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CHAPTER 1 INTRODUCTION

Biological hydrogen production seems to be a well studied process. Nandi and
Sengupta (1998) believe hydrogen production to be a well studied microbial process and
hydrogen to be a clean alternative energy source to fossil fuels. However, they also
believe there is not much demand for this process due to current inexpensive fossil fuels.
Yet, gas prices have risen dramatically in the year 2000.

It is the belief of this author that there will be a day when some clean alternative
energy source will be needed to replace fossil fuels. There is a wide range of figures
estimating the rate of depletion of the world’s fossil fuels. These reserves are finite. In
essence, it really does not matter when our fossil fuels will run out. What matters is —
will the world be ready for it?

Currently, there is little demand for alternative energy sources. However, as the
cost benefit ratio of fossil fuel exploration increases, fossil fuels will become more
expensive. This increased expense will increase the demand for alternative energy
sources whether they will be more expensive or less expensive than fossil fuels at that
particular time. A look at the 1970s oil shortage shows how expensive gasoline can be.
At that time, President Carter of the U.S.A. developed an alternative energy program but
it quickly lost interest as exploration tapped into new fossil fuel reserves. In spite of
fossil fuel exploration, according to Maugh (1972), fossil fuel production will not keep
up with demand and remaining reserves would be better used in the chemical industry
and not for their energy content.

It is the opinion of this author that the demand for alternative energy sources will
likely increase according to two scenarios. First, economically speaking, the alternative
energy source must be cheaper than conventional fossil fuel reserves. Second, the
pollution caused by fossil fuel combustion will become so destructive to the world as a
whole that fossil fuel combustion will have to be reduced.

In the first scenario, the only driving force is technology. The world’s
universities and research institutes, whether it be for economic gain or education will try

to develop alternative energy sources. This implementation will require research which
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involves equipment, time, and manpower, all of which costs money. So, the quesiton is -
who will pay for it? Many corporations will likely fund some grants for new research,
but to provide financial resources to try to replace fossil fuel consumption with
alternative energy consumption in this day will not happen unless some immediate
financial gain and other benefits result from introducing the process to the public. Itis
the opinion of this author that, at least in the heartland of the U.S., fossil fuels are
inexpensive and any pollution due to fossil fuel combustion has not caused enough
recognizable deleterious effects to warrant the current use of a nonpolluting alternative
energy source. In this regard, global warming has not been proven to the community at
large.

In the second scenario, the most evident pollution concern is probably global
warming due to the increased production of greenhouse gases. According to Maugh
(1972), about 90% of energy end use is supplied by the combustion of fossil fuels to
produce heat energy for transportation, industry, and homes. The other 10% is supplied
by electricity. The combustion of fossil fuels puts a variety of chemicals into the air
including carbon dioxide, carbon monoxide, sulfur dioxide, and nitrogen oxides. It is the
belief of this author, at least in the United States, that the combustion of fossil fuels in
power plants is one of the cleaner methods of fossil fuel combustion. At Jeast this form
of combustion is localized, so high expense/high technological pollution abatement
equipment could easily be implemented. On the other hand, regulations on the
combustion of fossil fuels by automobiles may be adequate when recognizing each
individual automobile, but this idea is severely outweighed by the number of automobiles
and the total number of miles driven.

No one can prove beyond any reasonable doubt that fossil fuel combustion causes
or increases the greenhouse effect which may lead to global warming, fluctuations in El
Nino and La Nina, hurricanes, flooding, tornadoes, etc. but it does seem that these natural
disasters are increasing in number. One point is clearly evident though - the world is
converting organic carbon (oil, natural gas, coal) into inorganic carbon (carbon dioxide)
at an ever increasing rate. According to Dr. Eugene Takle at Iowa State University, “If

wesexamineproxys,datagpwecangget very good estimates of the carbon dioxide levels over
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longer periods of time. At the time of the industrial revolution in the late 1700s, the
amount of carbon dioxide in the earth's atmosphere was about 270 parts per million. The
record showed that concentrations grew slowly until the 20th century but have grown
very rapidly since then, particularly in the last 50 years .” Between the years 1973 and
1985, carbon dioxide levels have risen from 30 to 350 parts per million. At this rate,
carbon dioxide levels will double by the year 2050. Some scientists agree that the debate
of global warming is now a non-issue, rather, we should just be concerned how to adapt
now that global warming is a reality (Takle, 2000).

