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ABSTRACT

Hydrogen is a clean energy alternative to fossil fuels. It can be produced mainly
from fossil fuels, biomass and water. From biomass some bacteria have been
known to produce hydrogen ) from organic compounds by anaerobic
fermentation. It might be dark-fermentation or photo-fermentation. The
hydrogen production can be maximal if the environment condition was
operation. In this study, optimal conditions of hydrogen production by
Clostridium beijerinckii KCTC 1875 from two different sources were
investigated. The parameters of optimal fermentative conditions for hydrogen
production were initial pH, temperature, glucose concentration, diluting rate,
pH, agitation and inhibition by product such as acetate and butyrate. First
Reinforced Clostridial Medium was used as a culture medium for Clostridium
beijerinckii KCTC 1785. The optimal conditions were initial pH 7.0,
temperature 35°C, optimum pH at 5.5 and glucose concentration in the medium
up to 4%. The accumulated product such as butyrate and acetate should be
lower than 4,000 mg/l and 5,000 mg/l of each acid respectively, and agitation
has good effect to produce more hydrogen. Maximum concentration of
hydrogen in biogas produced was 32% after 15 hr and maximum hydrogen
production rate was 284.8 ml/Ih. It is found that yeast extract or tryptose in the
medium was essential for cells growth during hydrogen production. Secondly,
food-waste (around 50,000 mg/l of COD), which was mixed with water, was
sterilized and used as a culture medium for Clostridium beijerinckii KCTC

1785. The optimum conditions were as follows: initial pH 7.0, temperature



40C and agitation speed 150 rpm. The pH control was optimal at 5.5 and food

waste concentration was 50,000 mg/l of COD. About 5,500 ml biogas was
produced from food waste for 36 hr, and hydrogen content was 38% (2,100 ml)
and maximum hydrogen production rate was 87.52 mU/l'h. This result indicates
that food waste was a potential material for hydrogen production by bioprocess

and Clostridium beijerinckii has the high effect strain to hydrogen production.



[. INTRODUCTION.

In recent years the extensive use of fuels became an important problem.
Our energy requirements are almost fully provided by carbon-containing
fossil sources such as oil, coal and natural gas which have been formed
during many millions of years from plant biomass (about 80% of the
present would’s energy demand ). The rapid consumption of these fossil
resources will bring about the depletion of fossil resources in near future.
Simultaneously, it causes an accelerated release of the bound carbon as CO,.
The resulting increase of the CO, concentration in the earth’s atmosphere is
generally acknowledged as the major cause of global warming and
associated climate changes. That required to researching a renewable and
friendly environment energy source. Alternatively, hydrogen is a clean
energy source, producing water as its only by-product when it burns. It has
high-energy content thus would have great possibilities as a fuel if the
production cost would be low enough. Accordingly, hydrogen is a
promising alternative to fossil fuels. On the other hand, the accumulation of
household garbage and waste water became a serious problem in the
urbanize processing and involves a treatment process. At present hydrogen
is produced mainly from fossil fuels, biomass and water by the following

processes:
1) Hydrogen production from fossil fuels:

(a) Steam reforming of natural gas.



(b) Thermal cracking of natural gas.
(c) Partial oxidation of heavier than naphtha hydrocarbons.
(d) Coal gasification.
2) Hydrogen production from water:
(a) Electrolysis.
(b) Photolysis.
(c) Thermochemical process.
(d) Direct thermal decomposition or thermolysis.
(e) Biological production.
3) Hydrogen production from biomass:

Pyrolysis or gasification (which produces a mixture of gases, i.e., Hy; CHy;

COz; CO, Nz).

Out of the above listed processes, nearly 90% of hydrogen is produced by
the reactions of natural gas or light oil fractions with steam at high
temperatures (steam reforming). Coal gasification and electrolysis of water
are other industrial methods for hydrogen production. These industrial
methods mainly consume fossil fuel as energy source, and sometimes
hydroelectricity @, 36-39) However, not all these processes accomplish the

dual goals of waste reduction and energy production. For its, biological



hydrogen production was an auspicious way. Biological hydrogen

production processes can be classified as follows:

(a) Biophotolysis of water using algae and cyanobacteria.

(b) Photodecomposition of organic compounds by photosynthetic bacteria.
(c) Fermentative hydrogen production from organic compounds.

(d) Hybrid systems using photoéynthetic and fermentative bacteria.

From an environmental viewpoint, there is an urgent need for appropriate
management of municipal solid wastes (MSW). Nearly 1600 million
tone/year of MSW are generated worldwide with up to 43% contributed by
Asia and Oceania and 28% contributed by North America and the European
Union @ In Korea, the generation of food waste reaches 11,237 ton/day
occupy up to 23.2% of municipal solid waste . Food waste has high
volatile solids and moisture content thus it causes decay, odor, and leachate
in collection and transportation. All most cases, food waste were
consolidated with other wastes, resulting in various problems such as odor
emahation, vermin attraction, toxic gas emission, and groundwater
contamination. Although, food wastes are by-products/residuals of food
processing plants and agricultural residues, so it is rich in carbohydrate
content, meaning that has a high energy reserve. Hydrogen can be produced
from renewable raw materials such as organic wastes or organic materials.
Many kinds of bacteria, such as green algae (Scenedesmus obliquus, C.

moewusii, etc.) G 6), cyanobacteria (4dnabaena azollae, Phormidium



valderianum, etc.) (7-20)

, photosynthetic bacteria (Rhodobater sphaeroides,
Halobacterium halobiﬁm, etc.) @13D fermentative bacteria (Enterobacter
aerogenes, E. cloacae, Clostridium butyricum, C. beijerinckii, C.
pasteurianum, C. difficile, C. sporogenes, C. welchii, C. bifermentans, C.
thermolacticdm, Desulfovibrio vulgaris, Magashaera elsdenii, Citrobacter
intermedius, Escherichia coli, Caldicellulosiruptor saccharolyticus,
Thermoanaerobacterium thermosaccharolytium, Thermoanaerobacterium

, - 53, 58, 63, 66, 67
sp., Desulfotomaculum geothermicum, etc.) 1% 3%3% 44,45, 41,53, 38,63, 66.67) are

known to be capable of producing hydrogen gas.

