellular polymeric substances excreted
Microbial signaling (quorum sensing)

Cell charges of microorganisms (cell hydrophobicity)

Cell mobility

Process conditions

Characteristics of waste water (substrates, nutrients, inhibitors)
Chemicals supplied (e.g. positively charged ions AI**, Ca®*, Fe**, Mg®")
Bioprocess design (reactor type, configuration and dimensions)
Hydrodynamic conditions and organic load

Temperature, pH, redox-state

Mixing
Multi-valence
A ,'\- / ~<positive ion -7
A VA / r\‘ (] %
N=7_ v 4
- N . . N - L - ".
+., .\ " Opposite charge = SN Self-
attraction 2 = immobilization
Negatively charged
bacterium

Polymeric chain or
— & filamentous bacterium

Bacterium
Figure 4. Biomass granulation models. A) Multi-valence positive ion bonding model (Adapted from Liu et al.
2003); B) Polymer or filament bonding model (Adapted from Liu et al. 2003).

Biofilms

In general, lower H, production rates have been obtained with biofilm reactors compared to
granular reactors. In the high-rate H,-producing FBRs, bacterial granulation have been
observed, and the majority of biomass retained in granules compared to biofilms (Lee et al.
2003; Lin et al. 2006a; Zhang et al. 2008a). This phenomenon led to the development of
carrier-induced sludge bed reactors (CISBR) with high H, production rates obtained (Lee et
al. 2004a,b,2006a,b). Biofilm reactors may have lower stability in H, production than granular
reactors (Kim et al. 2005b). Kim et al. (2005b) compared the performance of biofilm and
granular bioreactors, and reported that biofilm reactor lower stability and performance of
biofilm reactor due to the production of propionate. They suggested that the poor mass
transfer within the biofilm and carrier material created optimal environment for propionate
producers (high pH; and suitable pH). The change in propionate production was irreversible
(Kim et al. 2005b). Optimization of carrier material is crucible in biofilm reactors. Jeon et al.
(2008) reported the suitability of hydrophobic carrier material for biomass retention in a
trickling-bed reactor.
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Gas separation

Several gas separation methods have been applied to H, dark fermentation reactors in order to
decrease the pH, (or pCO;) in the system. Simplest means of enhancing biogas separation
include gas sparging with inert gas (for reviews, see Hawkes et al. 2007; Li and Fang 2007a)
or increased stirring (Lamed et al. 1988; Lay 2000). Significant enhancements in the H;
production rate (and yield) and stability have been achieved by gas sparging with Nj
(Crabbendam et al. 1985; Mizuno et al. 2000a; Hussy et al. 2003, 2005; van Niel et al. 2003;
Kyazze et al. 2006; Kraemer and Bagley 2006), argon (Tanisho et al. 1998), H, (Tanisho et al.
1998) or CO; (up to 118 %) (Kim et al. 2006a) or CHy4 (up to 88 %) (Liu et al. 2006). Highest
increases in H, yield has been obtained with CO, sparging (120 %, Kim et al. 2006a),
followed by CHy4 (88%, Liu et al. 2006) and N, sparging (68%, Mizuno et al. 2000a). Gas
sparging, however, dilutes the H, concentration in the product biogas making the separation
of gas components more demanding and expensive (Hawkes et al. 2007).

Hydrogen (and CO;) concentrations in the liquid phase are supersaturated and it has been
argued that gas sparging (using “practical” sparging rates) increase the H, production rather
through decrease in H, consumption than through decreased in vivo pH, faced by the enzymes
(Kraemer and Bagley 2006). Gas sparging reduces substrate (H, and/or CO,) concentrations
for the Hy-consuming acetogens or methanogens (Kramer and Bagley 2006). The results are,
however, inconsistent since both H, (Tanisho et al. 1998) and CO, (Kim et al. 2006a) have
been reported to increase the H, production. The effect of applying direct gas suction from
reactor may be dependent on the organism and vacuum used. Kataoka et al. (1997) reported
no increase in H, production by C. butyricum with 0.28 atm vacuum applied, while Mandal et
al. (2006) reported 2 fold increase in H, yield by E. cloacae with 0.5 atm vacuum applied.

More advanced gas separation methods have included H, selective (Nielsen et al. 2001;
Teplyakov et al. 2002; Belafi-Bako et al. 2006) or non-selective membranes (Liang et al.
2002; Oh et al. 2004a; Belafi-Bako et al. 2006). Liang et al. (2002) reported minor increases
(10 % in H; production rate and 15 % increase in H; yield) by gas extraction through silicon
rubber membranes. Selective membranes have been applied for the separation of gas
components in product gas, not for gas extraction to decrease pH, (Nielsen et al. 2001;
Teplyakov et al. 2002; Belafi-Bako et al. 2006). Biofilm build-up (biofouling of membranes),
however, may reduce the efficiency of gas extraction through the membranes (Hawkes et al.
2002; Nath and Das 2004).

Hybrid processes

The effluent of H, dark fermentation process contains still plenty of chemical oxygen demand
(COD) (organic acids and alcohols) and needs, in both environmental and economical point-
of view, to be further treated (deVrije and Claassen 2003; Logan 2004). In hybrid processes,
organic acids and alcohols produced by dark fermenters are converted to H, by
photofermenters (Yokoi et al. 1998a,2001,2002; de Vrije and Claassen 2003) or microbial
fuel cells (Logan 2004; Liu et al. 2005a,b; Oh and Logan 2005; Cheng and Logan 2007), or
alternatively to CH4 by methanogens (Hawkes et al. 2002; Han and Shin 2004b; Gavala et al.
2005; Kyazze et al. 2007; Ueno et al. 2007). The substrate range for photofermentors is wide
meaning that low H, production efficiency in dark fermentation is compensated by a higher
H, production in the consecutive photofermentation (de Vrije and Claassen 2003). The
effluent from anaerobic digestion has high N and P content and could be used as a fertilizer,
e.g., for energy crop production (Hawkes et al. 2002).

There are several examples of combining dark fermentation with photofermentation (Table
24) or methanogenesis (Table 25), but only a few reports, so far, on combining dark
fermentation with microbial fuel cell (EAMC, or BAEMR) (Oh and Logan 2005). Gassanova
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et al. (2006) proposed a three-stage process of using cyanobacteria in the 1% stage for
production of biomass and consumption of CO,, followed by 2™ stage methanogenesis and 3"
stage photofermentation for the production of fuel gases (CH4 and H,) from the
cyanobacterial biomass.

Photo and dark fermentations can be combined within one reactor vessel (photo- and dark
fermenters mixed), or in a two-stage process (dark fermentation in 1% stage,
photofermentation in 2°%). Combination of photo and dark fermentations increase significantly
the H, yields compared to dark fermentation only, with HY's of up to 7.2 mol-H, mol-hexose™’
(Yokoi et al. 2002) obtained in 2-stage dark and photo fermentation system (Table 24). The
combined dark and photofermentation processes have been generally carried out by using
pure cultures, but the process has been also been demonstrated using microbial communities
(Fang et al. 2004).

In two-stage anaerobic digestion process, commercially extensively used at the moment,
acidogenesis stage is followed by methanogenesis (Hawkes et al. 2007). This process
resembles a combined H, dark fermentation and CHy4 production process. However, in two-
stage anaerobic digestion the acidogenesis stage is not optimized for H, production (Hawkes
et al. 2007). The two-stage anaerobic digestion process increases the stability and efficiency
of the process (Liu et al. 2006; Hawkes et al. 2007). In combined H, dark fermentation and
methanogenesis, the dark fermentation stage is carried out at significantly shorter retention
time as the CHy4 production stage, and therefore, the H, production rate is generally higher
than the CH4 production rate (Table 25).
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Table 24. Hydrogen production with processes combining dark and photofermentation

Reactor Microorganism Conditions Substrate H, production Reference
type T (°C) pH HRT (h) (concentration HY (mol H, mol- HPR (mmol
[g/L]) substrate™) h'L")
ASBR Clostridium butyricum + Rhodobacter sp. 30 6.5 N.A. Starch (5) 6.6 N.A. Yokoi et al. 1998a
Batch (two-  Clostridium butyricum (I), Rhodobacter sp. (II). 30 N.A. N.A. Starch (5) 3.7 N.A. Yokoi et al. 1998a
stage)
ASBR Clostridium butyricum + Enterobacter aerogenes (I), Rhodobacter  37(I); 525 (I); 7.5 24 (I); 120 Sweet potato residue 7.0 N.A. Yokoi et al. 2001
(two-stage) sp. (phase II). 35 10) (II) (II)
ASBR Clostridium butyricum + Enterobacter aerogenes (I), Rhodobacter  37(1); 525 (I); 7.5 24 (I); 120 Sweet potato residue 7.2 N.A. Yokoi et al. 2002
(two-stage) sp. (1ID). 351D 1D D)
Batch Lactobacillus delbrueckii + Rhodobacter sphaeroides 30 N.A. - Glucose 7.1 N.A. Asada et al. 2006
CSTR (two- Mixed communities 5.5() 6 () Glucose and sucrose 3.8 N.A. Fang et al. 2004
stage)
Batch Clostridium butyricum + Rhodobacter sp N.A. 8 - Glucose 7.0 N.A. Miyake et al. 1984
Batch (two- Community (I) + Rhodobacter sphaeroides (II) 38(D); N.A. - Sucrose (18) 6.63 N.A. Tao et al. 2007
stage) 30 (1D
Batch (two- Community (I) + Rhodobacter sphaeroides (II) 35(D) 68 (); 6.7 - Olive mill 29 Lip L yose ! 0.33 Eroglu et al. 2007
stage) D) wastewater
Batch Cellulomonas sp. + Rhodopseudomonas capsulata (mutant) 33 N.A. - Cellulose (5) 6.2 N.A. Odom and Wal 1983
Batch Vibrio fluvialis + Rhodobium marinum, 30 N.A. N.A. Starch (4.05) ~2.1 N.A. Ike et al. 1999
HRT = hydraulic retention time; HPR = hydrogen production rate; HY = hydrogen yield
Table 25. Performance of mixed-culture processes combining hydrogen dark fermentation and methanogenesis
Reactor type Conditions Substrate (concentration H, and CH, production VSS (g LY Reference
T (°C) pH HRT (h) [g/]) Maximum yield PR (mmol h'' L)
CSTR (two-phase) 55 (1, 1D) N.A. 29 (), Olive pulp 1.6 mmoly, grs™; 0.58 (Hy); N.A. Gavala et al. 2005
576 (IT) 19 mmol cpy grs” 0.28 (CH,)
ASBR 37 (I; ) 5.0-5.5 (D) 48 (I); Household solid waste 1.8 mmoly,/gys™” 2.8 (Hy); N.A. Liu et al. 2006
360 (H) 20.8 mmol cH4 & VS-l-l 4.3 (CH4)
Leachin bed reactors (I); 37 (I; II) N.A. 144 (I); Food waste 12.9 mmolyy/gys 6.3 (Hy); N.A. Han and Shin 2004b
UASB (I) 14.4 (ID) 8.8 mmol ¢ gvs” 3.0 (CHy)
CSTR (I); 55 (D; 5.9 (D 28.8 (D; Food + paper waste 2.4 (6.6 Ly geop™) (D) 9.3 (Hy); N.A. Ueno et al. 2007
PBR (II) 60 (I) ~8 (1) 148.8 (1) 10.6 (CHy)
CSTR (1), 35 (I 1ID) 52-53(D 12 (I); Sucrose (20) 1.47 (0.172 Ly gcop s 13.3 (Hy); 3.0(D Kyazze et al. 2007
TRF (1) 48 (I 0.294 L cj4 gcon™) 4.4 (CH,)
CSTR (I); 35 (I; 1) 5.5D); 9.6 (1); Glucose (60) 0.34 (Hy); 3.5 (Hy); N.A. Cooney et al. 2007
CSTR (1) 7.5 (1) 72.7 (1) 0.02 (CHy) 0.21 (CHy)
CSTR (I); 35(); 5.5 10 (D); Glucose (15) 0.115 gHacop g feed cop™ 11.3 (Hy)* 0.8 (I) Kraemer and Bagley 2005
UASB (1) 28 (I 6.9-7.2 (1) 64 (1) 3.2 (CHy)" 0.9 (D)

HRT=hydraulic retention time; PR= production rate
*Calculated based on the information provided

“Conversion factors used in calculations; H, 24.075 L mol"; CH,4 24.00 L mol™.