Whether the plant life in the oceans, in the Amazon rain forest, or in the corn belt
can assimilate this addition of carbon dioxide is a question that can not be proved at the
moment. Some research suggests that typical Iowa crops will not benefit from global
warming caused by increased levels of carbon dioxide (Rosenzweig and Hillel, 1995).
However, ‘proof’ has never been an adversary to human technological development. The
greenhouse effect does not have to be proven and the finiteness of the world’s energy
resources does not have to be proven either. In this regard, one way to decrease global
warming is to replace traditional fossil fuel combustion with cleaner fuel combustion
such as the combustion of hydrogen gas. e

Currently, the production of hydrogen is 2.28 triiiion standard cubic feet (scf) per
;ear in the United States and the world produces 6 trillion scf (Maugh, 1972). According
to the Institute of Gas Technology, in 1968, the U.S. would have had to produce 60
trillion scf of hydrogen to provide the energy supplied by natural gas at that time (Maugh,
1972). This would require 1 million megawatts of electricity at current electrolyzer
efficiencies, currently three times the current U.S. electrical generating capacity. By the
year 2000, it is estimated that the U.S. would have to produce 295 trillion scf of hydrogen
to replace fossil fuels other than those used for generation of electricity. It is evident that
hydrogen production falls short in supplying this high demand for energy. However,
there are numerous technologies in place that could help bridge this gap (Maugh, 1972).

Currently renewable energy accounts for only 8% of the world’s energy source
while petroleum, natural gas, coal, and nuclear account for 39%, 24%, 23%, 7%

respectively=shlydropowergbiomass, geothermal, solar, and wind consist of 55%, 38%,
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Humans, in general, do not want to do without this energy source. So, there is a
need for nonpolluting alternative energy sources. In this paper, that alternative energy
source considered is hydrogen gas and the combustion product of hydrogen gas is a non-
pollutant, water. In addition, hydrogen can be directly used to produce electricity through
fuel cells without any combustion.

Furthermore, there is a need to eliminate biological and chemical wastes in an
environmentally friendly manner. Much of this waste is carried in water and is a product
of food processing. Some examples of this waste include waste from corn, soybean, and
rice processing plants. This waste is high in energy content as measured as COD and is
treated in conventional wastewater treatment plants. Aerobic wastewater treatment
methods could be used to treat this waste, but the energy content would be eliminated and
much energy to supply aeration would have to be added.

The need for an alternative energy source and the need for waste reduction can be
accomplished using an anaerobic digestion process that produces hydrogen as a fuel.
This is one purpose of this study. The hydrogen gas produced can be used in the
chemical industry for purifying petroleum products, to directly produce electricity by the
means of a fuel cell, and to start and warm gasoline fired automobiles (Ramachandran
and Raghu, 1998). It has been mentioned that most of the pollution from an automobile
engine arises from the first moments after starting a cold engine so starting and warming
an automobile engine using hydrogen would cut down significantly on this pollution
(Ramachandran and Raghu, 1998). K

There are many ways to produce hydrogen gas. Electrolysis involves splitting
water by an electric current into hydrogen and oxygen. Chemical methods include g
cracking hydrocarbons into hydrogen leaving lower molecular weight hydrocarbons |
behind. Yet, these methods do not accomplish the combined role of waste
reduction/energy production and furthermore, these methods require large inputs of
energy as electricity derived from fossil fuel combustion as well. This kind of hydrogen . *
of production does not fall under the alternative energy category since conventional

