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ABSTRACT

Hydrogen is a promising alternative fuel for the future because its non-polluting and inexhaustible nature, it
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has high heating power and the potential to eradicate all the environmental problems. As an importantly and
specially industrial gases, hydrogen has a wide application and potentiality in petrochemical, metallurgic industry, electronics, food
processing, refined organic synthesis and aviation. Among the various hydrogen production pathways, use of biological methods of
hydrogen production has attracted increasing global attention, due to its potential for inexhaustible, low-cost and renewable source
of clean energy. The aim of this work was to observe the hydrogen production yield of 16 different pure strains and mixed culture,
which contains hydrogen-producing strains and non-hydrogen-producing strains. The experimental results compared the hydrogen
production yield of these pure strains. In addition, The biohydrogen production in mixed culture of Enterobacter cloacae ATCC 13047,
Kluyveromyces marxianus 15D and Clostridium acetobutylicum ATCC 824 was greatly enhanced up to 33.7 mL/h-1.L-1, indicating
that biohydrogen production in mixed culture is preferable for the fermentative hydrogen-producing system. These results confirmed
Enterobacter cloacae ATCC 13047, Kluyveromyces marxianus 15D and Clostridium acetobutylicum ATCC 824 of hydrogen-producing
bacteria has potential and efficient applications in biohydrogen production.

1. Introduction

Biological hydrogen-production technology is one of the most
important means of solving the energy and environmental cri-
ses and has drawn increasing attention, becoming the research
focus of scientists around the world [1-3]. Hydrogen-producing
microbes are the core of biological hydrogen-production tech-
nology and play important roles in the process of biological hy-
drogen production. To date, hydrogen-producing fermentative
microbes have been extensively studied and widely reported by
domestic and foreign researchers. However, the ideal fermen-
tative bacteria for hydrogen production have not been identi-
fied. The shortage of ideal hydrogen-producing fermentative
microbes has become one of the biggest bottlenecks hindering
the development of biological hydrogen-production technology.
Therefore, screening, isolating, and identifying highly efficient
hydrogen-producing bacteria and enhancing the efficiency of
hydrogen production not only provide important microbial
resources for the genetic improvement of hydrogen-producing
bacteria and for physiological and biochemical studies but also
facilitate the industrialisation of biological hydrogen produc-
tion.

To identify bacteria for efficient fermentative hydrogen produc-
tion, domestic and foreign researchers have isolated a large
number of hydrogen-producing bacteria, which belong mainly
to the genera Clostridium and Enterobacter [4-6]. Zhao et al.
have found that the addition of silver nanoparticles to anaero-
bic reactors enhances the ability of Clostridium butyricum to
produce hydrogen fermentatively. A maximum hydrogen yield
of 2.48 mol/mol glucose was achieved when the concentration
of silver nanoparticles reached 20 nmol L-! [7]. Other studies
have shown that hydrogen-production technology using mixed
microfloras gives superior results compared to technology us-

ing a single microbial species [8-10]. Zhang et al. have studied
the effects of disulphonate on fermentative hydrogen produc-
tion by mixed microfloras; in an experimental system consisting
of a mixed culture of Clostridium beijerinckii and Enterobacte-
riaceae with xylose as the substrate, the hydrogen yield reached
a maximum of 52.3% [11]. Therefore, screening pure microbial
strains of the genera Clostridium and Enterobacter and estab-
lishing hydrogen-production systems with mixed microfloras
will lay the foundation for subsequent applied research.