Farther more, as microbial hydrogen production is concerned, studies were
reported in the literature with different microbial hydrogen-producing
systems. In a comparison of that processing, Table 1 indicates clearly that
the rate of fermentative hydrogen production is always faster than that of

the photosynthetic hydrogen production.
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Dark fermentation was main process to hydrogen produce from food
waste. When bacteria grow on organic substrates (heterotrophic growth),
these substrates are degraded by oxidation to provide for building blocks
and metabolic energy for growth. This oxidation generates electrons which
need to be disposed of for maintaining electrical neutrality. In aerobic
environments, oxygen is reduced and water is the product. In anaerobic or
anoxic environments, other compounds need to act as electron acceptor,
e.g., protons which are reduced to molecular hydfogen (H). Other
examples of alternative electron acceptors in anaerobic environments are
nitrate with nitrogen gas (N;) as the product or sulfate with
dihydrogensulfide (H,S) as the reduced product. Even organic compounds
can act as electron acceptors as e.g. in the microbial production of butanol
which is done through the reduction of butyric acid. The capacity to reduce
other electron acceptors than oxygen requires the presence of a specific
enzyme system in the micro-organisms: hydrogen producing bacteria
possess hydrogenase enzymes; nitrate reducing bacteria possess an
elaborate set of enzymes catalyzing the stepwise reduction of nitrate to
nitrogen etc. Even though many organic compounds enable the production
of hydrogen during dark fermentation, estimations of potential yields are
mostly based on hexose conversions. The theoretical yield per mole of

glucose is described in the following reaction:
CeH1206 + 4H,0 — 2CH;COO "+ 2HCO; +4H' +4H,

or CgHp,0g + 2H;0 — CH; CH, CH,COO ~+ 2HCO; + 3H" +2H, ™



It mean that maximum of 4 moles of H; per mole of glucose can be
produced. In fact, the remainder of the hydrogen in the hexose is conserved
in these others products like ethanol, lactate, alanine or change mechanism,
results were formed other products such as butyric acid, lactic acid, etc
under non-ideal circumstances. In addition, products were produced depend
on characteristic of microorganism. So that all most case hydrogen produce
is less than 4 moles per mole of glucose. The understanding of the
properties of hydrogen fermentation lies in an appreciation of the response
to environmental changes that influence hydrogen metabolism. Researchers
have started to investigate hydrogen production with anaerobic bacteria

since 1980s. There are some of the relevant research used bacterial culture

(40-48) [ @9 67) (50-52) 0

with simple medium such as sucrose , starc , glucose

©3) as carbon source. Some others used waste matter such as palm

lactose
oil mill, wheat straw, waste water or food waste ¥ ** % Das and
Veziroglu " indicated in a recent literature survey that in contrast to
photolytic production of H,, fermentative processes have the advantages of
high hydrogen production rates and of the capability to convert organic
wastes in the environment into more valuable energy resources. Hydrogen
fermentation of food waste is effected by several factors such as pH,
retention time, temperature, carbon source, etc. It means that hydrogen
fermentation of food waste can be improved by adjusting the
environmental conditions. Concomitantly, to design a fermentation system
which has high effect to hydrogen prpduction, it requires the knowledge

about microorganism that grow in the reactor as more as possible. Collet e.

al ®® has reported properties during hydrogen production from lactose by



C. thermolacticum. 1t indicated the pH and dilution rate effects. Chen and

43)

others " investigated C. butyricum. But most of experiments that were

(4, 40-44, 46-52, 54-65, 68) However, these demonstrate that

reported mix-culture
pH, temperature, loading rate concomitant product release are important
factors to improve hydrogen-producing bioprocess. This study was,
therefore, conducted to maximize hydrogen fermentation using dark
fermentation by Clostridium beijerinckii KCTC 1785. The optimal pH,

temperature, substrate concentration, agitation effect, and inhibition effect

by product were investigated.



II. MATERIALS AND METHOD
1. Strain and medium

Clostridium beijerinckii KCTC 1785 from Korean Collection of Type

Culture was used in this study.

Two types of media were used, that are Reinforced Clostridial Medium

(RCM) and food waste. The RCM compositions were shown in Table 2.

The other is the food waste collected from dining hall in Chosun
University which was grinded by crusher. There are some different
concentrations of food-waste used in this study. For optimal temperature,
initial pH and agitation effect, food waste solution which was a mixture
with water to 45,000 mg/l of COD was used. The others, 50,000 mg/l of
COD was used for investigation effect of pH controls, and 100,000 mg/l,
70,000 mg/1, 50,000 mg/l and 40,000 mg/l were used for loading rate effect.
All substrates collected were sterilized by autoclave and kept at 4°C then

warmed at room temperature before using in the experiment.

To study components of RCM for the essential elements to cells growth
during hydrogen production with fermentative by C. beijerinckii, we have
used RCM component with Standard mineral base medium (SMM).

Composition of SMM were shown in Table 3.

_10_



Table 2. Composition of Reinforced Clostridial Medium

Components _ Amounts

Tryptose 100g
Beef extract 100¢g
Yeast extract 30g
Dextrose 5.0g
Sodium chloride 50g
Soluble starch 10g
Cysteine hydrochloride 05¢g
Sodium acetate 30g
(Agar) 150g
Distilled water 1.01

_11_



Table 3. Composition of standard mineral base medium (SMM)

Components Amounts
Na,HPO, 234 ¢
KH,PO;4 6.10g
MgS0,.7H,0 020g
CaCl, 0.01g
Ferric EDTA solution® 0.10 ml
ZnS0,.TH,0 0.50 mg
MnSO,4.H,O 0.05 mg
CuS04.5H,0 0.10 mg
Cobalt nitrate 0.10 mg
Sodium Borate 0.10 mg
Sodium molybdate 2.00 mg
Distilled water 1.01

? The ferric EDTA solution was made by combining a solution containing
17.9 g of sodium EDTA and 3.23 g of KOH dissolved in 186 ml distilled
water and a solution of FeS0,;.7H,0 in 364 ml of distilled water. The

mixture was bubbled overnight with air, and stored in a brown glass bottle.

_12_



2. Culture condition and experimental procedure

Subcultures were carried out by 100 ml bottles which contain 50 ml of
medium. The culture was incubated at 35°C for 12 hour at least 3 times

before uéing as inoculum (1% v/v).
Experimental procedure:

Hydrogen production was carried out in two kinds of reactors. First, a
series of 500 ml serum bottles were used and working volume was 200 ml.
Conditions of hydrogen fermentation such as initial pH, temperature,
organic acids or glucose concentration in the medium and agitation effect
were investigated. The pH was adjusted by HCI or KOH solution. For
initial pH effect, initial pH of each bottle which containing 200ml of RCM
or food waste (47,000 mg/l of COD) were adjusted to pH 5.0, 6.0, 7.0 and
8.0. Then temperature was 35°C and agitation speed was 150 rpm. In case
of temperature effect, a series of bottle each containing 200 ml of medium
(RCM or food waste) with initial pH 7.0 were incubated at various
temperatures of 25°C, 30°C, 35°C, 40°C and 45°C at 150 rpm of agitation.
Experiment procedure of organic acids effects were carried out in RCM. In
this part, a series of bottles which containing 200 ml of RCM and added a
variety of concentrations 1000 mg/l, 2000 mg/l, 3000 mg/l, 4000 mg/! and
5000 mg/1 for butyric and 2000 mg/l, 3000 mg/1, 4000 mg/l, 5000 mg/l and
6000 mg/1 for acetic acid were used, and then, all the bottles were adjusted

to initial pH 7.0 and incubated at temperature 35°C at 150 rpm of agitation.