polluting energy sources were used to produce them (Maugh, 1972).
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would perish leaving only spores. Natural soil and ordinary compost were selected as
‘seed souréeg because of its widespread availability and because it is easy to obtain. Some
studies have used mixed cultures to produced hydrogen gas (Ueno et al., 1995;
Roychowdhury ez al., 1988). However, it seems most research in hydrogen production
involves pure cultures or mixed cultures of two to three pure strains (Sparling et al.,
1997; Brosseau and Zajic, 1982a; Kumar et al., 1995; Taguchi et al.,1992; Kalia et al.,
1994). These studies were carried out in a laboratory setting using simple substrates.
Unfortunately, in a full-scale reactor treating real waste, bacteria are present in the
wastewater that would contaminate any ‘pure’ culture. This is why ‘natural’ bacteria
were obtained. They cost very little as well. Yet, the problem remains of inducing the
formation of spores consistently in a full-scale reactor. Hence, this paper shall focus only
on the start-up phase of a full-scale reactor by studying batch tests. Maintaining
hydrogen-producing spore forming bacteria in a laboratory reactor will undoubtedly be
one of the subjects of later research if it is to treat wastewater. This maintenance may be
achieved by controlling the HRT or pH or by inducing shock loads of substrate or

inhibitory chemicals such as acetylene or 2-BEA.

Materials and methods

Seed source

Four types of bacterial seed sources were obtained in this study. Two different
types of soil were obtained from the Iowa State University Student Farms in Ames, Jowa.
The first type was soil in which potatoes were grown the previous season and the second
type was soil where soybeans werg grown the previous season. The soil was collected in
February and March. The ground was not frozen and the soil was obtained from a depth
of roughly two to eight inches. The other two types of seed source were compost
obtained from the Jowa State University compost facility in Ames, lowa. The first type
was obtained from the upper portion of the compost pile and was high in organic content

due mainly from leaves and grass from the campus. The second type of compost was
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obtained from the same compost pile as the first, but more towards the bottom. It was
high in sand content. Both types of compost were very warm to the touch and strong in

smell.

Heat shock
These four bacterial seed sources were spread out on flat aluminum pans and
baked in a 104’C oven for two hours. This dry mix was then crushed into a fine material

(less than 4 mm in diameter) using a mortar and pestle for easy handling.

Fractional factorial design

| In order to describe the effects of initial substrate concentration (sucrose) and
initial pH and their interaction, eleven 250 mL batch serum bottles were subjected to a
fractional factorial design as shown in Table 1. The sucrose was varied from two to six
grams per bottle with a central value of four grams while the pH adjustment varied from
4.5 to 6.5 with a central value of 5.5. Each ‘X’ in Table 1 designates one batch serum

bottle while ‘X*’ designates three batch serum bottles.

Table 1. Experimental Design
| pH

4.0 o | 55 6 | 65
2 A
3 X A
Sucrose| 4 X X° X
g/150mL 5 X X
6 X

oLl Zyl_i.lbl
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Sucrose pH
200 |- (g/L)
o 3.0 5.0
O 3.0 6.0
A 6.0 5.0
v 4.5 5.5
150 |« 45 45
= 4.5 6.5
x*
X

100 |-
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Y

XN

\;
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X
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\
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Figure 1. P, R, and A for a cumulative hydrogen production curve.

The curve was best fitted by minimizing the ratio of the sum of square error to the

correlation coefficient (SSE / R?) using the ‘Solver’ function in the ‘Tools’ menu in

Microsoft Excel 1995. The curve was initially fit by eye and was subjected to the

constraints of hydrogen production potential, P (or total amount of hydrogen produced in

mL), the hydrogen production rate, R (mL hydrogen produced / hour), and the lag phase,

A (hr) or the time to exponential hydrogen production. In summary, P, R, and A were

obtained for each of the eleven bottles for each seed source experiment. These parameters
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CHAPTER 4 BIOHYDROGEN PRODUCTION
OPTIMIZATION USING NATURAL INOCULUM

A paper to be submitted to the Water Research Journal

Authors: S. W. Van Ginkel and Shihwu Sung

Abstract

Three buffered anaerobic batch cultures were inoculated with compost as the seed
source for hydrogen gas production. The experiments were arranged in a fractional
factorial design with the aim of discovering an optimal pH and sucrose concentration for
hydrogen production potential and hydrogen production rate. The cultures were buffered
with a 0.066 M 1§1:12P04 solution and the final pH was adjusted to its final value using

