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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express of implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



ii

EXECUTIVE SUMMARY

Rationale

Methane fermentation has been in practice over a century for the stabilization of high strength
organic waste/wastewater. Although methanogenesis is a well established process and
methane –the end-product of methanogenesis is a useful energy source; it is a low value end
product with relatively less energy content (about 56 kJ energy/g CH4). Besides, methane and its
combustion by-product are powerful greenhouse gases, and responsible for global climate
change. So there is a pressing need to explore alternative environmental technologies that not
only stabilize the waste/wastewater but also generate benign high value end products. From this
perspective, anaerobic bioconversion of organic wastes to hydrogen gas is an attractive option
that achieves both goals. From energy security stand point, generation of hydrogen energy from
renewable organic waste/wastewater could substitute non-renewable fossil fuels, over two-third
of which is imported from politically unstable countries. Thus, biological hydrogen production
from renewable organic waste through dark fermentation represents a critically important area of
bioenergy production. This study evaluated both process engineering and microbial physiology
of biohydrogen production.

Challenges

While the microbes that produce hydrogen from organic wastes are readily available in nature,
studies to date are mostly conducted using aseptic organic medium and pure culture of hydrogen
producing bacteria primarily Clostridium sp. With pure culture, hydrogen yield of over two
moles per mole of glucose was obtained in the dark reaction. However, to realize the potential of
fermentative hydrogen production from organic wastes, an enriched microbial culture of
hydrogen producers needs to be developed. In addition, the following technical barriers must be
addressed. They are:

 Understanding the competitive growth of hydrogen producers and hydrogen consumers in a
mixed culture environment;

 An in-depth understanding of the biological pathways relevant to hydrogen production;
 Improved bioreactor design and operation parameters to overcome biological limitations; and
 An identification, isolation, and enrichment of key hydrogen producing microbes capable of

fermenting organic waste/wastewater efficiently;

Research Goals

The goal of this project is to develop an anaerobic fermentation process that converts negative-
value organic wastes into hydrogen-rich gas that can significantly enhance the economic viability
of many processes, either by utilizing hydrogen as a fuel source or as raw material for industries
that consume hydrogen. This research project aims to contribute to the advancement of DOE's
goals to "produce hydrogen from renewable energy resources at a cost of $l0-$15 per million
BTU for direct renewable systems without significant carbon dioxide emissions. The specific
goals of the research were:
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 To develop a strategy for selective growth of hydrogen producing Clostridium sp.
 To investigate the heat treatment of bacterial mass at different combinations of time and

temperature to examine its effect on biohydrogen production.
 To evaluate the process engineering components, e.g. reactor configuration, pH, hydraulic

retention time, biokinetic study.
 To identify and quantify the hydrogen producing microbes using molecular techniques, such

as terminal restriction fragment length polymorphism (T-RFLP), polymerase chain reaction
(PCR), and fluorescence in-situ hybridization (FISH).

Technical Approach

Early phase of this study was conducted using a series of serum bottles to find the optimum
operating pH and heat activation temperature. The finding of the tests was used in developing a
continuous-scale fermentor. In all these experiments, anaerobically digested sewage sludge from
Ames wastewater treatment was used an inoculum after heat treatment at 100 oC for 15 minutes.
Hydrogen-producing bacteria have the ability to form heat-resistant endospores during heat
treatment and helped to eliminate non-spore-forming hydrogen consumers such as methanogens
and allowed the selective growth of spore-forming bacteria, such as Clostridium species.

The continuous-scale fermentor was initially operated without repeated heat treatment of reactor
biomass (microbes). When the hydrogen production showed decreasing trend, about one-third of
the reactor biomass was given a heat treatment at 70oC for 15 minutes in an external heat
activation chamber and returned back to the fermentor. In another phase of continuous study,
100% of the reactor biomass was heat treated because two-third heat treatment was not fully
effective to eliminate the hydrogen consumers.

A series of batch tests were conducted to determine the biokinetic parameters. A modified
Gompertz equation was used to determine the biohydrogen gas production rate. The yield
coefficient of substrate to byproduct (Y) was applied between biohydrogen production rate and
substrate removal rate. Monod equation was then applied to determine Ks and kmax.

A nucleic acid based technique - DNA fingerprinting method called terminal restriction fragment
length polymorphism (T-RFLP) was used to identify the abundant populations in a complex
microbial community background. This method involves the extraction of DNA from the
biomass samples and the amplification of the 16S ribosomal DNA (16S rDNA) gene using the
polymerase chain reaction (PCR) with appropriate primers. The forward primer was labeled
with fluorescein. The fluorescently labeled PCR products were digested with restriction
enzymes HaeIII, MspI, and RsaI. The fluorescently labeled terminal restriction fragments
obtained in this manner were separated by gel electrophoresis.

Sporulation of the hydrogen producing bacteria was studied. Staining techniques was used to
determine if a bacterium is capable of producing endospores. The Schaeffer-Fulton method was
used for spore staining. In this method, heat was used to force a malachite green stain into
spores followed by safranin staining at room temperature to counterstain the vegetative cells.
The bacteria containing spores was observed using microscopy as red cells with green spores and
bacteria not containing spores appeared as red cells.
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Findings

In this research, both 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. A series of batch test results showed that a pH of 5.5 was optimum for
hydrogen production without any detection of methane. This pH was therefore selected in all
continuous phase of research. Batch tests also showed that heat treatment of seed inocula at 70-
90 oC for 15-20 minutes enhanced the hydrogen production by more than five times with respect
to control (without heat treatment). Such increase was likely due to more favorable conditions to
spore-forming hydrogen-producers by reducing nonspore-forming hydrogen consumers. In the
continuous-flow experiments, besides applying initial heat treatment at 100C for 15 minutes to
the inoculum, repeated heat treatment at 90C for 20 minutes was also applied to the return
sludge using external heat chamber.

A continuous stirred tank reactor (CSTR) was operated for about 140 days at a substrate
concentration of 20 g/L (sucrose) in a semi-batch feed at an HRT of 24 hr. The seed sludge was
preheat-treated at 100 C for 15 minutes followed by a series of heat treatment at 70 oC for 20
minutes. When heat treatment was applied to only one-third of total biomass and the reactor
showed no significant improvement in hydrogen yield. When all of the biomass was heat treated,
the hydrogen production rates increased from 5.0 L/day to as high as 13.0 L/day. The hydrogen
yields increased from 0.8 mole H2/mole sucrose to 2.3 mole H2/mole sucrose. Thus, the repeated
heat treatment was effective in selecting hydrogen producers and activating spore germination.

Based on biokinetic studies, the specific growth rates () of hydrogen producing bacteria were
found to be 0.10 hr-1, 0.176 hr-1 and 0.215 hr-1 respectively for sucrose, non-fat dry milk and food
waste (produce + deli). These values were significantly higher than that for hydrogen oxidizing
bacteria (0.055 hr-1). This suggests that hydrogen producing bioreactor could be operated at
much shorter HRT than the conventional methanogenic reactor. Thus, HRT could be one of the
important factors to select the predominance of hydrogen producers in anaerobic reactor.

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. The
studies showed that highest level of hydrogen was observed when the populations of Clostridium
Clusters I and II. Thus, repeat heat treatment of all biomass was necessary to achieve sustainable
hydrogen production. Clostridia are obligate anaerobic acidogenic bacteria that can form spores
(endospores) to protect themselves against unfavorable environmental conditions, such as high
temperature, however, when the favorable conditions return, they can geminate and become
vegetative cells.

After heat treatment of whole biomass from the continuous reactor at 70 oC for 20 mins, the
endospore numbers were found to decrease from 4.3 CFU/ml to undetectable level, which
corresponded with an increase of Clostridium clusters I and II population from less than 10% to
approximately 50% of the total population.

Recommendations
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Based on the findings of this study, the following recommendations are made for sustainable
biohydrogen production.

1. Although hydrogen production from carbohydrate-rich wastes is possible, there is a need
to understand the mechanisms of biomass degeneration during continuous bioreactor
operation.

2. Continuous development and testing of improved bioreactors is needed to achieve
breakthrough in higher molar yield of hydrogen production.

3. Factors trigging the dynamic shift in pathways from acidogenesis to solventogenesis need
to be identified.

4. A thorough microbial community profiling of the hydrogen-producing bioreactor is
needed to select the major hydrogen producing microbes.

5. Thus, more fundamental and exploratory research is needed to achieve continuous
hydrogen yield of over two moles per mole of sugar (glucose) to harness the potential of
hydrogen market.

Keywords: Biohydrogen production, heat treatment, spore formation, Clostridium
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PROJECT SUMMARY

The goal of the proposed project is to develop an anaerobic fermentation process that converts
negative value organic wastes into hydrogen-rich gas that can significantly enhance the
economic viability of many processes either by utilizing hydrogen as a fuel source or as raw
material for industries that consume hydrogen. This project will contribute to the advancement
of DOE’s goals “produce hydrogen from renewable energy resources at a cost of $2.60/kg at 
source without significant carbon dioxide emissions.” 

A series of batch test results showed that a pH of 5.5 was optimum for hydrogen production
without any detection of methane as evident from the highest hydrogen conversion efficiency.
Batch tests also showed that heat treatment of seed inocula at 70-90 oC for 15-20 minutes
enhanced the hydrogen production by more than five times with respect to control (without heat
treatment).

Based on biokinetic studies, the specific growth rates () of hydrogen producing bacteria were
found to be 0.10 hr-1, 0.176 hr-1 and 0.215hr-1 respectively for sucrose, non-fat dry milk and food
waste (produce + deli).