_13_



To study about glucose effect, RCM medium with different glucose
concentration (0%, 1%, 2%, 3%, 4%, 5%, 6% and 7%) were used. The
experiment procedure is the same as organic acids effect. Secondly, to
study optimum of pH control and loading rate of substrates, the
fermentation (KBT Biotech, model KF 51) was carried out with 5 1 of
reactor and working volume 2 1. In the reactor gas pressure was maintained
from 0.18 - 0.20 atm. during fermentative. Agitation was performed at 150
rpm. The temperature was set at 35°C and 40°C for RCM and food waste,
respectively. For optimum pH, the variation of pH in the reactor which
containing 2 1 of RCM or food waste solution with concentration about
50,000 mg/l of COD were maintained at 5.0, 5.5, 6.0, 6.5 and 7.0 during
fermentative by dropping of HCl or KOH. In case of loading rate of
substrate, the experiment carried out with food waste solution used as
medium in a varieties of concentrations as 40,000 mg/l, 50,000 mg/l,
70,000 mg/l and 100,000 mg/l of COD. The pH was maintained at 5.5 in
the reactor. All inoculations of cell or medium were performed in the

vacuum anaerobic chamber (Three-Shine, SK-G002-A1).
3. Analytical methods:

- Biogas production was measured by water displacement (Fig. 1) or gas

meter.

- Hydrogen analysis: Hydrogen concentration was measured by gas

chromatograph. Function was follow:

_14_



Equipment: Gas chromatograph (Shimazu model GC-17A).
+ Detector: Thermal conductivity detector (TCD).
+ Column: Molecular sieve 5A.
+ Temperature of injector, detector and column temperatures: 60°C.
+ Current: 45 mA.
.+ Carrier gas: Argon (45 ml/min).

- pH: pH were adjusted by few drops of HCI or KOH controlled by a pH

meter (DMS Digital pH/ion meter, model DP-215M). .

- Cell concentration: The cells concentration was measured by
spectrophotometer (Pharmacia Biotech model Ultrospec® 2000) with

wavelength 600 nm (ODgqg).
- Glucose concentration: DNS method.
- COD: Standard method.

- Organic acids analysis: Organic acids concentration was measured by

gas chromatograph. Function was followed:
Equipment: Gas chromatograph (Younglin, model M600D).

+ Detector: Flame ionization detector (FID)

._15__



+ Column: Glass column packed with 80/120, Carbopack B-DA/4%

CARBOWAX 20M.

+ Temperature of injector, detector: 200°C.

+ Temperature of column was initially 135C for 2 min, followed by

165 C for 1.7 min, 180 C for 20 min, and lastly 200C for 15 min.

_16_.
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HI. RESULT

1. Hydrogen production from Reinforced Clostridial Medium (RCM).

Hydrogen production from RCM was maximum 32% of biogas. In this
part, initial pH, temperature, glucose concentration, pH control, agitation

effect and inhibition effect of organic acids produce were investigated.

For optimization of medium composition we have studied the
components of RCM for the essential elements to cells growth during
hydrogen production with fermentative by C. beijerinckii. First, each
component of RCM was removed however in this case there is no affection.
Second, components of RCM were combined with Standard Mineral
Medium (SMM). The results verified that tryptose or yeast extract were the
essential compounds (Table 4). From that, we found out the optimal

conditions to hydrogen production by Clostridium beijerinckii.

_18_



Table 4. Determination of cell growth on different medium composition

Medium composition Growth
SMM + Glucose -
SMM + Soluble starch -
SMM + Glucose & Yeast extract ++

SMM + Glucose & Beef extract -

SMM + Glucose & Tryptose +

SMM + Glucose.& Cysteine hydrochloride -

RCM —+

_19_



(1) Effect of initial pH

A series of 500 ml serum bottles at different initial pH 6, 7 and 8 were
used. Fig. 3a shows the cells growing curve. The cells were grown
immediate in initial pH 6.0. When initial pH was higher, they have longer
lag phase. It might be the time required to adapt to a new pH condition as
the pH in the inoculum was low. For hydrogen production, at initial pH 6.0
hydrogen is produced a little higher than initial pH 7.0 (89 ml and 88 ml,
respectively). However, the hydrogen production rate was highest in the
initial pH 7.0. This result indicates that the optimum of initial pH was 7.0.
In the optimum condition of initial pH, hydrogen was produced 87.9 ml
after 24h fermentative. The hydrogen content was a maximum of 26.84%
of biogas, consumption of glucose was the highest as 5405.5 mg/l. Acetic
and butyric acids produced were 196.8 mg/l and 1502.1 mg/l, respectively

(Fig. 3b and 3c¢).
(2) Effect of agitation

Two 500 ml serum bottles were used with initial pH adjust to 7.0.
Temperature maintained was 35°C. When incubate with agitation is
150 rpm, the cells grow faster than no-agitation (Fig. 4a and 4b). Maximum
hydrogen was 158.22 ml at agitation of 150rpm after 15h. Acetate and
butyrate produced were 681.58 mg/l and 1831.2 mg/l, respectively, in case
of agitation at 150rpm. In case of no agitation, after 15h hydrogen

produced was 83 ml, and butyric acid and acetic acid were accumulated

_20_
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2470.28 mg/1 and 321.10 mg/l in the medium, respectively. It indicated that

the mechanism was changed when agitation was effective (Fig. 4b and 4c).
(3) Effect of temperature

To investigate the optimal temperature, a series of 500 ml serum bottles at
initial pH 7 were incubated at various temperatures of 25°C, 30°C, 35°C,
40°C and 45°C. During fermentative, the cells can grow and produce
hydrogen earlier in 40°C, after that, they lose activity, resulting the cells
density and hydrogen production were low (Fig. 5a and 5b). Fig 5¢ shows
the accumulation of organic acids in the reactor. At temperature 30°C acetic
acid produce was more than 35°C. But in case of temperature of 35°C
much more of butyric acid was produced. Therefore, the optimum
temperature was 35°C. In the optimum of temperature maximum hydrogen
produced was 144.55 ml after 12h fermentative and butyric acid and acetic
acid were 847.60 mg/l and 624.23 mg/l respectively. The hydrogen

concentration maximum was 31.5% of biogas.
(4) Effect of glucose concentration

Glucose concentration effect was investigated with a variety of
concentrations such as 0%, 1%, 2%, 3%, 4%, 5%, 6% and 7%. The results
indicate that the Clostridium beijerinckii can be grown well up to 6% of
glucose concentration in the medium (Fig. 6a). During fermentative,

hydrogen and organic acids were produced at the same time. Hydrogen
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production and organic acids were increased up to 4% of the glucose
concentration but when it is higher, glucose became inhibitor (Fig. 6a, 6b
and 6¢). However, with the glucose concentration over 2%, a large amount
of glucose was remained after the processing was completed by decrease of
pH (Fig. 7). Consequently, optimal glucose concentration in this study was