0.94 M Na,CO; and l M HCI. The pH ranged from 4.5 to 7.5 in the cultures. Three

concentration ranges of sucrose were used. In the high range, the sucrose concentration
ranged from 1.5t0 7.5 g COD /L. In the medium range, the sucrose concentration
ranged from 1 to 4 g COD /L. In the low range, the sucrose concentration ranged from
0.5t0 1.5 gCOD /L. The high sucrose concentration range produced the most amount of '
hydrogen (33 mL / g COD * L) and had the highest hydrogen production rate (1790 mL /
(L reactor volume * day)). The optimum pH range for hydrogen production potential and
rate occurred between 5.0 and 6.0. The highest values of hydrogen production potential
and hydrogen production rate occurred at a pH of 5.5. The highest conversion efficiency
based on H; -COD to sucrose—-COD was 15% at the high sucrose concentration range.
The average conversion ratios for the high, medium, and low sucrose concentrations were
1.6, 0.9, and 0.5 moles of H, produced per mole sucrose, respectively. In comparison to
previous experiments using unbuffered media, buffering the medium clearly results in

higher hydrogen production potential and hydrogen production rate.
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Introduction

Three buffered sets of batch mixed bacterial cultures were set up as a result of
suspected pH inhibition in unbuffered cultures described in the previous chapter. In these
cultures, a high enough sucrose concentration was used for it all not to be consumed by
the end of the experiment, so the true potential of the hydrogen-producing bacteria was
not measurable. The remaining sucrose was determined by volatile solids tests. Those
cultures with an initially high sucrose concentration always had a higher final volatile
suspended solids concentration which means sucrose was probably one of the volatile
solids detected (See Appendix, Figure A-9). A drop in pH likely inhibited further sucrose
utilization. The pH of each bottle of several experiments was tested after biogas
production stopped. The final pH was always in the range of 3.8 to 4.0 which means the
pH became too acidic for the neutrality-preferring Clostridia - the suspected hydrogen
producer in this study (Minton and Clarke, 1989). The optimum pH range for the entire
genus Clostridium as stated by Minton and Clarke (1989) is 6.5 to 7.0. However, based
on the experiences of the experiments mentioned in the previous chapter, the suspected
optimum pH range for clostridial hydrogen producers in this study is in the range of 5.0
to 6.0. In the previous chapter, a high pH (6.5) coincided with high hydrogen production:
A pH of 6.5 is not considered the optimum value. The pH probably quickly decreased
from 6.5, through the optimum between 5.0 and 6.0, and then became inhibitory under
4.5. An initial pH of 6.5 just means the culture had more time or more pH units to go
through the optimum (5.0 to 6.0) before the medium became inhibitory. Therefore, it is
the goal of this study to test this hypothesis.

In the previous study, the initial pH value was one of the factors used to compare
the hydrogen production potential and hydrogen production rate inoculating with variable
seed sources. Initially, when the bacteria culture of each seed source were present in
nature, they were either in their spore form or as vegetative cells. Their natural media
was at a certain pH and the culture adjusted to this value by metabolizing any available
substrate that they could at that particular pH. The bacteria that adjusted the best became
dominant. In the lab, when the pH was adjusted to a new value, any metabolic history of

thesbacteriapwasserasedyifsthespHydeviated much from the natural value. In addition, since
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heat shock (baking) was conducted to remove non-sporeformers, the majority of the
bacteria were forced into their spore form and an entirely new set of growing conditions
was established. In this regard, setting a new pH for the batch cultures would determine
the new metabolic activity of the culture. Some bacteria will be able to grow well at this
new pH while others would not. Subsequently, a dominant culture would be established
and the bacteria would start producing degradation products, such as hydrogen, from the
new substrate. Since the only two variables were pH and sucrose concentration,
differences in hydrogen production would be determined by these two factors. Every
other factor remained the same for the entire batch. However, the media was left
unbuffered and the pH dropped at an undetermined time thereby inhibiting hydrogen
production.