8 HYPOTHESES AND AIMS OF THE PRESENT WORK

The main objective of this study was to develop open system processes for dark fermentation
of H, or ethanol+H, from carbohydrates. Moreover, the work aimed at understanding
microbial community diversity and dynamics in open system bioreactors. FBRs are
characterized by high retention of biomass on biofilm carrier and efficient mixing due to high
recycle rates and carrier fluidization (Rittman 1982; Speece 1983; Shieh and Keenan 1986). It
was hypothesized that high biomass retention in continuous-flow FBRs would allow high
organic loading and high H, production rates, and that efficient mixing would improve mass
transfer of gases allowing their efficient separation from the system (Paper I). There had been
one successful demonstration of FBRs for H, dark fermentation (Wu et al. 2003). I was
further hypothesized that applying a gas extraction system into the bioreactor recycle line
would improve H;, production by allowing better separation of gases from the system (Paper
10).

There have been a limited number of studies on the dynamics of Hy-producing communities
in mixed-culture bioprocesses. Majority of these studies have described community dynamics
between different steady-states (e.g., at different HRTs), i.e., during stable H, production (Iyer
et al. 2004; Wu et al. 2006; 2008a; Zhang et al. 2006b; Hung et al. 2007). In this work, it was
hypothesized that analyzing microbial communities also during instable H, production, at
transitional state and at steady-state will improve the understanding on the process
microbiology, and aid in the process optimization (Paper I, III, IV, V). For example,
propionate-production is a known concern in H, dark fermentation bioreactors resulting in
decrease or cease in H, production (Cohen et al. 1985; Beeftinkt and van den Heuvel 1987;
Hussy et al. 2003; Kim et al. 2005b; Cheong et al. 2007). The phenomena resulting in the
induction of propionate production have been proposed (Cohen et al. 1985; Beeftinkt and van
den Heuvel 1987; Kim et al. 2005b), but not disclosed.

After discovering that biofilms in FBR supported the growth of propionate-producers and
resulted in instable H, production (Paper 1), we hypothesized that improved H, production
stability can be achieved by using a suspended-cell reactor. Therefore, a comparative study
with a suspended-cell, completely-mixed column reactor (CMCR) with similar configuration,
inoculum and feed composition, and comparable loading compared to the FBR was
performed. Also keeping in mind the complex H, production behavior in the FBR, and
fluctuation of several different metabolic patterns (i.e., acetate-butyrate, acetate-propionate
and acetate-ethanol-lactate productions as dominant metabolisms) (Paper I), there was a need
to better describe these transitions. Therefore, a Clustering Hybrid Regression (CHR) model
was developed to better detect and visualize the metabolic transitions in order to increase the
understanding on the process. Moreover, CHR was used to model the H, production rate
based on the process data.

Even though several microorganisms produce substantial amounts of both ethanol and H, in
fermentation (Tables 12 and 15), only a few studies have focused on continuous co-
production of both ethanol and H, (Wu et al. 2007a,b). Two novel thermophiles, one with
high H, (AK15) and other with high ethanol (AK17) production capability, with rather similar
optimal temperatures and pHs were recently isolated (Orlygsson and Baldursson 2007). It
was, therefore, hypothesized that continuous EtOH+H; co-production could be achieved and
maintained by a co-culture of these strains (Paper III). For AK17, being a high EtOH-
producer, it was important to determine the ethanol tolerance, as it is one of the most
important characteristics of ethanol-producers.

Regarding the great diversity of geothermal spring environments in Iceland, and the relatively
low attention paid to enriching thermophilic Hy-producers, it was hypothesized that a wide
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diversity of Hj-producing microbial cultures, potentially including novel, efficient H,-
producers, could be obtained through extensive screening of Icelandic hot spring samples
(Paper 1V). Even though more thoroughly explored previously (e.g., Sonne-Hansen 1993;
Ahring et al. 1996; Sommer et al. 2004), also thermophilic EtOH+H, —co-producing
enrichments were aimed along with the Hy-producers. The H, (33HL, Paper IV and V) or
EtOH+H, (9HG, Paper 1V) production potentials of most promising enrichments were further
characterized.

Even though thermophiles have been considered to possess higher H, production efficiencies
(i.e., HY and HPR) compared to mesophiles, the continuous, thermophilic H, production
processes have suffered from low H, production rates due to low cell densities (For reviews,
see de Vrije and Claassen 2003; Hallenbeck 2005). It was therefore hypothesized, that if
bacterial retention in reactors (e.g., by granulation) could be enhanced, high-rate thermophilic
H, production could be achieved (Paper V). Based on the experience obtained with
mesophilic Hy-producing granular-cell reactors, a reactor configuration suitable for obtaining
self-granulation was used for thermophiles in this study (Paper V). Further, it was previously
experienced that the H, production efficiency of 33HL was decreased when cultivated
continuously compared to batch cultivations. It was hypothesized that applying a semi-
continuous (ASBR) reactor would overcome this problem.

Keeping in mind the reasoning and hypotheses described above, the aims of this work
included the following:

e Enrich mesophilic H,-fermenting bacteria from anaerobic digester sludge and
determine their H; yield from glucose in batch assays. (Paper I)

e Evaluate the suitability (performance and stability) and operation strategy of
mesophilic FBR for H; production from glucose. (Paper I)

e Characterize the diversity and dynamics of attached- and suspended-growth microbial
communities in FBR for H, dark fermentation. (Paper I)

e By the microbial community analyses, obtain insight into process microbiology and
reasons for the instability of H, production in FBR. (Paper I)

e Operate a suspended-cell reactor in a comparative manner to the biofilm reactor
(FBR)(Paper I) to obtain information on the effect of bioreactor type on H; production
performance and stability (Paper II).

e Evaluate the effect of a gas extraction module on the continuous H; production
performance in a completely-mixed column reactor (CMCR). (Paper II)

e To develop a computational approach which can be used to better detect and visualize
prevailing metabolic patterns in the H, dark fermentation process dataset, and to
model the H; production rate by using measured data (process performance and
operational conditions). (Paper II)

e Determine H, and ethanol yields from glucose and xylose in batch assays by isolates
AK15 and AK17. (Paper III)

e Determine ethanol tolerance for ethanol-producing strain AK17. (Paper I1I)

e Determine the effects of HRT and glucose loading on co-production of EtOH and H,
by a co-culture of isolates AK15 and AK17 in the CMCR. (Paper III)

¢ Analyze the microbial community dynamics to reveal the fate of AK15 and AK17 in
the open, suspended-cell (CMCR) bioreactor system. (Paper I1I)
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Enrich efficient, saccharolytic, thermophilic H, or EtOH+H, —producers with glucose
and cellulose from Icelandic hot springs. (Paper V)

Determine temperature dependencies on H; and ethanol production by enrichments
33HL and 9HG. (Paper 1V)

Evaluate pH dependency of continuous EtOH+H, co-production by 9HG at 74 °C.
(Paper 1V)

Determine the effects of HRT and glucose loading on H; production by enrichment
33HL at 58 °C in continuous and semi-continuous reactor systems (Paper V)

Improve biomass retention of 33HL by bacterial granulation in continuous and semi-
continuous reactor systems (Paper V)

Characterize the microbial community diversity and dynamics in continuous and semi-
continuous H; production processes maintained with enrichment 33HL (Paper V)
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9 MATERIALS AND METHODS

9.1 Enrichment of microorganisms

Mesophilic Hp-producers were enriched from sludge samples of anaerobic digester treating
municipal waste water sludge in Tampere, Finland (Table 26). Hydrogen and/or ethanol
producing thermophiles were enriched from sediment samples of geothermal sprigs in Iceland
(Table 26, Figure 5). The enrichments were done as series of batch incubations at the
corresponding in-situ temperatures.

Table 26. Sources of hydrogen and/or ethanol producing microorganisms

Location Source Enrichment T Paper(s)
(or isolate) (°O)
Tampere, Finland Municipal waste water sludge digester Mesophilic 37 LI
enrichment
Viti, Iceland Geothermal spring sediment and water AK15, AK17 60 III, Orlygsson and Baldursson
2007
Hveragerdi, Iceland ~ Geothermal spring sediment and water 9HG 78 v
Hveravellir, Iceland  Geothermal spring sediment and water 33HL 60 v,V

A

Figure 5. Sampling from geothermal springs in Iceland for the enrichment of H, and ethanol producing
thermophiles. A) Hveravellir (Photo: T. Denecke); B) Hveragerdi (Photo: P. Koskinen).

9.2 Bioreactors

Hydrogen or ethanol+H, production was studied in suspended-cell, biofilm and granular-cell
laboratory-scale bioreactor systems (Table 27a, Figures 6-9).

Table 27a. Continuous or semi-continuous bioreactor systems used for H, or ethanol+H, production.

Bioreactor  (working T Specifications Parameters studied Paper

volume [L]) (°C)

FBR (0.8) 37 Biofilm-type. Carrier: Celite R-633, gas extraction HRT, microbial community I

CMCR (0.8) 37 Suspended-cell, mixing by re-circulation, gas HRT I
extraction/no gas extraction

CMCR (0.3) 60 Suspended-cell, mixing by re-circulation HRT, LR, microbial community 1

CMCR (0.45) 74 Suspended-cell, mixing by re-circulation pH, microbial community v

CMCR (0.9) 58 Suspended-cell, mixing by re-circulation HRT, microbial community v

ASBR (2 to 4) 58 Granular-cell, mixing by magnetic stirrer HRT, LR, microbial community \Y

CSTR (0.9) 58 Granular-cell, mixing by mechanical stirring. HRT, LR, microbial community v

Polymeric carrier: Horiba Ltd

ASBR = anaerobic sequencing batch reactor; CMCR = completely-mixed column bioreactor; CSTR = completely-stirred tank reactor; FBR=
fluidized-bed bioreactor.

54



A

Gas sampling port

Gas meter

Vacuum pump

Gas extraction

Sampling D 1
port

o e

Recycle pump Feed pump

Temperature probe and heating
coils

Feed container 1

Refrigerator (+4 °C)

Figure 6. Fluidized-bed bioreactor (FBR) used in paper I A) configuration, B) photograph (Photo: P. Koskinen).
In paper II similar reactor configuration was used, but reactor did not contain carrier.
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Figure 7. Completely-mixed column bioreactor (CMCR) used in paper IV A) configuration, B) photograph
(Photo: P. Koskinen). In paper III, similar reactor configuration was used, but the reactor volume was 0.3 L.

Figure 8. Continuous-flow, completely-stirred tank reactors (CSTR) used in paper V A) configuration, B)
photograph (Photo: P. Koskinen).
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Figure 9. Anaerobic sequencing batch reactor (ASBR) used in paper V A) configuration, B) photograph (Photo:
P. Koskinen).

9.3 Physicochemical analyses
The physicochemical analyses carried out in this work were as summarized in Table 27b.

Table 27b. Summary of physicochemical analyses performed in this study.

Analysis Instrument(s) Paper(s)
Composition of biogas (Hp, CO,, Gas chromatograph with thermal conductivity detector LILIILIV,V
CH,)

Volume of biogas produced Gas meter (bioreactor) or gas syringe (batch assays) LILILIV,V
Ethanol, butanol, acetate, propionate, ~Gas chromatograph with flame ionization detector LILIILIV,V
butyrate, valerate, caproate

Glucose, formate, lactate High performance liquid chromatograph 1, 1v, v
Glucose Spectrophotometer LI
Temperature Temperature electrode or digital thermometer LILIILIV,V
pH pH electrode LILIILIV,V
Oxidation-reduction potential Redox electrode v
Volatile suspended solids (VSS) Oven, balance LILIILIV,V
Volatile solids (VS) Oven, furnace, balance 1

Optical density Spectrophotometer 1, 1v, vV

9.4 Microbiological analyses

The microbiological analyses carried out in this study were as summarized in Table 28.

Table 28. Summary of the microbiological analyses employed in this study.

Method Paper(s)
Diversity and dynamics DNA extraction and purification LI, IV, V
Polymerase chain reaction (PCR) L IOL IV, V
Denaturing gradient gel electrophoresis (DGGE) LI IV, V
DNA sequencing LI IV,V
Physiological characteristics Fermentation pattern in batch assays LI IV, V
Growth temperature range in temperature gradient IV
incubator
Ethanol inhibition tests in batch assays 111
Visualization Light microscopy LILIILIV,V
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Computer software used in the microbial community analyses were as summarized in Table
29.

Table 29. Software used in microbial community analyzes in this study.