A continuous bioreactor was operated at a substrate concentration of 20 g/L (sucrose) and at an
HRT of 24 hr. The seed sludge was preheat-treated at 100 C for 15 minutes followed by a
series of heat treatment at 70 oC for 20 minutes. With heat treatment of only one-third of total
biomass, the reactor showed no significant improvement in hydrogen yield. However, when all
of the biomass was heat treated, the hydrogen production rates increased from 5.0 L/day to 8.3
and 13.0 L/day. The corresponding hydrogen yields increased from 0.85 mole H2/mole sucrose
to 1.42 and 2.2 mole H2/mole sucrose. Thus, the repeated heat treatment was effective in
selecting hydrogen producers and activating spore germination.

The microbial community analysis was conducted at University of Illinois Urbana-
Champaign during the experimental run time. The studies showed that highest level of H2 was
observed when the populations of Clostridium clusters I and II were active immediate after heat
treatment. Thus, repeat heat treatment of all biomass was necessary to achieve sustainable
hydrogen production. Clostridia are obligate anaerobic acidogenic bacteria that can form spores
(endospores) to protect themselves against unfavorable environmental conditions, such as high
temperature, however, when the favorable conditions return, they can geminate and become
vegetative cells.
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INTRODUCTION

The green house effect can be directly linked to fossil fuel combustion from coal-fired power

plants or automobiles. Coal alone supplies more than 56% of nation’s electricity.  So, there is a 

pressing need for non-polluting energy alternatives, which are reliable and affordable as well as

have minimum impact on our environment. As a sustainable energy supply with minimal or zero

use of hydrocarbons, hydrogen is a promising alternative to fossil fuel. It is a clean and

environmentally friendly fuel, which produces water instead of greenhouse gases when

combusted.

The waste streams from food processing plants such as corn, soybean, and meat processing

plants pose a major burden on the environment. Aerobic wastewater treatment, which is

commonly used for the treatment of these wastes, requires energy input to provide aeration. On

the other hand, anaerobic treatment does not require energy for aeration and provides the benefit

of energy production in the form of hydrogen or methane. By using bioreactors similar to the

ones used in methanogenic treatment, the economics of hydrogen fermentation may be favorable

compared to those of methane fermentation due to the faster reaction rates. Additionally,

hydrogen has a heating value of 61,100 Btu/lb, nearly three times that of methane (23,879

Btu/lb).

Some of the methods used to produce hydrogen do not accomplish the dual goals of waste

reduction and energy production (e.g., electrolysis, which involves electrically splitting water

into hydrogen and oxygen, or chemical methods such as cracking of hydrocarbons into

hydrogen). Furthermore, these methods require large inputs of electricity derived from fossil

fuel combustion. Because they use conventional polluting energy sources, they do not qualify as

alternative renewable energy sources. For global environmental considerations, microbial

hydrogen production or production of hydrogen by biological reactions, from renewable organic

waste sources represents an important area of bioenergy production.

Many scientific publications have reported on the groundwork for creating renewable hydrogen

production systems through either “biophotolysis” - hydrogen production through photo-
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synthetically splitting water – or the “dark” fermentation of low-cost substrates or wastes.

Producing hydrogen by the dark process is much simpler than the photo process on technical

grounds and the dark process generates hydrogen from a large number of carbohydrates

frequently obtained as refuse or waste products. There are three types of microorganisms

capable of hydrogen production. The first is cyano-bacteria. These organisms directly

decompose water to hydrogen and oxygen in the presence of light energy by photosynthesis.

This reaction requires only water and sunlight and generates oxygen for the earth. It is very

attractive from the viewpoint of environmental protection. However, natural-borne organisms of

these species examined so far show rather low rates of hydrogen production due to the

complicated reaction systems needed to overcome the large free energy (+237 kJ/mol hydrogen)

requirements. Another drawback encountered is the requirement of a carrier gas to collect the

evolved gas from the culture. Ready separation of oxygen and hydrogen is also an unsolved

subject.

Photosynthetic bacteria do not utilize water as the starting compound for hydrogen production.

Instead, they use organic substrates like organic acids. Compared to algal hydrolysis,

photosynthetic bacteria require much less free energy (+8.5 kJ/mol hydrogen for lactate) to

produce hydrogen and they can completely decompose organic substances. However, this

process requires high activation energy to drive hydrogenase, and the consequence is low solar

conversion efficiencies, typically not much higher than that for algal biophotolysis systems.

Anaerobic bacteria use organic substances as the sole source of electrons and energy, converting

them into hydrogen. The reactions involved in hydrogen production (Equations 1 and 2) are

rapid and these processes do not require solar radiation, making them useful for treating large

quantities of wastewater by using a large fermentor.

Glucose + 2H2O  2 Acetate + 2CO2 + 4H2 G = -184.2 kJ (1)

Glucose  Butyrate + 2CO2 +2H2 G = -257.1 kJ (2)

Since they cannot utilize light energy, the decomposition of organic substrates is incomplete.

The free energy of the above equation is –46 kJ/mol hydrogen reaching to the bottom of the

system. Further decomposition of the remaining organic substances (acetic acid) is not possible
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under anaerobic conditions. Nevertheless, these reactions are still suitable for the initial steps of

wastewater treatment and hydrogen production followed by further waste treatment stages.

Biohydrogen production from wastes requires comparatively less time than methane

fermentation, which means a smaller capacity of the bioreactor and lower capital costs for

construction.

Clearly, more research and development is required. If developed, H2 fermentations from

negative value organic wastes would be relatively low cost comparable to methane fermentation

(in the range of $4-8/MBTU) as they would use similar mixed-tank reactors. Thus, dark H2

fermentation of wastes could be competitive with fossil fuel-derived H2, providing a plausible

approach to practical biohydrogen production. However, most of the research on biohydrogen

production from organic wastes over the past two decades has focused on the use of

photosynthetic bacteria (Sasikala, et al., 1993). Benemann (1998) concluded that the dark

fermentation of wastes is a more promising approach to biohydrogen production than

photosynthetic bacteria. For the near-term, readily degradable liquid wastes appear to be the

most likely target for H2 fermentations.

A new fermentation process that converts negative-value organic waste streams into hydrogen-

rich gas has been developed by Biotechnology Research Group at Iowa State University (Van

Ginkel et al., 2001). The process employs mixed microbial cultures readily available in the

nature, such as compost, anaerobic digester sludge, soil etc. to convert organic wastes into

hydrogen-rich gas. An enriched culture of hydrogen producing bacteria such as Clostridia was

obtained by heat treatment, pH control and HRT control of the treatment system. The process

not only generates environmentally clean energy - hydrogen, but also stabilizes the waste. Thus,

the newly explored hydrogen fermentation technology could curtail the growing energy

insecurity and eliminate the global and local pollution problems resulting from an excessive use

of fossil fuels. The biohydrogen fermentation technology could enhance the economic viability

of many processes utilizing hydrogen as a fuel source or as raw materials.
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PROJECT GOALS AND OBJECTIVES

The goal of this project is to develop anaerobic fermentation process to convert negative value

organic waste streams into hydrogen-rich gas, which can be used as a fuel source or as a raw

material for industries that consume hydrogen. This project will contribute to the advancement of

DOE’s goals “produce hydrogen from renewable energy resources at a cost of $10-$15 per

million BTU for direct renewable systems without significant carbon dioxide emissions.”

The specific objectives of the project include:

 Development of different strategies for selective growth of hydrogen producing bacteria

(e.g., heat treatment, pH control, kinetic control etc.).

 To evaluate the hydrogen production potential of different reactor configurations.

 To identify and quantify the hydrogen-producing bacterial population in a complex

microbial community background using nucleic acid based technique.

 To quantify endospores in hydrogen producing bioreactor.
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EXPERIMENTAL METHODOLODY

Inoculum

The inocula for this study was 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 m) and kept at 4C prior to use.

Continuous Flow Stirred Tank Reactor (CSTR)

Design of CSTR

Two 5-liter completely-mixed anaerobic continuous flow reactors (Figure 1 and 2) (New

Brunswick Bioflo 2000, Edison, NJ), each equipped with a clarifier and a return sludge line,

were used for the continuous flow experiments. Two 5-liter continuous reactors with heat

activation chambers were operated in a semi-batch feeding mode to study the effect of frequency

of heat treatment of return settled sludge on hydrogen production rate. One reactor (R1) was

operated at a hydraulic retention time (HRT) of 24 hours, while the other reactor (R2) was

operated at a HRT of 12 hours. Both reactors received the same organic loading rate (OLR) of

20 g COD/L-day with sucrose as a carbon source. By controlling the same volume of substrate

(same dilution rate) and OLR in each cycle for both reactors, the feeding cycles per day for the

reactors with 24 and 12-hour HRT were 3 and 6, respectively. The pH values of the two reactors

were maintained at 5.5 throughout the experiment. The essential nutrients were also

supplemented with the organic substrate. In each cycle, one liter of settled sludge from the

settling tank was returned to each reactor. The reactors were seeded with inoculum which was

given heat treatment at 100 C for 15 minutes. Thereafter, selective heat treatments at 90 C for

20 minutes were applied to the return settled sludge once a day on Day 1, 2, 3, 4, and 14 to

compare with the previous data. The heat treatment was given to 2/3 of total sludge, leaving the

rest of sludge unheated in the reactor. To study the effect of heat treatment on the whole sludge,

on Day 30, both reactors were emptied, and the sludge was allowed to settle in the settling tank.
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Then, heat treatment of 90 C for 20 minutes was applied to the sludge and supernatant from

settling tank before returning to the respective reactor. Since both reactors were filled up to 5

liters by supernatant from the settling tank and the same volume of substrate was fed in each

cycle, there was same dilution effect in both reactors.

pH controller

C larifier5-L CSTR

Gas m eter

Activation
cham ber

KO H
NaO H HCl

Feed tank

4°C

Figure 1. Schematics of completely mixed fermentor
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Figure 2. Pictorial view of fermentor with settler and activation chamber

The pH of the reactor contents was controlled online at 5.5±0.1 through automatic addition of 5-

M NaOH or 5-M KOH and 5-M HCl. 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 100C for 15 minutes. 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. The ORP (Oxidation Reduction Potential) showed values between –250 to –400 mV for

R1 and–300 to–450 mV for R2 during both the runs. The optimum ORP has been reported to

be about –200 to –400 mV in anaerobic condition. During runs 1 and 2, samples were taken to

measure VSS, total VFA, individual VFAs, solvents, and alcohols. Biogas production and

composition of biogas was measured on a daily basis.

