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ABSTRACT

Hydrogen production by anaerobic microbial communities treating organic waste has
drawn attention because of its ability to produce a desirable, clean energy source and to
stabilize waste. Moreover, hydrogen has almost three times higher heating value than
methane that is normally produced by anaerobic wastewater treatment. Several researchers
have investigated the possibility of hydrogen production by continuously operated
bioreactors, but sustainable hydrogen production remains a major challenge. Coexistence of
hydrogen-producing

bacteria

and

hydrogen-consuming

.
.
m1croorgamsms,

such

as

methanogens, is one of the reasons why hydrogen production by continuous-flow reactors in
mixed communities has been challenging. Hydrogen-producing bacteria have the ability to
form heat-resistant endospores when growth conditions are unfavorable. Heat application
(80°C for 10 min.) has been used to eliminate non-spore-forming bacteria during isolation of
spore-forming bacteria, such as Clostridium species. Based on this idea, recent studies have
used heat-treated the inocula to seed bioreactors operated for hydrogen production.
In this research, batch and continuous-flow reactors were used to study biological
hydrogen production by anaerobic mixed communities subjected to two types of heat
treatment-initial and repeated heat treatment.

The bioreactors were inoculated with

anaerobically digested municipal sludge, and sucrose was used as substrate. In the batch
experiments, applying heat treatment at 100°C for 15 min. to the seed inoculum (initial heat
treatment) was found necessary to sustain hydrogen production, and continuously applying
heat treatment at 100°C for 15 min. to the sludge (repeated heat treatment) could promote

vi
higher hydrogen production. In the continuous-flow experiments, besides applying initial
heat treatment at 100°C for 15 min. to the inoculum, repeated heat treatment at 90°C for 20
min. was applied to the return sludge using external heated chamber. Results indicated that
both initial and repeated heat treatments promoted hydrogen production by eliminating nonspore-forming, hydrogen-consuming microorganisms and by selecting for hydrogenproducing, spore-forming bacteria.

It was also observed that the hydrogen production

efficiency was superior at a higher feed concentration (0.13 L-H2/g COD at 20 g COD/L) in
comparison to a lower feed concentration (0.07 L-H2/g COD at 6 g COD/L). Terminal
restriction fragment length polymorphism (T-RFLP) analysis showed that Clostridium and
Bacillus species were dominant populations in the bioreactors. A positive correlation was

observed between the total abundance of Clostridium species and hydrogen production
during part of an operational run.
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CHAPTERl. GENERALINTRODUCTION
Introduction

For almost 200 years, humans have exploited fossil fuels as energy sources.
However, the energy demand has increased drastically due to rapid industrialization and
urbanization in the twentieth century. The growing environmental concern with the excessive
use of fossil fuels is one of the major driving forces to explore alternative energy sources.
The use of fossil fuels leads to the generation of gaseous pollutants, such as carbon dioxide,
carbon monoxide, oxides of nitrogen (NOx), and other pollutants. These pollutants are
emitted to the ambient atmosphere and eventually travel to the troposphere and stratosphere.
A balanced planet readily assimilates the pollutants through natural processes of "self
assimilation." However, when the planet is overloaded with pollutants and the means by
which it assimilates these pollutants are reduced, the planet falls away from the equilibrium.
One of the main consequences is the greenhouse effect, which is caused by excess carbon
dioxide in the atmosphere from coal-fired power plants or automobiles. Coal alone supplies
more than approximately 50% of the nation's electricity. So, there is a pressing need for
non-polluting energy alternatives, which are reliable and affordable as well as have minimum
adverse impact on our environment. Another consideration in search of alternative energy
sources is to cut down the heavy dependence on non-renewable energy sources.
Renewable energies-hydrogen

Renewable energies are considered to be an alternative to fossil energy sources for
the reasons that they do not need to be produced from raw energy materials (Winter, 1992).
Since renewable energy does not rely on the raw energy materials, they do not produce
pollutants that can be derived from the materials, emitting less or zero greenhouse gases to
the atmosphere when burnt.
Besides hydropower, wind, solar, geothermal, ocean, and biomass, hydrogen is a
promising alternative to fossil fuel. The combustion product of hydrogen is non-polluting
chemical- water.
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With the advancement of technologies, hydrogen can be much more than a fuel.
Unlike other forms of renewable energies, hydrogen can be stored. For instance, excess
electricity that is generated by wind turbine or solar cells can be transformed to hydrogen
gas-energy storage-by electrolysis.

Whenever the electricity is needed, fuel cells are

used to convert "hydrogen energy" back to electrical energy again. This merit is highly
pragmatic in communities where energy sources are not readily available due to remoteness
(Kolhe et al., 2002; S0rensen and Bugge, 2002). In automotive world, it may not be too far
to see hydrogen vehicles since fuel cells will become smaller to fit even in bicycles.
Hydrogen has other commercial values, e.g. it is a raw material for ammonia, ethanol and
aldehyde synthesis and hydrogenation of edible oil.
Hydrogen production

Hydrogen can be produced in many ways. In thermochemical process-a steam
reforming process-natural gas, coal, methanol, or gasoline is used to produce hydrogen and
carbon dioxide. The process involves the reaction of steam with hydrocarbons under high
temperature (750 - 800°C) in presence of catalyst. Biomass-renewable energy source-can
be transformed to fuel gas by the gasification or pyrolysis and used as raw material for the
steam reforming to produce hydrogen. In an electrochemical process, water is spit into
hydrogen and oxygen. In photoelectrochemical process, hydrogen is produced by splitting
water on a semiconductor exposed to sunlight. In biological hydrogen production, bacteria
or algae is used to produce hydrogen. Biological hydrogen production can be characterized
into two groups based on the need of solar energy (Markov, 2002). For the light reactions,
hydrogen is produced by green algae, cyanobacteria, or photosynthetic purple bacteria.
Green algae produce hydrogen from water under anaerobic condition. Cyanobacteria also
produce hydrogen from water but under aerobic condition. Photosynthetic purple bacteria
involve the process so-called photofermentation in which hydrogen gas is produced under
anaerobic condition in presence of light. For the dark reactions, hydrogen is produced by
photosynthetic purple bacteria and chemotrophic bacteria. Photosynthetic purple bacteria
produce hydrogen via the process called "water-gas shift reaction" in which carbon
monoxide and water are converted to carbon dioxide and hydrogen. Chemotrophic bacteria
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or fermentative bacteria can produce hydrogen from a variety of substrates (carbohydrate and
protein) through enzyme called pyruvate:ferredoxin oxidoreductase and hydrogenase.
Because of several advantages of the process, the "dark" hydrogen fermentation pathway was
employed to produce hydrogen in this research.
Biohydrogen in environmental engineering

In the environmental engineering field, there is also a need to dispose off humanderived wastes in an environmentally friendly manner.

Much of these wastes are by-

products/residuals of food processing plants (e.g., waste from com, soybean, rice, and meat
processing plants) and are carried away along with liquid stream. These waste streams often
contain high levels of organic compounds (measured as chemical oxygen demand [COD])
and are conventionally treated in aerobic bioreactors. The aerobic processes also give the
desired treatment for these wastes but require significant amount of aeration energy and
produce greenhouse gas-carbon dioxide. Anaerobic treatment processes that produce
hydrogen do not require the input of aeration energy, release substantially lower amounts of
carbon dioxide, and produce an alternative energy source. Thus, biohydrogen production by
anaerobic treatment couples both waste reduction/treatment and production of a desirable
energy source.
The "dark" fermentative process requires a simple reactor design among biohydrogen
production processes. The design is similar to methanogenic reactors currently in use, i.e.
stirred tank reactor. In addition, the reaction rate of this process is relatively fast compared to
other biological hydrogen production processes since the bacteria have high growth rate. In a
typical methanogenic reactor, organic wastewater is converted to methane and carbon
dioxide which are major greenhouse gases, but in biohydrogen reactor the methanogenic
phase is inhibited. Gases evolved are mainly hydrogen and carbon dioxide that are produced
from acidogenic phase. In addition, hydrogen gas has almost three times higher heating
value than that of methane (61,000 BTU/lb of hydrogen and 23,879 BTU/lb for methane).
Many biohydrogen researches are confined to photolysis of water using cyanobacteria or
algae (Akkerman et al., 2002) whereas the studies on hydrogen production from "dark"
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fermentative bacteria are limited.

This study 1s therefore expected to contribute new

knowledge in this field.
Enhancement of biohydrogen production by "dark" fermentation

Several studies focused on enhancing hydrogen production by using pure cultures
such as Clostridium sp., Bacillus licheniformis, and Enterobacter aerogenes. Although 50%
or higher carbohydrate conversion to hydrogen could be obtained, these studies may not be
an ideal option for treating organic wastewaters in the field due to possible microbial
contamination. Therefore, it is necessary to find ways to enhance the hydrogen production
by mixed cultures.
One of the difficulties associated with hydrogen production using mixed communities
m a continuous flow system is the coexistence of hydrogen producers and hydrogen
consumers, such as methanogens and sulfate reducers. Under ideal conditions, methanogens
would convert hydrogen and carbon dioxide to methane, resulting in a low net hydrogen
production. If the methanogenic activity is inhibited or suppressed, higher level of hydrogen
could be produced from the anaerobic fermentation of organic waste.
One strategy to overcome this challenge is to apply heat treatment to the seed sludge.
Many of the hydrogen-producing bacteria (e.g., Clostridium and Bacillus species) form
endospores (spores) while methanogens and other hydrogen-consuming bacteria are not able
to form spores.

One characteristic of the endospores is heat tolerance; therefore, heat

treatment can be used as a selection pressure to select for spore-forming hydrogen producers
and to minimize hydrogen consumption by non-spore-forming hydrogen consumers.
In addition to eliminating non-spore-forming hydrogen consumers, heat treatment can
also activate spore germination-so called "heat activation."

Several researchers have

suggested that, by applying heat treatment with right combinations of temperatures and
durations to bacterial spores, the germination of spore would be faster and the higher number
of spores would be germinated.
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Microbial communities of hydrogen-producing bacteria
Very limited information about the microbial communities responsible for hydrogen
production in the continuous reactor is available.

The microbial communities in the

bioreactors were examined using a fingerprinting method called terminal restriction fragment
length polymorphism (T-RFLP). T-RFLP is a recently developed technique used to evaluate
the diversity of complex microbial communities (Liu et al., 1997). It involves the extraction
of DNA directly from environmental samples and the amplification of a specific target gene
using the polymerase chain reaction (PCR) in which one of the PCR primers is labeled with a
fluorochrome. Subsequently, the fluorescently labeled PCR products are digested by one or
more restriction enzymes. The fluorescently labeled terminal restriction fragments obtained
in this manner are separated by gel electrophoresis to determine the number and size of
fragments obtained from each sample. Each fragment corresponds to a population in the
original sample. By analyzing the "fingerprints" that are produced with the software package
GeneScan (Applied Biosystems Instruments, Foster City, CA) in combination with software
available through the Ribosomal Database Project (RDP) (Marsh et al., 2000), the
populations that were present in the original samples can be identified.
In this study, heat treatment of the inoculum was employed as a method to increase

hydrogen

production

by

inactivation

of

non-spore-forming,

hydrogen-consuming

microorganisms and selection for hydrogen-producing, spore-forming bacteria in both batch
and continuous flow experiments.