In the present study, 16 microbial strains of different origins,
including hydrogen-producing strains (belonging to the genera
Clostridium and Enterobacter) and non-hydrogen-producing
strains (belonging to the genus Bacillus and to the Saccharo-
myces and edible fungi), were selected, and their 165/18S ri-
bosomal RNA (rRNA) sequences were identified. In addition,
the microscopic morphology of the microbial colonies and cells
was examined, and the hydrogen-production efficiencies of hy-
drogen-production systems composed of pure microbial strains
were determined. Of the 16 microbial strains, 8 pure strains
were selected for further study. The dynamics and electrochem-
istry of hydrogen-production systems composed of each pure
strain were analysed, and the pure strains that were most suit-
able for building mixed microfloras were identified. This sys-
tematic study of the electrochemical parameters of fermenta-
tive hydrogen-production systems, mathematical description
of the experimental data, and establishment of an experimental
model will provide the basis for establishing quality-control pa-
rameters in subsequent applied research.

2. Materials and methods
2.1 Microorganisms
A total of 16 microbial strains of different origins were selected
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to build a screening library. The microbial strains are summa-
rised in Table 1. Of the 16 microbial strains, 11 were repre-
sented by 16S/18S-rRNA nucleic-acid sequences in GenBank.
Electrochemical parameters were determined for the following
8 strains: Clostridium acetobutylicum ATCC 824, Enterobacter
cloacae ATCC 13047, Bacillus stearothermophilus U2, Bacillus
subtilis B7, Kluyveromyces lactis B9, Rhodotorula lactosa C8,
Kluyveromyces marxianus D10, and Kluyveromyces marxianus
15D.

2.2 Media

2.2.1 The composition of the modified Gifu anaerobic medium
(GAM) was as follows: proteose peptone 15.0 g, pancreatic ca-
sein peptone 10.0 g, yeast extract 5.0 g, beef powder 2.0 g, di-
gestive serum powder 13.5 g, bovine liver extract powder 1.2
g, glucose 3.0 g, potassium dihydrogen phosphate 2.5 g, sodium
chloride 3.0 g, soluble starch 0.3 g, L-cysteine 0.3 g, and sodium
thioglycollate 0.15 g. The medium was prepared by adding 1.0 L
distilled water to 74.0 g modified GAM and autoclaving at 1.05
Kg/cm?2 for 20 min.

2.2.2 The composition of the liquid cornmeal-infusion media
was as follows: corn flour 5.0 g, peptone 0.1 g, glucose 1.0 g, and
distilled water 1.0 L (pH 7.0). The medium was autoclaved at
1.05 Kg/cm2 for 20 min.

2.2.3 The composition of the nutrient broth was as follows:
peptone 10.0 g, beef extract 3.0 g, NaCl 5.0 g, agar 20.0 g, and
distilled water 1.0 L. The medium was adjusted to pH 7.0 with 5
mol/L sodium hydroxide (approximately 0.2 ml) and autoclaved
at 1.05 Kg/cm2 for 20 min.

2.2.4 The composition of the potato-dextrose agar was as fol-
lows: potato 200.0 g, dextrose 20.0 g, agar 20.0 g, and distilled
water 1.0 L (pH 7.0). The potatoes were washed, peeled, and
sliced. The sliced potatoes (200.0 g) were boiled in water for 30
min, and the potato broth was filtered with gauze. Distilled wa-
ter was added to bring the volume of the broth to 1.0 L. Dextrose
was then added, and the broth was heated to aid dissolution. The
medium was divided into aliquots and autoclaved at 1.05 Kg/
cm2 for 20 min.

2.3 Reagents

The reagents used included peptone (OXIDE), beef extract
(BBI), agar (BBI), GAM medium (Qingdao Hi-tech Industrial
Park, Haibo Biotechnology Co., Ltd.), and potato and corn flour
(commercially available). Other reagents were analytical grade.

2.4 Analytical procedures

2.4.1 Identification of microbial 165/18S rRNA

Microbial genomic DNAs were extracted from 8 mL of liquid
culture containing microbes in the logarithmic-growth phase
(OD600nm = 0.6) using genomic-DNA extraction and purifica-
tion kits. The microbial 165/18S rRNA was then sequenced by
the Beijing Genomics Institute (BGI) and Jiangnan University.
The sequence data were submitted to the GenBank sequence
database using the program Sequin 11.90 and the SequinMac-
roSend Direct Submission Tool.