Software Purpose Paper(s) Reference/Source

Bioedit version  Analysis of chromatograms LILIV,V  Hall 1999;

7.0.5.2 http://www.mbio.ncsu.edu/BioEdit/bioedit.html
NCBI Nucleotide Identity search from LIILIV,V Altschul et al. 1990;

Blast GenBank database http://www.ncbi.nlm.nih.gov/blast/Blast.cgi

RDB-II Sequence Identity search from RDB LIILIV,V  Ribosomal database project II; http://rdp.cme.msu.edu/
Match database

Chimera_check, Identification of chimerical LIILIV,V Ribosomal database project II;
version 2.7 sequences http://rdp8.cme.msu.edu/cgis/chimera.cgi?su=SSU
ARB Alignment of sequences, I, III, V Ludwig et al. 2004; http://www.arb-home.de/
construction of phylogenetic
trees
Treeview Modification of phylogenetic I, III, V Page 1996;
trees http://taxonomy.zoology.gla.ac.uk/rod/treeview.html

9.5 Modelling methods

A Clustering Hybrid Regression (CHR) model was developed to better visualize and detect
metabolic patterns in bioreactor experimental dataset, and to model H, production rate based
on the data on process parameters and metabolites (Paper II). The schema of CHR approach is
shown in Figure 10. The CHR modeling was performed with MATLAB v. 7.3 by using
functions described in Table 30.

‘ Visualization of dataset using SOM ‘

l.—

‘Choose the number of clusters (k)‘

l

‘Perform K-means clustering ‘

If clustering
good?

Estimate multiple regression
parameters for each cluster

I

Combine the clusters and produce
combined plot of the model results

Figure 10. Schema for clustering hybrid regression model (CHR) (Adapted from Nikhil et al. 2008).

Table 30. Software used in Clustering Hybrid Regression model in Paper II.

MATLAB Purpose
function/toolbox

SOMPAK toolbox  Plot Self Organizing Maps (SOMs) and SOM trajectories. Determine the number (k) of significant
clusters (metabolic patterns)

Kmeans function Form ‘k’ clusters in the dataset

Silhoutte function  Evaluate quality of clusters formed in k-means clustering

Regstats function Estimate multiple regression parameters of the model
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10 RESULTS AND DISCUSSION

10.1. Enrichment of hydrogen- and ethanol-producing microorganisms

Enrichment of mesophiles

In this study, mesophilic H,-fermenters were enriched from anaerobic digester treating
municipal wastewater sludge (Paper I). The enrichment was performed as series of batch
cultures, and the growth of methanogens was inhibited by using BESA. Several pre-treatment
methods have been used to harvest H,-fermenting microorganisms from anaerobic sludge
including heat (Lay et al. 1999,2003; Oh et al. 2003; Kawagoshi et al. 2005; Cheong and
Hansen 2006; Valdez-Vazquez et al. 2006; Mu et al. 2007; Venkata Mohan et al. 2008), acid
(Chen et al. 2002; Oh et al. 2003; Kawagoshi et al. 2005; Cheong and Hansen 2006; Mu et al.
2007; Venkata Mohan et al. 2008), alkaline (Chen et al. 2002; Cai et al. 2004; Mu et al.
2007), BESA (Sparling et al. 1997; Cheong and Hansen 2006; Venkata Mohan et al. 2008),
acetylene (Sparling et al. 1997; Valdez-Vazquez et al. 2006), freezing-thawing (Cheong and
Hansen 2006) and dry-heating-desiccation (Cheong and Hansen 2006) treatments. Based on
H; yields obtained with different pre-treatment methods, BESA-treatment can be considered
as rather promising enrichment strategy (Table 31). Cheong and Hansen (2006) reported
highest H, production from glucose with acid-treated and subsequently BESA -treated sludge
while heat-desiccation resulted in the lowest H, production. Venkata Mohan et al. (2008)
reported highest H-production from dairy wastewater by acid and BESA-treated sludge
followed by BESA-only treated sludge while the lowest production was obtained with acid-
only treated sludge. In both studies, heat-treatment resulted in average H,-production.

The enrichment material (Kawagoshi et al. 2005) and pre-treatment method (Cheong and
Hansen 2006; Mu et al. 2007; Venkata Mohan 2008) obviously affect the H, production
efficiency of enrichment culture. The H; yield by mesophilic enrichment in this study (1.24
mol-H, mol-glucose) is average compared to yields reported in the literature (Table 31).
Higher H, yields have been reported by heat (Van Ginkel et al. 2001, Oh et al. 2003;
Kawagoshi et al. 2005; Mu et al. 2007) and acid-treated (Mu et al. 2007) compost or
anaerobic sludge. High concentrations of BESA (IM) have been suggested to inhibit the H;
production by Clostridia (Wang et al. 2003a). The BESA did not affect the H, production in
this study, since low BESA concentration (1 mM) was used. In fact, batch assays with low
BESA concentration (1 mM) resulted in similar H, yield (1.24 mol-H, mol-glucose™) as
compared with control assays without BESA (unpublished results). More importantly, the
BESA-treatment does not select spore-forming bacteria only. The spore-formers include H,-
fermenting Clostridia, but also lactate-producers (e.g., Bacillus racemilacticus and B.
myxolacticus [Iyer et al. 2004; Kim et al. 2006¢]) or acetogens (e.g., C. coccoides, C.
magnum, C. scatologens, C. thermoaceticum, C. thermoautotrophicum and Sporomusa ovata
[Sung et al. 2002; Kim et al. 2006c]) unfavorable in H,-production processes. However, the
sporulation-treatment may decrease propionate production (Cohen et al. 1985) as the majority
of saccharolytic propionate-producers are non-spore formers (Hawkes et al. 2007). It must be
further noted that batch culturing may not reveal the H,-production potential in continuous
cultures. Microbial cultures for high rate H, production processes have been obtained by
continuous acclimation of acid or heat-treated sludge (Lee et al. 2004a,b, 2006a,b; Wu et al.
2006).
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Table 31. Comparison of H, yields (HYs) with different enrichment-methods for mesophilic H,-fermenters.

Treatment method Enrichment matrix Electron HY (mol-H, Reference
donor mol-hexose™)
BESA-treatment (25mM, 10mM,  Anaerobic digester sludge from municipal Glucose 1.24 Paper [
ImM) WWTP
Acid treatment (pH 3, 24 h) Drying-bed sludge from municipal WWTP Glucose 0.31° Chen et al. 2002
Alkaline treatment (pH 10, 24h) 0.18"
Acid treatment (pH 3, 48h) Sludge from cattle manure treatment plant Glucose 0.84 Cheong and Hansen
BESA-treatment (500 mM) 0.72" 2006
Heat treatment (95°C, 20 min) 0.51"
Freezing and thawing (-10°C, 0.34
24h) .
Dry heat and desiccation (105°C 0.32
2h + 2 h desiccation)
Heat treatment (104°C, 2h) Compost Sucrose 2.45 Van Ginkel et al
2001
Heat treatment (100°C, 2h) Anaerobic digester sludge from municipal Glucose ~1.4 Kawagoshi et al.
WWTP 2005
Heat treatment (104°C, 2h) Anaerobic digester sludge from municipal Glucose 1.64° Oh et al. 2003
WWTP
Heat treatment (102°C, 1.5h) Sludge from anaerobic digester treating Sucrose 2.00 Mu et al. 2007
Acid treatment (pH 3, 24h) soybean-processing wastewater 1.30
Alkaline treatment (pH 12, 24h) 0.48

" calculated based on information provided

Enrichment of thermophiles

Geothermal springs are potential sources for the enrichment of thermophilic, saccharolytic
microorganisms — A variety of efficient H, and EtOH+H,- producing organisms have been
isolated from hot spring environments including e.g., C. saccharolyticus (Rainey et al. 1994),
Tbr. ethanolicus (Wiegel and Ljungdahl 1981) and Tbr. thermohydrosulfuricus (formerly C.
thermohydrosulfuricum) (Wiegel et al. 1979; Sonne-Hansen 1993). A variety of
microorganisms capable of producing ethanol from hemicellulose components (xylan, xylose)
have been previously enriched from Icelandic hot springs (Sonne-Hansen 1993; Ahring et al.
1996; Sommer et al. 2004). Further, an efficient xylose-degrading ethanol producer, T.
mathranii, has been isolated from sediment samples of geothermal springs in Iceland (Larsen
et al. 1997). Orlygsson and Baldursson (2007) isolated four H, or EtOH+H, -producing
strains from Icelandic hot springs of which strains AK15 and AK17 were investigated in this
study (Paper III).

In this study, several H, or EtOH+H, producing cultures from glucose, over a temperature
range from 50 to 78 °C, were enriched from Icelandic geothermal springs using batch
cultivations (Paper IV). Further, one culture produced H, directly from cellulose at 70 °C. Of
the batch enrichments, culture 33HL (high H, production) (Paper V) and 9HG (high ethanol
production) (Paper IV) were characterized further. The batch H; yield from glucose by 33HL,
3.2 mol-H, mol-glucose™, is among the highest reported for thermophiles (Table 32). Higher
H; yields have been only reported for thermophilic pure cultures, cultivated with gas purging
(van Niel et al. 2002). Culture 9HG had relatively high ethanol yield from glucose, 1.21 mol-
EtOH mol-glucose™, and a H, yield of 0.68 mol-H, mol-glucose™.

Strains AK15 and AK17 used in this study, had a wide substrate utilization range (Orlygsson
and Baldursson 2007), and a capability of utilizing a variety of sugar constituents found in
lignocellulosic material hydrolysates (Paper III). Strain AK15 had relatively high H;
production from glucose (up to 1.9 mol-H, mol-glucose™) and xylose (up to 1.1 mol-H, mol-
xylose™) (Table 32, Paper III). Strain AK17 had high ethanol production from glucose (up to
1.6 mol-EtOH mol-glucose™) and xylose (1.1 mol-EtOH mol-xylose™) which are amongst the
highest reported for thermoanaerobes (Table 33). Further, the ethanol tolerance of AK17 (up
to 4%, v/v) was relatively high within wild type anaerobes (Paper III). Thermophiles, in
general, tolerate less than 1 to 2%, v/v of ethanol (Lynd 1989; Burdette et al. 2002), while the
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highest ethanol tolerance for wild-type thermoanaerobes of 5.1% has been reported for

Thermoanaerobacter A10 (Georgieva et al. 2007).
Table 32. Batch hydrogen yields (HY's) of thermophilic enrichments or isolates

Culture T Electron donor HY (mol- Reference
°0) H, mol-
hexose™)
33HL 60 Glucose 32 PaperV
AK15 60 Glucose 1.9 Paper 111
AK17 60 Glucose 1.2 Paper 111
9HG 74 Glucose 0.68 Paper IV
Caldicellulosiruptor saccharolyticus 70 Glucose 33 van Niel et al. 2002
Thermotoga elfii 65 Glucose 33 van Niel et al. 2002
Thermotoga maritima 80 Glucose 1.56 Nguyen et al. 2008
Thermotoga neapolitana 75 Glucose 1.84 Nguyen et al. 2008
Thermoanaerobacterium 60 Sucrose 2.53 O-Thong et al. 2008
thermosaccharolyticum
Clostridium thermocellum 60 Cellobiose 1.05 Islam et al. 2006
Clostridium uzonii 65 Glucose 0.67" Krivenko et al. 1990
Mixed culture 75 Glucose 2.65 Yokoyama et al. 2007a
Mixed culture 60 Cellulose 2.00 Ueno et al. 2001a
Mixed culture 55 Glucose 0.32" Cheong and Hansen 2007
calculated based on information provided
Table 33. Batch ethanol yields of enrichments or isolates
Culture T EtOH EtOH Reference
(°C)  yield yield
hexose™ xylose™
AK15 60 0.8 0.4 Paper 111
AK17 60 1.6 1.1 Paper 111
9HG 74 1.21 N.D. Paper IV
Thermoanaerobacter ethanolicus ~70 1.9 1.4 Wiegel and Ljungdahl 1981; Lacis and Lawford
1991
Thermoanaerobacter thermohydrosulfuricus 70 1.5 1.1 Wiegel et al. 1979; Cook and Morgan 1994
Thermoanaerobacter mathranii 70 N.A. 1.1 Larsen et al. 1997
Zymomonas mobilis 30 1.9 (1.57)° Lawford and Rousseau 1999; for reviews, see
Swings and De Ley 1977; Dien et al. 2003
Saccharomyces cerevisiae 30 1.9 (0.26)" Kotter and Ciriacy 1993; for a review, see
Kosaric and Vardar-Sukan 2001
Clostridium thermocellum 60 1.3 N.A. Sudha Rani et al. 1997
Clostridium uzonii 65 0.76 N.A. Krivenko et al. 1990
Thermoanerobacterium aciditolerans 55 0.9 N.A. Kublanov et al. 2007
Thermoanaerobacterium polysaccharolyticum 65 - 1.08 N.A. Cann et al. 2001
68
Thermoanaerobacterium 56 1.09 ~1.3 Lee and Ordal 1967; Hill et al. 1993
thermosaccharolyticum
Thermoanaerobacterium zeae 65 - 1.19 N.A. Cann et al. 2001
70

%yield in brackets obtained through genetic engineering. N.A. = not available, N.D. not determined.