Repeated heat treatments were used as a selection

pressure to sustain hydrogen production in long term experiments. The specific objectives of
this study include: 1) to determine the optimum pH for hydrogen production using anaerobic
mixed culture, 2) to study the effect of initial heat treatment and repeated heat treatment of
sludge on hydrogen production for both batch and continuous experiments, 3) to characterize
microbial community by Terminal Restriction Fragment Length Polymorphism (T-RFLP).
Thesis organization
This thesis consists mainly of two papers published in two proceedings-14th World
Hydrogen Energy Conference, June 9 - 13, Montreal, Canada and 75th Annual Water
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Environment Federation Technical Exhibition & Conference, September 28 - October 2,
2002, Chicago, Illinois, U.S.A. The first paper describes the effects of heat treatment (initial
and repeated heat treatment) on hydrogen production from the anaerobic mixed culture
obtained from anaerobic digester in batch and continuous-flow reactor experiments and the
effect of substrate concentration on hydrogen production. In this paper, Dr. Yawtzuu Chyi
helped in designing the experiments. The second paper was a collaborative works between
the hydrogen group in Iowa State University and that in University of Illinois at UrbanaChampaign. It consists of the same experiments as in the first paper, but it also describes the
microbial community population data (Terminal restriction fragment length polymorphism,
T-RFLP, analysis).

Dr. Lutgarde Ruskin is a professor in the department of Civil and

Environmental Engineering at University of Illinois. Sudini Padmasiri is a graduate student
who conducted T-RFLP analysis at University of Illinois. Dr. Jennifer J. Simmons is a postdoctoral researcher under Dr. Lutgarde Ruskin.

Chapters for general introduction and

conclusion are prepared. A reference section of each chapter is provided at the end of each
chapter.

Literature Review
Hydrogen production by anaerobic microbial communities (a process sometimes
referred to as "dark fermentation") using organic waste as the substrate has drawn attention
because of its ability to produce an environmentally friendly energy source, while
simultaneously stabilizing waste. Several researchers have investigated the possibility of
hydrogen production by continuously operated bioreactors (Fang and Liu, 2001; Lay, 2000;
Lin et al., 1999; Ueno et al., 1996; and Nakamura et al., 1993), but sustainable hydrogen
production remains a major challenge.
Biohydrogen production by "dark" fermentative bacteria is carried out by glycolysis
or Embden-Meyerhoff-Pamas pathway in which organic materials is converted to hydrogen,
carbon dioxide, organic acids, and solvent. Figure 1 shows a typical "dark" fermentative
hydrogen production pathway.
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Organic materials

1

H2 and acid production

EMPPathway

1
Pyruvate
1

IH2+Co2 I

Acetyle CoA

Acetate

1

Solvent production

IEthanol I

Acetoacetyle CoA

IPropano1 I

Butyryl CoA

IButano1 I

IButyrate I

1

Figure 1. A typical "dark" fermentative hydrogen production pathway. Adapted from Yan
et al. (1988).

Escherichia, Enterobacter, and Clostridium are known to be the groups of bacteria
responsible for hydrogen fermentation.

The theoretical maximum yield of hydrogen

fermentation is reported to be four moles of hydrogen per mole of glucose (Thauer, 1977) or
eight moles of hydrogen per mole of sucrose (Fang and Liu, 2001), if all of the substrate
would be converted to acetic acid. These values correspond to a theoretical maximum yield
of 0.47 L-H2/g-COD. If all the substrate would be converted to butyric acid, these values are
two and four moles of hydrogen per more of glucose and sucrose, respectively. In practice, a
fraction of the substrate is used for biomass production and other metabolic products are also
produced, resulting in a lower hydrogen yield. Hydrogen yields by pure or mixed cultures
have been reported to range from 0.37 to 2.0 mole-H2/mole-glucose (Kataoka et al., 1997;
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Kumar et al., 1995). Considering the high theoretical yields, several researchers have begun
exploring approaches to increase hydrogen production.
For the acetic acid fermentation from sucrose (Equation 1), hydrogen formation
should be favored if the concentration of sucrose is increased or if the concentrations of
acetic acid and/or hydrogen are lowered.
(1)
Several studies focused on enhancing hydrogen gas production by using different
biological and physical methods. Several researcher have used physical methods to increase
hydrogen yields by applying vacuum to the headspace of a bioreactor (Kataoka et al., 1997),
by sparging the biogas with nitrogen gas (Mizuno et al., 2000), by immobilizing cells
(Kumar et al., 1995), by vigorous stirring to allow the dissolved hydrogen to escape to the
gas phase (Lamed et al., 1988), or by using y-Alumina, an activated alumina used as
desiccant in chemical process industries, to adsorb volatile acids (Liang et al., 2001 ). Study
also showed that a system seeded with Clostridium butyricum strain SC-El and operated
under a vacuum of 0.28 atmospheric pressure did not show a significant difference in
performance from non-vacuum conditions (Kataoka et al., 1997). By sparging nitrogen gas at
a flow rate approximately 15 times the hydrogen production rate; the specific hydrogen
production rate was increased from 1.446 ml/min.lg biomass to 3.131 ml/min.lg biomass
(Mizuno et al., 2000). Immobilized cells, formed from brick dust and calcium alginate
beads, gave hydrogen production rates two to four times higher than that of free cell systems
in batch cultures (Kumar et al., 1995). Stirring at the rate 150 rpm on a rotary shakerincubator in batch culture of three different strains of Clostridium thermocellum degrading
cellulose increased hydrogen production by 1.8 to 2.8 folds (Lamed et al., 1988). By adding
y-Alumina in mixed liquor, biohydrogen production increased almost 400% of that of control
(Liang et al., 2001). One of the widely researched areas involves the use of pure cultures
such as Clostridium sp., Bacillus licheniformis, and Enterobacter aerogenes. It was reported
that a 50% or higher of carbohydrate conversion to hydrogen could be obtained by using pure
culture rather than using of mixed cultures (Kataoka et al., 1997; Kumar et al., 1995).
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Nevertheless, these may not be ideal options for treating organic wastewaters due to
contamination of the anaerobic culture.
One of the difficulties associated with hydrogen production using mixed communities
m continuous flow systems is the coexistence of hydrogen producers and hydrogenconsuming microorganisms, such as methanogens. Hydrogen, an intermediate product in
anaerobic breakdown of organics, is only present in trace amounts in the biogas due to the
activity of hydrogen-utilizing methanogens that convert hydrogen and carbon dioxide to
methane (Kidby and Nedwell, 1991). If the methanogenic activity could be inhibited or
suppressed, biohydrogen production from organic wastewaters might be a feasible
alternative.

Acetylene and 2-bromoethanesulfonate (BES) could be used as chemical

inhibitor for methanogens, but 5% acetylene has been reported to be inhibitory to 50% of
anaerobic hydrogenases, and BES resistant mutants are existent. Oxygen could also be used
as an inhibitor, but would inhibit the hydrogen-producing bacteria as well in anaerobic
systems (Sparling et al., 1997).
Several studies have used heat treatment of the inoculum used to seed the reactors as
a method to inactivate or eliminate these microorganisms. Lay (2000) and Okamoto (2000)
used wet heat treatment (boiling for 15 min.) of anaerobic digester sludge, whereas Van
Ginkel et al. (2001) used dry heat treatment (baking at 104°C for 2 hours) of compost and
soils.

The motivation for this heat treatment is to inactivate hydrogen-consuming

microorganisms and to select for hydrogen-producing bacteria. This strategy has merit since
many of the hydrogen-producing bacteria (e.g., Clostridium and Bacillus species) form
endospores, which can be considered "survival structures" developed by these organisms
when unfavorable environmental conditions are encountered (e.g., high temperature,
desiccation, lack of carbon or nitrogen source, and chemical toxicity). When favorable
conditions return, the spores germinate and become vegetative cells (Sylvia et al., 1999;
Doyle, 1989). A similar idea (heat application at 80°C for 10 min.) has been used to
eliminate non-spore-forming bacteria during isolation procedures of spore-forming bacteria,
such as Clostridium species (Doyle, 1989; Alexander, 1977).
In addition to eliminating most vegetative cells (including hydrogen-consuming

microorganisms), heat treatment may also be beneficial to activate spore germination.
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Germination of spores involves three steps-activation, germination, and outgrowth, and
heat treatment (or heat activation) is one way to initiate spore germination.

Several

researchers have studied heat activation of Clostridium botulinum and Clostridium
perfringens, two human pathogens

(Doyle, 2002).

For example, the optimal

temperature/time combination for heat activation of spores of C. perfringens strains T-65 and
S-45 were 80°C/10 min. and 75°C/120 min., respectively (Hui et al., 1994; Doyle, 1989).
The spores of some heat-resistant strains of C. perfringens can be activated by heat treatment
at 100°C (Doyle, 2002). In most cases, heat activation at 75 to 80°C for 15-20 min. is used
to inactivate vegetative cells and activate germination of spores (Doyle, 1989). Similar
studies have not been performed for other Clostridium species by other researchers, as well.
Germination of spores is considered a rapid process, which usually takes 60 to 90
mm. (Talaro and Talaro, 1996) and depends upon several parameters such as incubation
temperature, pH, prior heat treatment, and reducing conditions (Doyle, 1989). One strain of
C. perfringens germinated well at a pH of 5.5 and 7.0 but the germination rate was reduced

by two-thirds when the pH was increased to 9.5. Lowering incubation temperature from
45°C to 7°C resulted in a decrease in the germination rate from 85 to 75% at a pH of 6.0
(Doyle, 1989). Moreover, oxygen is known to inhibit germination. The addition of sodium
bicarbonate and CaCh enhanced germination of C. perfringens spores. Finally, the presence
of lysozyme, a protein found in hen egg white, mucus, tears, and blood, helps germination of
endospores (Doyle, 2002).
Spore formation or sporulation takes 6 to 8 hours in most spore-forming species
(Talaro and Talaro, 1996). In one strain of C. perfringens, free spores are released from cells
within 7 to 8 hours.

Depending on growth conditions, the maximum number of C.

perfringens spores was obtained within 10 to 12 hours and 24 hours under anaerobic and

aerobic conditions, respectively (Hui et al., 1994).

During operation of continuously

operated hydrogen fermentation processes, sporulation may lead to a decrease in hydrogen
production (Minton and Clarke, 1989).
Another concern regarding biohydrogen production in fermentative mixed culture is a
shift of metabolic pathway from producing organic acids and hydrogen to producing solvents
or alcohol. Byung and Zeikus (1995) suggested that the shift occurs when the pH of the
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reactor drops to 4.5. The built-up of hydrogen in the reactor showed the production of
solvents, butyrate, and propionate, instead of acetic acid (Minton and Clark, 1989; Grady et

al., 1999)
Other environmental factors, such as hydraulic retention time (HRT), pH, loading
rate, substrate concentration, volatile fatty acids concentration (VF As), oxidation reduction
potential (ORP), solids concentration, and solids retention time (SRT) might play important
roles in hydrogen production.

In conclusion, it may be possible to maximize biohydrogen production by "dark"
anaerobic mixed culture by utilizing heat treatment as a selection pressure to select for sporeforming hydrogen producers and eliminate non-spore-forming hydrogen consumers.

To

prove this, obviously, research is required.
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CHAPTER 2. Biohydrogen Production in a Mixed Culture Fermenter
A paper published in Proceeding of 14th World Hydrogen Energy Conference, June 9 - 13,
Montreal, Canada.