Gas meter

Clarifier

Activation
chamber

Clarifier

Front view Back view

Water bath
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Effects of activation temperature and heating duration on hydrogen yield

A series of batch experiments were also conducted to study the effect of activation temperature

and heating duration on hydrogen yield. The combination of temperatures of 50, 60, 70, 80 and

90 oC, and durations of 20 and 40 minutes were chosen. Seed sludge was obtained from the

reactor without activation chamber on Day 64 when hydrogen production was at its lowest rate.

A moderate substrate concentration of 6 g COD/L was selected in the experiment to minimize

product inhibition. Buffer and nutrient solutions were also added into batch bottles. Duplication

was also applied to every combination in the testing matrix.

CSTR with repeated heat treatment of settled sludge

The CSTR running at 24-hour HRT and receiving an organic loading rate of 20 g COD/L/day

was started-up at the end of July 2002. The reactor was operated in semi-continuous mode

feeding with three cycles per day. The pH was controlled at 5.5. After hydrogen production

declined below five liters per day, heat treatment at 70C for 20 minutes was applied to the

whole settled sludge. This level of heat treatment was based on the following batch experiment

which showed to reactivate hydrogen production. The objectives of this experiment were (1) to

corroborate if heat treatment of the whole settled sludge at 70 C for 20 min. can enhance the

hydrogen production in the continuous experiment and (2) to find if there is any correlation

between the number of endospores inside the reactor and parameters such as hydrogen

production, VSS concentration, and VFA concentration.

The CSTR experiments were continued until day 143 in which three experiments were

conducted –(1) running the reactor at only one cycle per day (the first experiment), (2) heat

treatment of the whole settled sludge, including attaching biofilm, at 70 C for 20 min without 1-

day time period to allow the sludge to be in the reactor (the second experiment), and (3) heat

treatment of the whole settled sludge at 70 C for 20 min with 1-day time period to allow the

sludge to be in the reactor (the third experiment).
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The first experiment was conducted during phase II (day 45 and 79) of the reactor operation.

This experiment was meant to find if enhancement of hydrogen could be achieved by

continuously shock-loading the reactor. The loading rate to the reactor and HRT was maintained

the same, i.e. 20 g COD/L/day of sucrose and 24 hours, respectively. Instead of dividing the

COD loading into three parts to feed the reactor for three cycles (i.e. 6.67 g COD/L-reactor), the

reactor received all COD loading at once (i.e. 20 g COD/L-reactor). At the end of each day, all

of the content inside the reactor was decanted to the clarifier. Two balloons (total volume of 6

liters) were used to equalize the negative pressure. Biomass was allowed to settle for 30 min.

before one liter of settled biomass and four liters of substrate with all essential nutrients solution

were pumped into the reactor. This also helped reducing VFA accumulation for approximately

five times due to dilution effect.

The second and third experiments were conducted during phase III (day 80 to 143) of the reactor

operation. In this period, the reactor was operated at three cycles of feeding per day. These

experiments were intended to find if enhancement of hydrogen production could be achieved by

heating (70 C for 20 min.) all of the biomass inside the reactor (both the biomass in mixed

liquor and the biomass attached to reactor’s wall).  The only difference between the second and 

third experiments was the duration of biomass in the reactor without feeding prior to heat

treatment. In the third experiment, biomass was allowed to be inside the reactor without feeding

for one day whereas none for the biomass in the second experiment. One-day waiting time was

intended for sporulation of hydrogen producing bacteria. Before heat treatment, the reactor was

disassembled and biofilm was scrapped off the reactor’s wall tomix with suspended biomass in

the reactor. All biomass was allowed to settle so that the final volume was approximately 0.5

liter before supernatant was removed. Using external heating chamber, the biomass was heated

at 70 C for 20 min. before immediately reintroducing back to the reactor. Sucrose and nutrient

solution were added into the reactor such that the final volume was 5 liter and substrate

concentration was 20 g COD/L. Before starting-up, the reactor head space was flushed with

nitrogen gas, and the pH was adjusted to 5.5. No decanting or feeding was applied during the

first day of the start-up.
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Anaerobic Baffle Reactor (ABR)

In another phase of study, a 3-compartmentalized anaerobic baffle reactor (ABR) (Figure 3) was

employed to study the biohydrogen production potential of synthetic wastewater at a high-

organic loading rate of 25 g COD/L-day. The wastewater consisted of sucrose as a carbon

source at a concentration of 3.1 g COD/L along with all essential nutrients. Relatively short

hydraulic retention time (HRT) of 3 hours was maintained during the test run. The effective

volume of each compartment is about 3 L. The three compartments were connected in series in

which the first compartment was equipped with an automatic pH and oxidation-reduction

potential (ORP) controller. This strategy thus helped to online control the pH values in the first

compartment in the range 5.45 to 5.55 and monitor the ORP online. However, in the following

two compartments, the pH values were not controlled. A semi-batch mode feeding was adopted

in the ABR. The mixing in each compartment was intermittent which was synchronized with

feeding cycle, i.e. mixing was allowed only in reaction period but not during feeding cycle. The

optimum mixing and feeding cycle was selected based on the results of series of tracer studies.

Before feeding period, the biomass was allowed to settle down in each compartment. Thus, only

supernatant overflowed into the following compartment and then out of the ABR. Such

operating strategy is believed to substantially reduce the loss of biomass from the reactor,

thereby enhancing hydrogen production. Seed sludge for this experiment was obtained from a

secondary anaerobic digester at local wastewater treatment plant (Ames, Iowa). The sludge was

kept at 4 C prior to the start-up of the experiment. Before seeding, the sludge was passed

through a sieve (30 Mesh), and it was heat treated at 100̊C for 20 minutes to inactivate non-

spore formers, especially methanogens. During 10 days of operation, total carbohydrates,

chemical oxygen demand (COD), total volatile fatty acids (VFA), volatile suspended solid (VSS),

mixed liquor VSS (MLVSS), and individual VFAs and solvents were measured.



11

Hydrogen

Sludge

effluent

influent

Hydrogen

Sludge

effluent

influent

Figure 3. Schematics of anaerobic baffled reactor

Two-stage Reactor

Design of two-stage reactor

According to our previous biokinetic study, hydrogen producing bacteria (Clostridia) were found

to have growth rates about 5 to 10 times higher than that of methane producing bacteria. During

the biokinetic study, the effect of high food to microorganism (F/M) ratio was also examined.

An interesting finding was that secondary anaerobic digester sludge was capable of producing

hydrogen in all biokinetic experiments. However, batch test indicated a descending trend of

hydrogen production potential when the same seed sludge was repeated used in the subsequent

runs during the batch experiment (Figure 4). In a continuous flow bioreactor system, hydrogen

production also showed declining trend at the later stage of reactor operation (Figure 5). Based

on these findings, it is hypothesized that Clostridia may have gone through a phenomenon

known as “degeneration” in which they lose their ability to produce hydrogen.  Therefore, 
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inoculating fresh mixed cultures may be a feasible way to maintain a sustainable hydrogen

production.
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Based on above hypothesis, two-stage anaerobic reactor has been proposed in this study. The

first-stage reactor is designed as hydrogen producing reactor whereas the second-stage reactor

will be employed to cultivate fresh seed culture to perpetually supply to the first one. The

schematic diagram of the two-stage reactor system is shown in Figure 6.

Figure 6. Schematic diagram of two-stage anaerobic reactor system

The hydrogen producing reactor has a total volume of 5 liters with active volume of 3 liters. The

second stage has a total volume of 22 liters, and the active volume is 18 liters. The significantly

higher reactor volume for second-stage reactor was adopted to culture the seed inocula similar to

the conventional anaerobic digester to prevent biomass wash-out. Besides, it is reasonable to

believe that the bigger volume of the second-stage reactor should able to supply sufficient

biomass for the first stage reactor.
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Start-up of two-stage reactor

The set-up of two-stage anaerobic reactor has been completed. This includes tubing connections,

arrangement of the pumps, flow rate testing, feeding tank installation, alignment of equipment

and reactor leaking test. The second-stage reactor, i.e. sludge developing reactor in the two-stage

system was started-up first. The second-stage reactor was started prior to the first-stage reactor

because it may take longer time to culture mixed anaerobic microbial biomass. Based on our

previous study on start-up of hydrogen producing reactor, i.e. the first stage reactor, we found

that the start-up of such reactor takes no more than two days.