In continuous-flow enrichment with glucose (100 mM) at 78 °C, the bioreactor (CSTR-type,
volume of 400 ml) was directly inoculated with 8 samples collected from Icelandic hot
springs (unpublished results). The reactor was operated with a constant HRT of 7 h. In the
reactor, ethanol was the main soluble metabolite with ethanol yield of 1.07 £ 0.19 mol-EtOH
mol-glucose™ (unpublished results). Hydrogen production rates in the reactor were low, 1.59
+ 0.46 mmol h' L', corresponding to a H, yield of 0.20 + 0.04 mol-H, mol-glucose™
(unpublished results).

10.2. Diversity and dynamics of microbial communities

Rittmann (2006) defines environmental biotechnology as “managing microbial communities
to provide services to society”. Therefore, for optimization of bioprocesses, it is essential to
know the composition of microorganisms and to understand their behavior in the process
(Brionis and Raskin 2003; Rittmann 2006). Little attention has been paid to analyzing the
diversity of Hj-fermenting microbial communities and even less to assessing community
dynamics in continuous, H, dark fermentation processes (Iyer et al. 2004; Wu et al. 2006;
2008a; Zhang et al. 2006b; Hung et al. 2007a; Jo et al. 2007). Table 34 shows the main
organisms detected in the H,- or EtOH+H,; -producing cultures in this study.

60



Table 34. Dominant hydrogen and ethanol-producing microorganisms based on PCR-DGGE and 16S rRNA
gene sequence analyses.

Culture Enrichme  Origin T (°C)  Dominant organisms Reference(s)
nt
method
Mesophilic enrichment Batch WWTP, Finland 35 C. butyricum (99.8-100%), E. coli Paper I
(100%)
FBR Mesophilic 35 C. butyricum (99.8-100%)), E. coli Paper I
enrichment (100%), and several others
CMCR Mesophilic 35 C. butyricum (99.8-100%), E. coli Paper II, Tolvanen
enrichment (100%), B. circulans (99.6%) and others et al. 2008
Isolates AK15 and AK17 CMCR Hot spring, Iceland 60 AK17 (Tbm. aciditolerans [99.2%]) Paper 111
9HG Batch Hot spring, Iceland 78 Tbr. thermohydrosulfuricus (100%) Paper IV
CMCR 9HG 74 Thr. thermohydrosulfuricus (100%) Paper IV
33HL Batch Hot spring, Iceland 60 Thermobrachium celere 100%) Paper V
ASBR, 33HL 58 Thm. aotearoense (98.5-99.6 %) Paper V
CSTR

Mesophilic processes (Papers I, II)

The mesophilic enrichment was dominated by bacteria closely affiliated with C. butyricum
and E. coli (Paper I). These organisms were also detected in the mesophilic FBR (Paper I) and
CMCR (Tolvanen et al. 2008), inoculated with the enrichment culture, throughout the
experiments. New organisms were enriched in the FBR (Paper I) and CMCR (Tolvanen et al.
2008) communities rapidly, after 2 days of the start-up of continuous operation, seen as new
bands in DGGE gels. The mesophilic FBR culture (17 different OTUs detected) was more
diverse than the CMCR culture (9 different OTUs). The microbial community analyses
indicated that the instability of H, production in mesophilic reactors was due to changes in
microbial community compositions, i.e., enrichment of H,-consuming or H, non-producing
organisms (Paper I, Tolvanen et al. 2008). During the highest H, production in FBR and
CMCR, microbial community was dominated by C. butyricum indicated by high intensity of
C. butyricum affiliated bands in DGGE gels and simple community structure, and by the high
butyrate production. Further, in the CMCR, the HPR followed the same trend with quantities
of C. butyricum determined with quantitative, real-time PCR (qrt-PCR) (Tolvanen et al.
2008). During low H, production, microbial community was more diverse. Unfortunately,
majority of the organisms enriched on FBR and CMCR were either distantly affiliated with
any known organisms or affiliated with organisms with unknown H, production
characteristics. This hindered the determination of possible functions of these organisms in
the bioprocesses.

C. butyricum is one of the most studied mesophilic Hp-producing organisms and is often
detected in mixed-culture H,-fermentation processes (Chen et al. 2005; Lin et al. 2006b; Kim
et al. 2006a,c; Hung et al. 2008; Jan et al. 2008; Wu et al. 2008a,b). C. butyricum has
relatively high H, yield (up to 2.3 mol-H, mol-glucose™ [Kataoka et al. 1997]), and utilizes a
variety of carbohydrates including starch and pectin (Hippe et al. 1992). C. pasteurianum
does not utilize starch (Hippe et al. 1992), but has higher H, production rate from glucose and
sucrose than C. butyricum (Heyndrickx et al. 1990). In fact, C. pasteurianum has been the
dominant Hp-producer in the high-rate, granular, H,-producing bioreactors utilizing sucrose
(Wu et al. 2006, 2008a) or glucose (Fang et al. 2002a; Hung et al. 2007). C. butyricum has
been the dominant Hy-producer in xylose-utilizing granular bioreactors (Wu et al. 2008b).
Both C. butyricum (van Andel et al. 1985; Crabbendam et al. 1985; Zoutberg et al. 1989) and
C. pasteurianum (Hippe et al. 1992) can excrete extracellular proteins that contribute to the
formation of granules (Zoutberg et al. 1989). The self-granulation of C. butyricum is favored
by high substrate loading and high concentrations of butyric acid (Zoutberg et al. 1989).
Further, the formation of Clostridia-rich, H,-producing granules may be enhanced by other
bacteria present. By performing fluorecent in situ hybridization (FISH) analyses, Hung et al.
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(2007) suggested that Steptococcus affiliated organisms acted as a seed for the for formation
Clostridia-rich granules.

In the mesophilic, Hp-producing, mixed-culture bioreactors, obligately anaerobic Clostridia
are commonly accompanied with facultatively anaerobic Hj-producers belonging to the
genera Citrobacter (Fang et al. 2002b; Iyer et al. 2004), Escherichia (Hung et al. 2005),
Enterobacter (Iyer et al. 2004) or Klebsiella (Wu et al. 2006, 2008a,b; Hung et al. 2007). The
facultative anaerobes remove the traces of O, and create anaerobic environment for obligately
anaerobic Hj-producers (Yokoi et al. 1998b; Hung et al. 2007). E. coli was likely the main
facultative anaerobe in the mesophilic mixed cultures in this study (Paper I; Tolvanen et al.
2008). In general, wild-type strains of E. coli produce H, yields from glucose of less than 1
mol-H, mol-glucose™ (Blackwood et al. 1956; Turcot et al. 2008), but the yields have been
increased by genetic engineering (Chittibabu et al. 2006; Yoshida et al. 2006). The H»
production by E. coli is highly strain-depended, including strains that do not produce H,
(Mishra et al. 2004), and on the culturing conditions. Some E. coli strains produce high H,
yields (up to 2.55 mol-H, mol-glucose™) under carbon or nutrient limitation at low dilution
rates (= long HRTs) (Turcot et al. 2008).

Thermophilic ethanol and H; co-production (Papers III, IV)

The diversity (Ueno et al. 2001a; Zhang et al. 2003; Ahn et al. 2005; Shin and Youn 2005;
Yokoyama et al. 2007a,b) and dynamics of thermophilic H,-producing bioreactors has not
been thoroughly explored. Thermophilic mixed communities in this study (Papers III, 1V, V)
were less diverse compared to the mesophilic communities (Paper I; Tolvanen et al. 2008).

Strain AK 17, affiliated with Thm. aciditolerans (99.2 %) became dominant thermophile in the
ethanol- and H,-producing CMCR inoculated with a co-culture of isolates AK15 and AK17.
The ethanol and H; production performance of CMCR corresponded to that of batch cultures
of AK17 (Table 33 and 37). Ethanol production by AK17 was substantially higher (up to 1.6
mol-H, mol-glucose™) than reported for Tbm. aciditolerans (0.9 mol-H, mol-glucose™) (Table
33). The strain AK15, affiliated with C. uzonii (98.8%), disappeared from the community
profile within three weeks from the start-up of continuous operation indicating that the
environmental and/or hydrodynamic conditions in the reactor did not favor AKI15 in the
CMCR.

The batch enrichment 9HG was dominated by bacteria closely affiliated with Thr.
thermohydrosulfuricus (100%). Similarly, Tbr. thermohydrosulfuricus affiliated strain
dominated the ethanol- and H,-producing CMCR. Thr. thermohydrosulfuricus is a rather
extensively studied ethanol producer. The 9HG culture, behaved similarly as characterized
strains of Thr. thermohydrosulfuricus. Wiegel et al. (1979) reported H, yields from 0.5 to 1.5
mol-H, mol-glucose™ by Tbr. thermohydrosulfuricus, depending mainly on the culture pH.
The decreased H, yield was due to increased lactate production (Wiegel et al. 1979), alike in
the CMCR in this study (Paper IV). Further, as observed in the CMCR in this study,
decreased pH did not favor ethanol production by Thr. thermohydrosulfuricus (Wiegel et al.
1979; Cook and Morgan 1994). Unlike C. thermocellum (Freier et al. 1988; Sudha Rani et al.
1997; Bothun et al. 2004) and Tbr. brockii (Ben-Bassat et al. 1981), increased pH, does not
generally increase ethanol production by Tbr. thermohydrosulfuricus (Lovitt et al. 1988; Cook
and Morgan 1994), but this behavior is strain-dependent (Lovitt et al. 1988).

Thermophilic H, production (Paper V)

Thermophilic batch enrichment 33HL, producing efficiently H, from glucose through acetate,
was dominated by bacteria closely affiliated with Thermobrachium celere (100%). Tbh. celere
affiliated strains, however, did not thrive in the open system bioreactors. Instead,
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Thermoanaerobacterium aotearoense (98.5 — 99.6%) affiliated strains, producing H, along
with butyrate and acetate, dominated the reactor (ASBR and CSTR) cultures. However, Thm.
aotearoense does not produce butyrate in the glucose fermentation. Instead, another close
relative of the strains detected in the bioreactors, Thermoanaerobacterium
thermosaccharolyticum (previously Clostridium thermosaccharolyticum) (98.3 — 98.9 %), is a
thermophilic, saccharolytic, butyrate- and hydrogen-producer (Sjolander 1937). Thm.
thermosaccharolyticum has been dominant organism in several thermophilic, H,-producing
mixed culture processes utilizing glucose (Ueno et al. 2001b; Ahn et al. 2005), food waste
(Shin and Youn 2005) or garbage slurry (Ueno et al. 2006). Further, Tbm.
thermosaccharolyticum has been detected in H, production processes utilizing starch (Zhang
et al. 2003) or cellulose (Ueno et al. 2001a). Tbm. thermosaccharolyticum has a wide
substrate utilization spectrum including e.g., xylose, glycogen, cellobiose, starch and pectin
(Hollaus and Sleytr 1972; Hippe et al. 1992).

The 33HL ASBR culture (Tbm. aotearoense dominated culture) incubated in batch utilized
glucose, galactose, xylose, sucrose, mannose, fructose, arabinose and starch, while cellulose
and lignin did not support growth (Mékinen A., unpublished results). From the above
mentioned, 33HL batch enrichment (Tbh. celere dominated culture) did not utilize arabinose,
cellulose or lignin (Midkinen A., unpublished results). The substrate utilization spectrum of
33HL ASBR culture includes the main sugar monomers of lignocellulosic material (see
Chapter 5).