1% (wiv).
(5) Effect of acetic acid concentration in the culture medium

One of product with large amount is acetic acid. To study the effect of
acetate accumulated, acetate was added into RCM medium before
fermentative with various concentrations of 2,000 mg/1, 3,000 mg/1, 4,000
mg/l, 5,000 mg/t and 6,000 mg/l. Fig. 8a and 8b show the cells density and
hydrogen production during fermentative. The result indicates that if
concentration is lower than 5000 mg/1, there is no effect because of butyric
acid produced instead of acetic acid (Fig. 8c). If the concentration is higher
than 5000 mg/l, this strain was inhibited by acetic acid. When acetic acid
have affect hydrogen production was decreased in an inverse ratio with

concentration of acetic acid in the reactor.

(6) Effect of butyric acid concentration in the culture medium

The main product which was produced during fermentative hydrogen was
butyric acid. To study the effect of butyric acid accumulated, butyric acid
with various concentrations of 1,000 mg/l, 2,000 mg/l, 3,000 mg/l, 4,000

mg/l and 5,000 mg/l were added into medium before fermentative. The
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results indicate that if concentration is lower than 4000 mg/1, there are low
affected, and if the concentration is higher than 4000 mg/l, this strain was
strong inhibited growth by accumulation of butyric acid whereas hydrogen
production was strong inhibited at 3000 mg/1 (Fig. 9a and 9b). Fig. 9¢
shows the accumulation of acetic and butyric acids. It suggests that acetic
acid was main organic acid produce when the concentration of butyric acid

in the medium is higher than 3,000 mg/1.
(7) Effect of pH control

The pH was an important factor during fermentation, to optimize the pH
for hydrogen production. A variety of pH with 5.0, 5.5, 6.0, 6.5 and 7.0
were controlled. Fig. 10a and 10b show the cells density and hydrogen
produced in each pH respectively. Hydrogen production was highest at pH
5.5 (Fig. 10b). With pH 5.0 and pH 7.0, a longer lag phase was required,
and the cells growth is fastest at pH 6.5. Fig. 10c shows the organic acids
produced. It demonstrates that acetic acid production was increased at the
high pH whereas butyric acid production was increased at the low pH.
Total organic acids were highest at pH 5.5. The result indicates that
optimum pH for hydrogen production by C. beijeirinckii is 5.5. In the
optimum conditions, maximum hydrogen produce is 1471.55 ml after 15h.
Organic acids produced and accumulated maximum are butyric and acetic
acids with concentrations of 1871.867 mg/l and 930.688 mg/l, respectively.

Glucose was used about 95% (5966.7 mg/l).
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2. Hydrogen production from food-waste:

Hydrogen production from food-waste was a maximum of 37.82% of
biogas. In this part, initial pH, temperature, food-waste concentration, pH

control, and agitation effects were investigated.

Clostridium beijerinckii can grow on food-waste as a substrate, but it
needs time to adapt to this condition. We have adapted by culture the strain
in the medium with a mix of RCM and food waste solution (around 50,000
mg/l of COD). After adaptation, we used food waste as a substrate for

further experiments.
(1) Agitation effect

Two 500 ml serum bottles were used with initial pH adjust to 7.0.
Temperature was maintained at 35°C. Fig. 1la shows the hydrogen
production when incubate with agitation of 150 rpm. The hydrogen
produce and hydrogen production rate are higher than without agitation.
The results demonstrate that agitation has good effect to hydrogen
production from food waste by Clostridium beijerinckii. In the condition
with agitation of 150 rpm, maximum hydrogen produced was 254.7 ml
after 24h and main organic acids produced were acetate and butyrate with
concentrations of 1284.978 mg/l and 3882.999 mg/l, respectively (Fig. 11b).
The maximum hydrogen content was 37.7% of biogas. This result is in

accordance with the studies in RCM.
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(2) Initial pH effect

A series of 500 ml serum bottles at different initial pH 5.0, 6.0, 7.0 and
8.0 were used. Fig. 12.a shows the hydrogen produced. It was denoted that
there is no difference in all initial.pH in the lag phase and this data was
different from RCM. It might be caused by characteristic of food waste.
After that, the data indicates that the optimum of initial pH for hydrogen
production was 7.0. In the optimum condition. of initial pH, hydrogen was
produced 231.07 ml after 24hr fermentative. The hydrogen content was
maximum of 35.8% of biogas. Acetic and butyric acids produced were

1030.8 mg/l and 3545.5 mg/, respectively (Fig. 12b).
(3) Temperature effect

To investigate the optimal temperature, a series of 500 ml serum bottles at
initial pH 7.0 were incubated at various temperature 25°C, 30°C, 35°C,
40°C and 45°C. Fig. 13a shows the accumulation of hydrogen produce
from food waste in different temperatures. In this study, hydrogen was
produced highest at 40°C. At 45°C hydrogen production was low, meaning
that, at 45°C temperature Clostridium beijerinckii was inhibited. Maximum
acetic and butyric acids produced were 1285.0 mg/l and 3883.0 mg/l,
respectively, at 40°C (Fig. 13b). Therefore, in this study, the optimal
temperature for hydrogen production was 40°C. At this céndition
maximum hydrogen produced was 271.93 ml after 24hr fermentative and

the hydrogen concentration maximum was 35.8% of biogas. Nevertheless,

..34__



(a) £ 250.0 | ——pH 5.0

L

£

E 200.0

>

5

) 150.0

S

—

=

L)

= 100.0

-

.

=

= 50.0 |

£

3

< 0.0 a - T

0 3 6 9 12 15 18 21 24
Time (h)
= 4000
(b) E" W Acetic

B 3500

=

S 3000

IS

=] 2500 -

=

o1

2] 2000

5

b4 1500
=

3 1000 |

<

c. 500 1

<

oy o AR )
@)

Initial pH

Fig. 12. Effect of initial pH on (a) hydrogen production and (b) organic

acids production using food waste.