2.4.2 Morphological characterisation of microbial colonies
and cells

Each microbial strain was spread on the surface of the solid
media using the streak-plate technique. After appropriate in-
cubation, the resulting single colonies were picked and stained
with methylene blue [12]. The microscopic morphology of the
microbial colonies and cells was photographed using a Canon
Powershot A3300/S Digital Camera (Japan). The microscopes
included an OPTON universal microscope (West Germany) and
an XSM-20 biological microscope (Ningbo Sunny Instruments
Co., Ltd.).

2.4.3 Fermentative hydrogen-production experiments

The 16 microbial strains were inoculated onto solid slant media
and cultured. Two loopfuls of microbes were scraped off each
slant using a sterile inoculating loop, inoculated into test tubes
containing 10 mL of liquid medium, and cultured in a constant-
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temperature oscillator. The resulting liquid cultures were inocu-
lated into flasks containing 100 mL of liquid medium utilising
a 10% inoculum volume, incubated in a constant-temperature
oscillator, and allowed to undergo substrate conversion. The
hydrogen-production experiments were carried out in a slightly
modified glass syringe according to a previously described pro-
tocol [13]. The 20-mL glass syringes were sealed at the needle
port using rubber caps, and 10 mL of medium was added to
each syringe barrel. Liquid culture containing microbes in the
logarithmic-growth phase was added at 10% v/v to each sy-
ringe and cultured at appropriate temperatures. Hydrogen yield
was represented as the volume of hydrogen gas at 1.013x105 Pa
(1 atm). The average hydrogen-production rate was calculated
according to the following formula
Toral velume o Hydrogen produced /mL

Average hydrogen — production rae(ml | K I) = %1000
Culture fimex10mL [1]

The hydrogen content was determined using a GC-9A gas chro-
matograph with a thermal conductivity detector (Shimadzu,
Japan). The carrier gas was N? and the injection volume was 1
mL. The hydrogen content was calculated using the external-
standard method.

2.4.4 Electrochemical kinetics

Electrochemical parameters were measured using an FJA-3
electrochemical ion analyser (Nanjing Chuan-Di Instrument
& Equipment Co., Ltd.). The fermentation broth was collected
periodically, and the pH/Eh and electrical conductance/con-
ductivity were determined. The measurements were repeated 5
times, and the average values were used for data analysis.

2.4.5 Biomass determinationThe biomass was determined by
measuring the absorbance of each microbial culture at a 600-
nm wavelength using 1-cm cuvettes and a UV-1800PC UV spec-
trophotometer (Beijing Purkinje General Instrument Co., Ltd.).
Un-inoculated liquid medium was used as a reference. The
measurements were repeated 5 times, and the average values
were used for data analysis.

2.5 Data analysis and calculation methods
2.5.1 Analysis of pH/Eh by the kinetic-potentiometric
method
To study the electrochemical characteristics of the hydrogen-
production systems composed of pure microbial strains, the
Nernst equation was employed to calculate the equilibrium
potential (E) of specified redox couples relative to the standard
potential (E%

RT, “red s [RTY, ‘“ox (2
E=FE'-—l—&SE=F—-|— |h—

nF ox \nF} “red
At room temperature (25°C = 298,15 K), the following formula
holds:

3)

E1.1110 = 0.05916
F

Therefore, at 25°C, the Nernst equationca be simplified as fol-
lows:

o 005916, [red]

o 005916 [ox] &)
E=E° SE=E'+—""g

n c [ox] n [red]

In this formula, R is the gas constant, which is equal to 8.31441
J.K-1.mol-1; T is the temperature (in kelvins); a is the activity of
the oxidising and reducing agents (activity = concentration x
activity coefficient); [ox] represents the concentration of oxidis-
ing agents; [red] represents the concentration of reducing
agents; F is the Faraday constant (1 F = 96487 C.mol-1); and nis
the number of transferred electrons in a half-reaction (in
moles).