In order to get accurate estimates of the hydrogen production potential, P and
hydrogen production rate, R three sets of buffered batch cultures were used. In these
experiments, a much lower sucrose concentration was used. Since in hydrogen
production, sucrose is the precursor to volatile acid production, a lesser amount of
sucrose would produce less acid which would cause a smaller decrease in pH. It was the
goal that the buffer used would maintain the desired pH long enough for cells to utilize

all of the sucrose and to maintain the hydrogen production rate.

Materials and methods

Compost was obtained from the Jowa State University compost facility in Ames,
Iowa. The compost was heat shocked (baked) at 104°C for two hours to kill hydrogen-
consuming bacteria, primarily methanogens. After heat shock, the compost was sieved
using a 1.19mm sieve and 30 grams of the compost was placed into each of fifteen batch
serum bottles. A buffer solution was prepared by dissolving 18 grams of KH,POj, in two
liters with a resulting molarity of 0.066 M. The pH was adjusted to a prescribed value
using 1 M HCI or 0.94 M Na,COs.
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Sucrose and pH variation . /

i

The fifteen batch serum bottles were setup as a fractlonal factorlal expenrnental
de51gn aS'ECSCI'led by Box et al,, (1978) Subsequently, contour plots (Box et él A 1978)
were constructed to evaluate the main effects and the interaction between sucrose (x;)
and pH (x7) on hydrogen production potential (P) and hydrogen production rate (R). The
three buffered sets of cultures were designated the high range, the medium range, and the
low range with respect to sucrose concentration.

In the first set of cultures - the high range, the added sucrose varied from 0.2 to
1.0 grams per bottle while the initial pH varied from 5.5 to 7.5 as described in Table 1.
Each ‘X’ represents one batch serum bottle. In contrast to the unbuffered cultures of the
previous study, the pH range was shifted one unit towards a more alkaline pH.

In the second set of cultures - the medium range, the added sucrose varied from
0.13 to 0.53 grams per bottle while the initial pH varied from 5.0 to 7.0 as described in
Table 2. The center value was replicated twice.

In the third set of cultures - the low range, the sucrose concentration varied from

0.066 to 0.2 grams per bottle while the initial pH varied from 4.5 to 6.5 as shown in Table

3. The center value was replicated twice.

Table 1. Experimental Design ~ the High Range.

| p_h - 1
55 | 6 6.5 / )
0.2 20 10 1
Sucrose; 0.4 60 oy 16 6
gnsomL| 0~ ! 138 95 29
0.0 184 83
1.0 | 242 113 24
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Table 4. Linest regression equations potential and rate.

X*Y Y? X? Y A = R

Potential

High -16.5 -1.7 -4.6 144.5 75.1 -335.2  0.96
Medium 4.5 5.8 -11.8 14.0 148.1 4412  0.88
Low 2.7 25 1.2 -135 10.7 -19.8 0.80
Rate

High 0.52 0.17 1.71 -3.41 -24.91 88.47 0.81
Medium -0.3 0.3 -0.8 1.3 10.0 -30.5 0.86
Low 0.18 -0.05 -n N2 -n A1 01r _ nno 0.61

qCOD /L

Figure 1. Hydrogen production potential (mL) at the high range of sucrose
concentration (1.3-6.7 g/ L).

oL fyl_llsl
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/L

g CC

5.0 5.5 6.0 6.5 7.0

pH

Figure 2. Hydrogen production potential (mL) at the medium range of sucrose
concentration (0.9 -3.5g/L).

gCoD /L

pH

Figure 3. Hydrogen production potential (mL) at the low range of sucrose
concentration (0.4 -13g/L).
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day) compared to 768 mL/ (L reactor volume*day) using compost from the same facility.
The only differences between the two studies were sucrose concentration, bufferihg, and
compost sieving. It is the conclusion of this study that buffering the growth medium. .
results in higher hydrogen production. It is difficult to maintain the pH in batch cultures
since the bottles are not opened or removed from their incubating environment for
extended periods. In subsequent experiments, confirmation of the effect of these
experimental conditions should be done in a continuous reactor where the pH and the

F/M ratio can be controlled over extended periods of time.
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CHAPTER 5 CONCLUSIONS

In conclusion to this research, biohydrogen production can be achieved using
naturally obtained bacterial seed sources. These sources contain mixed bacterial species
and are easy to obtain even in large quantities. Heat shock pretreatment was used to
reduce hydrogen-consuming bacteria in this research. Heat shock pretreatment served
this purpose well in that little methane was produced in any culture throughout the study.