=35 =



=
(a) N 200 ——30%
Q
5 2501
©
>
= 200
(]
@ |
= 150 |
=
[l
= 100 -
L
= ‘
= 50
g 1
=]
g ek
" 0
Time (h)
(b) 4000 4 o
W Acetic acid
3500 | [ Butyric acid

Organic acids concentration (mg/l)

Temperature (°C)

Fig. 13. Effect of temperature on (a) hydrogen production and (b) organic

acids production using food waste.



at 35°C hydrogen was produced a quantity similar to at 40°C and the
hydrogen production rate was stable. It suggest that in this experiment
hydrogen production was highest in 40°C because of pH in the reactor was
depleted by the accumulation of organic acids. It means that in case of
batch culture without control pH, the optimum temperature was 40°C.
However, we concern that in case of continues systems the cells activities

could be lost at 40°C and the optimal temperature should be lower.

(4) pH control effect

To study optimum of pH for hydrogen production from food-waste, a
variety of pH at 5.0, 5.5, 6.0 and 6.5 were controlled during fermentative at
40°C and agitation of 150 rpm. Fig. 14a shows the hydrogen production in
different pH conditions. The result indicates that optimum pH for hydrogen
production by C. bejjeirinckii was 5.5. In this condition after 30hr,
maximum hydrogen produce was 2138.3 ml. The hydrogen concentration
produce was a maximum of 38% of biogas. In Fig. 14b the value of organic
acids produce indicate that butyric acid produce more when the pH is more
acidic and acetic acid produce more when pH is more alkaline. Maximum
of acetic and butyric acids were 1208.18 mg/l and 3619.11 mg/l at pH 5.5.

This result was in agreement with the results of RCM.
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(5) Food waste concentration effect

Food-waste concentration has effect on hydrogen production. The
optimal of food-waste concentration was investigated in this study.
Although, when the food-waste concentration is low, the hydrogen
produced decrease, however, much higher concentration of food-waste is
also inhibitor of hydrogen production. To know the optimal of food waste
concentration, various concentrations of 40,000 mg/l, 50,000 mg/1, 70,000'
mg/l and 100,000 mg/l of COD were used. Fig. 15a and 15b showv the
hydrogen accumulated and organic acids produced, respectively. In case of
100,000 mg/1 of COD, the hydrogen production by Clostridium beijerinckii
was inhibited completely, after 36hr acetic acid was produced, but there is
no hydrogen was detected. At concentration of 70,000 mg/l of COD, the
inhibit affect weakly and 40,000 mg/l of COD concentration of substrate
.was low, therefore, hydrogen production was low. This study demonstrates
that the optimum concentration of food-waste for hydrogen production is
around 50,000 mg/l of COD. In this condition maximum concentration and
hydrogen accumulated were 1003.0 ml like 30% of biogas after 36hr. The
accumulations of organic acids were 616.38 mg/l and 1452.07 mg/l,

respectively.
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I'V. DISCUSSION.

The Clostridium beijerinckii is an efficient strain to produce hydrogen
during fermentative, and concurred to other researches “* 7. This study
was considered to be optimal to produce hydrogen from two sources, the

RCM and food waste.

For hydrogen production from RCM, the optimum conditions were pH
5.5, agitation 150 rpm, and temperature at 35°C. In this condition,
hydrogen production was 1470 ml (32% of biogas produced) from 2 1 of
medium. In case of hydrogen production from food-waste, the optimum
conditions were pH 5.5, agitation 150 rpm, and temperature at 40°C. The
hydrogen production was 2,100 ml from 2 1 with concentration around
50,000 mg/l of COD. Optimal temperature was different between RCM and
food waste may be due to food waste characterize. Therefore, the optimum
temperature for hydrogen production should be from 35°C to 40°C. This
optimal temperature was corresponded by others reports which was

informed by Taguchi et. al with Clostridium beijerinckii, strain AM21B ©*

69)

Lee et. al concluded that the initial pH decrease rapidly and produce

@9 1t means that hydrogen and organic acids produce

hydrogen
simultaneously, then pH decrease by accumulation of organic acids. The
effect of initial pH was reported by Khanal ez. al, and also, it indicated that

initial pH was an important factor in hydrogen production. Environmental
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condition changes caused by the rapid depletion of pH might have resulted
in a metabolic alteration, and subsequent inhibition of hydrogen production.
In this experiment the optimum of initial pH to hydrogen production by

5 D The hydrogen

mix culture from sucrose and starch was 5.
fermentative process inhibition may be caused by the mechanism changed.
When pH reached to limit point in the reactor, the solventogenesis
processing was occurred instead of acidogenesis processing. Accordingly
hydrogen wasn’t produced any more. Collet ef. a/ were found that the pH
became more alkaline, the proportion of hydrogen in the gas phase more
increased ©¥. It conform our study that during fermentative, initial pH was
decease rapidly caused by accumulation of organic acids product. Resulting
hydrogen production decrease and pause before fermentative of substrate
complete. In addition, when initial pH was more alkaline, acetic acid can be
produce more, whereas butyric acid can be produce more when initial pH

more acidic in condition of initial pH lower than 8.0 (Fig. 2 and 11).

Therefore, the proportion of hydrogen has been changed.

In this study agitation has good effect to hydrogen production, when
agitation was affected the mechanism of fermentative will change.
Therefore, acetic acid was produced more than non-affected and hydrogen

can produce more.

Van Ginkel and Logan concluded that glucose concentration has a greater

effect on H, yields than the HRT. They also indicated that glucose itself is
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not expected to inhibit hydrogen production and the H, yields were

9 In this research,

inversely related to the glucose feeding rate
Clostridium beijerinckii can grow and produce hydrogen well in medium
with glucose concentration up to 4%. In this study, the optimum condition
of glucose concentration was 1% because initial pH decrease rapidly so that

a large amount of glucose residual after fermentation complete (Fig. 5). It

means that if we can control pH, hydrogen production can be improved.

For inhibition effect of product Van Niel et. al reported that the acetic
acid has inhibition affect to hydrogen production by Caldicellulosiruptor
saccharolyticus “"_In this study the inhibit effect of organic acids such as
butyrate and acetate were investigated also, both have inhibition effect to
hydrogen production by Clostridium beijerinckii. The inhibition effect
occurs when acetate or butyrate accumulated in the reactor is more than
5,000 mg/l of acetate and 3,000 mg/l of butyrate, respectively, and
hydrogen production decease proportional to organic acids content in the

medium (Fig. 6, 7).

This research also indicated that pH was an important factor in hydrogen
production processing. With pH variation of 5.0, 5.5, 6.0, 6.5 and 7.0,
organic acids produce was change. Acetic acid production was increased in
the higher pH whereas butyric acid production was increased in the lower
pH (Fig. 8, 12). This was different from the result obtained by Khanal et. a/

when they found with pH ranges of 5.5 5.7, the HAc/HBu ratio was found

_43_



in the same range of 3—4 “2), While using continuous monitoring of pH and
hydrogen production during hydrogen fermentation, it is possible to
determine the actual pH values that yield maximum hydrogen. This pH data
could be employed in developing continuous flow reactor system for the
niaximum hydrogen yield. The result is in close agreement with the earlier
work “? where pH of 5.5 was deemed the optimum pH for hydrogen

production.