Using pH/Eh as parameters, the hydrogen-producing fermenta-
tive systems were analysed by the kinetic-potentiometric meth-
od. The entire fermentative system was considered as a meas-
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urement cell. The electromotive force of the fermentative
system was calculated using the following formula:

2 (5)
E—E° ,42.30 6RT\]pHx
S

2.5.2 Analysis of electrical conductance /conductivity by the
kinetic-potentiometric method

In hydrogen-production systems composed of pure micro-
bial strains, when all other conditions are constant, the elec-
trical conductance of the biohydrogen-producing solution is
determined by the number of ions, their electric charges, and
their mobility. The electrical conductance of the biohydrogen-
producing solution is the sum of the electrical conductances
of the various ions in the solution. Therefore, in the biological
hydrogen-production process, the electrical conductance and
conductivity can be utilised to determine the concentrations of
the components in a hydrogen-production system and to opti-
mise hydrogen-production conditions.

The conductance of a solution can be calculated using the folow
ing formula:

G=O’i=i(}' (6)
I K

&

In this formula, 1 is the length of the conductor (cm); A is the
cross-sectional area of the conductor (cm2); o is the electrical
conductivity (or specific conductance), which represents the
conductance of a conductor with a volume of 1 cm?® (in ({2 « cm)-
or S/cm); G is conductance in siemens (S) (1S = 1A« V-1 = 0-%);
and K represents the conductivity cell constant (in cm-1), which
is the ratio of the distance between the 2 pole pieces of the con-
ductivity electrodes (1) to the area of the pole pieces (4).

The dynamics of the electrical conductance/conductivity of
the hydrogen-production systems composed of pure microbial
strains showed that the curve representing the relationship be-
tween the electrical conductance of the biohydrogen-producing
solution and the concentration (electrical conductivity) of the
solution was approximately linear This curve could be ex-
pressed by the following linear-regression equation:

y=bx+a

In this equation, y is the electrical conductance; x is the concen-
tration of the biohydrogen-producing solution (or the electri-
cal conductivity of the solution); b is the regression coefficient
(slope); and a is the regression constant (intercept). Thus, the
electrical conductivity of the solution can be calculated using
the following formula

x=(y—a)/b ®

2.5.3 Analysis of cell-growth kinetics

The hydrogen-production efficiency is correlated with the
growth of the microbial strains. Studying the growth kinetics of
various microbial strains using mathematical models helps to
further optimise hydrogen-production systems. In the present
study, the following exponential-decay model was utilised to
evaluate the growth of each microbial strain:

y=y,+Ae T 1+A,e? (

3. Results and Discussion

3.1 Analysis and identification of the 165/18S rRNA of the
microbial strains

Except for the commercially available microbial strains, all mi-
crobial strains obtained via mutation or isolation were identi-
fied according to Bergey's Manual of Determinative Bacteriol-
ogy (Eighth Edition) and A Guide for the Identification of Fungi.
The microbial strains submitted for 165/18S rRNA sequencing
included Clostridium acetobutylicum ATCC 824, Enterobacter
cloacae ATCC 13047, Bacillus stearothermophilus U2, Bacillus
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subtilis B7 and B7-S, Kluyveromyces lactis B9, Rhodotorula lac-
tosa C8, Kluyveromyces marxianus D10 and 15D, Cantharellus,
Boletus edulis, and Clavicorona pyxidata.