10.3. Performances of continuous H, or ethanol+H, production processes

Performance of mesophilic, continuous H, production (Papers I, II)

Mesophilic H, production was studied in two continuous-flow bioreactor systems, a fluidized-
bed bioreactor (FBR) (Paper I) and a suspended-cell, completely-mixed column bioreactor
(CMCR) (Paper II). The H; yields obtained during the highest H, production 1.90 (FBR) and
1.70 (CMCR) mol-H, mol-glucose™ are relatively high compared to those reported in the
literature for mesophilic processes (Table 35). However, the hydrogen production in
mesophilic reactors was instable and high H; yields were obtained only momentarily. In FBR,
propionate production ceased the H, production rapidly (within few days) after the start-up
(Paper I). A semi-continuous operation pattern, an intermittent batch operation, allowed a
momentary recovery of the H, production. In suspended-cell reactor (Paper II), H, production
decreased substantially (H, production rates between 1 and 6 mmol h™ L) by the increased
production of acetate, suggesting acetogenic pathways, and by increased ethanol production.
Further, after 150 d of continuous operation, the hydrogen production finally ceased due to
the production of propionate. Installation of gas-extraction module in the CMCR increased
the H, production slightly. The highest H, production rate in suspended-cell CMCR-system
(18.8 mmol h™' L") is average compared with other suspended-cell systems reported in the
literature. The H, production rate observed in the FBR (28.8 mmol h' L") is lower than
generally reported for biofilm systems (Table 35). The H, production rates observed in the
mesophilic reactors in this study, however, remain far less compared to the highest rates
obtained with granular (Lee et al. 2003, 2004b, 2006a,b; Wu et al. 2005a, 2006a; Zhang et al.
2008a,b) or biofilm reactors (Jeon et al. 2008) (Table 35) operated with high substrate loading
(i.e., low HRT and high substrate concentrations) (Table 35). Highest H, production rates
have been obtained with sucrose as the substrate (Wu et al. 2006; Jeon et al. 2008), rather than
glucose used in this study.
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Table 35. Performances of mesophilic hydrogen dark fermentation bioreactors with model compounds as electron donors

Reactor type Microorganism Conditions Electron donor H, production VSS (gL Reference

T pH HRT (concentration [gL'l) Max. HY (mol H, Max. HPR

(°C) (h) mol-substrate’)*  (mmol h”' L)
Suspended cell —reactors
CMCR Mixed culture 35 ~6 1.9 Glucose (5) 1.70 18.8 0.20 Paper 11
CSTR Mixed culture 35 5.7 6 Glucose (15) 1.7 30 1.3 Lin and Chang 1999
CSTR Mixed culture 35 6.7 8 Glucose (18.8) N.A. 26 N.A. Chen et al. 2001
CSTR Clostridium butyricum 37 5.8 4.5 Sucrose (48.6 g/(1xh)) 35 21.7 N.A. Heydrickx et al. 1986
CSTR Clostridium sp. 36 6.0 1.04 Glucose (10 g/) 2.36 (HRT 4.8h) 21.0 N.A. Taguchi et al. 1995a
CSTR Clostridium sp. 36 6.0 0.87 Xylose (3.0 g/) 2.06 (HRT 5.6h) 20.4 N.A. Taguchi et al. 1995a
CSTR Mixed culture 35 53 12 Sucrose (40) 1.15 20.4 6.4 Kyazze et al. 2006
CSTR Mixed culture 35 6.8 4 Sucrose(17.8) 3.5 17 3.02 Lin et al. 2006¢
CSTR Mixed culture 30- 6.2 6 Glucose (3.0 g/l) 1.42 (HRT 12h) 15.0 1.7 Lin and Chang 2004

34
CSTR Mixed culture 37 55 6 Glucose (10) 1.88 134 0.8 Zhang et al. 2006b
CSTR Mixed culture 35 5.4 12 Sucrose (26.7) 244" 13.2" N.A. Kim et al. 2006b
CSTR Mixed culture 25 53 12 Sucrose (17.8) 3.08" 9.8 0.77 Kim et al. 2006a
CSTR Mixed culture 32 NA. 4 Glucose N.A. 9.3 N.A. Maijzat et al. 1997
CSTR Mixed culture 35 6.0 8.5 Glucose (10 g/) 1.43 8.7 N.A. Mizuno et al. 2000a
CSTR Mixed culture 35 6.7 13.3 Sucrose 4.45 7.0" N.A Chen and Lin 2001
CSTR Mixed culture 35 7.1 12 Xylose (18.8) 0.7 4.2 N.A. Lin and Cheng 2006
CSTR Mixed culture 37 5.2 17 Starch (6.0 kg/(m*xd)) 1.29 L gyarencon™ 2.6" 2.08 Lay 2000
CSTR Mixed culture 36 N.A. 2 Glucose (11.7 g/l) N.A. 2.0 N.A. Nakamura et al. 1993
Biofilm reactors
FBR Mixed culture 35 ~6 1.8 Glucose (5) 1.9 28.8 N.A. Paper I
TBR Mixed culture 40 5.5 N.A Sucrose (40) N.A. 436" N.A. Jeon et al. 2008
FBR Mixed culture 37 4.0 1 Glucose (10) 1.16 98 21.5 Zhang et al. 2007b
FBR Enterobacter cloacae 37 NA. 1.1 Glucose (10) N.A. 77.3 N.A. Kumar and Das 2001
PBR Community 35 6.7 1 Sucrose (17.8) N.A. 54.0" 15.0° Chang et al. 2002
CSTR + carrier Clostridium butyricum 36 5.2 1 Starch (20) 2.6" molH, mol- 53 N.A. Yokoi et al. 1998b

+Enterobacter aerogenes hexose™
CSTRH+ carrier Enterobacter aerogenes 37 NA. 1 Glucose (10) 0.73 38 N.A. Yokoi et al. 1997
FBR Mixed culture 35 5.8- 2 Sucrose (17.8) 2.67 38 N.A. Wu et al. 2003
6.8

PBR Enterobacter aerogenes 40 5.5 10 Starch hydrolysates 1.5° 10.2 N.A. Palazzi et al. 2000
CSTR + carrier Mixed culture 37 5.0 20 Glucose (20) N.A. 8.3 N.A. Kim et al. 2005b
Granular reactors
CSTR + SIC + granules Mixed culture 40 6.6 0.5 Sucrose (35.6) 3.17 627" 35.4 Wu et al. 2006
CIGSB Mixed culture 35 6.7 0.5 Sucrose (17.8) 3.91 387" ~40 Lee et al. 2006b
CIGSB Mixed culture 40 6.7 0.5 Sucrose (17.8) 3.88 (HRT 1h) 318" 30-40 Lee et al. 2006a
FBR + granules Mixed culture 37 5.5 0.25 Glucose (10) 1.7 316 ~37 Zhang et al. 2008a
CSTR + SIC+ granules Mixed culture 40 6.6 0.5 Glucose (18.8) 1.54 312° 39.9 Wu et al. 2005a
FBR + granule Mixed culture 37 5.5 0.25 Glucose (10) 1.71 311" 37.3 Zhang et al. 2008b
CIGSB Mixed culture 35 6.7 0.5 Sucrose (17.8) 3.03 304 26.1 Lee et al. 2004b
CSTR+AC powder+granules Mixed culture 40 6.6 0.5 Glucose (18.8) 1.52 303" 79.4 Wu et al. 2005a
PBR + granules Mixed culture 35 6.7 0.5 Sucrose (17.8) 3.9 (HRT 4h) 302° N.A. Lee et al. 2003
CIGSB Mixed culture 35 6.7 0.5 Sucrose (17.8) 3.11 285 ~37 Lee et al. 2006b
CSTR + granules Mixed culture 37 5.5 0.25 Glucose (10) 1.7 274 ~35 Zhang et al. 2008a
CIGSB Mixed culture 35 6.7 0.5 Sucrose (17.8) 2.19 212 ~15 Lee et al. 2004a
CSTR + granules Mixed culture 35 ~53 0.5 Starch (15) 1.43 (HRT 5.2 h) 171 N.A Wang and Chang 2008




CSTR + granules Mixed culture 37 55 0.5 Glucose (10) 1.81 133 322 Zhang et al. 2007¢
FBR + granules Mixed culture 40 NA. 22 Sucrose (35.6) 2.92 94 N.A Lin et al. 2006a
Cylindrical reactor Enterobacter aerogenes 37 ~60 LS5 Glucose (10 g/l) 1.3 58 N.A. Rachman et al. 1998
CIGSB Mixed culture 40 5.8 2 Xylose (18.8) 0.8 44.2 8.0 Wu et al. 2007
CSTR + granules Mixed culture 26 5.5 6 Sucrose (17.8) 3.9 22 20 Fang et al. 2002a
UASB Mixed culture 35 6.7 8 Sucrose (17.8) 2.9 21.3 6.2 Chang and Lin 2005
UASB Mixed culture 35 44 2 Glucose (10) 0.69" 19.05 0.44 Gavala et al. 2006
CSTR+ granules Mixed culture 37 5.0 20 Glucose (20) N.A. 15.8 N.A. Kim et al. 2005b
UASB Mixed culture 35 6.7 8 Sucrose (17.8) 1.6 11.3 3.1 Chang and Lin 2004
UASB Mixed culture 38 4.4 N.A. Sucrose 1.44 N.A. N.A. Yu and Mu 2006b
Membrane bioreactors

MBR Mixed culture NA 55 5 Glucose (10) 1.0 8.0" 5.8 Oh et al. 2004a
MBR Mixed culture 35 ~7.0 NA. Glucose (2.5) N.A. 1.3 0.12 Liang et al. 2002
Entrapped cells

CSTR+PMMA-entrapped cells  Mixed culture 35 6.0 6 Sucrose (17.8) 2.0 74.8 N.A. Wu and Chang 2007
Semi-continuous processes

ASBR Mixed culture 345 5.7 8 Glucose (21.3) 0.64" 9.5 16.7 Cheong et al. 2007

* Theoretical maxima: glucose, 4 mol-H, mol-glucose‘l; sucrose 8 mol-H, mol-sucrose™; xylose 3.33 mol-H, mol-xylose‘l* calculated based on the information provided

AC= activated carbon; ASBR = anaerobic sequencing batch reactor; CIGSB = carrier-induced granular sludge bed reactor; CMCR = completely-mixed column reactor; CSTR = completely-stirred tank
reactor; FBR = fluidized-bed reactor; HY = hydrogen yield; HPR = hydrogen production rate; N.A. = not available; MBR = membrane bioreactor; PBR = packed-bed reactor; PMMA= polymethyl
methacrylate; SIC=silicone-immobilized cells; TBR = trickling-bed bioreactor; UASB = up-flow anaerobic sludge blanket reactor.

Table 36 Performances of thermophilic hydrogen dark fermentation bioreactors with model compounds as substrates

Reactor type Microorganism Conditions Electron donor H, production VSS (g1 Reference

T pH HRT (concentration [g/1]) Max. HY (mol H, Max. HPR

(°C) (h) mol-substrate™)* (mmol h' L)
Suspended cell —reactors
CMCR AKI15, AK17 60 ~6 3.1 Glucose (4.5) 0.80 6.1 0.26 Paper 111
CMCR Mixed culture, 9HG 74 ~6.8 19 Glucose (18) 0.32 1.15 0.66 Paper IV
CSTR Mixed culture 55 5.5 2 Glucose (10) 1.08" 6.9 0.093 Gavala et al. 2006
CSTR Caldicellulosiruptor 72 6.7 2.9 Glucose (4.4) 3.0 12.4 0.42 de Vrije et al. 2007

saccharolyticus

CSTR Clostridium thermolacticum 58 7.0 17.8 Lactose (10) 1.5 2.6 N.A. Collet et al. 2004
CSTR Mixed culture 60 6.4 72 Cellulose powder (5.0) 2.0" 1.2 N.A. Ueno et al. 2001a
Biofilm reactors
TBR Mixed culture 60 5.5 2 Glucose (20.6) 1.11 43.8" 18-24 Oh et al. 2004b
Granular reactors
CSTR (CSTR2) Mixed culture, 33HL 58 ~6 3 Glucose (18) 1.54 45.8 1.23 Paper V
CSTR (CSTR1) Mixed culture, 33HL 58 ~6 5 Glucose (9) 0.74 6.5 0.96 Paper V
UASB Mixed culture 70 5.5 24 Glucose (4.5) 2.47 21" N.A. Kotsopoulos et al. 2006
Semi-continuous processes
ASBR Mixed culture, 33HL 58 ~6 8 Glucose (18) 2.23 19.7 1.9 Paper V
ASBR Mixed culture 55 5 N.A. Xylose (2) 1.5 25 N.A. Calli et al. 2008
ASBR Mixed culture 55 53 N.A. Lactose (2) 3.2 24" N.A. Calli et al. 2008
ASBR Mixed culture 75 N.A. 48 Glucose (6.25) 2.65 1.6 0.33 Yokoyama et al. 2007a

* Theoretical maxima: glucose, 4 mol-H, mol-glucose‘l; lactose 8 mol-H, mol-lactose™; xylose 3.33 mol-H, mol-xylose‘l; ® mol- H, mol hexose™!

* calculated based on the information provided

ASBR = anaerobic sequencing batch reactor; CMCR = completely-mixed column reactor; CSTR = completely-stirred tank reactor; HY = hydrogen yield; HPR = hydrogen production rate; N.A. = not
available; TBR = trickling-bed bioreactor; UASB = up-flow anaerobic sludge blanket reactor.