T. Duangmanee 1"', Y. Chyi2, and S. Sung 1
Sustainable biohydrogen gas production from the operation of a completely mixed semicontinuous bench-scale reactor treating sucrose was achieved by heat treatment of the
returned settled sludge stream at 9rfC for 20 min. using an external heat chamber. Results
indicate that heat treatment of the sludge promoted hydrogen production by eliminating nonspore-forming hydrogen consumers and activating hydrogen-producing spore formers.

It

was also observed that the hydrogen production efficiency was superior at a higher feed
concentration (0.13 L-H2/g COD at 20 g CODIL) in comparison to a lower feed
concentration (0. 07 L-H2/g COD at 6 g CODIL).

1. Introduction
Biological hydrogen production is an efficient process in terms of net energy yield in
comparison to other processes, such as electrolysis and cracking of hydrocarbon. Biological
hydrogen production can be achieved by "light" (aerobic) or "dark" (anaerobic) reactions.
However, hydrogen production by the "dark" reaction is simpler and more flexible since it
can utilize a variety of organic substrates to produce hydrogen [1]. Hydrogen fermentation
achieves the dual benefits of clean energy recovery and waste reduction. Biohydrogen
generation is economically attractive due to the faster rates of conversion of low cost
substrates to high value product, hydrogen.
1 Department
2
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Escherichia, Enterobacter, and Clostridium are known to be the groups of bacteria

responsible for hydrogen fermentation.

Thauer [2] reported the theoretical maximum

hydrogen gas production from glucose to be 4 mole-H2/mole-glucose (corresponding to 0.47
L-H2/g COD). In practice, a portion of the substrate will be converted into biomass, resulting
in a lower hydrogen yield than the theoretical one. Hydrogen gas yields from pure or mixed
anaerobic cell cultures reportedly ranged from 0.37 to 2.0 mole-H2/mole-glucose [3; 4]. It is,
therefore, belieyed that better approaches of enhancing hydrogen production may exist.
Several studies focused on enhancing hydrogen gas production by using different biological
and physical methods. One of the widely researched areas involves the use of pure cultures
such as Clostridium sp., Bacillus licheniformis, and Enterobacter aerogenes. It was reported
that a 50% or higher of carbohydrate conversion to hydrogen could be obtained by using pure
culture rather than using of mixed cultures. [3;4;5;6;7]. Nevertheless, these may not be ideal
options for treating organic wastewaters due to issues of contaminating the culture.
The physical methods evaluated for the enhancement of hydrogen gas production included
applying vacuum to the headspace, sparging N 2 into the liquid, and by immobilizing the
hydrogen-producing bacteria.
Another study also showed that a system seeded with Clostridium butyricum strain SC-E 1
and operated under a vacuum of 0.28 atmospheric pressure did not show a significant
difference in performance from non-vacuum conditions [4]. By sparging nitrogen gas at a
flow rate approximately 15 times the hydrogen production rate; the specific hydrogen
production rate was increased from 1.4 ml/min.lg biomass to 3.1 ml/min.lg biomass [8].
Immobilized cells, formed from brick dust and calcium alginate beads, gave hydrogen
production rates two to four times higher than that of free cell systems in batch cultures [3].
Hydrogen, an intermediate product in anaerobic breakdown of organic, is only present in
trace amounts in the biogas due to the activity of hydrogen:..utilizing methanogens [9]. If the
methanogenic activity could be inhibited or suppressed, biohydrogen production from
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organic wastewaters might be a feasible alternative. Acetylene and 2-bromoethanesulfonate
(BES) could be used as chemical inhibitor for methanogens, but 5% acetylene has been
reported to be inhibitory to 50% of anaerobic hydrogenases, and BES resistant mutants are
existent.

Oxygen could also be used as an inhibitor, but would inhibit the hydrogen-

producing bacteria as well in anaerobic systems [10].
Clostridia are obligate anaerobic acidogenic bacteria that can form spores (endospores) to
protect themselves against unfavorable environmental conditions, such as high temperature,
desiccation, radiation, or toxic chemicals; however, when favorable conditions return; they
can germinate and become vegetative cells [5; 11]. One of the above environmental stresses
could be utilized as a selection pressure in favor of hydrogen-producing, spore-forming
Clostridium sp., in anaerobic mixed cultures. Heat treatment at 80°C for 10 min. has been

utilized to eliminate non-spore-forming bacteria, a possible threat to hydrogen producers,
during isolation of spore formers [12]. Lay [13] applied the selection pressure by boiling the
anaerobic inoculum (digested sludge), for 15 min. before inoculating the bioreactors operated
for hydrogen production.
Not only could heat treatment eliminate hydrogen consumers and select for hydrogen
producers but could also activate spore germination to a considerable extent. Low degrees of
heat treatment to Clostridium perfringens spores stimulated spore germination [14]. It was
reported that the spores of different stains of C. perfringens possessed different optimal
temper~ture/time

combinations for heat activation, measured by colony-forming units and

percentage germination or germination rate.

For instance, the optimal temperature/time

\

combinations for heat activation of C. perfringens stains T-60 and S-45 were 80°C/10 min.
and 75°C/120 min., respectively. Even though temperatures as high as 100°C activate spore
/

germination in some stains, heat treatment at 75-80°C for 10-20 min. is often used to activate
heat-resistant stains [14;15].
Germination of spores takes time, which depends on several parameters such as incuba.tion
temperature,to, pH, prior heat treatment, and strong reducing condition [14]. One stain of C.
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perfringens germinated well at a pH of 5.5 and 7.0 but the germination rate reduced by two-

thirds when the pH was increased to 9.5. Lowering incubation temperature from 45°C to 7°C
resulted in a decrease in the germination rate of spores from 85% and 75% within 40 min. at
pH of 6.0 [14]. Moreover, oxygen is known to inhibit this process. Sodium bicarbonate and
CaC}z could enhance germination of C. perfringens spores.
Other environmental factors, such as hydraulic retention time (HRT), pH, loading rate,
substrate concentration, volatile fatty acids concentration (VF As), oxidation reduction
potential (ORP), solids concentration, and solids retention time (SRT) might play important
roles in hydrogen production.
In this study, the autho_rs hypothesize that heat treatment could be a selection pressure for

hydrogen producers, activate spore germination and sustain hydrogen production in a
continuously flow reactor. Based on these hypotheses, the objectives of this research could
be delineated as follows: 1) study the effects of heat treatment of seed sludge at two different
temperatures of 90 and 100°C on hydrogen yield; 2) study the effects of substrate
concentration on hydrogen production; 3) study the effect of using heat as a routine selection
pressure applied to a mixed culture, continuously flow system on hydrogen production.

2. Experimental setup
Seed inoculum

The anaerobic seed inoculum for the study was obtained from the secondary digesters at a
local municipal wastewater treatment plant (Ames Water Pollution Control Facility). The
seed sludge was filtered through a screen (mesh size of 600 µm) and kept refrigerated at 4°C
prior to use.
Batch experiments

The batch tests were conducted in 250 ml serum bottles with an active volume of 150 ml.
The seed inoculum was heated at 100°C for 15 min. and then cooled to room temperature
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prior to use. After addition of the seed inoculum, phosphate buffer (Na2HP0 4·7H20
M and K2HP04

=

=

0.049

0.029 M), nutrients (0.5 ml of 1 liter solution of 200g NH4HC0 3, 1OOg

KH2P04, lOg MgS04·7H20, lg NaCl, lg Na2Mo04·2H20, lg CaCh·2H20, 1.5g
MnS04·7H20, 0.278g FeCh, 0.24g C0Ch·8H20, 0.12g NiCh·6H20, and 0.06g ZnCh), and
sucrose solution (IOg/L, equivalent to l 1.23g COD/L) were added to the serum bottles. The
liquid volume was adjusted to 150 ml by the addition of distilled water. The initial pH of the
liquid contents was adjusted to different values by adding 10 M HCl or 10 M NaOH. The
bottles were finally flushed with nitrogen gas, capped, and mounted on a shaker operated at a
horizontal rotational speed of 180 rpm. The batch experiments were conducted in a constant
temperature room maintained at 37°C. The biogas production was measured by plunger
displacement method using appropriately sized wetted glass syringes [16].

A modified

Gompertz model was used to estimate the hydrogen production potential, hydrogen
production rate, and lag time [17]. The batch tests were performed in duplicates.
Repeated batch experiment

Some of the serum bottles with the initial seed sludge were repeatedly tested several times.
To prevent any possible inhibitory conditions being carried over from the previous run (such
as accumulation of inhibitory products), a sludge washing procedure was adopted.

The

sludge was washed twice between runs. The washing procedure included centrifuging the
content from each bottle, discarding the supernatant until the final volume was 50 ml, and
adding 600 ml distilled water.

At the end, estimated possible inhibitory substance

concentrations were approximated to be 24 fold less than that at the beginning.
In addition to the washing procedure, the seed sludge in some of retested batch bottles was

also reactivated by heat treatment. Sludge that had been in experimentation for a designated
time was subjected to repeated heat treatment at 100°C for 15 min. after washing. The
retested batches were maintained under the same growth conditions (initial pH, nutrient,
buffer, and substrate concentration).
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Continuous experiments

Two completely mixed anaerobic fermenters (New Brunswick Bioflo 2000, Edison, NJ),
each equipped with a clarifier and a return sludge line, were used for the continuous flow
experiments. Figure 1 shows the schematic of the reactor setup with the heat activation
chamber. One of the reactors (Reactor A) was equipped with an activation chamber for heat
and maintaining the settled sludge temperature at 90°C for 20 min., while the other reactor
(Reactor B) was not. The temperature and mixing speed of the two reactors were controlled
at 37°C and 300 rpm, respectively.

(4)
1-0M-N-aO_H__,I r-5-M_H_CL_,

,.-I

I

(2)

(1)

(8)

Figure l:The schematic of the continuous reactor (Reactor A), (1) Feed tank (2) Inflow (3) 5
liters completely-mixed anaerobic reactor (4) pH controller (5) Gas meter (6)
Reactor outflow (7) Clarifier (8) System outflow (9) Activation chamber (10) Water
bath ( 11) Return sludge line
The substrate to the anaerobic fermenters consisted primarily of sucrose at the desired
concentration, supplemented with the nutrient solution (as stated in Batch experiments
section). The substrate was prepared daily and kept refrigerated at less than 4°C throughout
the experiments. During the study, the continuous reactors were subjected to three different
COD loading rates of 6 gCOD/L/day, a stepwise increase from 2, 4 to 6 gCOD/L/day, and 20
gCOD/L/day.

The reactors were operated in the semi-batch mode with feeding and

discharging at regular intervals of 8 hours, three times daily except for the first day of
operation when both the reactors were operated in batch mode as starting up procedure. The
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hydraulic retention time (HRT) was maintained at 24 hours. The pH of the reactor contents
was online auto-controlled at 5.5±0.1 by addition of SM HCl or IOM NaOH.
Preheat treatment of the seed sludge in continuous reactors

The seed inoculum for continuous reactors was heated to 100°C for 15 min. After cooling to
room temperature, the seed inoculum was transferred to the reactors and the initial VSS
concentration was adjusted to 7,000 - 8,000 mg/L.
Continuously heat treatment in continuous reactors

Repeated heat treatment was applied to return settled sludge from one continuous reactor in
the activation chamber. The sludge was heated to 90°C for 20 min. before returning it to the
reactor.
Analysis

The biogas composition was measured by two gas chromatographs (Gow Mac series 350)
equipped with thermal conductivity detectors (TCD).