Although the actual bacteria responsible for the hydrogen production were not
identified other than that they were likely sporeformers, there were differences in
hydrogen production among the cultures inoculated with the various seed sources.
Cultures with some seed sources produced more hydrogen than others, yet this difference
may not be attributed to a particular group of bacteria owing to the variety of other
factors that could have been responsible. These other factors may include organic
content of the seed source, the buffering capacity of the seed source, or the initial
biomass concentration in the seed source.

The use of a factorial experimental design and contour plots as a visual tool
helped in noticing any main effects of pH and sucrose concentration or their interaction
on hydrogen production. The effects of pH and sucrose concentration are easier to notice
visually than by looking at raw data. Once the hydrogen production potential and rate
values were known, it was easy developing regression equations by using Linest on MS
Excel™ and using these equations in the Igor™ software package. The hydrogen
conversion rate determined by the Gompertz equation can be correlated to a simple linear
regression model. A simple linear regression model (y = mx + b) was also used to
calculate the hydrogen production curves so the average hydrogen production curves
could be compared to other research on the subject. Despite the differences in the rate
prediction, the Gompertz equation was valuable in discovering differences among each
seed source since it is believed that the Gompertz model predicted the rate of each curve
to the same extent.

Some of the experiments were repeated several times while others were repeated only
once. Those repeated showed high reproducibility and those that were not repeated

showed higher-hydrogen production rates and potentials than those that had replicates.
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For example, those experiments utilizing potato soil as the seed source always seemed to
have a hydrogen production potential around 100 mL and a rate around 2 mL / hr and
they all seemed to last around one and a half weeks. Fortunately, the results happened in
this way. In other words, there were not any wide swings in hydrogen production from
an individual seed source and those seed sources that achieved the highest hydrogen
production rate, did so with just one treatment. However, replication is always a good
idea so those experiments with just one estimate should be viewed as just a single
estimate. In addition, since only nine combinations were used out of the possible twenty-
five in the design, any outliers should be carefully scrutinized because they would have a
significant effect on the resulting plot.

pH became the critical factor in hydrogen production as demonstrated by this
research. In the early stages of this research, the two factors under consideration were
initial pH and initial sucrose concentration. Defining hydrogen production potential
according to initial pH is acceptable with the understanding that the pH will change upon
production of volatile acids in an unbuffered media. The hydrogen production potential
should be defined according to pH and this pH should be maintained throughout the
experiment. If the pH is left unchecked, an inhibitory condition may set in and the
parameters that were originally intended to quantify may have errors in them.
Subsequent analysis would have to be performed to find the extent of the inhibition. In
the middle stages of this research, a series of experiments were conducted where the pH
did become inhibitory. Some good results were obtained but the true potential and rate of
hydrogen production was not determined. These studies did not show how much or how
fast hydrogen could be produced since the bacteria stopped producing hydrogen before
all of the substrate was depleted. In the last stages of this research, buffering the growth
medium was used to maintain pH although it was not strong enough to maintain a
constant pH for the duration of the experiment. Even so, results concluded a much higher
hydrogen production rate (it increased from 672 to 1790 mL / (L reactor volume*day)).
These two experiments differed in only three areas. The second experiment was
buffered, was inoculated with 30 grams of sieved compost, and contained 1 gram of

sucrose instead of 4 grams in the first experiments. Therefore, the increase in the
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potential and rate since these parameters relate hydrogen production according to the
amount of the COD degraded and the change in biomass concentration, respectively. An
operator of a hydrogen-producing reactor, given the amount of COD in the influent,
would expect a certain volume of hydrogen from this COD. Also, given the biomass
concentration, the operator could know how fast it would be produced. In turn, both
parameters would enable the operator to operate the reactor at an optimum rate.
However, due to the pH inhibition discussed earlier these two parameters have not yet
been optimized.