Thermophilic, continuous H; or ethanol+H; production (Papers III, IV,V)

Thermophilic hydrogen or EtOH + H, production was studied in semi-continuous -flow
reactor (ASBR) (Paper V), and continuous —flow, suspended- (CMCR) (Papers III, IV) or
granular-cell bioreactors (Paper V). There have been only a limited number of studies of
continuous, thermophilic dark H, fermentation (Table 36).

High H; production rates were obtained with granular CSTR systems with enrichment 33HL
(Paper V). The rates obtained (up to 45.8 mmol h' L', ~ 1.1 L h' L) were higher than
previously reported for thermophiles (Table 36). Comparable H, production rates (43.8 mmol
h™' L) were reported by Oh et al. (2004b) using a trickling-bed reactor maintained with a
thermophilic mixed culture, dominated by Thm. thermosaccharolyticum (Ahn et al. 2005). In
a semi-continuous process (ASBR) with enrichment 33HL, lower H, production rates, but
higher H, yields were obtained compared to the granular CSTR-system (Table 36). The H,
yields obtained in the ASBR (2.51 mol-H, mol-glucose™ at HRT 24 h, and 2.23 at 8h) are
comparable with the highest obtained by thermophilic mix cultures (Table 36).

A supplementation of 6 mg L of FeSO4 * 7H,O provided a stable and improved H,
production in granular ASBR and CSTR (CSTR2) systems compared to the CSTR (CSTRI)
without FeSO4 supplementation (Paper V). The H; production by Thm. aotearoense affiliated
strains, dominating the reactor cultures, was, therefore, clearly improved by the addition of 6
mg L™ of FeSO4 » 7H,0 to the feed. Mistry and Cooney (1989) reported that FeSO, addition
decreased the lactate production, and increased acetate and ethanol production by Tbm.
thermosaccharolyticum. They suggested that FeSO, supplementation provided iron for the
sufficient formation of ferredoxin resulting increased production of acetyl-CoA (rather than
lactate) from pyruvate, and therefore, increased acetate and ethanol production (Figure 3).

The H, production rates and yields in continuous co-production of ethanol+H, (Papers III, IV)
were low due to the direction of electrons to ethanol production rather than H, production.
The hydrogen production rate obtained in cylindrical CMCR with strains AK15 and AK17
(Paper III), is however, comparable with the majority of H, production processes with
thermophiles (Table 36). The co-production of ethanol and H, with enrichment 9HG resulted
in low H; production rates (Paper I'V).

There have been only a few reports on the co-production of ethanol and H, (Wu et al.
2007a,b). Table 37 shows performances, and energy production rates of continuous ethanol or
EtOH+H, production systems. The ethanol production (and energy generation) rates obtained
in this study (Papers III, IV) remain far less than those obtained by commercially utilized S.
cerevisiae and Z. mobilis, or by mesophilic mixed cultures (Table 37). However, the ethanol
yields in cylindrical CMCR with strains AK15 and AK17 (Paper III) are comparable with
continuous processes with S. cerevisiae. Further, the CMCR with AK15 and AK17 had higher
ethanol and H; yields, and therefore, higher energy yield than reported by mesophilic mixed
cultures (Table 37).

The ethanol and H, production by 9HG (dominated by Tbr. thermohydrosulfuricus) in CMCR
was low. The H; and ethanol yields in CMCR remained substantially lower than obtained in
batch due to increased lactate production. The reasons for this are unclear. It may be related to
iron limitation, as observed with 33HL with similar feed.

In dark fermentation, H, and ethanol production are competing reactions, both of which can
not be maximized at the same time — production of one will consume reducing equivalents
from the production of the other. High ethanol-producing thermophilic isolate AK17 produces
substantial amounts of H, along with ethanol. If the H, separation from the product gas is not
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feasible, the energy content of H; in the product gas could be utilized at least by incineration
to obtain heat for reactor heating. However, in the case of high H,-producing enrichment
33HL, the produced ethanol would be likely too low (< 4%) for commercially viable
separation of ethanol. In this case, the ethanol and organic acids in the dark fermentation
effluent could be potentially further converted to biogas by anaerobic digestion, to hydrogen
by photofermentation or by EAMFC:s, or to electricity by microbial fuel cells.

Table 37. Performance of continuous ethanol or ethanol and H, production systems

Culture T Electron HY EtY (mol- HPR EtPR Energy Energy Reference
(°C)  donor (mol- EtOH (mmol (mmol generatio  yield
H, mol- h'L") h' L") nrate(kd (kJ
mol- hexose™) [e h' h'LY® mol
hexose L] hexose
1) l)h
CMCR AKI15+AK17 60 Glucose 0.63 1.35 5.31 114 17.1 2023 Paper 111
[0.53]
CMCR 9HG 74 Glucose 0.16 0.65 0.75 3.24 4.64 958 Paper IV
[0.15]
Thermoanaerobacterium. ~ N.A.  Xylose 0.32" 0.78" 9.5 22.17 32.9" N.A. Mistry and
thermosaccharolyticum [1.02] Cooney 1989
Zymomonas mobilis N.A.  Glucose N.D. 1.71° N.D. 2605 5870° N.A. for a review,
[120] see Kosaric and
Vardar  Sukan
2001
Saccharomyces cerevisiae N.A.  Glucose N.D. 1.35° N.D. 2171 5041 N.A. Cheryan  and
[100] Mehaia 1984
Mixed culture 35 Fructose 0.56 0.65 33 378 526 1048 Wu et al. 2007a
[17.4]°
Mixed culture 35 Sucrose ~0.01 0.9 25" 84.1 116 1235 Wu et al. 2007b
B9

* Energy generation rate = H, production rate (mol h™ L") x 286 kJ mol H," + EtOH production rate (mol h™ L~
") x 1366 kJ mol EtOH™'(Wu et al. 2007a). ® Energy yield = (mol H, produced x 286 kJ mol H," + mol EtOH
produced x 1366 kJ mol EtOH™")/mol hexose consumed. ¢ mol mol-xylose™.” calculated based on the information
provided. CMCR = completely-mixed column reactor; N.A.= not available

10.4. Efficiency of H, production

Table 38 compares the hydrogen production efficiencies from glucose by meso- and
thermophilic dark fermentation processes. For the comparison of results, H, production at
comparable HRTs was included along with the rates obtained at optimal HRTs (Table 38, Wu
et al. 2005a, Zhang et al. 2007b,c). Thermophiles are considered to have higher H, production
efficiency than mesophiles (van Groenestijn et al. 2002; Hallenbeck 2005) (see chapter 6.5),
i.e., higher H; yield and higher specific H, production rate (SHPR = H, production rate vs g
biomass). The results obtained in this and in some other studies (Valdez-Vazquez et al. 2005;
Gavala et al. 2006) are in accordance with this theorem. The hydrogen yield (and H»
percentage) in the ASBR and SPHR in the CSTR2 (Paper V) were superior compared to the
mesophilic granular, suspended-cell or biofilm processes reported in the literature (Table 38).
Even higher SPHR, but lower HPR, was reported by Gavala et al. (2006) in CSTR by a
thermophilic mixed culture. Mesophilic CSTR culture had a very high SHPR during the
highest H, production, but this was only momentarily (Paper II). Otherwise, the SHPR were
comparable with those reported for mesophilic H, production systems (Table 38).

The hydrogen production rates in the thermophilic reactors ASBR and CSTR2 were below the
highest rates reported for mesophilic systems operated at very short retention times of 0.25 to
0.5 h (Wu et al. 2005a; Zhang et al. 2007b,c) (Table 38). The hydrogen production rate of
CSTR2 at 3h was, however, higher than those obtained with mesophilic cultures operated at
comparable HRTs of 2 h (Wu et al. 2005a; Zhang et al. 2007b,c) (Table 38).
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Table 38. Comparison of hydrogen production efficiencies from glucose by meso- and thermophilic dark
fermentation processes

Reactor type T HRT VSS(gL H;(%) HY(mol- HPR SHPR Reference
©0) (h) D) H;mol-  (mmol (mmol h'
glucose’) h'L™ gVss?h

Mesophilic processes

CMCR 35 1.7-27  ~02-12 ~1540 ~0.1-0.5 ~1-6 ~2-14 Paper I1

(1.9) (0.20)* (48.1)° (1.70) (18.8)" (96.3)"
CSTR + SIC + granule 40 2 25 30.8 0.76 29.97 12.0 Wu et al. 2005a
CSTR + SIC + granule 40 0.5 39.9 425 1.54 312" 7.8" Wu et al. 2005a
CSTR + granule 37 2 29.8 53.0 1.81 39.0° 1.3 Zhang et al. 2007¢
CSTR + granule 37 0.5 32.1 63.5 1.81 133" 4.1 Zhang et al. 2007¢
FBR 37 2 ~16 ~59 1.12 ~37 ~3.4 Zhang et al. 2007b
FBR 37 0.5 21.5 57.2 1.16 92" 4.2 Zhang et al. 2007b
FBR + granule 37 0.25 37.3 N.A. 1.71 3117 9.0 Zhang et al. 2008b
CSTR 37 6 0.85 N.A. 1.88 13.3 15.6 Zhang et al. 2008b
CSTR 35 6 1.3 43.1 1.71° 29.6" 19.0° Lin and Chang 1999
CSTR 35 2 0.44 33.6 1.18" 7.8 17.8" Gavala et al. 2006
ASBR 34.5 8 16.7 50.9 0.64" 9.5" 0.57" Cheong et al. 2007
Thermophilic processes
CMCR AK15+AK17 60 3.1 0.26 39.2 0.80 6.1 23.5 Paper III
CMCR 9HG 74 19 0.66 32.3 0.32 1.15 1.73 Paper IV
ASBR + granule 33HL 58 8 1.9 67.5 223 19.7 10.3 Paper V (ASBR)
CSTR + granule 33HL 58 3 1.23 51.4 1.54 458 37.1° Paper V (CSTR2)
CSTR 55 2 0.093 36.8 1.08" 6.9 74.2" Gavala et al. 2006
CSTR 72 29 0.42 N.A. 3.0 12.4 30 De Vrije et al. 2007
TRB 60 2 18-24 53 1.11 438" 1.8-2.4"  Ohetal. 2004b
ASBR 75 48 0.33 N.A. 2.65 1.6 4.9 Yokoyama et al. 2007a

* Calculated based on the suspended biomass; = Calculated based on the information provided; HY = hydrogen yield;
HPR = hydrogen production rate; SHPR = specific hydrogen production rate; CMCR = completely-mixed column
reactor; CSTR = completely-stirred tank reactor; ASBR = anaerobic sequencing batch reactor; TRB = trickling-bed
reactor; CSTR+SIC = completely-stirred tank reactor + silicone-immobilized cells; FBR = fluidized-bed reactor; N.A. =
not available; UASB = up-flow anaerobic sludge blanket reactor.

10.5. Stability of continuous H, or ethanol+H, production

In this study, mesophilic and thermophilic H, production was studied in several bioreactor
systems. The bioreactors included suspended-cell (Paper II, III, IV), biofilm (Paper I) and
granular-cell systems (Paper V). More stable H, production was obtained in thermophilic
suspended- (EtOH+H,, Paper III) and granular-cell (Paper V) processes compared to
mesophilic processes (Papers I, II). The better stability was related to more stable and less
diverse microbial communities in the thermophilic systems compared to mesophilic systems.

Mesophilic biofilm (FBR) and suspended-cell (CMCR) bioreactor systems were of similar
configuration, feed composition and inoculum, and operated with comparable LRs. Hydrogen
production was very instable in the FBR ceasing within 8 days after the start-up of continuous
operation due to propionate production. Intermittent batch operation recovered H, production
in the FBR momentarily. In the mesophilic CMCR, H, production was more stabile, and
continuous H, production was observed for 150 d. It is, therefore, clear that the biofilm
development did not favor continuous H, production in this study. However, in mesophilic
suspended-cell system, the H, production was decreased by changes in community
metabolism from the initial butyrate-acetate, first to ethanol-acetate, and then to acetate-
dominated metabolism. After an increase in HRT, the metabolism was finally changed to
propionate production which ceased H, production (Paper II). These transitions were
successfully detected and visualized by self-organizing maps (SOMs).