The percentage by volume of

hydrogen, methane, and carbon dioxide present in the biogas was determined by comparing
the sample biogas with pure standard gases. Hydrogen was analyzed by one GC-TCD fitted
with an 8' by l" stainless steel column, SS 350A Molesieve 13X (80/100 mesh). Nitrogen
was used as the carrier gas at a flow rate of 30 ml/min. The temperatures of the injection
port, oven, and detector were 100, 50, and 100°C, respectively. Methane and carbon dioxide
were analyzed by another GC-TCD fitted with a 3.3' stainless steel column packed with
Porapak T (60/80 mesh). Helium was used as the carrier gas at a flow rate of 35 ml/min.
The temperatures of the injection port, oven, and detector were 100, 50, and 100°C,
respectively. Volatile fatty acids (VFAs), VSS, COD, and other measurements were made in
accordance with the procedures listed in the Standard Methods [18]. Carbohydrates were
measured by phenol-sulfuric acid method using glucose as a standard [19].
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3. Results and discussion
Batch experiments

To determine the effectiveness and necessity of preheat and repeated heat treatments and to
optimize the operating parameters especially pH for hydrogen production in the continuous
reactors, three sets of batch experiments were carried out under anaerobic conditions. The
first set was conducted on the fresh sludge without preheat treatment. The results of the first
set of batch

experiment1Lfil:.e_s.llown.inJ~'igtJL~2a.

Different initial pHs were selected for the

serum bottles. The experiment was repeated three times (designated as run 1, 2 and 3)
without repeated heat treatment, but the sludge was washed between runs. All serum bottles
produced hydrogen; however, those operated at initial pH values of 6.0, 6.5 and 7.0 produced
significant amounts of methane as well (Data not shown here). These three bottles were
discarded after the run 1. The hydrogen production from the serum bottles operated at lower
initial pH values did not sustain in run 2 and 3. In the serum bottles that were not preheat
treated (figure 2a), the hydrogen-producing bacteria might have been out competed by other
groups of acidogenic bacteria due to a decrease in the pH value (pH of 3.1 - 3.5) that could
inhibit both hydrogen producers and methanogens. As a consequence, there was less or even
no hydrogen and methane production in subsequent runs.
The second set was conducted on the sludge that had undergone preheat treatment (100°C for
15 min.). The results of the first set of batch experiments are shown in Figure 2b. Different
initial pHs were selected for the serum bottles. From figure 2b, the experimental batch
operated at an initial pH of 5.5 exhibited the highest hydrogen production potential (119 ml
H2/g VSS). At this pH, the conversion efficiency was 75.5 ml L-H2/g COD or 84.8 ml LH2/g sucrose.
The third set was conducted to compare the effect of repeated heat treatments at 100°C for 15
min. on the sludge that had undergone preheat treatment (100°C for 15 min.). The results of
the first set of batch experiments are shown in Figure 2c. The experiment was performed at
an initial pH of 5.5 (optimal pH determined from the previous set). The experiment was
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repeated seven times washing the sludge between runs. The different experimental duration
of each run was meant to be a simulation of continuous reactors where feeding and decanting
exist. The results indicated that the serum bottles that underwent repeated heat treatments,
maintained a consistently high hydrogen production compared to the control bottles.
Methane was not detected in the biogas from any serum bottle with or without repeated heat
treatment.

With equal amount of seed source between the experiments, the bottle with

repeated heat treatment had more active hydrogen producers resulting in higher hydrogen
production than the bottle without repeated heat treatment. The authors felt that repeated
heat treatment at 100°C for 15 min. provided the conditions favorable or less competitive to
spore-forming, hydrogen-producing bacteria by reducing non-spore-forming hydrogen
consumers. The authors further suggested that repeated heat treatment could promote more
spore germination and growth thereby resulting in larger quantities of hydrogen.
An interesting observation made during the batch tests was the occurrence of a lag phase,

without any gas production, during hydrogen production from the heat treated sludge. Heat
treatment could have potentially damaged the cell and caused a longer lag phase during its
germination and growth. A lag period of 11 hours was observed for the seventh run of the
batch with repeated heat treatment while a significantly shorter lag time (5 hours) was
observed from those without repeated heat treatment. Occurrence of the lag time indicated
the need of microorganisms to adjust (or repair) themselves to the new environment.
Therefore, HRT longer than the lag period would be needed to operate continuous reactors.
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Figure 2: (continued)

Continuous flow reactors

Three different runs were conducted with the continuous flow reactors at different COD
loading rates of 6 gCOD/L/day, a stepwise increase from 2, 4, to 6 gCOD/L/day, and 20
gCOD/L/day.
To validate the results from the batch experiments, continuous reactors were operated at a
volumetric loading rate of 6 gCOD/L/day during run 1. The results of the run 1 are shown on
Figure 3a. The seed sludge to the reactor A was preheat treated at 100°C for 15 min. and the
settled sludge was repeatedly heated and maintained at 90°C for 20 min. before returning to
the reactor. On the other hand, the seed sludge to the reactor B was neither preheat treated
nor subjected to repeated heat treatment. The average VSS concentrations in the reactors A
and B were approximately 1,780 and 2,720 mg/L, respectively.

After three days of

operation, methane was detected in the biogas from reactor B (from 1% by volume on day 3
to 30% by volume on day 22), and hydrogen production was significantly lower in
comparison to the reactor A. This result confirmed the findings from the batch experiments
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that suggested the necessity of preheat treatment for achieving higher hydrogen production
by reducing the competition for hydrogen-producing bacteria. However, the competitionfree environment was short-lived and methane was detected in the biogas after thirteen days
of operation of the reactor A with a consequent decrease in the hydrogen production. It is
interesting to note that there was quite large amount of biomass attached on the reactor's
wall. This portion of biomass was not subject to heat treatment; therefore, methanogens in
this potion of biomass could survive the heat treatment and reduced the hydrogen production.
The average VFA concentrations in reactors A and B were 1,980 and 2,070 mg/L as acetic
acid, respectively. Maximum hydrogen conversion efficiencies of 0.07 L-H2/g COD from
the reactor A and 0.02 L-H2/g COD from the reactor B were observed for the run 1.
During the second run, the continuous reactors were subjected to a stepwise-increase in the
loading rate from 2 to 4 gCOD/L/day and finally to 6 gCOD/L/day. The results of the run 2
are shown on Figure 3b. In this experimental run, the inocula to both reactors A and B were
preheat treated at 100°C for 15 min. The repeated heat treatment was applied only to return
settled sludge from the reactor A. The average VSS concentrations in reactors A and B were
2,150 mg/Land 3,370 mg/L, respectively. Methane was detected in the biogas from both the
reactors after only two days of operation, with a relatively higher level being detected from
the reactor B. The average VFA concentrations in reactors A and B at the three COD
loadings studied were 700; 1,980; and 2,290 mg/Las acetic acid and 790; 1,810; and 2,210
mg/L as acetic acid, respectively. Hydrogen gas production was not significant from either
reactor at any of the COD loadings investigated.
The results from experimental runs 1 and 2 suggested that preheat treatment at 100°C for 15
min. and repeated heat treatment at 90°C for 20 min. selected for hydrogen producers and
allowed more hydrogen production, at least during the initial' stages of the run 1. Evidently,
methanogenic activities were not completely inhibited by heat treatment alone. With this
observation, there was an added interest on the concentration of VFAs, main products of
acidogens, inside the reactor.

Previous studies have shown that unionized volatile acid,

(UVA) concentrations in the range of 30 to 60 mg/L are inhibitory to methanogenic bacteria
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[20]. UVA concentration of 30 mg/Lis equivalent to approximately 5,500 mg/L of volatile
acids (VAs) at pH of 6.5. Therefore, at a loading rate of 6 gCOD/L/day, VFA concentrations
of approximately 2,000 mg/L as acetic acid in the reactor could have given a chance for
methanogens to survive and, eventually, consume hydrogen. Hence it was proposed to run
the reactor at a high COD loading rate in the next continuous run.
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Figure 3:Hydrogen production per day at a loading rate of (a) 6 gCOD/L/day and (b) 2-4-6
gCOD/L/day
To maximize hydrogen production from the continuous reactors, a volumetric loading rate of
20g COD/L/day was chosen for the run 3. In this experiment, before inoculation the seed
sludge to both the reactors was preheat treated at 100°C for 15 min. Repeated heat treatment
was applied only to return settled sludge from the reactor A.

The average VSS

concentrations in the reactors A and B were approximately 3,000 mg/L and 3,200 mg/L,
respectively. The results showed similarity in the amount of hydrogen produced from the
reactors A and B after ten days of operation (Figure 4a); however, higher percentage by
volume of hydrogen was detected from reactor A (Figure 4b ). Methane was not detected
from the two reactors. The average VFA concentrations were measured at 5,220 and 5,100
mg/L as acetic acid for reactors A and B, respectively. At these VF A concentrations, UVA
would be approximately 800 mg/L as acetic acid, which is beyond the inhibitory range of 30
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to 60 mg/L [20]. It might be pointing to the fact that higher VFA concentrations in the
reactors inhibited methanogenic activity.
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On an average, 90 and 91 % of sucrose were utilized in reactors A and B, respectively. The
maximum hydrogen conversion efficiencies, specific hydrogen production rate, & % COD
reduction for reactors A and B after 10 days of operation (when the reactors were stable)
were 0.13 L-H2/g COD, 0.75 L-H2/g VSS/day, & 19.5% and 0.11 L-H2/g COD, 0.61 L-H2/g
VSS/day, & 21.9%, respectively. Settling clarifier increased the solids retention time (SRT)
in the reactors. The average SRT of the reactor A was 1.9 and the reactor B had a SRT of 3.1
days. Excessive heat treatment affected the effluent quality from the reactor A adversely.
The effluent from the reactor A, which had a shorter SRT was more turbid compared to the
reactor B.
Heat treatment helped to select or even activate hydrogen-producing, spore-forming bacteria
due to larger percentage of hydrogen yield observed.