The second stage reactor, which has an active volume of 18 L is being currently operated as

anaerobic sequencing batch reactor (ASBR). The seed inoculum for the second-stage reactor

was obtained from the city of Ames wastewater treatment plant facility, Iowa. The hydraulic

retention time (HRT) was maintained at 3 days. Non fat dry milk (NFDM) was used as a sole

substrate to provide carbon and nutrients sources for mixed microbial biomass. The organic

loading rate of 1 g NFDM/L/day corresponding to 1.03 g COD/L/day was fed to the reactor and

reactor will be operated at the final target organic loading of 10 g COD/L/day upon successful

start-up. During the start-up, the reactor pH was monitored on daily basis as a measure of

normal reactor operation. Besides the pH value, the daily biogas generation rate and its

composition will also be monitored in the future to judge the healthy operation of the reactor

during start-up.

Two-stage reactor with/without recycling of secondary digested sludge

Based on previous study, the hydrogen producing reactor with the intermittent addition of the

secondary digested sludge was operated continuously. In the previous study, hydrogen

production was determined by the addition of the secondary digested sludge. However, the study

of hydrogen production without the sludge addition was also conducted. This would help us to

understand the effect of the addition of the secondary digested sludge on the hydrogen

production. The hydrogen producing reactor was continuously operated according to the

previous study, but the addition of secondary digested sludge was stopped on day 19. The rest of
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the operating parameters were kept same as that of previous operating condition (i.e. with sludge

addition).

Kinetic Study

Since different substrates may have different growth kinetics of hydrogen producing bacteria.

Therefore, in order to understand the influence of types of substrates on growth kinetics, sucrose

and non-fat dry milk (NFDM) were used as a sole carbon source, respectively. A series of batch

test were conducted at different substrate concentrations (0-18 g COD/L for sucrose, 0-96 g

COD/L for NFDM and 0-32 g COD/L for food waste) evaluate the transient growth kinetics of

hydrogen producing bacteria. The pH values of the batch reactors were maintained at 5.5

throughout the experiment. The essential nutrients were also supplemented with the organic

substrate. The kinetic parameters such as growth yield (Y), half saturation constant (Ks), and

maximum specific substrate consumption rate (kmax) or maximum specific growth rate (umax)

were determined in this study. The biokinetic study was for both non-heated sludge and heated

sludge at 100 ºC for 10 minutes. In these experiments, the cumulative gas production was

recorded against time. The biohydrogen production was then calculated based on hydrogen

content of the biogas produced during the experimental period. Carbohydrate removal efficiency

and the final volatile fatty acids (VFAs) concentration were also evaluated at different substrate

levels.

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 GC-TCD

fitted with an 8’ by 1” stainless steelcolumn—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 100C, respectively. Methane and carbon dioxide

were analyzed by another GC-TCD fitted with a 3.3’ stainless steel column packed with Porapak 



16

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 100C, 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% H3PO4 (80/100 mesh). The temperatures of the injection port, oven,

and detector were 140, 100, and 140C, respectively, for individual VFA analysis, and 170, 70,

and 170C, 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

Microbial identification and quantification using nucleic acid based technique

(1) Terminal restriction fragment length polymorphism (T-RFLP)

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 oC overnight by adding 0.7 vol of

isopropanol and 0.5 vol of 10-M ammonium acetate to the volume of aqueous sample 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 oC. 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 16S ribosomal DNA (16S rDNA) gene

was performed using the extracted DNA with a fluorescently (FAM) labeled forward primer 27f
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and an unlabeled reverse primer 1392r (Liu et al., 1997). The PCR reaction mixture contained

1X PCR buffer, 2 mM MgCl2, 0.2 mM each of deoxynucleoside triphosphate (dNTP), 0.2 µM

each 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 µl. 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 oC, 1 min annealing at 55 oC

and 1.5 min extension at 72 oC 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), MspI (Roche), and RsaI (Panvera) for 3 h at 37 oC. 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 GeneScan 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.

(2) Fluorescent in situ hybridization (FISH)

Since T-RFLP provides only semi-quantitative estimation of population abundance, samples

were collected from the reactor once a week to perform fluorescent in situ hybridization (FISH)

to get a more quantitative result. A FISH experiment was performed on some of the samples

using probes specific for the Bacteria and Archaea domains to test the feasibility of using this

technique with bioreactor samples. Samples were collected from the reactor and preserved

(“fixed”) using paraformaldehyde before shipping to UIUC on wet ice. The samples were stored

at –80 oC until analysis. Fixed samples were applied to microscope slides and air-dried, then

hybridized with fluorescent-labeled, domain specific oligonucleotide probes for Bacteria (Eub

338, CY3-labeled) and Archaea (Arch 915, FITC-labeled). Following the hybridization, the

slides were washed to remove unbound probe, and the samples were counter stained with DAPI
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solution. Image analysis was accomplished with an epifluorescence microscope. Digital images

were acquired with a charge coupled device (CCD) camera.

(3) Sporulation study

Heating the reactor biomass improves reactor performance by improving hydrogen production.

In order to better understand the populations that survive the heating process (70 oC, 15 min), a

sporulation study was designed. A combination of the three fluorescent dyes DAPI, which stains

DNA and fluoresces blue, Mitotracker Green, which stains intercellular material and fluoresces

green, and FM 4-64, which stains cell membranes and fluoresces red was used according to

(Pogliano et al., 1999), with modifications in slide preparation. A variety of samples was used to

determine (i) if spores and cells could be observed in pure cultures of Clostridium spp., sludge

from hydrogen producing bioreactors, sludge preserved with paraformaldehyde and ethanol, and

(ii) if spores and bacterial cells could be enumerated. Initially, samples were added to a

microscope slide with stain solution (2:1) and immobilized by adding a drop of sterile 1 %

agarose before adding the coverslip, and the slide was placed on a heating block for 15-30

seconds until agarose remelted, then the coverslip was pressed firmly onto the slide to spread the

sample as thin as possible. Samples prepared in this manner were sometimes unevenly stained as

it was difficult to mix stain and cells properly on the slide. Also, since samples were observed

with a layer of agarose on top of them, they were difficult to resolve clearly with the microscope.

The technique was modified to mix the sample and stain within an eppendorf tube then a drop of

Citifluor antifade solution was added, and the sample was applied to the coverslip. Agarose was

added to the microscope slide and the sample was pressed together and heated to melt, then

pressed thin.

Besides, results from T-RFLP analysis of the microbial community demonstrated that hydrogen

production was at its maximum when the population of Clostridium cluster I and II organisms

was abundant. However, this population quickly declined to undetectable levels in the bulk

biomass of the reactors and became associated with the biofilm of reactor walls and stirrer. The

population became abundant and produced hydrogen following biofilm removal and heating (70
oC, 20 min). We hypothesized that the population of Clostridium cluster I and II bacteria had
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formed spores which could only be activated upon heating. Although it is known that

Clostridium may sporulate as a response to a decline in growth rate, the cause for sporulation in

our reactors is not known. We have considered that spore formation occurred as a response to

nutrient limitation imposed by competition with other populations. In order to better understand

the reasons for sporulation under conditions in the reactors, we designed a study to determine

sporulation characteristics of Clostridium species in our reactors.

In preparation for our study of sporulation dynamics, we conducted a trial study with sampling

and analysis of microbial spore formation to determine the proper sampling frequency and

dilution of biomass for spore counts and fluorescence in situ hybridization analysis. To prepare

the reactors, anaerobic digester sludge from the hydrogen producing reactors operated at Iowa

State University was used as inoculum. The sludge (which was kept at 4 C), was heated (100 C

for 15 min) to eliminate vegetative cells and nonspore formers and distributed in 50 mL aliquots

to four 500-mL stirrer flasks that had each been fitted with an anaerobic tube in one port, which

could be stoppered and used to sample headspace gas volume.

The inoculum was fed 250 mL of the medium containing 20 g sucrose L-1 daily for 2 days. For

the next 2 days the reactors were not fed, and on the third day the feed was changed to 10 g

sucrose L-1, and the reactors were fed daily for the next week. Samples were removed and

diluted 1X (no dilution), 5X, 10X, and 100X in substrate-free medium. From each dilution, 10

µL was transferred to a microcentrifuge tube, and 5 µL of the stain solution containing FM 4-64

(5 ug mL-1), DAPI (1 ug mL-1) and MitoTracker Green (MTG, 30 ug mL-1) in dilute media (20%

v/v). The sample-stain mixture was vortexed gently to mix and was transferred to a glass slide.

The slide was then passed quickly through the flame of a Bunsen burner to heat fix the sample to

the slide. At this time a drop of the antifade agent Citifluor (which reduces loss of dye

fluorescence upon exposure to light) was applied to the sample and a glass coverslip was placed

on the sample. Slides were placed in a cardboard box to protect from light until viewed under

the fluorescence microscope.



20

Quantification of endospores

In this attempt, heat treatment at 85 or 100 C was used as a mean to select for endospore.

Vegetative cells, including those of hydrogen producing spore forming bacteria if any, would be

inactivated by such heat treatment. After inactivation, a total plate count technique would be

used with the samples to find the number of survivors. It is most likely that only endospore

would survive from such heat treatment.

Total plate or viable plate count is a standard method for measuring the number of

microorganism in food samples. However, this method can also be adapted to environmental

samples. The number of bacteria (or fungi) is determined in terms of colony forming units

(CFU). Homogenized samples are diluted in series to have several dilutions (10-1, 10-2, 10-3, and

so on). Each dilution is inoculated (by spread plate technique) on the plate with Tryptic soy

agar (TSA). The volume of liquid inoculated determines the final dilution. After incubation at

desirable conditions (temperature, anaerobic or aerobic, and duration), the number of CFU on

each plate is counted. The ideal number of CFU on each plate is between 20 and 200 to prevent

possible contamination and overlapping of colonies. The number of bacteria (CFU per ml) in the

sample is determined by multiplying the number of colonies by reciprocal of final dilution factor

(ml plated x dilution factor). Incubation was conducted at 37C in an anaerobic condition for

two days.