Theoretically, hydrogen production would not reduce the COD content of a
wastewater below discharge levels. Therefore, an aerobic method or an anaerobic
method with the production of methane would have to be in series with a hydrogen
producing reactor. Methane production is well suited to follow hydrogen production in

that low molecular weight volatile acids, precursors to methane, are produced in

hydrogen production.
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The following is the raw data for the buffered high sucrose range experiment of

Chapter 4. Included is the entire series of spreadsheets used to develop the regression

equations that were used in the Igor™ plots. For most data sets, the line numbered 1

through 15 designates the bottle number. For most data sets, the left column is sampling

time(0-37hrs). In instances where the data set would not fit on the sheet columns 12

through 15 were removed.

Design
Bottle i 2 383 4 5 6 7 8 9 10
Suc(g) 02 04 08 06 06 04 02 06 08 1
pH 75 6 6 7565 7 65565 775
Biogas

TIME 1 2 3 4 5 6 7 8 9 10 11 12 13 14
0 o 0 0 0 0 0 0 0 0 0 0 0 0 0

17 41 183 320 141 239 95 70 284 245 52 315 315 92 144
26 0 0 75 0 0 0 0 16 20 15 101 132 0 33
37 6 0 65 0 0 4 3.2 0 0 0 53 42 0 0

11 12 13 14 15
1 102 04 04
6.5 55 55 55 75

15

76

GC standard The top line represents 0.5 through 0.1 mL of pure hydrogen gas standard.
100 through 20 represents 100% through 20% hydrogen or the ‘Y’ used in the Linest
regression equation of MS Excel™. The left column is sampling time (O — 37) while the
array of numbers is the peak height (mm) of the standard or ‘X’ used in the Linest

regression equation.

05 04 03 02 0.1
100 80 60 40 20
0 0 0 0 0 0
17 104 91 73 54 28
26 149 12.7 104 75 4.0
37 155 13.3 10.7 7.8 44
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Regression of GC standard using Linest. After plugging in Y and X in Linest, the slope
8.81 was obtained for the standard curve. 0.96 is the R* value.

8.81 0.00

0.39 #N/A

0.96 6.56
89.03 4.00

3828.01 171.99

Sample GC. Below is the sample peak heights(mm) of each bottle at 17, 26, and 37
hours.

1 2 3 4 5 6 7 8 9 10 11 12 13 14
17 0.23 4.25 525 2.35 450 1.85 1.57 525 3.60 4.40 3.04 5.60 3.50 4.60

26 0.00 0.00 7.25 0.00 0.00 0.00 0.00 6.40 4.43 4.80 4.45 8.00 0.00 5.70
37 0.50 0.00 7.00 0.00 0.00 0.50 0.30 0.00 0.00 0.00 3.80 8.10 0.00 0.00

Hydrogen Percentage. This is calculated by multiply the sample peak heights by the

slope 8.81.
i 2 3 4 5 6 7 8 9 10 11 12 13 14 15
o 0 0o 0 0 0 0 0 0 0 0 0 0 0 o0 o
17 2 37 46 21 40 16 14 46 32 39 27 49 31 41 8
26 0 O 45 0 O O O 40 28 30 28 50 O 36 5
37 3 0 42 0 O 3 2 0 0 0 23 48 0 0 O
Hydrogen Production(mL). This is calculated by multiply biogas (mL) by the hydrogen
percentage.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
o 0o 0o 0o 0o 0 0o 0 0 0 0 O O 0 o0 o
17 1 69148 29 95 15 10 131 78 20 84 155 28 58 6
26 0 0 34 0 O O O 6 5 5 28 66 0 1 0
3 0 0 3 0 0 O O O O O 1210 0 0 O
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Kinetics Spreadsheet for all bottles.

1 2 3 4 5
P 1 69 185 29 95
R 0 2 5 1 3
L 0 0 0 0 0
SSE 711 611 86.3 88.4 1094

6 7
16 10

0 0

0 0
96.0 90.0

R? 0.997 0.998 0.997 0.997 0.997 0.997 0.997

8 9 10 11
138 83 24 113
4 2 1 3

0 0 0 0
699 97.7 771 69.8
0.998 0.997 0.997 0.998

Linest polynomial regression equation spreadsheet. The Z column represents all potential
values for the batch at the particular pH(column X) and sucrose concentration (g

COD/L)(column Y). The ‘Y’ values in Linest is column Z and the X values in Linest are
columns X through XY. The first row in the bottom array is the regression equation with

subsequent rows of associated statistics.