However, results from the batch

experiments indicated that the sludge that was subjected to heat treatment had about 14 hours
oflag period at pH 5.5 (Figure 2b). Another set of batch experiments (Data not shown here)
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on hydrogen production potential, conducted using seed inoculum from the continuous the
reactor A demonstrated a lag period of 18 hours. With a relatively long lag phase with
respect to the short SRT of 1.9 days (averaged) in the semi-batch fed reactor A, a large
portion of biomass was under development to the vegetative cells. Heating the return sludge
in the activation chamber for every cycle of feeding might have a detrimental effect on spore
germination, i.e. it requires more time in the reactor, and may damage the cells, as well.
More research is required to study the heat activation of spores because different stains of
clostridia require different temperature-time combinations for its spore to be activated.
Table 1 shows a comparison of the recent works on biohydrogen production using mixed
cultures. Even though high loading rates of 27 to 79 gCOD/L/day were used, conversion
efficiencies were not high enough to compare with the theoretical yield of 0.47 L-H2/gCOD
for acetate fermentation. Therefore, external activation procedure may have to be employed
to assure a higher H2 yield.
Table 1: Comparison of hydrogen production performance from continuous reactors with
mixed anaerobic cultures
This study
(Reactor A)

This study
(ReactorB)

Herbert
et al., 2001
[21]

Mizuno
et al., 2000
[8]

Lin and
Chang,
1999
f22l

et al., 1997

Process
description

CSTR with
activation
chamber

CSTR

CSTR with
granular
sludge

CSTR

Chemostattyped
digester

CSTR

Mixed culture

Secondary
digested
sludge

Secondary
digested
sludge

Secondary
sedimentation
tank

Anaerobic
microbe from
fermented
soybean-meal

Digested
sludge

Well
acclimatized
sludge

Effective
Reactor volume
(L)

5

5

1.7

4

1.3

pH

5.5

5.5

5.5

6.0

5.7

Not controlled

Substrate

Sucrose
20 g/L

Sucrose
20 g/L

Sucrose
12.15 g/L

Glucose
10 g/L

Glucose
20g/L

> 5.5 g/L

Loading rate
(g COD/L/day)

20.0

20.0

54.6

28.82

79.89

>35.19"

HRT(hours)

24

24

6

8.5

6

4

Reference

2.3

Majizat
[23]

Glucose

29

Table 1: (continued)
This study
(Reactor A)

This study
(ReactorB)

Herbert
et al., 2001
[21]

Mizuno
et al., 2000
[8]

Lin and
Chang,
1999
r221

Majizat
et al., 1997
[23]

Conversion
efficiency•
(L-H2/g COD)

0.13

0.11

0.249

0.099

0.198

<0.156

Content
(%)

50.7

42.7

63

53.4

43.1

67.01

Specific
hydrogen
production rate
(L-H2/g
VSS/day)

0.75

0.61

0.7

2.1

14.12

6.48

vss, g/L

3.0

3.2

20

1.5

1.3

1.1

Volumetric
hydrogen
production rate
(L-H2/L/day)

2.25

1.93

13

3.0

15.9

5.48

Reference

n/a Not available
""' Compare with theoretical yield of 0.47 L-H2/gCOD and 0.23 L-H2/gCOD for acetate and butyrate
fermentation, respectively.
• Determined by maximum glucose cone. used, approximately 5.Sg/L

4. Conclusions
Heat treatment of sludge at 100°C for 15 min. to inactivate hydrogen consumers in a seed
inoculum is needed; besides, high VFA concentrations will also help to inhibit
methanogenesis and increase biohydrogen production. A volumetric loading rate in the
range of 30 to 80 gCOD/L/day is preferred. At a loading rate less than 6 gCOD/L/day, the
hydrogen conversion efficiency is less than 20% of the theoretical value, which is not
satisfactory. Repeated heat treatment of settled return sludge in a continuously flow reactor
is necessary to sustain hydrogen production, but the frequency and degree (temperature and
duration) of heat treatment should be adjusted such that it will not pose detrimental effect to
spore-forming hydrogen producers.

The conversion efficiency of 0.13 L-H2/gCOD was

achieved at the loading of 20g COD/L/day.
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ABSTRACT

Biological hydrogen production by anaerobic mixed communities was studied in batch
systems and in continuous-flow bioreactors using sucrose as the substrate. The systems were
seeded with anaerobically digested municipal biosolids that had been heat treated at 100°C
for 15 min. During operation, repeated heat treatments of the biomass in the reactors at 90°C
for 20 min. were performed.

Results indicated that both initial heat treatment of the

inoculum and repeated heat treatments of the biomass during operation promoted hydrogen
production by eliminating non-spore-forming, hydrogen-consuming microorganisms and by
selecting for hydrogen-producing, spore-forming bacteria. An operational pH of 5.5 was
shown to be optimal for hydrogen production. The conversion efficiency and hydrogen yield
were 0.13 L-H2/g-COD and 2.15 mole of H2/mole of sucrose, respectively.

Terminal
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restriction fragment length polymorphism (T-RFLP) analysis showed that Clostridium and
Bacillus species were dominant populations in the bioreactors. A positive correlation was
observed between the total abundance of Clostridium species and hydrogen production
during part of an operational run.

KEYWORDS

Hydrogen production, mixed culture, endospore, heat treatment, T-RFLP, Clostridium

INTRODUCTION

Hydrogen production by anaerobic microbial communities (a process sometimes referred to
as "dark fermentation") using organic waste as the substrate has drawn attention because of
its ability to produce an environmentally friendly energy source, while simultaneously
stabilizing waste. Several researchers have investigated the possibility of hydrogen
production by continuously operated bioreactors (Fang and Liu, 2001, Lay et al., 2000, Lin et
al., 1999, Ueno et al., 1996, and Nakamura et al., 1993), but sustainable hydrogen production
remains a major challenge.
The theoretical maximum yield of hydrogen fermentation is reported to be four moles of
hydrogen per mole of glucose (Thauer, 1977) or eight moles of hydrogen per mole of sucrose
(Fang and Liu, 2001), if all of the substrate would be converted to acetic acid. These values
correspond to a theoretical maximum yield of 0.47 L-H2/g-COD. If all the substrate would
be converted to butyric acid, these values are two and four moles of hydrogen per more of
glucose and sucrose, respectively. In practice, a fraction of the substrate is used for biomass
production and other metabolic products are also produced, resulting in a lower hydrogen
yield. Hydrogen yields by pure or mixed cultures have been reported to range from 0.37 to
2.0 mole-Hz/mole-glucose (Kataoka et al., 1997 and Kumar et al., 1995). Considering the
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high theoretical yields, several researchers have begun exploring approaches to increase
hydrogen production.
Several researcher have used physical methods to increase hydrogen yields by applying
vacuum to the headspace of a bioreactor (Kataoka et al., 1997), by sparging the biogas with
nitrogen gas (Mizuno et al., 2000), by immobilizing cells (Kumar et al., 1995), by vigorous
stirring to allow the dissolved hydrogen to escape to the gas phase (Lamed et al., 1988), or by
using y-Alumina, an activated alumina used as desiccant in chemical process industries, to
adsorb volatile acids (Liang et al., 2001 ).
One of the difficulties associated with hydrogen production using mixed communities in
continuous flow systems is the coexistence of hydrogen-consuming microorganisms, such as
methanogens. Several studies have used heat treatment of the inoculum used to seed the
reactors as a method to inactivate or eliminate these microorganisms.

Lay (2000) and

Okamoto (2000) used wet heat treatment (boiling for 15 min.) of anaerobic digester sludge,
whereas Van Ginkel et al. (2001) used dry heat treatment (baking at 104 °C for 2 hours) of
compost and soils.

The motivation for this heat treatment is to inactivate hydrogen-

consuming microorganisms and to select for hydrogen-producing bacteria. This idea has
merit since many of the hydrogen-producing bacteria (e.g., Clostridium and Bacillus species)
form endospores, which can be considered "survival structures" developed by these
organisms when unfavorable environmental conditions are encountered (e.g., high
temperature, desiccation, lack of carbon or nitrogen source, and chemical toxicity). When
favorable conditions return, the spores germinate and become vegetative cells (Sylvia et al.,
1999 and Doyle, 1989). A similar idea (heat application at 80°C for 10 min.) has been used
to eliminate non-spore-forming bacteria during isolation procedures of spore-forming
bacteria, such as Clostridium species (Doyle, 1989 and Alexander, 1977).
In

addition to

eliminating most vegetative

cells

(including hydrogen-consuming

microorganisms), heat treatment may also be beneficial to activate spore germination.
Germination of a spore involves three steps-activation, germination, and outgrowth, and
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heat treatment (or heat activation) is one way to initiate spore germination.

Several

researchers have studied heat activation of Clostridium botulinum and Clostridium
perfringens,

two

human pathogens

(Doyle,

2002).

For example, the optimal

temperature/time combination for heat activation of spores of C. perfringens strains T-65 and
S-45 were 80°C/10 min. and 75°C/120 min., respectively (Hui et al., 1994 and Doyle, 1989).
The spores of some heat-resistant strains of C. perfringens can be activated by heat treatment
at 100°C (Doyle, 2002). In most cases, heat activation at 75 to 80°C for 15-20 min. is used
to inactivate vegetative cells and activate germination of spores (Doyle, 1989).

Similar

studies have not been performed for other Clostridium species.
Germination of spores is considered a rapid process, which usually takes 60 to 90 min.
(Talaro and Talaro, 1996) and depends upon several parameters such as incubation
temperature, pH, prior heat treatment, and reducing conditions (Doyle, 1989). One strain of
C. perfringens germinated well at a pH of 5.5 and 7.0 but the germination rate was reduced

by two-thirds when the pH was increased to 9.5. Lowering incubation temperature from 45
to 7°C resulted in a decrease in the germination rate from 85 to 75% at a pH of 6.0 (Doyle,
1989).

Moreover, oxygen is known to inhibit germination.

The addition of sodium

bicarbonate and CaCh enhanced germination of C. perfringens spores. Finally, the presence
of lysozyme, a protein found in hen egg white, mucus, tears, and blood, helps germination of
endospores (Doyle, 2002).
Spore formation or sporulation takes 6 to 8 hours in most spore-forming species (Talaro and
Talaro, 1996 ). In one strain of C. perfringens, free spores are released from cells within 7 to
8 hours. Depending on growth conditions, the maximum number of C. perfringens spores
was obtained within 10 to 12 hours and 24 hours under anaerobic and aerobic conditions,
respectively (Hui et al., 1994).

During operation of continuously operated hydrogen

fermentation processes, sporulation may lead to a decrease in hydrogen production (Minton
and Clarke, 1989).
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In this study, heat treatment of the inoculum was employed as a method to increase hydrogen

production by inactivation of non-spore-forming, hydrogen-consuming microorganisms and
selection for hydrogen-producing, spore-forming bacteria in both batch and continuous flow
experiments. Repeated heat treatments were used to sustain hydrogen production in long
term experiments.

METHODOLOGY
Inoculum

The inocula for batch and continuous flow studies were obtained from secondary anaerobic
sludge digesters at a municipal wastewater treatment plant (Ames Water Pollution Control
Facility, Ames, IA). The seed sludge was filtered through a screen (mesh size of 600 µm)
and kept at 4 °C prior to use.
Batch Experiments

Batch experiments were conducted by using 250-ml serum bottles with an active volume of
150 ml. After addition of the inoculum, phosphate buffer (1.97 g Na2HP0 4·7H20 and 0.75 g
K2HP04, equivalent to 0.049 M Na2HP04·7H20 and 0.029 M K1HP04), 0.5 ml nutrient
solution (prepared by adding 200 g NH4HC03, 100 g KH2P0 4, 10 g MgS0 4·7H20, 1 g NaCl,
1 g Na2Mo04·2H20, 1 g CaCh·2H20, 1.5 g MnS0 4·7H20, 0.278 g FeCh, 0.24 g
C0Ch·8H20, 0.12 g NiCh·6H20, and 0.06 g ZnCh into 1 liter of distilled water), and 1.5 g
sucrose were added to the serum bottles. The liquid volume was adjusted to 150 ml through
the addition of distilled water, which resulted in a solution with a concentration of 10 gsucrose/L or 11.23 g COD/L. The initial pH was adjusted to different values by adding 10 M
HCl or 10 M NaOH.