3.2 Comparison of the fermentative hydrogen-production
rates of the 16 initial microbial strains

The hydrogen-gas yields produced by the 16 microbial strains
via fermentation were analysed and compared. As seen in Fig-
ure 1, the anaerobic microbial strains displayed the most effi-
cient hydrogen production. Among the anaerobic strains, the
hydrogen-production efficiency of Clostridium acetobutylicum
ATCC 824 (13.6 mL/h-1.L-*) was significantly higher than that of
Clostridium butyricum T11 (8.1 mL/h-11-!). Among the bacte-
rial strains, Enterobacter cloacae ATCC 13047 showed the most
efficient hydrogen production, reaching 12.5 mL/h-1.L-*. Among
the yeast strains, Kluyveromyces marxianus 15D showed the
most efficient hydrogen production, at 8.9 mL/h-L-%. The 3
strains of filamentous fungi showed the lowest hydrogen-pro-
duction efficiency; all 3 had a yield of less than 1.5 mL/h-1.L-1.
The 8 microbial strains that showed the best hydrogen-produc-
tion efficiency were selected, and their microbiological charac-
teristics were further studied.

3.3 Colonial and cellular morphology of the selected micro-
bial strains

Based on detailed comparisons of the hydrogen-production ef-
ficiencies of the 16 microbial strains, the colonial and cellular
morphologies of 8 selected microbial strains were further ex-
amined. The results are shown in Figures 2 and 3.

3.4 Electrochemical analysis of pH/Eh in hydrogen-produc-
tion systems composed of the selected microbial strains

Electrochemical analysis was employed to determine the pH of
the hydrogen-production systems composed of the 8 selected
microbial strains (Figure 4). In the hydrogen-production system
composed of the anaerobic bacterial strain Clostridium aceto-
butylicum ATCC 824, the pH value was basically stable at 5.3.
In the hydrogen-production systems composed of the other 3
bacterial strains, the overall trend for pH over time was upward
(i.e, more basic). The pH values gradually increased from 7.0 to
approximately 8.0. These results were related to the decomposi-
tion of polypeptides, such as peptone, in the culture media. The
final products of in-vitro polypeptide decomposition are amino
acids, which are further broken down by the microbes to pro-
vide energy. The breakdown products are ultimately released
in the forms of organic amines, amine salts, and ammonia [14],
which affect the pH of hydrogen-production systems. In the hy-
drogen-production systems composed of the 4 yeast strains, an
overall declining trend for pH was observed, with the pH chang-
ing from 5.5 to approximately 2.5. These results were related to
the catabolism of starch and glucose in the media. The starch-
decomposition process is summarised in formula (3-9) [15]:

CH,,0;()+7H,0(1)——12H, (g)+ 6CO,(g) (3-9)

Compared with the control systems (containing culture medi-
um only), the regulatory effects of the 4 yeast strains on the pH
of the hydrogen-production systems were clear. In contrast, the
changes in pH over time in the hydrogen-production systems
composed of the 4 bacterial strains were mostly consistent with
those in the control systems. Therefore, a 2-step hydrogen-
production process consisting of the establishment of mixed
microfloras by co-culturing bacteria and yeast and the fermen-
tative conversion of organic substrate to hydrogen by anaerobic
microbial strains is feasible. The redox potential can be affected
by various environmental factors. First, the redox potential is
influenced by the partial pressure of oxygen. High oxygen par-
tial pressure normally results in high redox potential, whereas
low oxygen partial pressure corresponds to low redox potential.
Second, reducing substances such as hydrogen and hydrogen
sulphide, which are generated by microbes during the oxidation
and metabolism of organic compounds, may decrease the en-
vironmental Eh value. Finally, the environmental pH value may
also affect the redox potential. The redox potential increases
when the pH value decreases and decreases when the pH value
increases [16].
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Electrochemical analysis was also employed to determine the
Eh of the hydrogen-production systems composed of the 8 se-
lected microbial strains (Figure 5). In the hydrogen-production
system composed of Clostridium acetobutylicum ATCC 824, the
redox potentials ranged from 60 to 82 mV. The survival of an-
aerobic microbes requires an environment with a relatively low
redox potential (Eh value) because certain dehydrogenases in
the microbes, including coenzyme I, ferredoxin, and flavopro-
tein, require a low-Eh environment to maintain their activities.
In the hydrogen-production systems composed of the other
3 bacterial strains, the Eh values ranged from -80 to 15 mWV.
In the hydrogen-production systems composed of the 4 yeast
strains, the Eh values ranged from 70 to 250 mV. These results
indicate that the hydrogen-production systems composed of the
yeast strains had the highest redox potentials, followed by the
hydrogen-production system composed of the anaerobic bacte-
rial strain. The hydrogen-production systems composed of the
other 3 bacterial strains displayed the lowest redox potentials.