Even though heat treatment at 70 to 80 C for 10 minutes was known to be adequate for isolation

or selection for spore forming bacteria from their spore forms (Doyle, 1989), some thermophilic

bacteria may survive under such a condition. Therefore, it would be wise to elevate the

temperature to 85 - 100 C for 10 minutes. The experiments were conducted using two

temperatures of 85 and 100 C to find the differences between the numbers of CFU per ml at

these two temperatures.

Because bacilli are also a group of bacteria that can form endospore, it would be wise to verify if

there are bacilli growing on the agar. Therefore, together with incubation in anaerobic condition,

incubation in aerobic condition was also performed.
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Quantifying Clostridia by clostridia differential agar

Clostridia differential agar (1 Liter contains 15 g tryptose, 5 g soya peptone, 5 g yeast extract, 1

g sodium metabisulfite, 1 g ferric ammonium citrate, 19 g agar, and 0.4 g D-cycloserine; pH was

at 7.6) was used as media to selectively culture clostridia. Sulfite in the agar serves as indicator.

Many clostridia have an ability to convert sulfite to sulfide. Since sulfide forms black metal

precipitates, there will be a black spot underneath each colony of clostridia. Total plate count

technique was used to enumerate the number of clostridia by counting black spots on the agar.

Incubation was conducted at 37C in anaerobic condition for two days.

Samples used in these two attempts were filtered secondary digested sludge from Ames water

pollution control facility. The same sludge has been used in all previous experiments.
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RESULTS AND DISCUSSION

Performance of CSTR

Heat treatment of 2/3 of total sludge in CSTR

The hydrogen production rate for both reactors is shown in Figure 8. Heat treatment at 90 C for

20 minutes was believed to eliminate vegetative and other non spore forming cells and leaving

behind spores, mostly of Clostridium sp. These spores (or endospore), however showed a lag

phase in germination after heat treatment as evident from a delayed hydrogen production in a

continuous experiment. The results from a series of batch experiment suggested that the lag

phase could last as long as 18 hours. The continuous experiments however showed a much

longer lag phase (4-5 days) due to higher volatile fatty acids (VFA) and low substrate

concentration.

During initial heat treatment on Day 1, 2, 3, and 4, hydrogen production shoot up significantly

for both reactors without showing any sign of lag phase. Similar results were also observed in

other sets of experiments. The reason for such observations was still unknown. The hydrogen

production rate then started to drop rapidly reaching the lowest on Day 5 followed by

progressive increase with 3.48 and 4.43 L H2/day on Day 12 for R1 and R2, respectively. After

hydrogen production again started to drop on Day 14, the return settled sludge from both reactors

was heated. Hydrogen production then started to pick-up with some lag phase. On Day 22,

hydrogen production rate reached the peak of 7.5 and 3.1 L/day for reactors R1 and R2

respectively. The average hydrogen production during a quasi steady state was 5.87 and 2.54

L/day for reactor R1 and R2, respectively. Heat treatment thus helped to activate germination of

spores and to eliminate of non-hydrogen producing cells. From this study, a cyclic profile of

hydrogen production rate was evident indicating that a true steady state could be difficult to

achieve in reality. Moreover, the higher hydrogen production rate for reactor R1 was believed to

be the result of higher substrate concentration in each cycle (6.67 g COD/L) compared to (3.33 g

COD/L) per cycle for reactor R2. Average substrate utilization of 99% was achieved for both

reactors after day 5.
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Figure1: Hydrogen Production per day from a loading rate of
20 g COD/L/day with selective heat treatment
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Heat treatment of 100% of return settled sludge in CSTR

In this phase of study, 100% of the sludge in both reactors was given heat treatment of 90C for

20 minutes on Day 30 (Figure 8). After heat treatment, the organic substrate accounting for one

cycle was fed to both reactors. The feeding to both reactors was stopped for 24 hours to allow

spore germination. On Day 31, the normal operation of both reactors was resumed, i.e. feeding

at 3 cycles per day and 6 cycles per day for R1 and R2, respectively. The result showed a

noticeable increase in hydrogen production rate from both reactors. The specific hydrogen

production rate on Day 36 for R1 and R2 increased by 222% and 685%, respectively, in

comparison to the average specific hydrogen production rate when only 2/3 of the return settled

sludge was heated (from 0.15 to 0.483 Liter H2/g VSS-day and from 0.06 to 0.471 Liter H2/g

VSS-day for R1 and R2, respectively). Average substrate utilizations of 97% and 99% were

achieved for reactors with 24-hour and 12-hour HRT, respectively, after day 36. VSS

concentrations of the two reactors were decrease from the average of 7430 and 9420 mg VSS/L

to 2550 and 3000 mg VSS/L for R1 and R2, respectively as a result of biomass washed out. A

8
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significant reduction in total biomass in the bioreactor increased the F/M ratio thereby availing

more substrate for hydrogen production. However, it was more likely that the 100% heat

treatment of sludge may have reduced competition for organic substrate in the reactors with other

non hydrogen producing heterotrophs, by allowing selective growth of hydrogen producers and

activation of the spore germination. Further investigation of microbial population is needed to

clarify these arguments. In conclusion, heat treatment of 100% return settled sludge enhanced

hydrogen production in comparison to 67% of the return settled sludge.

Effects of activation temperature on hydrogen yield

The selection of heat treatment at a temperature of 70C for 20 minutes was based on the

findings of batch studies using mixed microbial communities as shown in Figure 9 in which

heating the sludge at 70-90 C for 20 minutes resulted in the highest cumulative hydrogen

production.
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Figure 9. Effect of heat treatment of seed sludge on hydrogen production in a batch test
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Repeated heat treatment of settled sludge in CSTR

Figure 10 shows a plot of hydrogen production rates versus days of the operation. In phase II, it

was found that there was no significant improvement in hydrogen production obtained from

shock-loading and lowering of VFAs concentration inside the reactor. The VFA concentration

was increased from 8,837 mg/L as acetic acid at day 44 (at the end of phase I) to an average of

10,829 mg/L as acetic acid in phase II. It is believed that the high VFAs concentration caused

retardation of hydrogen production. The average hydrogen production rate was 4.6 L/day.

In phase III, heat treatment at 70 C for 20 min. was tested twice (the second and third

experiments). In the second experiment (without one-day waiting time), hydrogen production

rate increased from an average of 4.4 L/day prior to heat treatment to an average of 6.0 L/day

after the heat treatment and maximum of 8.3 L/day. In the third experiment (with one-day

waiting time), hydrogen production rate increased even higher with an average of 7.5 L/day after

heat treatment and maximum of 12.3 L/day. However, in both experiments, hydrogen

production rates did not reach a steady state condition but decreased after a few days after heat

treatment. Average VFA concentrations after heat treatment in the second and third experiment

were 6,355 and 6,757 mg/L as acetic acid, respectively. On average, more than 97% of

carbohydrate (sucrose) was consumed during both experiments.
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However, it is still inconclusive about the drastic increase in hydrogen production after heat

treatment. The results from endospore and microbial analyses are needed. If the endospore

analysis shows an increase in endospore with regarding to vegetative cells and the microbial

community analysis shows increases in hydrogen producing populations, heat treatment at 70 C

for 20 min. would most likely have contributed to higher hydrogen production.

Performance of anaerobic baffled reactor

The ABR (three compartments in series) designed to maintain high biomass concentration was

used as a hydrogen production reactor in this experiment. The reactor was operated with a

gradual increase in organic loading rate from 10 to 40 g COD/L/day and HRT of 9 hours. On day

31, the HRT was reduced to 7 hours. We hypothesized that by reducing the HRT, byproducts

such as volatile fatty acids could be washed-out from the reactor and may eventually prevent the

by products inhibition to the hydrogen producers. Non-fat dry milk (NFDM) was used as a sole

carbon source for microorganisms. The purpose of this experiment was to investigate the

feasibility of biohydrogen production using milk as a substrate. The experiment was started in

the middle of August. NFDM of 30 g was placed into each compartment to enhance the

germination of Clostridia in the beginning of start up. The organic loading rate was increased

from 10 to 30 g COD/L/day in 4 days. After 5 days of operation, the organic loading rate was

increased to 40 g COD/L/day.

Figure 11 shows the daily biohydrogen production and hydrogen percentage. From the Figure

10a, it was apparent that the biohydrogen production rate fluctuated significantly during day 1 to

day 7 thereafter remained fairly stable between day 7 and day 13 in the 1st compartment.

However, on day 15 and day 17, it dropped to as low as 0.5 L/day due to sudden increase in pH

as acid was run out. The possible cause was a detecting delay on pH sensor, and it resulted in a

continuous pH adjustment by pumping base and acid to maintain pH 5.5. Furthermore, acid was

run out and no acid could be added into the reactor. The biohydrogen production in the 1st

compartment picked up immediately on day 16 in spite of occurrence of pH shock in the
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previous day. However, the biohydrogen production was not able to pick up after day 17. The

biohydrogen production in 2nd and 3rd compartments was almost negligible.

In the 1st compartment, the maximum hydrogen percentage of 69% was observed on day 16

(Figure 10b). The hydrogen percentage however started to decrease continuously after day16

with sudden bump on day 23. For the 2nd and 3rd compartments, hydrogen percentage appeared

in the beginning but dropped at the later part of the experiment. In the early operation of ABR,

NFDM of 30 g was put into each compartment for helping the germination of Clostridia, which

resulted some hydrogen production. However, after day 15, hydrogen percentage was almost

negligible in the 2nd and 3rd compartment due to substrate deficient condition.