The bottles were flushed with nitrogen gas to provide anaerobic

condition, capped, and mounted on a shaker operated with a horizontal rotational speed of
180 rpm. The batch experiments were conducted in the dark at 37°C. Bio gas production
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was measured by a plunger displacement method using appropriately sized wetted glass
syringes, arranging from 5 to 50 ml (Owen et al., 1979). Each condition (or batch) studied
was duplicated or triplicated and average gas productions were reported.
To prevent any possible inhibitory conditions (such as accumulated metabolic products)
being carried over from the previous batches, a sludge washing procedure was conducted
between runs. The washing procedure included a centrifugation step (2,000 x g for 20 min.
at 20°C), followed by discarding of the supernatant (50 ml of content was retained), and
addition of 600 ml of distilled water.

This sequence was repeated once, and the

centrifugation step followed by discarding of the supernatant, while retaining 50 ml of
content, was repeated a third time. After this washing procedure, the serum bottles were
exposed to the same conditions as those for the initial startup (initial pH, nutrient, buffer, and
substrate concentration).
The inoculum was treated at 100 °C for 15 min. This treatment is referred to as "preheat
treatment" in the rest of this paper. Repeated batch experiments were performed to test the
capability of the seed sludge to continuously produce hydrogen. In addition to the washing
procedure, the sludge in the batch experiments was reheated (at 100 °C for 15 min.) (referred
to as "repeated heat treatments"), unless stated otherwise.
Continuous Flow Experiments

Two completely-mixed anaerobic continuous flow reactors (New Brunswick Bioflo 2000,
Edison, NJ), each equipped with a clarifier and a return sludge line, were used for the
continuous flow experiments.

One of the reactors (Reactor A) was equipped with an

activation chamber, which exposed a fraction of the settled sludge to a temperature of 90°C
for 20 min., while the other reactor (Reactor B) was not equipped with an activation
chamber. Figure 1 shows a schematic of Reactor A. The temperature and mixing speed of
both reactors were controlled at 37°C and 300 rpm, respectively. Sucrose was used as the
substrate.

Every 5 L of substrate solution was supplemented with 16. 7 ml of nutrient
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solution as described in the batch experiment section above. The substrate was prepared
daily and kept at 4°C. For the primary experiment described in this study, both reactors
received a loading rate of 20 g COD/L/day at a hydraulic retention time (HRT) of 24 hours.
The reactors were operated in semi-batch mode with feeding and decanting at regular
intervals of 8 hours, three times daily except for the first day of operation when both reactors
were operated in batch mode. For Reactor A, at the beginning of each cycle, 333 ml of
return settled sludge (equivalent to 1,000 ml per day) was heated to 90°C for 20 min. before
being returned to the reactor. Total non-reaction time, which included pumping and settling
of the sludge, was 1 hour. The pH of the reactor contents was controlled online at 5.5±0.1
through automatic addition of 5 M NaOH and 5 M KOH (equivalent to 10 M of OH") or 5 M
HCI. Anaerobic conditions in the reactors were attained by flushing both liquid and head
spaces with nitrogen gas immediately before startup. The seed sludge was treated at 100°C
for 15 min.

After cooling to room temperature, the seed sludge was transferred to the

reactors and the initial VSS concentration was adjusted to 7,000- 8,000 mg/L.

SMNaOH
5MKOH

·. (1)

+(3)
(5)

11

Figure 1: Schematic of the continuous flow reactor with activation chamber (Reactor A),
(1) substrate reservoir, (2) influent, (3) 5-L completely-mixed anaerobic reactor,
(4) pH controller, (5) heating mat, (6) balloon for pressure equalization, (7) gas
meter, (8) reactor effluent, (9) clarifier, (10) system effluent, (11) sludge wastage,
(12) water bath, (13) activation chamber, (14) return sludge line.
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Analytical Methods

The biogas composition was measured by two gas chromatographs (Gow Mac series 350)
equipped with thermal conductivity detectors (TCD). Hydrogen was analyzed by one GCTCD fitted with an 8' by l" stainless steel column-SS 350A Molesieve 13X (80/100 mesh).
Nitrogen was used as a carrier gas at a flow rate of 30 ml/min. The temperatures of the
injection port, oven, and detector were 100, 50, and 100°C, respectively.

Methane and

carbon dioxide were analyzed by another GC-TCD fitted with a 3.3' stainless steel column
packed with Porapak T (60/80 mesh). Helium was used as a carrier gas at a flow rate of 35
ml/min. The temperatures of the injection port, oven, and detector were at 150, 50, and
100°C, respectively. Individual VFAs and alcohols were analyzed by a gas chromatograph
(Gow Mac series 580) equipped with a flame ionization detector (FID). The column used
was a 6' by 8" stainless steel column-SS 580 FID, 10%SP-1200/1 % H3P04 (80/100 mesh).
The temperatures of the injection port, oven, and detector were 140, 100, and 140°C,
respectively, for individual VFA analysis, and 170, 70, and 170°C, respectively, for alcohol
analysis. Helium was used as a carrier gas at a flow rate of 40 ml/min. Total

VFA~

volatile

suspended solid (VSS), chemical oxygen demand (COD), and other measurements were
made in accordance with the procedures listed in the Standard Methods (APHA, 1995).
Carbohydrates were measured by phenol sulfuric acid method using glucose as a standard
(Dubois, 1956). All gas production data reported were standardized to standard temperature
(0 °C) and pressure (760 mm Hg) (STP).
Microbial Community Analysis

A fingerprinting method called terminal restriction fragment length polymorphism (T-RFLP)
(Liu et al., 1997) was used to identify the abundant populations in the bioreactors. DNA was
extracted from biomass samples by the method described by Griffiths et al. (2000) with few
modifications. Nucleic acid was precipitated at -20°C overnight by adding 0. 7 volume of
isopropanol and 0.5 volume of 10 M ammonium acetate to the volume of aqueous sample
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recovered after the chloroform:isoamyl alcohol (24: 1) extraction. Recovery of nucleic acid
was accomplished by centrifuging 25 min. at 16,000 x g at 4°C. The pellet was washed once
in 70% ethanol (ice cold) and resuspended in Tris-EDTA buffer (pH 7.4).
Polymerase chain reaction (PCR) amplification of the 168 ribosomal DNA (168 rDNA) gene
was performed using the extracted DNA with a fluorescently (FAM) labeled forward primer
27f and an unlabeled reverse primer 1392r (Liu et al., 1997). The PCR reaction mixture
contained IX PCR buffer, 2 mM MgCh, 0.2 mM each of deoxynucleoside triphosphate
(dNTP), 0.2 µMeach of forward and reverse primers, 20 ng of the DNA template and 2.5 U
of Taq DNA polymerase (TaKaRa Biomedicals, Japan) in a final volume of 50 µI. The PCR
was performed in a thermal cycler (PTC-200 DNA Engine, MJ Research Inc.).

The

amplification was done with a 5-min. hot start followed by 30 cycles of 1 min. denaturation
at 94°C, 1 min. annealing at 55°C and 1.5 min. extension at 72°C followed by a final
extension of 10 min.

Before purification of the PCR product (using purification kit,

QIAGEN Inc, Valencia, CA), the PCR products were checked by running an agarose gel.
The purified fluorescently labeled PCR products were digested with restriction enzymes
HaeIII (Gibco), Mspl (Roche), and Rsal (Panvera) for 3 hat 37°C. The fluorescently labeled

terminal restriction fragments obtained in this manner were separated by gel electrophoresis
at the University of Illinois Biotechnology Center to determine the number and size of
fragments obtained from each sample. Fragment analysis was conducted using Gene8can
and the Ribosomal Database Project's online T-RFLP program (Marsh et al., 2000) to
identify the populations that were present in the original samples.

RESULTS AND DISCUSSION
Batch Experiments
To determine the specific hydrogen production (ml-H2/g-V88), specific hydrogen production
rate (ml-H2/hr/g-V88), conversion efficiency (ml-H2/g-COD), and lag phase duration (hours)
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in the batch experiments, the modified Gompertz equation (equation 1) was used to fit each
cumulative hydrogen production curve obtained from the batch experiment (Lay et al., 1999).
This model has long been used for describing hydrogen, methane, or biogas production in
batch experiment.

H(t)

~ P· exp{-exp[ R'"i>·e (l-t)+ 1]}

(1)

where H(t) is cumulative hydrogen production (ml) during the incubation time, t (hours), Pis
the hydrogen production potential (ml), Rm is the maximum production rate (ml/hr), and A. is
the lag phase duration (hours).

The specific hydrogen production (ml-H2/g-VSS) and

specific hydrogen production rate (ml-H2/hr/g-VSS) was acquired by dividing P and Rm,
respectively, by gram VSS of sludge (g VSS). The conversion efficiency (ml-H2/g-COD)
was obtained by dividing P by grams of COD fed.
Three sets of batch experiments were conducted to validate the effectiveness and necessity of
preheat treatment and repeated heat treatments for hydrogen production and to determine
optimal values for certain parameters (e.g., pH) to be used in the continuous flow
experiments. The first set of batch experiments consisted of three runs (Figure 2), with the
washing procedure but no repeated heat treatments performed between each run. The seed
sludge was untreated (8,500 mg-VSS/L). Even though the batches with initial pH values of
6.0, 6.5, and 7.0 exhibited larger amounts of hydrogen production compared to the
experiments at the lower initial pHs, methane was detected and the methane levels increased
after 251, 156, and 43 hours of incubation, respectively. This increase in methane production
coincided with the depletion of hydrogen in the bottles, indicating that hydrogen-consuming
methanogens were active. The final pH values were 5.1, 5.5, and 6.0 for the batches with
initial pH values of 6.0, 6.5, and 7.0, respectively. These three batches were not continued
beyond run 1. The hydrogen production decreased substantially over the operating time for
the batches operated at the lower initial pH values (4.5 to 5.5). For instance, at an initial pH
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of 5.5, the biogas production decreased from 482 ml in run 1 to 42 ml in run 2 and to 4 ml in
run 3.
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Figure 2: Hydrogen production potential and methane production in first set of batch
experiments (without preheat treatment and without repeated heat treatments) at
different initial pH values.
However, there was no methane detected in the biogas. Since the seed sludge was not
preheated in this experiment, the hydrogen-producing bacteria may have been outcompeted
by other groups of fermenting bacteria as indicated by the decrease in pH values (final pH
vales ranged from 3.1 to 3.5 for initial pH values of 4.5 to 5.5). This condition may have
inhibited both hydrogen-producing bacteria and methanogens and resulted in little or no
hydrogen and methane production in subsequent runs. These observations suggested that
significant changes in microbial community structure took place during repeated operation of
batches. Single batch experiments (without repeated batches) have been conducted using
mixed cultures as the inoculum without heat treatment (Roychowdhury et al., 1988) or
without any other selection pressure (Ueno et al., 1995) in order to study hydrogen
fermentation and to obtain parameters, such as hydrogen yield and metabolic products
profiles. However, these experimental parameters may not hold valid if the batches were to
be repeated due to changes in microbial community structure as suggested by our work.
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The second set of batch experiments (Figure 3) was conducted to find important parameters,
especially pH, for hydrogen fermentation by using heat treatment (at 100°C for 15 min.) of
the seed sludge (7,lOOmg-VSS/L).
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Figure 3: Effect of initial pH on hydrogen production and lag phase duration in second set
of batch experiments (with preheat treatment).
Different initial pH values ranging from 4.5 to 6.5 were selected for this batch experiment. It
was found that the batch operated at an initial pH value of 5.5 exhibited the highest specific
hydrogen production (119.5 ml-H2/g-VSS), hydrogen production rate (13.1 ml-H2/hr/g-VSS),
and conversion efficiency (75.5 ml-H2/g-COD or 84.8 ml-H2/g-sucrose). It was also found
that the lag phase duration decreased as the initial pH increased. Lag phase duration at an
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initial pH of 5.5 was approximately 14 hours.