Y X Z
S COD PH P

1 0 0.22 7.5 0.03
2 0 045 6.0 1.85
3 1 0.90 6.0 4.99
4 1 0.67 7.5 0.79
5 1 0.67 6.5 256
6 0 045 7.0 042
7 0 o0.22 6.5 0.26
8 1 0.67 55 3.72
9 1 090 7.0 225
10 1 112 7.5 0.66
11 1 112 6.5 3.07
12 1 112 55 6.54
13 0 0.22 55 0.76
14 0 045 55 1.61
15 0 0.45 75 0.16

XY Y? X?
065 020 1.89
0.82 0.39 3.37

X
7.5
6.0
6.0
7.5
6.5
7.0
6.5
5.5
7.0
7.5
6.5
5.5
5.5
5.5
7.5

Y
-4.82
6.29

Y

1.49
2.99
5.97
4.48
4.48
2.99
1.49
4.48
5.97
7.47
7.47
7.47
1.49
2.99
2.99

X
-27.15
43.79

x2
56.25
36.00
36.00
56.25
42.25
49.00
42.25
30.25
49.00
56.25
42.25
30.25
30.25
30.25
56.25

b
96.39
140.72

Y2
2.23
8.92
35.68
20.07
20.07
8.92
2.23
20.07
35.68
55.75
55.75
55.75
2.23
8.92
8.92

#N/A
#N/A

0.37 574 #N/A #N/A  #N/A  #N/A #N/A
1.20 10.00 #N/A #N/A #N/A #N/A #N/A

XY
11.20
17.92
35.84
33.60
29.12
20.91
9.71
24.64
41.81
56.00
48.53
41.07
8.21
16.43
22.40
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APPENDIX TWO
FUTURE RESEARCH

In subsequent research, an attempt was made to discover hydrogen production
rate at lesser initial VSS concentrations using domestic activated sewage sludge as a seed
source and using ‘enriched’ hydrogen producing cultures. The enriched hydrogen
producing cultures used compost and potato soil as the seed sources. In the first set of
batch experiments of this thesis, undegraded sucrose was detected in the determination of
the VSS concentrations giving an error in the biomass concentration. In the second set of
batch experiments to estimate the increase in biomass concentration, the background VSS
was still always too high to detect any significant increases in biomass concentration
resulting from the degradation of sucrose. As a potential remedy to this situation, new
batch serum bottle reactors were inoculated with an initial VSS concentration of 76 to
2000 mg/ L.

In the enrichment procedure, a 1 L ‘mother’ reactor was used with the same F/M
ratio stated earlier in this article. Here, F/M is defined as 4.7 grams of sucrose added to
140 grams of baked seed source. The reactor fermented for roughly thirty hours and the
supernatant was poured off leaving a high solids portion behind. This supernatant was
then boiled for fifteen minutes to destroy hydrogen consuming bacteria. Subsequently,
the supernatant was centrifuged at 2,000 rpm for a half hour. The resulting supernatant
(now fairly clear) was poured off leaving a solid portion behind. This solid (slurry)
portion was washed (diluted with nanopure water / shaken / centrifuged / clear
supernatant poured off) an additional two more times to wash away any VFA’s that may
have built up during the fermentation. This slurry was then used to inoculate a batch
¢ are. This new F/M is defined as 0.5 grams of sucrose added to a 150 mL batch bottle
consisting of a 2,000 mg VSS / L concentrated solution of enriched seed source. The
table on the following page gives the highest rate results and the corresponding pH of
several batch experiments that were conducted after the first portion of this thesis was

written.
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form. The future goal would inevitably be to find out why this happened if it should ever
happen again. Another goal is to compare the metabolism of hydrogen producers to

typical acetogens in traditional methane production processes.
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