Previous studies showed that byproducts of anaerobic fermentation such as volatile fatty acids

(VFAs) could be one of the major factors to cause inhibition to the hydrogen producers. The

VFA concentration in each compartment is shown in Figure 12. The VFAs concentrations were

below 3000 mg/L as acetic acid in the first 15 days in the 1st compartment, and then began to

increase. As indicated earlier, in order to wash-out the VFAs from the reactor, HRT was reduced

to 7 hours on day 31. However, the COD loading rate was kept constant at 40 g/L/day. The

results indicated that VFA concentrations did not decrease appreciably. It was possible that HRT

of 7 hours was not short enough to wash VFAs out in the 1st compartment, and therefore the

biohydrogen production did not recover. The VFAs concentrations in the 2nd and 3rd

compartments were remained fairly constant at 3,500 mg/L as acetic acid.

Carbohydrate is the major substrate for Clostridia. Figure 13 presented the carbohydrate

removal efficiency, which is defined as the removal of carbohydrate in each compartment with

respect to influent carbohydrate concentration. The NFDM was found to contain over 50%

carbohydrate (data not shown). As evident from the figure, most carbohydrate has been removed

in the 1st compartment, and not much carbohydrate was left for Clostridia to consume in the rest

of compartments. It seemed to explain why little biohydrogen production was produced in the

2nd and 3rd compartment.



28

0
1
2
3
4
5
6
7
8
9

0 10 20 30 40

Time (days)

H
2

p
ro

du
ct

io
n

(L
/d

ay
)

C1

C2

C3

HCl run out HCl run out

0

10

20

30

40

50

60

70

80

0 10 20 30 40

Time (days)

H
2

co
nt

en
t(

%
)

C1

C2

C3

negative pressure

Figure 11. (a) Daily hydrogen production, and (b) Percentage of hydrogen (C1, C2 and C3

denote 1st, 2nd, and 3rd compartments, respectively)

(a)

(b)



29

0

1000

2000

3000

4000

5000

6000

0 10 20 30 40

Time (days)

V
FA

(m
g/
L
as

ac
et
ic
ac
id
)

C1

C2

C3

Figure 12. Total VFAs concentration in each compartment

92

93

94

95

96

97

98

99

100

0 5 10 15 20 25 30 35 40

Time (days)

C
ar
bo
hy
dr
at
e
R
em

ov
al
(%

)

C1
C2
C3

Figure 13. Carbohydrate removal rate in each compartment



30

Performance of two-stage reactor

Figure 14 shows the pH variation from the day the reactor was stared. As apparent from the

figure, the pH was continuously decreased. This was most likely attributed to the consumption of

the initial alkalinity present in the inoculum. From day 5 onwards, the substrate was

supplemented with alkalinity to maintain the pH close to 7.0 which is regarded optimum for

healthy operation of methanogic reactor.
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Figure 14. pH variation during start-up

The sludge developing reactor (the second stage reactor) of the two-stage system is in the start-

up phase. On day 43rd, the organic loading rate was increased to 2 g COD/L/day in order to

simulate the practical operational loading in a full-scale anaerobic digester. However, the

soluble COD removal efficiency was begun to drop with average removal of approximately 60%

or low. On the other hand, volatile fatty acids (VFAs) level was increased to around 1,700 mg/L

as acetic acid which suggested an unstable operation of second stage reactor. Therefore,

alkalinity in the form of sodium bicarbonate + potassium bicarbonate was supplemented for

buffering the reactor pH. The daily methane production was monitored as shown in Figure 15.

As apparent from the figure, the methane production constantly increased. This also suggested

that the sludge developing reactor has not reached steady state yet.
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Figure 15. Daily methane production

Figure 16 shows the daily biohydrogen production. As evident from the figure, the biohydrogen

production continuously decreased for the first three days after the termination of addition of

secondary digested sludge. However, biohydrogen production increased suddenly for unknown

reasons on day 24. In order to reflect the relationship between hydrogen production and the

biomass concentration, the biomass concentration along with hydrogen production was plotted in

Figure 17 In previous report, we showed that hydrogen production was directly related to reactor

biomass level. This association was also reflected in this phase of study. The increase in biomass

concentration from 1,300 mg/L to 2,300 mg/L, caused a corresponding increase in hydrogen

production from 0.7 L to 9.5 L.

Figure 18 presents the variation of individual volatile fatty acids (VFAs) with time. According

to the result, it was found that during the period of sludge addition, acetic acid production was

dominant after day 10. Even with no sludge addition, acetic acid was still the prevailing

byproduct. Stoichiometrically, this finding was somewhat contradictory, which suggests that the

metabolic pathway of acetic acid production is more favorable for the biohydrogen production.

One of the possible reasons could be the presence of abundance acetogenic bacteria that might

have produced acetic acid and therefore might have reduced the hydrogen production. The
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metabolic pathway of producing acetic acid was only demonstrated in the pure culture study.

The effect of propionic acid production was entirely insignificant in this study.

Sucrose, the pure carbohydrate compound, was used as sole carbon and energy source. The

carbohydrate removal efficiency was considered in this study and was plotted in Figure 19. The

carbohydrate removal efficiency was almost 100% while the biohydrogen production started to

drop under the condition of sludge addition (Figure 16). Furthermore, the carbohydrate

removal efficiency decreased followed by the biohydrogen production increase after ceasing the

addition of the secondary digested sludge. It seems that high carbohydrate removal efficiency

was not favorable for hydrogen production.
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Figure 16. Daily hydrogen production
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Figure 19. Carbohydrate removal efficiency with time

Kinetic Study

The modified Gompertz equation was used to determine the biohydrogen gas production rate.

The yield coefficient of substrate to byproduct (Y) was applied between biohydrogen production

rate and substrate removal rate. Monod equation was then applied to determine Ks and kmax.

The modified Gompertz equation is given by:

 












 


 1t-

P
eR

exp-expPH
m 

where:

H = cumulative hydrogen production, at incubation time t,

P = hydrogen production potential (mL), and

Rm = maximum hydrogen production rate (mL H2/hr)

Figure 20 shows a typical cumulative biohydrogen production curve at NFDM concentration of

96g COD/L.
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Figure 20. A typical cumulative hydrogen production curve in a batch experiment

Biohydrogen production rates at each different substrate concentration were estimated using

Gompertz equation and then Ks and kmax were determined using Monod equation as shown

below:

SKs
XSkmax

k





where:

k = substrate consumption rate (g substrate/hr),

kmax = the maximum specific growth rate (g substrate/g VSS/hr),

Ks = half saturation constant (g/L), and

S = substrate concentration (g/L)

Non-fat dry milk (NFDM)

In the previous report, modified Gompertz equation was adopted to determine the biogas

production rate. The biogas production rate of Clostridia initially present at spore stage was

determined by this equation. Then, the yield coefficient of biomass to byproduct (Y) was

applied between biohydrogen production rate and specific growth rate. Then, Monod equation

was used to determine Ks and kmax.

Rm

P
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Figure 21 shows the results of biohydrogen production rate at different initial NFDM

concentration. The hydrogen production rate showed a monod type correlation. The calculated

values of kmax, Ks, and Y were 0.25 hr-1, 18 g NFDM/L, and 0.08 g COD H2/ g NFDM,

respectively.

The carbohydrate removal efficiency at different NFDM concentration was plotted as shown in

Figure 22. The carbohydrate removal efficiency was found to decrease with increase in NFDM

concentrations. In particular, the efficiency at NFDM concentration of 96 g/L was as low as 1 to

2%. However, this low efficiency was probably attributed to the experimental error due to high

dilution ratio for measuring carbohydrate concentration according to phenolic method.
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Figure 21. Biohydrogen production rate at different initial NFDM concentration
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Figure 22. Carbohydrate removal efficiency at different initial NFDM concentrations

Sucrose

The modified Gompertz equation was applied to determine the biohydrogen production rate from

the cumulative biohydrogen production curve. The Monod type equation was used to simulate

hydrogen production rate at different substrate concentrations. The results are presented in

Figure 23.

Based on the biokinetic study, the specific growth rate (u), half saturation coefficient (KS), and

the biohydrogen yield were 0.10 hr-1, 1.00 g/L, and 0.008 mol H2/g VSS, respectively.

The carbohydrate removal efficiency at different sucrose concentrations was plotted as shown in

Figure 24. The carbohydrate removal efficiency was as high as 99% at initial sucrose

concentration of 4.0 g/L, and then began to decrease. Figure 25 shows the plot of removed

carbohydrate concentration versus initial sucrose concentrations. It was evident from the figure

that carbohydrate removal increased with an increased in initial sucrose concentration up to 8.0

g/L. Thereafter, it remained unchanged. This could be most likely attributed to product inhibition

(Heyndrickx et al., 1987) on hydrogen producing bacteria.
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Figure 23. Biohydrogen production rate at different substrate concentrations (The dot shows the

values obtained from the Gompertz equation and the line shows simulated results based on

Monod type equation).
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Figure 24. Carbohydrate removal efficiency at different initial sucrose concentrations
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Figure 25. Removed carbohydrate levels at different initial sucrose concentrations

The final VFAs at different initial sucrose concentrations were shown in Figure 26. It was

apparent from the figure that VFAs concentrations increased initially with increased in sucrose

concentrations, and then remained fairly unchanged at 1,700 to 1,800 mg/L as acetic acid. It is

important to point out that the final VFAs level closely followed the trend of carbohydrate

removal (Figure 24). This finding apparently suggests that VFAs might have possibly inhibited

the activity of hydrogen producing bacteria, and therefore hydrogen producing bacteria could not

further utilize the carbohydrate at high initial sucrose concentrations.
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Figure 26. Final VFAs concentrations at different initial sucrose concentrations
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Food waste

The modified Gompertz equation was applied to determine the biohydrogen production rate from

the cumulative biohydrogen production curve. The Monod type equation was believed to

simulate hydrogen production rate at different food waste concentrations. However, the

experimental results fail to fit Mood type equation. The results are presented in Figure 27. The

results evidently suggested that Monod type equation is not appropriate for complex organic

substrates, especially for high solid wastes.