The maximum decrease in pH during

operation was one pH unit and occurred in the bottles with an initial pH of 6.5, indicating a
strong buffering capacity.

Van Ginkel et al. (2001) studied hydrogen production as a

function of pH and substrate concentration, using heat treated compost, potato soil, and soy
bean soil as inocula and found that a pH between 5.0 and 6.0 was suitable for hydrogen
production, whereas the highest conversion efficiency occurred at a pH of 5.5. Lin and
Chang (1999) reported significantly higher specific hydrogen production rates at pH 5.7 than
that at pH 6.4 when using a mixed culture anaerobic reactor with an SRT of 0.25 - 0.5 day.
However, Lee and his co-workers (2002) found that the optimal initial pH was 9. This
finding is unusual among the studies of hydrogen fermentation using mixed or pure cultures.
In their study, they observed sharp decreases of the initial pH values of 6 to 9 to a final pH

value of 4; therefore, the hydrogen production for the lower initial pH value experiments
(lower than 9) may have been inhibited early on by these sharp decreases in pH values.
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Figure 4: Effect of hydrogen production in third set of batch experiments with and without
repeated heat treatments for seven runs at an initial pH of 5.5. Cumulative
hydrogen production curves (a) and specific hydrogen production (b) (Error bars
indicate ± standard deviation).
The third set of batch experiments (Figure 4) was conducted to compare the effect of
repeated heat treatments at 100°C for 15 min., after preheat treatment of the seed sludge
(9,360mg-VSS/L) at 100°C for 15 min. The experiment was performed at an initial pH of
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5.5 (optimal pH determined from the previous set). The batches in this experiment were
repeated seven times (as indicated by runs 1 to 7 in Figure 4b) with washing between runs.
The different experimental duration of each run was meant to be a simulation of continuous
flow reactors with feeding and decanting.

After run 7, it was found that the VSS

concentration had decreased approximately 20% compared to the initial concentration due to
washing.

The results indicated that the batches with repeated heat treatments produced

consistently more hydrogen compared to the batches without repeated heat treatments.
Methane was not detected in any batch in any run. Since heat treatment at 80°C for 10 min.
has been utilized for isolation of spore formers (Alexander, 1977), the heat treatment of
100°C for 15 min. in this experiment should have had the same effect. Thus, it promoted the
selection of spore-forming hydrogen producers and eliminated non-spore formers. This is
important for future work when actual wastewater will be used as a substrate, since the
microorganisms introduced through the wastewater should not be able to compete with the
hydrogen producers. Apparently, repeated heat treatments will be able to accomplish this
goal. Besides the benefit of heat treatment to eliminate non-spore formers, such as hydrogen
consumers, heat treatment can promote spore germination (Doyle et al., 1989 and Hui et al.,
1994). By eliminating non-spore formers and promoting germination of spores, the levels of
active hydrogen producers in the bioreactor will be increased, leading to a greater potential
hydrogen production.
An interesting observation made during the third set of batch tests was the occurrence of a

lag phase, a phase without any gas production (Figure 4a). A longer lag phase of about 11
hours was observed for run 7 of the batch with repeated heat treatments, while a significantly
shorter lag time of about 5 hours was observed for those runs without repeated heat
treatments. A lag phase duration of approximately 14 hours was also observed for the second
set of batch experiments at an initial pH of 5.5. After heat treatment at 100°C for 15 min.,
presumably only spores survive. This lag phase may be explained by the fact that spores
need time to germinate and vegetative cells need time to grow (after germination).
Therefore, HRTs longer than the lag phase, i.e. 11 hours, would be needed to operate
continuous-flow reactors.
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Continuous Flow Experiments
The reactors were operated in semi-batch mode, feeding and decanting every 8 hours. This
approach was chosen because chemical or biological reactions will proceed faster in the
desired direction if the products are withdrawn or if reactants are added. Specifically, for the
acetic acid fermentation from sucrose (Equation 2), hydrogen formation should be favored if
the concentration of sucrose is increased or if the concentrations of acetic acid and/or
hydrogen are lowered. By decanting and then feeding, a higher concentration of sucrose and
lower concentrations of VFAs and H1(aq) (due to dilution) will be achieved.
(2)
A preliminary experiment (operating parameters: HRT = 24 hours, semi-batch feeding three
times a day, and pH controlled at 5.5) was performed at a volumetric loading rate of 6 g
COD/L/day (Duangmanee et al., 2002).

This experiment showed minimal hydrogen

production and production of methane.

The activity of methanogens was somewhat

surprising given that the seed sludge was preheated at 100°C for 15 min., that the return
sludge underwent repeated heat treatments at 90°C for 20 min. (using the activation chamber),
and that the reactor pH was maintained at 5.5, which is below the optimal range for
methanogens pH of 6.5-7 .6 (Parkin et al., 1986). However, since only approximately one
third of the settle sludge underwent heat treatment in every cycle, it is likely that
methanogens were able to grow and consume hydrogen despite the relatively low pH.
Previous studies have shown that unionized volatile acid (UV A) concentrations in the range
of 30 to 60 mg/L are inhibitory to methanogens (Parkin et al., 1986). Even though the
observed total VF A concentration of 2,000 mg/L as acetic acid at a pH of 5 .5 and a
temperature of 37°C is equivalent to a UVA of approximately 316 mg/L, complete inhibition
did not occur. In summary, a possible strategy could consist of operation at sufficiently high
VFA concentrations to inhibit methanogenic activity (substrate inhibition), but at a
sufficiently low VF A concentration to prevent inhibition of hydrogen producers.
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Figure 5: Total biogas (a) and hydrogen production (b) per day, percentage of hydrogen in
biogas (c), and total VFA concentration (d) for continuous anaerobic reactor with
(Reactor A) and without (Reactor B) repeated heat treatments of return settled
sludge.
To maximize hydrogen production, the volumetric loading rate was increased to 20 g
COD/L/day and two reactors were operated in parallel. Repeated heat treatments at 90°C for
20 min. were applied to the return sludge from Reactor A only. The inocula for both reactors
were treated at 100°C for 15 min.

The results indicated that the amount of hydrogen

produced was similar in Reactors A and B after 10 days of operation (Figure 5b); however, a
higher percentage by volume of hydrogen was produced by Reactor A (Figure 5c).
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Methane was not detected in the biogas collected from either one of the reactors for the
duration of the experiment. Total VF A concentrations as high as 6,000 mg/L (Figure 5d) as
acetic acid were observed in both reactors. This value corresponds to approximately 950
mg/L of UVA, which is much higher than the reported range of 30 to 60 mg/L of UVA for
inhibition of methanogens (Parkin et al., 1986) and the value of 316 mg/L of UVA obtained
for the preliminary experimental run at a loading rate of 6g COD/L/day. Thus, the high VF A
concentrations in the reactors likely inhibited methanogenic activity. A decrease in hydrogen
production coincided with a decrease in the VSS concentration from 7,750 mg/L (in both
reactors) on day 0 to 2,000 and 2,800 mg/L in Reactors A and B, respectively, on day 10,
while VF As were continually produced (Figure 5d). On average, 92 and 93% of sucrose was
consumed by Reactors A and B, respectively. After 10 days of operation, the hydrogen
production, VSS concentration, and VF A concentration for both reactors stabilized (Table 1).
Table 1:

Comparison of important parameters for Reactors A and B from day 11 to 25.

Reactor B
Reactor A
1.61 (1.93*)
1.61 (2.25*)
Volumetric hydrogen production rate (L-H2/L/day)
42.7 I 54.0
50.7 I 46.0
% ofH2/C02
-340
Oxidation Reduction Potential (mV)
-320
Reactor VSS (mg/L)
3,160
3,000
Effluent (system) VSS (mg/L)
1,400
1,780
2.26
1.75
Solids retention time, SRT (days)
0.91
Fraction of sucrose consumed
0.90
19.5
21.9
COD reduction(%)
0.51 (0.61 *)
0.54 (0.75*)
Specific hydrogen production rate (L-H2/g-VSS/day)
0.09
(0.11 *)
Conversion efficiency (L-H2/g-COD)
0.09 (0.13°)
1.52 (1.81 *)
Hydrogen yield (mole ofH2/mole of sucrose)
1.53 (2.15*)
19.0 (22.6*)
19 .1 (26.9')
% of theoretical yieldt
the maximum value obtained from operation from day 11 to 25
ttheoretical yield from acetic-producing hydrogen fermentation is 8 mole of H 2/mole of sucrose,
0.52 L-H2/g sucrose, or 0.47 L-H2/g COD

Microbial Populations
Samples were obtained on a regular basis from the two continuous flow reactors operated at a
volumetric loading rate of 20 g COD/L/day and from the heat-treated inoculum used to seed
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the reactors. Samples collected were analyzed with T-RFLP. Results (Figure 6) indicate that
two major groups of Clostridium species were dominant in both reactors during the first 15
days of operation. The first dominant Clostridium group contained one or more of the
following species: C. beijerinckii, C. botulinum, C. putrificum, and C. sporogenes. The
second dominant population was identified to be Clostridium butyricum.
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Figure 6: Relative levels of dominant Clostridium groups in Reactors A and B. Clostridium
group 1 contained one or more of the following species C. beijerinckii,
C. botulinum, C. putrificum, and C. sporogenes (a), Clostridium group 2
contained C. butyricum (b). Sum of relative abundance of both Clostridium
groups identified (c), and total abundance of Bacillus species identified (d). Area
% represents the relative population abundance.
Clostridium tetanomorphum was found to be predominant m the inoculum after heat

treatment, but was not present above the detection limit in either one of the reactors. There
was a positive correlation between total abundance of the identified Clostridium species

50
(Figure 6c) and hydrogen production (Figure Sb) during the first 15 days of operation in both
reactors. In other words, a decrease in hydrogen production coincided with a decrease in the
total levels of Clostridium species, and vice versa. But after day 18, the two identified

Clostridium groups ceased to be dominant in Reactor B although the hydrogen production
remained stable. A Bacillus species, Bacillus laveolaticus (another spore former), became
dominant after day 15 in Reactor B and the same species became dominant in Reactor A after
day22.