In spite of same food waste concentration, hydrogen production potential
was irregularity. It has been indicates that the food waste was different

components and it is an important factor in bio-hydrogen processing.

It is reported that optimal condition to hydrogen production by
Clostridium beijerinckii also demonstrate that strain was an efficient
microorganism which can produces hydrogen from biomass and suggest an

efficient way to treat food waste.
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V. CONCLUSION.

1 The fermentative hydrogen production by C. beijerinckii could be

increased through effectively controlling environmental factors.

2. Yeast extract or tryptose was essential for cells growth during hydrogen

production from RCM.

3. Agitation was necessary for higher production of hydrogen. The
optimum conditions for hydrogen production in RCM were as follows:
initial pH 7.0, temperature 35°C, and glucose concentration 1% (w/v). The
medium pH should be managed at 5.5 and the accumulated concentrations
of butyrate and acetate should be lower than 3,000 mg/l and 5,000 mg/l,
respectively. Maximum concentration of hydrogen in biogas was 32% and

maximum hydrogen production rate was 284.8 ml/I-h.

4. Hydrogen could be produced from food waste. The optimum conditions
were as follows: initial pH 7.0, temperature 40°C, pH should be managed at
5.5, and food waste concentration 50,000 mg/l of COD. About 5,500 ml
biogas was produced from food waste during 36hr, and hydrogen content
was 38% (2,100 ml). Maximum hydrogen production rate was 87.52 ml/I-h.
This result indicates that food waste was a potential material for hydrogen

production.

_45_



REFERENCES

[1] Debabrata, Das, and Nejat Veziroglu, T.. “Hydrogen production by
biological processes: a survey of literature.” J. Hydrogen Energy. 26:13-28,

2001.

[2] Rosen, M. A., and Scott, D. S.. “Comparative efficiency assessments for
a range of hydrogen production processes.” J. Hydrogen Energy. 23:653-

659, 1998.

[3] Bertolini, G.. Waste generation and markets: world, EC, and France,
ISWA World Congress. July, Paris, France. ISWAAGHTM, Denmark:

Copenhagen. 2000, 101-107.

[4] Han, Sun-Kee and Hang-Sik Shin. “Performance of an Innovative Two-
Stage Process Converting Food Waste to Hydrogen and Methane.” J. 4ir &

Waste Management Association. 54: 242-249. 2004.

[5] Schnackenberg, J., Schulz, R., and H. Senger. “Characterization and
purification of a hydrogenase from eukaryotic green alga Scendesmus

obliguus.” FFB Lett. 327:21-24, 1993.

[6] Greenbaum, E.. Hydrogen production by photosynthetic water splitting.
Veziroglu, T. N, Takashashi, P. K, editors. Hydrogen energy progress VIIL.
Proceedings 8th WHEC, Hawaii. New York: Pergamon Press, 1990, 743-

754.

_46_



[7] Banerjee, M., A. Kumar, and H. D Kumar. “Factors regulating
nitrogenase activity and hydrogen evolution in Azolla — Anabaena

symbiosis.” J. Hydrogen Energy. 12:871-879, 1989.

[81 Shi, D. J., M. Brouers, D. O. Hall, and R. J. Rubin. “The effects of
immobilization on the biochemical, physiological and morphological

features of Anabaena azollae.” J. Planta 172:298-308, 1987.

[9] Kumar, D. and H. D. Kumar, “Effect of monochromatic lights on
nitrogen fixation and hydrogen evolution in the isolated hetrocysts of

Anabaena sp. strain CA..” J. Hydrogen Energy 16:397-401, 1991,

[10] Tsygankov, A. S., L. T. Serebryakova, D. A. Sueshnikov, K. K. Rao, I.
N. Gogotov, and D. O. Hall. “Hydrogen photo-production by three different
nitrogenases in whole cells of Anabaena variabilis and dependence on pH.”

J. Hydrogen Energy. 22:859-867. 1997.

[11] Vyas, D., and H. D. Kumar. “Nitrogen fixation and hydrogen uptake in

four cyanobacteria.” J. Hydrogen Energy. 22:163-168, 1995.

[12] Smith, G. D., G. D. Ewart, and W. Tucker. “Hydrogen production by

cyanobacteria.” J. Hydrogen Energy. 17:695-698, 1992.

[13] Stewart, W. D. P., and P. Rowell. “Effects of L-methionine D,L-
sulfoximine on the newly fixed NH3, acetylene reduction and heterocyst
production in Anabaena cylindrica.” J. Biochem. Biophy. Res. Commun.

65:846-856, 1975.

_47_



[14] Spiller, H., Emst, E., Kerkin, W., and P. Boyer. “Increase and
stabilization of photoproduction of hydrogen in Nostoc muscorum by
photosynthetic electron transport inhibitors.” Z. Naturforsch. 33:541-547,

1978.

[15] Sarker, S., K. D. Pandey, and A. K. Kashyap. “Hydrogen
photoproduction by filamentous non-heterocystous cyanobacterium
Pleatonema boryanna and simultaneous release of ammonia.” J. Hydrogen

Energy. 17:689-694, 1992.

[16] Kumazawa, S., and A. Mitsui. “Characterization and optimization of
hydrogen photoproduction by saltwater blue-green algae, Oscillatoria sp.
Miami BG7: . Enhancement through limiting the supply of nitrogen

nutrient.” J. Hydrogen Energy. 6:339-348, 1981.

[17] Belkin, S., and E. Padan. “Hydrogen metabolism in the facultative
anoxygenic cyanbacterial blue-green algae, Oscillatoria limnetica and

Aphanothece halophytica.” J. Arch. Microbiol. 116:109-111, 1978.

[18] Reddy, K. J., and A. Mitsui. Simultaneous production of hydrogen and
oxygen as effected by light intensity in unicellular aerobic nitrogen fixing
blue-green alga Syncchococcus sp. Miami BG 043511, Sybesmaic C.,
editors. Advances in photosynthetic research vol. II. Hague : Martinus

Nijhoff Junk, 1984, 785-788.

[19] Bothe, H., and T. Kentemicj. Potentialities of Hr-production by

cyanobacteria for solar emergy conversion program, Veziroglu T. N.,

_48_



Takashashi, P. K.. Hydrogen energy progress VIII. Proceedings of the

Eighth WHEC, Hawaii. New York: Pergamon Press, 1990, 729-734.

[20] Bagai, R., and D. Madamwar. “Prolonged evolution of photo-
hydrogen by intermittent supply of nitrogen using a combined system of
Phormidium valderiannum, halo-bacterium halobium and Escherichia

coli.” J. Hydrogen Energy 23:545-550, 1998.