The carbohydrate removal efficiency at different food waste concentrations is shown in Figure

28. An interesting finding was that the carbohydrate removal efficiency decreased progressively

with increase in food waste concentration up to 32 g COD/L. The corresponding lowest

carbohydrate removal efficiency was about 70%. The removal efficiency then increased to

around 80%, when the waste concentration was further increased to 56 g COD/L. Figure 29

shows the plot of removed carbohydrate concentration versus initial food waste concentrations.

It was evident from the figure that carbohydrate removal increased with an increased in initial

food waste concentration. The food waste concentration beyond 56 mg/L was not tested in this

study. This study suggests that the byproduct formed during food waste fermentation did not

impose any inhibition to hydrogen producing bacteria.

The final VFA levels at different food waste concentrations were shown in Figure 30. As shown

in the figure, VFA concentrations increased with increased in food waste concentrations.

However, the VFA curve showed a peculiar trend. The VFA level increased somehow linearly

up to 4 g COD/L of food waste followed by a plateau at 10 and 16 g COD/L of food waste and

finally an increasing trend beyond 16 g COD/L. Such trend evidently suggested that VFA

generation was somehow limited by the hydrolysis of the solid substrates. Moreover, the VFA

level as high as 3,000 mg/L as acetic acid did not inhibit the hydrogen production rate or growth

rate. This result however contradicted to our previous study with sucrose as substrate.
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Figure 27. Biohydrogen production rate at different food waste concentrations.
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Figure 28. Carbohydrate removal efficiency at different initial food waste concentrations
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Figure 29. Removed carbohydrate levels at different initial food waste concentrations
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Figure 30. Final VFAs concentrations at different initial food waste concentrations
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Microbial Ecology

Microbial population in the reactors with less frequent heat treatment

Terminal Restriction Fragment Length Polymorphism (T-RFLP) analyses were performed on

samples collected from two reactors, one with a 24-h HRT (R1) and the other with a 12-HRT

(R2). The reactor contents of these systems were exposed to less frequent heat treatments as had

been the case in earlier reactor studies. The fluorescently labeled universal bacterial primer was

changed from a location at the beginning of the 5’ end of the 16S rRNA (location 27 based on E.

coli numbering) to location 338 (based on E. coli numbering) in order to target a wider range of

bacteria in the RDP database. This was necessary because a large number of sequences in the

database do not have sequence information for the beginning part of the 16S rRNA. The new

restriction enzymes used were EcoRV, MseI and MspI. These enzymes were specially selected

to identify Clostridium populations in the reactors.

Figure 31 shows the hydrogen production of the two reactors over time. Recycled sludge (2/3 of

the whole sludge in the reactor) was heat treated at 90 oC for 20 minutes on days 1, 2, 3, and 14.

On day 30, the total biomass in the reactors was heat treated at 90 oC for 20 minutes. Figure 32

and Figure 33 show the changes in microbial population profiles with restriction enzyme MseI up

to day 30 for the two reactors. We were able to identify seven groups of populations using the T-

RFLP analysis (Table 2).

Although Clostridium populations (pop1) were dominant during the startup of the reactors, other

microbial populations dominated after six days of operation. This observation was similar to the

observations made with previous reactor runs. All the other populations identified are gram-

positive bacteria although it is somewhat surprising that some of them are present in the reactors

as they are aerobic bacteria (e.g., Gordonia, Norcadia). The populations most likely to be

functionally important in the reactors are the spore forming bacteria (e.g., Micromonospora,

Catellatospora, Saccharaspora, Actinokinesopra, Saccharopolyspora). Population 7, another

group of Clostridium species, was present towards the end of the reactor run and may be

responsible for hydrogen production in the reactors during the second half of the study.
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Figure 32. Microbial population change in the reactor with 24 HRT
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BR1: MseI
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Figure 33. Microbial population change in the reactor with 12 HRT

Table 2. Identified populations in the two reactors

Cut sizes with Restriction

enzymes Species

EcoRV MseI MspI

pop1 285/287 232 192 Clostridium

pop2 353/354 520 149Agromyces, Rathayibacter, Arthrobacter, Pseudonocardia

pop3 N/A 253 216Bacillus, Streptococcus, Methylomicrobium, Spirochaeta

pop4 349 516 145

Nocardia, Microbacterium, Clavibacter, Cellulomonas,

Micromonospora, Catellatospora, Gordonia, Rhodococcus

pop5 349 261 145

Kitasatospora, Sprillospora, Kineospora, Catellatospora,

Saccharaspora,

Actinokinespra, Saccharopolyspora, Gordonia, Mycobacterium,

Streptomyces, Corynebacterium

pop6 N/A 250 119Aneurinibacillus

pop7 345 503 197 Clostridium
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Microbial populations in the reactors without return sludge

Samples were obtained on a regular basis from one of the CSTR during operation at an OLR of

20 g COD/L-day and from heat-treated inoculum used to seed the reactors (anaerobic digester

sludge). The reactor was operated at a HRT of 24 hours for a 64-day period without heat

treatment of the return sludge. This experiment was a continuation of the reactor which was

operated in parallel with the reactor for which the return sludge was treated at 90oC for 20

minutes on a daily basis. Samples collected were analyzed with terminal restriction fragment

length polymorphism (T-RFLP).

Results indicated that two major groups of Clostridium species were dominant in the reactor

during the first 15 days of operation and a Bacillus species (another spore former) was dominant

from day 18 to day 25. Figure 34 shows the change in abundance for the major groups of

populations. Different numbers refer to different terminal fragment sizes obtained with T-RFLP

with restriction enzyme HaeIII. These terminal fragments refer to populations, which remain to

be identified. Fragment size 64 corresponds to a strain obtained from a desert, suggesting that

the corresponding organism may be a spore-forming bacterium. Populations corresponding to

fragment sizes 64 and 122 became dominant towards the end of the reactor run although the

reactor performance data showed that the hydrogen production remained stable after day 20.

Microbial population of inoculum before and after heat treatment

The T-RFLP results showed that the microbial community structures in heat treated (at 100 oC

for 15 minutes) and non-heat treated inoculum used to seed the bioreactors were quite different

(Figure 35). Although heating destroys vegetative cells and promotes spore formation, both

samples should have given a similar microbial population profile in the T-RFLP analysis. T-

RFLP results reflect the DNA abundance corresponding to specific population abundance, and

heat treatment should not have destroyed the DNA of any cells (heat treatment only kills the

vegetative cells).
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Figure 2: Change in microbial community in R2 (with restriction
enzyme HaeIII)
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Figure 35. Abundance of Population 1 and Population 2 in inoculum before and after heat

treatment (Population 1: Clostridium tetanomorphum, Population 2: not yet identified,

NH- Non-Heated inoculum, H- Heated inoculum, restriction enzymes HaeIII, MspI,

and RsaI were used in the T-RFLP analysis)

Figure 34.
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Therefore, it was hypothesized that germination of Clostridium tetanomorphum spores and

growth of this population during cooling down of the inoculum was responsible for the increase

in DNA of this population (as reflected by an increase in population abundance determined by T-

RFLP). To investigate this hypothesis, an experiment was carried out in which samples were

taken every 30 minutes interval during the cooling down period. The temperatures at each

sampling point were measured. Figure 36 shows the changes in the abundance of the major

populations during the cooling down period (results are only shown for restriction enzyme MspI).
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Figure 36. Change in abundance of microbial populations during cooling of inoculum (NH- non

heated sample, T100- Sample after heating to 100 oC, the term T-80 indicates the

sample cooled down to 80 oC)

The different color bars in Figure 36 represent different fragment sizes obtained with T-RFLP

corresponding to different microbial populations. Fragment size 519 represents Clostridium

tetanomorphum.

Results show that there was a major difference between the microbial community structures of

the non-heated sample and the sample heated at 100 oC. However, the microbial community
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structure did not change during the cooling down period (samples T100, T80, T65, T53, T45 and

T36). These results however, did not support our hypothesis that germination and growth was

taking place during cooling down. It could be possible that germination of Clostridium

tetanomorphum may have taken place during heating of the inoculum as it took around 30

minutes to raise the temperature of the inoculum to 100 oC.

Quantification of bacteria by FISH

Terminal restriction fragment length polymorphism (T-RFLP) was used to identify the abundant

microbial populations in the bioreactor operated with controlled repeat heat treatment. The

results showed the abundance of 3 groups of Clostridium sp. comprising of clusters I, III, and XI

during the reactor operation up to day 35. Since T-RFLP provides only semi-quantitative

estimation of population abundance, samples were collected from the reactor once a week to

perform fluorescent in situ hybridization (FISH) to get a more quantitative result.