Performance of Reactors
A summary of reactor performance data is reported in Table 1. Since the VSS in the effluent
was higher for Reactor A than for Reactor B (1,780 and 1,400 mg-VSS/L, respectively), it is
likely that heat treatments of sludge in Reactor A affected the settleability. Consequently, the
SRT for Reactor A was lower than the SRT for Reactor B. On average, the percentage of
hydrogen in the biogas of Reactor A was approximately 8% greater than for Reactor B since
the specific hydrogen production and conversion efficiency were greater in Reactor A than in
ReactorB.
Acetate, propionate, butyrate, ethanol, and butanol are the most common fermentation
products produced by Clostridium species (Minton et al., 1989). In this experiment, the
combination of butyrate, acetate, and propionate accounted for 98% of VF As determined in
terms of COD, and butanol, ethanol, and propanol constituted additional major products
(Table 2).
Table 2:

Reactor
A
B

Comparison of the percentage of metabolic products and unutilized carbohydrate
(on a COD basis) of hydrogen production in Reactors A and B from day 11 to day
25.
Soluble
COD

Butyrate

100
100

17.21
15.42

{%)

{%}

Acetate

{%}

13.97
12.83

Propionate

(%)

5.23
7.08

Butanol

{%}

2.17
2.79

Ethanol

(%)

1.77
2.07

Propanol

(%}

0.12
0.03

Unutilized
Carbohydrate

(%)

13.86
13.05
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Figure 7 shows the distribution of the major metabolic products for the duration of the
experiment. Similar amounts of metabolic products were obtained in both reactors after
operation in batch mode on the first day of operation.
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From days 4 to 8, no biogas production (Figure Sa) was observed for Reactor A, but VFAs
continued to be produced (Figure 5d). The amount of acetate was particularly high, up to
4,322 mg/L, and accounted for 70% ofVFAs present. Homoacetogenic clostridia, such as C.

thermoaceticum, C. thermoautotrophicum, and C. magnum (Minton et al., 1989), have the
ability to convert glucose or sucrose to acetate. They can also grow autotrophically using
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hydrogen and carbon dioxide to produce acetate.

It is possible, that homoacetogenic

clostridia were important during this time period, although T-RFLP data (see above) did not
detect these bacteria. However, on day 11, hydrogen production resumed. In repeated
experiment (data not shown), similar results were obtained. This observation indicates that
repeated heat treatments during the early stage of operation are not necessary.
Since the difference in hydrogen production between Reactors A and B was minimal, we
hypothesize that the amount of the return sludge heated in each cycle was too small (only one
third of the return sludge was heated), that the heat treatment was performed too frequently
(three times a day), and/or that a long lag phase after repeated heat treatments may have
prevented good performance. Heat treatment at 90°C for 20 min. kills most vegetative cells,
leaving only spores. However, since only one third of the return sludge was heat treated, the
two-thirds of return sludge that were not treated may have contained sufficient amounts of
non-hydrogen producing organisms to diminish hydrogen yields.

The frequent heat

treatments might have prevented all surviving spores to germinate and grow up to sufficient
levels since germination of spores talces some time (60 to 90 min.; Doyle et al., 1989) and
heat treatment eliminates all vegetative cells, including those of hydrogen-producing spore
formers. A long lag phase may also have been responsible for the poor performance since
results from batch experiments indicated that the seed sludge that was subjected to heat
treatment exhibited a lag period of about 14 hours at pH 5.5 (Figure 3). Another set of batch
experiments (data not shown) conducted using an inoculum subjected to heat treatment at
100°C for 15 min. and repeated heat treatments at 90°C for 20 min. demonstrated a lag
period of 18 hours. With a relatively long lag phase compared to the short SRT of 1.9 days
(averaged) in Reactor A, the limited improvement in performance by Reactor A, relative to
the performance by Reactor B was not surprising.
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CONCLUSIONS

Sustainable hydrogen production was achieved by using a combination of pretreatment of the
inoculum and repeated heat treatments of the biomass in anaerobic bioreactors. Operation
with relatively high total VFA concentrations (around 6,000 mg/Las acetic acid) is preferred
to ensure additional inhibition of hydrogen-consuming microorganisms, such as methanogens.
It was necessary to apply repeated heat treatments to the return sludge in continuous flow
reactors to maintain hydrogen production. However, our results suggest that a larger portion
of the return sludge should be heated (larger than the one-third fraction used in this study)
and that less frequent heat applications may be beneficial (less frequent than once every 8
hours). Our future work will evaluate if such modifications will improve specific hydrogen
production rates, conversion efficiencies, and hydrogen yields. We will also continue to use
T-RFLP and introduce additional microbiological techniques to evaluate if our hypotheses
with respect to selection of spore-forming, hydrogen-producing bacteria are valid.
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CHAPTER 4. GENERAL CONCLUSIONS

General Discussion
This study evaluated the implications of heat treatment on hydrogen production in
mixed microbial communities through series of batch and continuous experiments. Although
the use of mixed cultures is a more realistic approach for hydrogen production from real
wastes, it encounters challenges such as shift of metabolic pathways to produce solvents
instead of hydrogen and acids, co-existence of hydrogen producers and hydrogen consumers,
especially methanogens and sporulation of hydrogen producers, such as Clostridium sp. (Lay,
2000). Methanogenic activities can be suppressed by lowering the pH of bioreactor to below
an optimum pH range of methanogens, which is in the range of 6.8-7.4 (Grady et al., 1999).
Because of the ability of hydrogen producers, especially Clostridium sp., to form spore, heat
treatment may help to eliminate non-spore-forming hydrogen consumers.

For many of

Clostridium sp., hydrogen production has been reported to occur in exponential growth phase
and solvent production in stationary phase (Minton and Clarke, 1989). Spore formation also
corresponds to solvent production. By operating the bioreactor in the exponential growth
phase, a shift of metabolic pathways towards solvents production and sporulation of
hydrogen producers can be minimized.

Based on the experimental results, some of the

important findings are elaborated in the following paragraphs
The batch experiments suggested the necessity of initial heat treatment as a selection
pressure to eliminate non-spore-forming hydrogen consumers and to select for spore-forming
hydrogen producers. Without heat treatment, hydrogen production did not sustain when the
bioreactors were operated for extended period of time. In this study, heat treatment at 100°C
for 15 min. was used as a selection pressure, whereas heat treatment at 80°C for 10 min. was
also reported by other researchers (Doyle, 1989; Alexander, 1977). Repeated heat treatment
was used as a mean to perpetually select for spore-forming hydrogen producers and to
eliminate hydrogen consumers. Repeated heat treatment was also employed as a mean to
activate spores germination in terms of rate and number. Different combinations of heat
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activation temperatures and times were reported for Clostridium sp. (Doyle, 2002; Hui et al.,
1994; Doyle, 1989), ranging from as low as 80°C for 10 min. to as high as 100 °C. Results
suggested that repeated heat treatment had helped to sustain a higher hydrogen production
compared to those without repeated heat treatment. From the batch studies, it was also found
that pH of 5.5 was the optimal for biohydrogen production using mixed microbial cultures.
In the continuous experiments, organic loading rate (OLR) played an important role
}

in biohydrogen production.

At the loading rate below 6 g COD/L/day, biohydrogen

production was reduced due to the occurrence of hydrogen consumers e.g. methanogens,
even though the biomass was subjected to initial heat treatment at 100°C for 15. min.,
repeated heat treatment at 90°C for 20 min. and the bioreactor operation at pH of 5.5. Since
only a part of the biomass was heated each time, methanogens might have a chance to
survive. At higher loading rate to 20 g COD/L/day, biohydrogen production was maintained
without methane production. In spite of a higher percentage of hydrogen, the performance of
the reactor with repeated heat treatment was similar to that of the reactor without repeated
heat treatment. In addition, higher hydrogen production was achieved with repeated heat
treatment in the batch experiment, but the continuous experiment did not show any
significant improvement in hydrogen production. The author hypothesized that the increase
in volatile fatty acids (VFA) to approximately 6,000 mg/L as acetic acids in continuous
bioreactor may have caused inhibitory effect on hydrogen producers.
A longer lag phase was observed when the mixed cultures were in the bioreactor for a
longer period of time. With a longer lag phase, a large portion of biomass was under
development to the vegetative cells. Heating the return sludge in the activation chamber for
every cycle of feeding might have a detrimental effect on spore germination, and may have
damaged the cells, as well.
T-RFLP suggested three groups of Clostridium and one Bacillus populations were
present in the two reactors with and without repeated heat treatment. Initial heat treatment at
100°C for 15 min. could be used to select for Clostridium sp. since the abundance of the
Clostridium sp. increased significantly after heat treatment.

The populations inside the

bioreactors varied considerably in spite of the stable hydrogen production; however, the
bioreactor with repeated heat treatment had more Clostridium sp. than the bioreactor without
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repeated heat treatment. A positive correlation was observed between the total abundance of

Clostridium sp. and hydrogen production.
In conclusion, initial and repeated heat treatments could be used as a selection

pressure to select for hydrogen producers and to minimize the competition posed by
hydrogen consumers. However, the frequency of applying the heat treatment needs to be
adjusted in order not to pose a detrimental effect on spore germination and on vegetative
cells.
Recommendation for Future Research
Volatile fatty acid (VFA) in the bioreactor can be good and bad. The positive side of
VFA is that it inhibits the methanogenic activities at high concentration (Grady et al., 1999).
The negative side is that high VFA concentration may also suppress biohydrogen production
since major byproducts of hydrogen fermentation is VFA. More research is needed to find
the level of VFA in the bioreactor that triggers inhibition of methanogenesis but not
hydrogenesis. It is also important to identify and quantify the individual VFA components,
such as acetic, propionic, and butyric acids that pose inhibition to hydrogen producers.
To reduce VFAs inside the bioreactor, one of the strategies is to operate the
bioreactor at shorter hydraulic retention time (HRT). This strategy thus helps to wash-out the
accumulated VFAs from the bioreactor. Further study is needed to examine the effect of
HRT on biohydrogen production.
However, decreasing the HRT of the bioreactor may pose another problem, i.e.
excessive loss of biomass. To maintain high biomass level in the bioreactor, two types of
reactor configurations can be used.

Anaerobic Baffled Reactor (ABR) is an anaerobic

bioreactor that is divided into series of compartments. When the bioreactor is in settling
mode, supernatant is allowed to overflow over the baffle from one compartment to another,
thereby preventing the loss of biomass. Anaerobic Membrane Reactor (AMR) is another
type of reactor system that allows retention of biomass.

Thus, high biomass ·can be

maintained in the reactor without fearing the biomass loss from the reactor. To prove these
hypotheses further studies are needed.
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There are several reports of using a variety of combinations of heat treatments,
ranging from as low as 80°C for 10 min. to as high as 100°C, to reactivate the germination of
spore. Since the findings are mainly confined to Clostridium botulinum and Clostridium
perfringens-two human pathogens (Doyle, 2002), it will be good if similar kinds of studies

are developed for the mixed cultures.
Repeated heat treatment of the return sludge in the activation chamber at every cycle
of feeding may be too excessive and can cause a detrimental effect on vegetative cells. The
study of repeated heat treatment with less frequent repeated heat treatment may produce
interesting results. The interval can be set whenever the hydrogen production drops to preset
value, and then the heat treatment will be applied to the returned sludge.
By heating only one-third of the sludge in the reactor, non-spore-forming hydrogen
consumers or non-spore formers that compete for the same substrate might have survived and
grew in the reactor. Heating of the whole sludge from the reactor may increase the hydrogen
yields. Further study is needed to verify this hypothesis.
Clostridium sp. may not be the only species that is responsible for hydrogen

production in the studied bioreactors; other species of anaerobic/facultative bacteria, such as
Bacillus sp., can also produce hydrogen. During the operation of the bioreactors in Chapter

3, some periods of the operation showed variations of Clostridium sp. levels while hydrogen
productions were stable. In those periods, other bacterial species might be responsible for
hydrogen production. If we are able to use microbiological (isolation and testing for its
ability to produce hydrogen) or molecular microbiological methods to identify those species,
we will have better understanding of the optimal conditions for biohydrogen production in
mixed culture communities.
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