[21] Fascetti, E., E. D’ addario, O. Todini, and A. Roberticllo.
“Photosynthetic hydrogen evolution with volatile organic acids derived
from the fermentation of source selected municipal solid wastes.” J.

Hydrogen Energy 23:753-760, 1998.

[22] Sasikala, C. H., Ch. V. Ramana, and P. R. Rao. “Regulation of
simultaneous hydrogen photo-production during growth by pH and
glutamate in Rhodobacter sphaeroides O.U.001.” J. Hydrogen Energy

20:123-126, 1995.

[23] Krahn, E., K. Schnerder, and K. Muller. “Comparative characterization
of H; production by the conventional Mo nitrogenase and alternative “iron-
only” nitrogenase of Rhodobater capsulata hap mutants.” J. Appl

Microbiol Biotechnol 46:285-290, 1996.

[24] Peng, Y., P. Stevens, P. De Vos, and J. De Ley. “Relation between pH,
hydrogenase and nitrogenase activity, NH4" concentration and hydrogen
production in cultures of Rhodobacter sulfidophilus” J. Gen. Microbiol

133:1243, 1987.

_49_



[25] Singh, S. P, and S. C. Srivastava. “Isolation of non-sulfur photo-
synthetic bacteria strains efficient in hydrogen production at elevated

temperatures.” J. Hydrogen Energy 16:404-405, 1991.

[26] Vincezini, M., R. Materassi, M. R. Tredici, and G. Florenzano.
“Hydrogen production by immobilized cell-I. light dependent dissimilation
of organic substances by Rhodospeudomonas palustris.” J. Hydrogen

Energy 7:231-236, 1982.

[27] Vrati, S., and J. Verma. “Production of molecular hydrogen and single
cell protein by Pseudomonas capsulata from cow dung.” J. Ferment.

Technol. 61:157-162, 1983.

[28] Gogotov, 1. N., N. A. Zorin, and L. T. Serebriakova. “Hydrogen
production by model systems including hydrogenase from phototrophic

bacteria.” J. Hydrogen Energy 16:393-396, 1991.

[29] Ohta, Y., J. Frank, and A. Mitsui. “Hydrogen production by marine
photosynthetic bacteria: effect of environmental factors and substrate
specificity of the growth of hydrogen-producing marine photosynthetic

bacterium sp. Miami PBS 1071.” J. Hydrogen Energy 6:451-460, 1981.

[30] Gogotov, I. N., N. A. Zorin, and L. T. Serebriakova. “Hydrogen
production by model systems including hydrogenase from phototrophic

bacteria.” J. Hydrogen Energy 16:393-396, 1991.

_50_



[31] Khan, M. M. T, and J. Bhatt. “Polyethylene glycol mediated fusion of
Halobacterium halobium MMT22 and Escherichia coli for enhancement of

hydrogen production.” J. Hydrogen Energy 16:683-685, 1991.

[32] Tanisho, S., N. Wakao, and Y. Kokako. “Biological hydrogen
production by Enterobacter aerogenes.” J. Chem. Eng. Jpn. 16:529-530,

1983.

[33] Kumar, N., and D. Das. “Enhancement of hydrogen production by

Enterobacter cloacae IIT-BT 08.” Process Biochem. 35:589-594, 1999.

[34] Tanisho, S., Y. Suzuki, and N. Wakoo. “Fermentative hydrogen
evolution by Enterobacter aerogenes strain E.82005.” J. Hydrogen Energy

12:623-627, 1987.

[35] Brosseau, J. D., and J. E. Zajic. “Continuous microbial production of

hydrogen gas.” J. Hydrogen Energy 7:623-628, 1982.

[36] Lodhi, M. A. K.. “Hydrogen production from renewable sources of

energy.” J. Hydrogen Energy 12:461-468, 1987.

[37] Sastri, M. V. C.. “India’s hydrogen energy program - a status report.” J.

Hydrogen Energy 14:507-513, 1989.

[38] Cox, K. E., and K. D. Jr. Williamson. Hydrogen: its technology and

implications. Boca Raton, FL: CRC Press, 1979.

_51_



[39] Casper, M. S.. Hydrogen manufacture by electrolysis, thermal
decomposition and unusual technigues. Park Ridge, N.J: Nayes Data Corp.,

1978.

[40] Chang, Feng-Yung, and Chiu-Yue Lin. “Biohydrogen production using
an up-flow anaerobic sludge blanket reactor.” J. Hydrogen Energy

29:33-39, 2004.
[41] Chang, Jo-Shu, Kuo-Shing Lee, and Pin-Jei Lin. “Biohydrogen
production with fixed-bed bioreactors.” J. Hydrogen Energy 27:1167-1174,

2002.

{42] Samir, Kumar Khanal, Wen-Hsing Chen, Ling Li, and Shihwu Sung.
“Biological hydrogen production: effects of pH and intermediate products.”

J. Hydrogen Energy 29:1123-1131, 2004.

[43] Hussy, I, F. R. Hawkes, R. Dinsdale, D. L. Hawkes. “Continuous
fermentative hydrogen production from sucrose and sugarbeet.” J.
Hydrogen Energy Received 1 December 2003; received in revised form 9

March 2004; accepted 8 April 2004.

[44] Lee, Young Joon, Takashi Miyahara and Tatsuya Noike. “Effect of pH
on microbial hydrogen fermentation.” J Chem. Technol. Biotechnol.

77:694-698, 2002.

[45] Chen, Wen-Ming, Ze-Jing Tseng, Kuo-Shing Lee, and Jo-Shu Chang.

Fermentative hydrogen production with Clostridium butyricum CGSS5

_52_



isolated from anaerobic sewage sludge. J. Hydrogen Energy. Accepted 30

August 2004.

[46] Zhang, Yongfang, Guangzhen Liu, and Jianquan Shen. “Hydrogen
production in batch culture of mixed bacteria with sucrose under different

iron concentrations.” J. Hydrogen Energy 30:855-860, 2005.

[47] J. Van Niel, Ed. W., Pieternel A. M. Claassen, and Alfons J. M. Stams.
“Substrate and product inhibition of hydrogen production by the extreme
thermophile, Caldicellulosiruptor saccharolyticus.” J. Biotechnology and

Bioengineering, 81, No. 3, 255-262, 2003.

[48] Lee, Kuo-Shing, Ping-Jei Lin, and Jo-Shu Chang. “Temperature
effects on biohydrogen production in a granular sludge bed induced by
activated carbon carriers.” J. Hydrogen Energy. In Press, Corrected Proof,

Available online 14 June 2005.

[49] Samir, Kumar Khanal, Wen-Hsing Chen, Ling Li, and Shihwu Sung.
“Biological hydrogen production: effects of pH and intermediate products.”