DAPI binds cellular DNA regardless of activity; therefore, all cells (dead or alive) are visible

with the DAPI stain (Figure 37a). The same cells visible with the DAPI stain are visible with the

EUB 338 probe (Figure 37b). The oligonucleotide probes target small-subunit ribosomal RNA,

which may be more abundant in metabolically-active cells. Cells those are visible with the EUB

338-Cy3 are active bacteria (Figure 37b). The same sample (day 28 before repeat heat treatment)

was incubated with the Arch 915 probe, but TRITC-labeled cells were not observed, indicating

that levels of Archaea rRNA were too low to detect (data not shown). Samples from day 28

were chosen because H2 levels had decreased to 5% H2, and the possibility that methanogens had

began to grow in the system and were consuming H2 was considered. The lack of detectable

Archaea in the system supports T-RFLP analysis, which demonstrated that other bacteria began

to out-compete the Clostridium sp. as H2 levels declined. Heat treatment inhibited activity of all

organisms.
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(a) (b)

Figure 37. FISH of cells from day 28 of bioreactor operation. (a) DAPI-stained sample (blue). (b)

hybridized with CY-3-labeled bacterial-domain probe EUB 338 (red-orange).

Sporulation study

Resolution of sludge prepared in this manner was satisfactory to distinguish between cells, cells

containing endospores, and free spores (Figure 38); however, cells and spores were very difficult

to enumerate since the intensity varied and also the depth of the sample due to the agarose made

it necessary to focus in several planes to count total counts per area.

Another problem was that instead of being immobilized in agarose, some cells were mobile in

the Citifluor. Also, FM 4-64 stained cells were difficult to resolve (Fig. 38b), and use of this dye

is necessary in observing spores at the beginning of their development inside the cell (endospore

formation). Thus, slide preparation was again modified to attach samples to the slide with quick

heating over a Bunsen burner flame (“heat fixing”) so that addition of agarose was not necessary.  

Samples were mixed with stain solution (2:1) in an eppendorf tube and allowed to react for 5-10

min, then applied to the slide, then the slide was passed briefly over the flame, and the sample

was allowed to dry. Citifluor was added to the slide in the smallest amount possible, and the

coverslip was placed on the slide. The bacterial culture Clostridium aldrichii was observed in

this manner (Figure 39 a-f). Samples were observed with dual wavelength (Figure 39a) as well

as single wavelengths (Figure 39 b-d) to determine the best means of resolving cells and spores.

a b
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The dual wavelength should improve resolution by permitting observation of cellular contents,

which stain green with MitoTracker Green and cell wall, which stains red with FM 4-64.

Endospores were more distinct with the red FM 4-64 dye (Figure38 d) than MitoTracker Green

(Figsure 39 a, c). Cells stained with the nucleic acid dye DAPI were visible as blue (Figure 39b),

but spores were not well distinguished with this dye.

Since cells and spores could both be distinguished with FM 4-64, this image was annotated to

count spores (Figure 39e) and cells (Figure 39f). This counting technique will be used to

determine sporulation frequency (% of spores in a sample) by counting several fields and

summing total spores and total cells, then dividing spores by cells and multiplying by 100 %.

Reactor samples preserved in paraformaldehyde and ethanol were also observed, but it was

difficult to distinguish spores from cells (data not shown). Sludge samples were visible using the

heat fix technique, but the samples were too concentrated with biomass (data not shown) so we

will work on proper dilution of the samples to better observe and enumerate spores and cells in

the sludge matrix.
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Figure 38. Sludge sample from hydrogen producing reactors, observed with both MitoTracker Green and
FM 4-64 simultaneously (a) and with FM 4-64 only (b). Samples were prepared by mixing stain solution
with sample (2:1) in an eppendorf tube, reacting 3-5 min, adding 1drop CitiFluor antifade, and applying
to slide coverslip placed on a heating block (80 C). Agarose (20 µl, 1 %) was added to a slide and the
coverslip was attached. Bacteria, spores and endospores appear green in (a) and red in (b). The large
clusters of red circles (a and b) may be excess FM 4-64, since these circles do not have a green center like
other cells and spores (a).

free spores

endospores

a

b
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a
b

c
d

e f

Figure 39. Clostridium aldrichii pure culture (24 d) in stationary phase of growth, stained with Mitotracker Green, FM
4-64, and DAPI. Observed with both MitoTracker Green and FM 4-64 (a), DAPI (b), MitoTracker Green only (c), FM
4-64 only (d), FM 4-64 with spores annotated in yellow (e), and FM 4-64 with cells annotated in yellow (f). Scale bar
length, 10 µm. Spores are visible as bright red spots within red cells using FM 4-64 (d). Spore count (e) and cell count
(f) were 42 and 75, respectively. Spores and cells were annotated and counted using MCID Elite software program
interfaced with the Zeiss Axiovert microscope used in fluorescence mode.
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Samples were viewed and digital images acquired using a Zeiss Axioscope interfaced with a

digital camera and computer running the program MCID Elite v. 6.0. Filters of 385 nm (DAPI),

560 nm (FM 4-64), and 485 (MTG) were used. DAPI images provided the best resolution for

counting total cell number (Figure 40a, 41a). Spores were best visualized using FM 4-64 (Figure

40b, 41b). Sporulation frequency was calculated following equation.

Sporulation frequency = number of spores / number of cells x 100%

Image J analysis software was used to count total cells and spores. Results demonstrated that the

10X dilution was the only dilution suitable for counting, since cells were both numerous but

separated enough to count. Sporulation frequency for day 6, which was the second day of the 10

g sucrose L-1 feed, was 15 %, and six days later, the sporulation frequency had increased to 48 %.

Vegetative cells were mostly rods on day 6 and did not contain endospores, instead, spores were

only present as free spores. These reactors had not been fed on days 3 and 4. Spores present on

day 12 (the eighth consecutive day of feeding at 10 g sucrose L-1) were mainly observed as

bacterial endospores that were just beginning to form and were therefore very difficult to see.

Figure 40. Fluorescence images of day 6 microbial population. (a) DAPI stains nucleic acid, and this
image was used to determine total cell number. (b) FM4-64 stains cell membrane material and makes
spores more visible. These spores have been released from the mother cell (which lyses upon releasing
the exosporium). MitoTracker Green images are not included to maintain a smaller file size, but they
look exactly like DAPI images except the cell boundary is not as distinct.
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Figure 41. Fluorescence images of day 12 microbial population, which was fed 10 g sucrose L-1 for 6
days following the Figure 40 sample. (a) the DAPI image was used to determine total cells. (b) FM4-64
image in which bacterial endospores are observed. This image was obtained using a different filter than
in Fig 1b, which permits visualization of cells and endospores as red-orange and yellow, respectively.
Endospores appear as tiny red-orange dots at the terminal end of many cells, 1. Mitotracker Green images
are not included to maintain a smaller file size, but they look exactly like DAPI images except the cell
boundary is not as distinct.

Quantification of endospores

The results of are shown in Table 3. All conditions were duplicated.

Table 3. Experiment on quantification of endospore

Conditions Average of Log10 CFU per ml
85 C for 10 minutes in anaerobic environment 4.59
100 C for 10 minutes in anaerobic environment 4.07
Control—no heat treatment, anaerobic environment 5.61

From the table, it is apparent that there was approximately 1 log reduction of CFU per ml of the

samples that was given heat treatment of 85 or 100 C for 10 minutes with respect to the control

(without heat treatment). At the temperature of 100 C, the number of CFU per ml was less than

that at 85 C; therefore, heating at the temperature of 100 C for 10 minutes would be more



56

reliable as heat treatment to select for endospore. From this experiment, it was found that

approximately 10 % of total bacteria in the sludge sample were in spore form.

For bacilli quantification, the samples were heated at 85 and 100 C for 10 minutes prior to

incubation at 37 C in aerobic condition. Based on plate count, the CFU/ml of samples were

4.32 and 3.85 (on logarithmic scale), respectively. Many of these colonies were of bacilli. On

contrary, the plates incubated in anaerobic condition did not have colonies of bacilli (by

isolation). This indicated that heat treatment at 85 or 100 C for 10 minutes and incubation in

anaerobic condition would give the number of anaerobic spore forming bacteria

Quantifying Clostridia by clostridia differential agar

After inoculation on clostridia differential agar and incubation at 37 C in anaerobic condition,

the samples that had been heated for 85 and 100 C for 10 minutes. The CFU/ml of samples were

4.32 and 3.64 (on logarithmic scale), respectively, by counting the colonies that had black spots

underneath. As the number of black spots represented the clostridia, it can be seen that the

numbers of clostridia at both temperatures were only slightly less than the number of endospore

grew on Tryptic soy agar (Table 1).
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions
 An operational pH of 5.5 was found to be optimal for hydrogen production.

 Hydrogen producing bacteria have specific growth rates 2 to 4 times higher than the
hydrogen oxidizing methanogens.

 Both initial heat treatment of the seed inoculum and repeat heat treatments of the biomass
during the reactor operation promoted hydrogen production by eliminating non-spore
forming hydrogen consuming microorganisms and by activating spore germination.

 Sustainable hydrogen production was possible with pH control and repeat heat treatment
of settled sludge at 70 oC for 20 minutes.

 The endospore numbers were found to decrease from 4.3 CFU/ml to undetectable level,
which corresponded with an increase of Clostridium clusters I and II population from less
than 10% to approximately 50% of the total population.

Recommendations

Based on the findings of this study, the following recommendations are made for sustainable
biohydrogen production.

1. Although hydrogen production from carbohydrate-rich wastes is possible, there is a need
to understand the mechanisms of biomass degeneration during continuous bioreactor
operation.

2. Continuous development and testing of improved bioreactors is needed to achieve
breakthrough in higher molar yield of hydrogen production.

3. Factors trigging the dynamic shift in pathways from acidogenesis to solventogenesis need
to be identified.

4. A thorough microbial community profiling of the hydrogen-producing bioreactor is
needed to select the major hydrogen producing microbes.

5. Thus, more fundamental and exploratory research is needed to achieve continuous
hydrogen yield of over two moles per mole of sugar (glucose) to harness the potential of
hydrogen market.
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