Cohen et al. (1985) reported that propionate-acetate production took over the initial butyrate-
acetate and H, production at low loading rates in a suspended-cell, glucose-utilizing, mixed-
culture reactor. They suggested that low loading induced sporogenesis and, therefore, caused
a shift in community metabolism from butyrate-acetate to propionate-acetate production.
Propionate production did not occur when heat-treated microbial culture was used suggesting
that the propionate producers were non-sporeforming organisms. These results are in
accordance with the results obtained in the mesophilic CMCR, where H, production was
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ceased after decreased loading. Based on the DGGE profiles (Tolvanen et al. 2008), C.
butyricum lost it’s dominance during this period, which may be a sign of sporulation. In fact,
microscopy observations revealed that rod-shaped organisms carried spores during the
transition to propionate production, while several non-sporulating curved rods were seen,
affiliated possibly with propionate-producers (Cohen et al. 1985) (Figure 11).
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Figure 11. Phase-contrast micrographs from mesophilic suspended-cell (CMCR) reactor during transition to
propionate-acetate metabolism. A) Sporulating rod shaped cells, B) Curved rod shaped cells.

Lower stability of H, production in biofilm compared to granular-cell process was previously
reported by Kim et al. (2005b). As in this study, they reported that this instability in biofilm
systems was due to irreversible propionate production. They suggested that the poor mass
transfer within the biofilm and carrier material micro pores created optimal environment for
propionate producers (high pH, and suitable pH). Beeftinkt and van den Heuvel (1987)
suggested that the propionate production was due to efficient adhesion of propionate
producers on the biofilm. Alternatively, Jeon et al. (2008) reported that the utilization of
hydrophobic carrier enabled prolonged, high rate H, production in a biofilm (FBR) reactor.
The carrier hydrophobicity may improve mass transfer of H, from carrier biofilm and micro
pores. Surface hydrophobicity also affects the attachment of organisms on the carrier (for a
review, see van Loosdrecht and Zehnder 1990) resulting in, generally, higher cell adhesion
with increasing surface hydrophobicity (for a review, see Qureshi et al. 2005). The adhesion
properties and hydrophobicity of cells is, however, highly dependent on the bacterial strain
and on growth conditions (van Loosdrecht et al. 1987; for a review see, van Loosdrecht and
Zehnder 1990). The hydrogen-producers have been reported to be hydrophilic when in
suspension, but become more hydrophobic when attached to granules due to the formation of
EPS, which alter the surface charges (Mu et al. 2006; Zhang et al. 2007c). The carrier used in
this study, Celite R-633, is a non-charged carrier with limited (or no) hydrophobicity (Cullere
et al. 2001). Although proven successful for biomass retention in FBRs in biodegradation of
chlorophenols (Melin et al. 1998) and in the generation of ferrous iron for bioleaching (van
der Meer et al. 2007), the results of this study indicate that Celite R-633 was not suitable
biocarrier for dark fermentative H, production.

10.6. Bioreactor types for continuous H, production

Stable, high rate H, production from carbohydrates (glucose, sucrose, xylose, starch) has been
achieved using mesophilic granular-cell bioreactors (Lee et al. 2004a,b,2006a,b; Wu et al.
2005a,2006, 2007; Zhang et al. 2007¢;2008a,b; Wang and Chang 2008). In this study, high-
rate, thermophilic H, production with granular cells was demonstrated for the first time (Paper
V). The thermophilic granular-cell processes provided higher H, production efficiency (i.e.,
higher H; yield and higher SHPR) than obtained with mesophilic systems.
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There have been few reports on comparing performances of granular- and suspended-cell
reactors. Mesophilic granular-cell processes have better H, production stability (Gavala et al.
2006) and performance (HPR and/or HY) (Gavala et al. 2006; Wu et al. 2008a) compared to
suspended-cell processes. Further, it has been shown that within the same reactor, the
formation of granules improve H, production (Lee et al. 2004a; Wu et al. 2005a,2006a) by
altering the microbial community structure (Wu et al. 2006). There have been some reports on
high-rate H, production with mesophilic (Kumar and Das 2001; Zhang et al. 2007b; Jeon et
al. 2008) and thermophilic (Oh et al. 2004b) biofilm processes, but their long-term stability
has not been proven. Further, the Hy-producing biofilm (FBRs, PBRs, and TRBs) (Kumar and
Das 2001; Oh et al. 2004b; Jeon et al. 2008) and membrane processes (Oh et al. 2004a) have
been reported to suffer from clogging or gas build-up problems due to excessive build-up of
biomass. In the granular-cell reactors, mechanical agitation can be used to decrease the gas
hold-up and to increase the mass-transfer efficiency (Lee et al. 2006b).

Thermophilic H, fermentation processes have been considered to suffer from low cell
densities (Hallenbeck 2005) disabling the process operation with high organic loading. In this
study (Paper V), the thermophilic culture dominated by Tbm. aotearoense affiliated strains
readily formed granules in the bioreactors when operated at 6 to 8 h HRT in CSTRs and at 24
h HRT in the ASBR (Figure 12). The good biomass retention by the formation of granules
enabled high organic loading resulting in high HPR. This shows that the culture does not
suffer from the low cell density limitation of thermophilic processes. The self-flocculation by
Tbm. aotearoense affiliated strains differs from the findings in granular CSTRs operated at
the temperature range of mesophiles. In general, in mesophilic systems the granulation,
triggered by hydrodynamic and organic load pressure, has been obtained at shorter HRTs of
0.5 to 4 h (Lee et al. 2004a,b,2006a; Wu et al. 2005a, 2006a; Zhang et al. 2007c). The
granulation of the thermophilic hot spring enrichment at long HRTs is an indication of good
self-flocculation capability

Figure 12. Phase-contrast micrographs of microgranula in ASBR (A) and CSTR2 (B) systems (Paper ).

10.7 Fermentation pathways

Reduction degree balances (Oh et al. 2008b) were applied to describe the distribution of
electrons in fermentation products of meso- and thermophilic cultures used in this study.
Reduction degree balance analysis describes the distribution of transferable electrons in the
fermentation products. In dark fermentation, electrons from electron donor are distributed
between H,, organic acids and alcohols, and biomass.

In the mesophilic batch and bioreactor (during highest H, production) cultures, the majority of
the electrons were directed to butyrate production (Figure 13A, B, C; Table 39). The molar
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butyrate to acetate —ratio (B/A —ratios) were 4.1, 0.92 and 2 for the mesophilic enrichment,
FBR and CMCR, respectively (Papers I, II). B/A —ratio has been considered as a performance
indicator of mesophilic H, dark fermentation (Khanal et al. 2004) and, in general, optimal H,
production performance is obtained with molar B/A —ratios higher than 1.5 (Chen and Lin
2003; Hussy et al. 2003; Khanal et al. 2004; Chang and Lin 2006; Kim et al. 2006a,c; Lin et
al. 2006b; Wu et al. 2006). The B/A- ratios from 1.1. to 1.9 have been reported for C.
butyricum (Heyndrickx et al. 1990; Kataoka et al. 1997; Lin et al. 2007b).

In the glucose fermentation by the isolate AK15, hydrogen production was associated with the
production of acetate (Paper III). The electrons from glucose were mainly directed to ethanol,
acetate and H, (Figure 13 D; Table 39). Similarly, strain AK17 produced H, along with
acetate. The majority of electrons in the batch cultures of AK17, and in the CMCR dominated
by the AK17, were directed to the production of ethanol (Figure 13E,F, Table 39).

The enrichment 9HG produced H, along with acetate, while the majority of electrons were
directed to the production of ethanol followed by lactate (Figure 13G, Table 39). Similarly, in
the CMCR with 9HG electrons were mainly distributed to ethanol and lactate, but the ethanol
yield was less than in the batch (Figure 13H, Table 39). Further, a substantial fraction of the
electrons were missing from the reduction degree balance, attributed possibly to the products
such as, n-propanol or iso-propanol that can be potentially produced by Tbr.
thermohydrosulfuricus (Wiegel et al. 1979), but that were not determined.

The H, production by batch enrichment 33HL (dominated by Tbh. celere affiliated strain),
was associated with the production of acetate. The electrons in 33HL were mainly directed to
acetate, followed by H, and ethanol (Figure 131, Table 39). However, in the continuous
(CSTR2) and semi-continuous reactors (ASBR) (dominated by Thm. aotearoense affiliated
strains), hydrogen production occurred along with acetate and butyrate. In the ASBR, butyrate
was the main electron sink followed by H,, biomass and acetate (Figure 13K, Table 39). In
the CSTR, however, lactate and ethanol were the main electron sinks followed by butyrate, H,
and acetate (Figure 13K, Table 39). Increased lactate and ethanol production in the CSTR
decreased the H; yields in the CSTR compared to ASBR.
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Table 39. Reduction degree balances for batch and continuous-flow bioreactor cultures used in this study. The
reduction degree balances describe the distribution of transferable electrons in the fermentation products,
directed from the electron donor (glucose) in fermentation. The balances were calculated per 1 mole of glucose

(Oh et al. 2008b).

Mesophilic  mesophilic  mesophilic AKI5 AKI17 CMCR 9HG CMCR 33HL ASBR CMCR2

enrichment FBR CMCR AKI15+AK17 9HG 33HL  33HL
Paper 1 1 1L I 1 1 v v \% A% A%
Cultivation® B C C B B C B C B SC C
Glucose (mM) 27.8 27.8 252 20 20 252 100 100 333 100 100
Glucose LR - 15.6 11 - - 8.1 - 5.3 - 8.8 339
(mmol h™ L)
HRT (h) - 1.8 2.3 - - 3.1 - 19 - 8 3
Electron donor
Glucose 24 24 24 24 24 24 24 24 24 24 24
Product
Ethanol N.D. 0.99 1.20 8.34 19.02 15.58 12.52 8.24 441 1.49 5.46
Acetate 0.96 3.42 1.74 6.73 4.36 3.51 3.75 2.80 10.44 2.73 2.36
Butyrate 12.50 7.81 8.29 N.D. N.D. 0.05 N.D. 0.24 N.D. 8.73 4.32
Butanol N.D. 0.08 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.40
Propionate N.D. 0.45 0.12 N.D. N.D. N.D. N.D. N.D. N.D. 0.16 0.25
Lactate N.A. 0.72 N.A. 0.80 N.D. 1.21 5.08 3.86 N.D. 1.48 6.26
Formate N.A. N.A. N.A. N.D. N.D. N.D. N.D. 0.04 N.D. 0.07 0.00
Biomass N.A. N.A. 1.49 N.A. N.A. 1.90 N.A. 2.03 N.A. 3.36 2.83
H, 2.48 3.85 3.72 3.83 0.76 1.59 1.36 0.63 6.31 4.47 2.99
Total products 15.94 17.32 16.55 19.70 24.14 23.85 2270  18.08 21.16  22.47 24.88
Balance 0.66 0.72 0.69 0.82 1.01 0.99 0.95 0.75 0.88 0.94 1.04

# Cultivation type: B = batch; C = continuous; SB = semi-continuous. N.A. = not available; N.D. = not detected.
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Figure 13. Electron distribution dlagrams of batch or continuous-flow bioreactor cultures used in this study. The diagram illustrates the transfer of electrons from electron donor
(glucose) to fermentation products, and describes the distribution of transferable electrons present in the fermentation products. The diagram is based on reduction degree balance
analysis (Table 39). A) Batch culture of mesophilic enrichment (Paper I); B) Mesophilic FBR (Paper I); C) Mesophilic CMCR (Paper II); D) Batch culture of thermophilic isolate
AK15 (Paper III); E) Batch culture of thermophilic isolate AK17 (Paper III); F) Thermophilic CMCR with a co-culture of AK15 and AK17 (Paper III); G) Batch culture of
thermophilic enrichment 9HG (Paper 1V); H) Thermophilic CMCR with enrichment 9HG (Paper 1V); I) Batch culture of thermophilic enrichment 33HL (Paper V); J) Thermophilic
ASBR with enrichment 33HL (Paper V); Thermophilic CSTR (CSTR2) with enrichment 33HL (Paper V). Ac = Acetate; Bu = Butyrate; EtOH = Ethanol; La = Lactate; BM =
Biomass; O = Other compounds (e.g., propionate, valerate, butanol) and the fraction missing in the reduction degree balance (Electrons included in electron donor — Electrons in Total
products determined).
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11 CONCLUSIONS