J. Hydrogen Energy 29:1123-1131, 2004.

[50] Morimoto, M., M. Atsuko, A. A. Y. Atif, M. A. Ngan, A. Fakhru’l-Razi,
S. E. Iyuke, and A. M. Bakir. “Biological production of hydrogen from
glucose by natural anaerobic microflora.” J. Hydrogen Energy 29:709-713,

2004.

[51} Lin, Chiu-Yue, and Rong-Chong Chang. “Fermentative hydrogen

production at ambient temperature.” J, Hydrogen Energy 29:715-720, 2004.

_53_



[52] Oh, You-Kwan, Eun-Hee Seol, Eun Yeol Lee, and Sunghoon Park.
“Fermentative hydrogen production by a new chemoheterotrophic
bacterium Rhodopseudomonas Palustris P4.” J. Hydrogen Energy

27:1373-1379, 2002.

[53] Collet, C., Nevenka Adler, Jean-Paul Schwitzguebe, and Paul Peringer.
“Hydrogen production by Clostridium thermolacticum during continuous

fermentation of lactose.” J. Hydrogen Energy 29:1479-1485, 2004.

[54] Winichayakul, Somrutai, Mutsumi Takagi, and Toshiomi Yoshida.
“Acetone-butanol fermentation by Clostridium aurantibutyricum ATCC
17777 from a model medium for palm oil mill effluent.” J. Fermentation

and Bioengineering 81, No. 6, 543-547, 1996.

- [55] Fan, Yao-Ting, Ya-Hui Zhang, Shu-Fang Zhang, Hong-Wei Hou, and
Bao-Zeng Ren. “Efficient conversion of wheat straw wastes into
biohydrogen gas by cow dung compost.” J. Bioresource Technology
Received 7 August 2004; received in revised form 26 February 2005;

accepted 26 February 2005.

[56] Idania, Valdez-Vazquez, Richard Sparling, Derek Risbey, Noemi
Rinderknecht-Seijas, and Hector M. Poggi-Varaldo. “Hydrogen generation
via anaerobic fermentation of paper mill wastes.” J. Bioresource
Technology Received 17 December 2003; received in revised form 27

January 2005; accepted 27 January 2005.

_54__



[57] Zhua, Heguang, Shunsaku Ueda, Yasio Asada, and Jun Miyake.
“Hydrogen production as a novel process of wastewater treatment - studies
on tofu wastewater with entrapped R. sphaeroides and mutagenesis.” J.

Hydrogen Energy 27:1349-1357, 2002.

[58] Shin, Hang-Sik, Jong-Ho Youn, and Sang-Hyoun Kim. “Hydrogen
production from food waste in anaerobic mesophilic and thermophilic

acidogenesis.” J. Hydrogen Energy 29:1355-1363, 2004.

[59] Yua, Hanqing, Zhenhu Zhu, Wenrong Hu, and Haisheng Zhang.
“Hydrogen production from rice winery wastewater in an upflow anaerobic
reactor by using mixed anaerobic cultures.” J. Hydrogen Energy 27:1359—

1365, 2002.

[60] Lay, Jiunn-Jyi, Kuo-Shuh Fan, James-1 Chang, and Chia-Hung Ku.
“Influence of chemical nature of organic wastes on their conversion to
hydrogen by heat-shock digested sludge.” J Hydrogen Energy

28:1361-1367, 2003.

[61] Noike, Tatsuya, Hiroo Takabatake, Osamu Mizuno, and Mika Ohba.
“Inhibition of hydrogen fermentation of organic wastes by lactic acid

bacteria.” J. Hydrogen Energy 27:1367-1371, 2002.

[62] Fascetti, E., E. Daddario, O. Todinit and A. Robertiello.
“Photosynthetis hydrogen evolution with volatile organic acids derived
from the fermentation of source selected municipal solid wastes.” J.

Hydrogen Energy 23, No. 9, 753-760, 1998.

_55_



[63] Wang, C.C., C.W Chang, C.P. Chu, D.J. Lee, B.-V. Chang, and C.S.
Liao. “Producing hydrogen from wastewater sludge by Clostridium

bifermentans.” J. Biotechnology 102:83-92, 2003.

[64] Idania, Valdez-Vazquez, Elvira Rios-Leal, Fernando Esparza-Garcia,
Franco Cecchi, and Héctor M. Poggi-Varaldo. “Semi-continuous solid
substrate anaerobic reactors for H, production from organic waste:
Mesophilic versus thermophilic regime.” J. Hydrogen Energy. 30:1383 —

1391, 2005.

[65] Han, Sun-Kee, Sang-Hyoun Kim, and Hang-Sik Shin. “UASB
treatment of wastewater with VFA and alcohol generated during hydrogen

fermentation of food waste.” J. Process Biochemistry 40:2897-2905, 2005.

[66] Taguchi, Fumiaki, Jun Dan hang, Shuya Taguchi and Masayoshi
Morimoto. “Efficient hydrogen production from starch by a bacterium
isolated from termites.” J. Fermentation and Bioengineering 13, Issue 3,

244-245, 1992.

[67] De Vrije T. and P.A.M. Claassen. Bio-methane & Biohydrogen; Dark
hydrogen fermentation, Dutch Biological Hydrogen Foundation 2003, 104-

105.

[68] Zhang, Tong, Hong Liu, and Herbert H. P. Fang. “Biohydrogen
production from starch in wastewater under thermophilic condition.” J.

Environmental Management 69:149-156, 2003.

_56_



[69] Taguchi, Fumiaki, Naoki Mizukami, Katsushige Hasegawa, Tatsuo
Saito-Taki and Masayoshi Morimoto. “Effect of amylase accumulation on
hydrogen production by Clostridium beijerinckii, strain AM21B.” J.

Fermentation and Bioengineering 77:565-567, 1994.

[70] Van Ginkel, Steven W., and Bruce Logan. “Increased biological
hydrogen production with reduced organic loading.” J. Water Research

39:3819-3826, 2005.

[71] Han, Sun-Kee, and Hang-Sik Shin. “Biohydrogen production by
anaerobic fermentation of food waste.” J. Hydrogen Energy. 29:569-577,

2004.

_57_



	목차
	List of tables
	List of figures
	요약
	ABSTRACT
	Ⅰ. INTRODUCTION.
	 1) Hydrogen production from fossil fuels:
	 2) Hydrogen production from water:
	 3) Hydrogen production from biomass:

	Ⅱ. MATERIALS AND METHOD
	 1. Strain and medium
	 2. Culture condition and experimental procedure
	 3. Analytical methods:

	Ⅲ. RESULT
	 1. Hydrogen production from Reinforced Clostridial Medium(RCM).
	 2. Hydrogen production from food-waste:

	Ⅳ. DISCUSSION.
	Ⅴ. CONCLUSION.
	REFERENCES