This study demonstrated the hydrogen and ethanol+H, production potential by dark
fermentation bioprocesses. Meso and thermophilic dark-fermenting microorganisms were
enriched, and continuous bioreactor processes developed and studied. Efficient H, or
ethanol+H, —producing cultures were obtained and further characterized. High-rate,
thermophilic H, production with granular cells was demonstrated. This study also contributed
to the increased understanding on microbial diversity of dark fermenters and their dynamics in
continuous-flow bioprocesses. Microbial community analyses indicated rapid changes in
community structures, which were linked to those in reactor performance. Based on the study,
the following conclusions can be drawn:

e Batch enrichment with BESA of mesophilic H,-producers from anaerobic digester
sludge resulted in enrichment culture with average H, production efficiency (1.24
mol-H, mol-glucose™) in batch. Hydrogen production in FBR, inoculated with the
batch-enrichment culture, was very instable due to rapid change from butyrate-acetate
(and H,) production to propionate-acetate production. Intermittent batch (semi-
continuous) operation allowed a momentary recovery of H, production in the FBR.
During the highest H, production, relatively high H, yield of 1.90 mol-H, mol-
glucose™, and a HPR of 28.8 mmol h™' L™, was obtained. (Paper I)

e Mesophilic FBR microbiology was characterized by diverse microbial communities
and rapid changes in the community structure. The changes in microbial communities
corresponded to those in bioreactor performance. Initially simple microbial
community structure was rapidly (within one week) developed into diverse attached-
and suspended-growth microbial communities. This enrichment resulted in the
instability of the H, production in the FBR. Propionate-producing organisms were
enriched in the reactor which altered the community metabolism from butyrate-acetate
(and H, production) to propionate-acetate production ceasing the H, production.
(Paper I)

e Mesophilic CMCR, compared to the FBR, provided more prolonged H, production,
for over five months. Hydrogen production in CMCR was decreased by shifts in
microbial community metabolism from initial butyrate-acetate, first to ethanol-acetate,
than to acetate-dominated metabolism, and finally to propionate-dominated
metabolism which ceased H, production. Installation of gas (H, and CO;) extraction
unit into the recycle-line of cylindrical CMCR improved H, production slightly.
Improved H; production may be due to improved mass transfer of H, and CO; from
liquid phase. The gas extraction did not alter community metabolism in the process.
(Paper 1)

e The transitions in dominant metabolism in the mesophilic CMCR were successfully
detected and visualized by self-organizing maps (SOMs). Developed Clustering
Hybrid Regression (CHR) -model can be a useful tool in data mining of meaningful
phenomena from complex datasets. The model can increase understanding on the H;
dark fermentation process for its optimization. CHR also performed very well in
modeling the hydrogen production rate in process based on process parameters (pH
and HRT) and metabolites (organic acids and alcohols, and CO,) data. (Paper II)

e C. butyricum was the main Hj-producing organism in mesophilic bioreactors
inoculated with enrichment from anaerobic digester sludge. The changes in quantities
of C. butyricum corresponded roughly to those in hydrogen production rate. Low
loading may have caused sporulation of C. butyricum giving a rise to change in
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community metabolism and a decrease in H;, production (Papers I, II and Tolvanen et
al. 2008)

Rapid community changes were observed in the mesophilic FBR and CMCR. 16S
ribosomal RNA gene —based microbial community analyses provided insight into
processes microbiology. Biofilm reactor (FBR) supported the growth of more diverse
microbial community than observed in suspended-cell reactor (CMCR). Many of the
organisms enriched in bioreactors were either distantly affiliated with any known
organisms or affiliated with organisms with unknown H, production characteristics.

The instability of H, production in mesophilic reactors were likely related to the
following reasons: Improper biocarrier in FBR (low mass transfer of H,, good
adhesion of propionate-producers); presence of propionate-producers in microbial
community (BESA treatment in enrichment, no selection of spore-formers); too low
bioreactor loading (causing sporulation of C. butyricum and favoring growth of
propionate-producers). (Papers I and II)

Thermophilic isolate AK15 (C. uzonii, 98.8%) produced in batch assays H, as the
main fermentation product from glucose, up to 1.9 mol-H, mol-glucose™ (48% of
theoretical maximum), and xylose, up to 1.1 mol-H, mol-xylose™ (33%). The ethanol
yields in batch by the AK15 were 0.8 mol-EtOH mol-glucose™ and 0.4 mol-EtOH
mol-xylose™.

Thermophilic isolate AK17 (Tbm. aciditolerans, 99.2%) produced ethanol as the main
fermentation product with ethanol yields up to 1.6 mol-EtOH mol-glucose™ (80% of
theoretical maximum) and 1.1 mol-EtOH mol-xylose (66%), respectively. Hydrogen
yield in batch by AK17 were 1.2 mol-H, mol-glucose™ and 1.0 mol-H, mol-xylose™.
Thermophilic isolate AK17 is a very promising co-producer of ethanol and H, with a
wide substrate utilization spectrum, relatively high ethanol tolerance (up to 4%, v/v),
and ethanol yields from glucose (up to 1.6 mol-EtOH mol-glucose™) and xylose (up to
1.1 mol-EtOH mol-xylose") among the highest reported for thermoanacrobes.
Research on lignocellulosic material hydrolysates is required to evaluate the potential
of the culture for practical applications. (Paper III)

Long-term, stable maintenance of ethanol and hydrogen co-production activity by
thermophilic pure cultures (co-culture of AK15 and AK17) was demonstrated in an
open system CMCR at 60 °C. The strain AK17 replaced AK15 and became the
dominant thermophile in the process. Promising EtOH yield (1.35 mol-EtOH mol-
glucose'[68% of theoretical maximum]) and HPR (6.1 mmol h™' L) from glucose
was obtained in the CMCR at HRT of 3.1 h and glucose LR of 8.1 mmol h™' L™, EtOH
production rates remain far less than those obtained in commercially utilized
organisms. The advantages of AK17 may be related to the co-production of EtOH and
H,, and a potential of utilizing the main sugar residues found in hydrolysates of
lignocellulosic material. (Paper II)

Extensive screening of Icelandic hot spring samples with glucose resulted in several
hydrogen- and/or EtOH -producing enrichment cultures, over a temperature range of
50-78 °C. One enrichment produced H, directly from cellulose at 70 °C. Icelandic hot
springs possess a great diversity of saccharolytic, thermophilic organisms capable of
producing H; and/or ethanol. (Paper I'V)

Thermophilic enrichment 9HG, dominated by bacteria closely affiliated with Thr.
thermohydrosulfuricus (100%), produced relatively high amounts of ethanol from
glucose in batch, 1.21 mol-EtOH mol-glucose™, at the ethanol distillation temperature
78 °C. The ethanol and H, yields by 9HG increased with increasing temperature.
Decreased EtOH+H; production by 9HG was observed in continuous-flow bioreactor
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at 74 °C compared to batch cultivations, possibly due to iron limitation. The ethanol
production behavior of 9HG were similar than that of characterized Tbr.
thermohydrosulfuricus strains, i.e., pH dependent and favored at the pH of 6.5 to 7.1
(Paper IV).

The hydrogen yield from glucose in batch at 60 °C, 3.2 mol-H, mol-glucose™ (80% of
theoretical maximum), by hot spring enrichment 33HL was among the highest
reported for thermoanaerobes. The batch 33HL produced H, along with acetate. The
dominant bacteria in the batch 33HL, Thermobrachium celere (100%) affiliated
strains, did not thrive in continuous or semi-continuous open system reactor systems.
(Paper V)

Continuous or semi-continuous reactor cultures with thermophilic enrichment 33HL
were dominated by bacteria closely affiliated with Tbhm. aotearoense (98.5 — 99.6%).
The culture produced H, along with acetate and butyrate. Hydrogen production by
Thm. aotearoense was iron and/or sulfur limited — A supplementation of 6 mg L™ of
FeSO, « 7H,0 stabilized and improved H, production in granular, continuous or semi-
continuous reactor systems. (Paper V)

High hydrogen yield by thermophilic 33HL, 2.51 mol-H, mol-glucose (63% of
theoretical maximum), was obtained in semi-continuous reactor (ASBR) at the HRT
of 24 h and glucose LR of 300 mmol d” at 58 °C. Highest hydrogen production rate
from glucose, 45.8 mmol h! L', was obtained in continuous-flow reactor by 33HL at
the HRT of 3h and LR of 33.1 mmol h™' L. Hydrogen production by 33HL was
characterized by higher H, production efficiency (i.e., higher H, yield or specific H,
production rate) than reported for mesophilic cultures. (Paper V)

The thermophilic 33HL had good self-flocculation capability as it readily formed
granules in the continuous (at HRTs 6 and 8 h) and semi-continuous reactor (at HRT
24 h) systems. The culture is not likely to suffer from the low cell density limitation of
thermophilic processes. (Paper V) Possessing good self-granulation, wide substrate
utilization range and high hydrogen production efficiency, the 33HL is considered
very suitable for thermophilic H, fermentation from carbohydrates. (Paper V)

Better stability and higher H, production was obtained by thermophilic processes
compared to mesophilic processes. The better stability was related to more stable and
less diverse microbial communities in the thermophilic systems compared to
mesophilic systems. (Papers LILIILV)
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12 RECOMMENDATIONS FOR FUTURE RESEARCH

This study demonstrated the H, and ethanol+H, production efficiency and potential from
simple sugars (glucose and xylose) by thermophiles. Considering practical applications, H, or
ethanol+H, production potential from real waste materials should be determined. Continuous
H; production from sucrose, present in several crops and food industry waste waters (Chang
and Lin 2004), by thermophilic enrichment 33HL should be studied. Further, considering
wide substrate utilization ranges of 33HL and AK17 cultures, the continuous H; or ethanol
+H, production from sugar residues of hemicellulose (e.g., xylose), and ultimately, from
actual lignocellulose hydrolysates should be studied.

In the continuous ethanol+H, production by thermophilic isolates AK15 and AK17, low
organic loading (low substrate concentration) was used. Higher organic loading, and
bioreactor system suitable for granule-formation, should be studied to analyze critical organic
loads, and ethanol+H, production capability of AK17. Thermoanaerobes should be able to
sustain ethanol concentrations above about 4 % (v/v) in order to obtain commercially viable
separation of ethanol from bioprocess (Sudha Rani and Seenayya 1999; Lynd et al. 2001).
The ethanol tolerance of AK17 may be increased by culture adaptation (Baskaran et al. 1995;
Burdette et al. 2002; Sudha Rani and Seenayya 1999).

In this study, the high H, production potential by 33HL was shown in short-term continuous-
flow experiments. Longer term experiments with gradual increases in LR, allowing better
adjustment and retention of microorganisms, may achieve substantially higher H, production
(HY and HPR). Further, immobilization strategies of H,-producers in silicone-matrixes with
high mechanistic strength have been developed (Wu et al. 2002). Efficient biomass retention
at low HRTs and induced granulation have been obtained with mesophilic processes using
silicone-immobilized H,-producers (Wu et al. 2005a; 2006a). These immobilization strategies
should be applied to thermophilic cultures. The methods can potentially improve substantially
the H, production performance by thermophiles at high organic loading.

In the production of H, or ethanol+H,, the effluent contains high amounts of COD, attributed
to organic acids and alcohols, which need to be treated. The effluent treatment technologies
should be studied. Organic acids and alcohols can be converted to H, by photofermenters (de
Vrije and Claassen 2003) or by EAMFCs (Oh and Logan 2005), to CH4 by methanogens
(Hawkes et al. 2002), or to electricity by microbial fuel cells.

In this work, CHR model was developed for knowledge mining of essential biological
features from complex datasets. By incorporating microbial community information in the
CHR along with data on process operation parameters and metabolites may provide further
insights into and understanding on the complex behavior of H, dark fermentation. This
information can be potentially utilized in the process control and optimization.

In this study, several promising enrichments were obtained from Icelandic hot springs, but
only cultures 33HL and 9HG were studied in detail. Hydrogen and EtOH+H, production
potential from sugar residues found in lignocellulosic materials by the other enrichments
obtained should be determined.

It has been shown that combination of culturing and molecular methods allow more
comprehensive detection of species and process microbiology than either of the methods
alone (Kaksonen et al. 2004). The isolation of H, or EtOH+H, —producing organisms from
mixed cultures, and studying their characteristics may provide tools for improving process
performance. Especially, in batch enrichment 33HL, very efficient H,-producer affiliated with
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Tbh. celere should be attempted to isolate. The reasons disfavoring the growth and/or
retention of Tbh. celere in continuous cultures should be revealed.

In this study, microbial communities were monitored by PCR-DGGE of 16S rRNA genes
allowing the detection of most dominant organisms in the processes and their dynamics.
Species-specific quantitative analyses of main microorganisms e.g., by quantitative real-time
(qrt) PCR (Tolvanen et al. 2008) or FISH (Hung et al. 2007), would give better understanding
on their behavior in the process. Quantification, targeting functional genes (e.g., hydrogenase)
and their expression (Chang et al. 2006,2007) would provide information not only on the
presence, but also on the hydrogen production activity of organisms in the process. High-
throughput quantification of microorganisms and/or their expression profiles by using e.g.,
qrt-PCR (Tolvanen et al. 2008) or microarrays, would provide adequate amounts of data
required for modeling.
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