3.5 Dynamics of pH/Eh in hydrogen-production systems
composed of the selected microbial strains

The electromotive force (Ef) of each hydrogen-production sys-
tem was calculated using the Nernst equation. Figure 6 shows
that the Ef of the hydrogen-production system composed of the
anaerobic bacterial strain was 39 mV. In the hydrogen-produc-
tion systems composed of the 4 yeast strains, Ef ranged from
30 and 33 mV; in those composed of the remaining 3 bacterial
strains, Ef was 52-53 mV. In addition, the biological hydrogen-
production systems were most likely to remain stable when the
Ef value was approximately 30 mV. Therefore, the hydrogen-
production systems composed of the yeast strains showed the
highest stability, followed by the system composed of the an-
aerobic bacterial strain. The systems composed of the remain-
ing 3 bacterial strains were less stable. Based on these Ef values,
the hydrogen-production system composed of Enterobacter
cloacae ATCC 13047 was superior to those composed of the
other 2 aerobic bacterial strains, and the hydrogen-production
systems composed of the yeast strains Kluyveromyces lactis
B9 and Kluyveromyces marxianus 15D were superior to those
composed of the other 2 yeast strains.

3.6 Electrochemical analysis of electrical conductance /con-
ductivity in hydrogen-production systems composed of the
selected microbial strains

The changes in electrical conductance were analysed in the
hydrogen-production systems composed of the 8 selected mi-
crobial strains. Figure 7 shows that the changes in electrical
conductance in the hydrogen-production system composed of
the anaerobic bacterial strain Clostridium acetobutylicum ATCC
824 were basically consistent with those in the control system.
In the hydrogen-production system composed of Clostridium
acetobutylicum, the electrical conductance changed with the
temperature. This pattern clearly differed from those of the
other hydrogen-production systems and may be related to the
anaerobic environment of the system. The conductance trends
in the hydrogen-production systems composed of the other 3
bacterial strains were similar, while those in the hydrogen-pro-
duction systems composed of the 4 yeast strains were basically
the same. After 50 h of fermentation, the electrical conductivity
of the hydrogen-production systems composed of yeast strains
had increased significantly. This phenomenon is related to the
fact that these yeast strains are facultatively anaerobic. After 50
h of fermentation, glycolysis was enhanced, resulting in an in-
creased partial pressure of CO? and enhancing the systems’ hy-
drogen-production capacity. Figure 8 shows that the electrical
conductivity of the hydrogen-production system composed of
the anaerobic bacterial strain Clostridium acetobutylicum ATCC
824 changed smoothly over time. The results suggest that the
hydrogen-production system composed of Enterobacter cloa-
cae ATCC 13047 was superior to those composed of the other
2 aerobic bacterial strains and that the hydrogen-production
systems composed of the yeast strains Rhodotorula lactosa
C8 and Kluyveromyces marxianus 15D were superior to those
composed of the other 2 yeast strains.

3.7 Dynamics of electrical conductance/conductivity in

hydrogen-production systems composed of the selected
microbial strains

1 the biological hydrogen-production process, electrical con-
ductance and conductivity can be used to determine the con-
centration of each component in the hydrogen-production sys-
tem and to regulate the hydrogen-production conditions. Figure
9 shows the dynamics of electrical conductance/conductivity
in the hydrogen-production systems composed of the selected
microbial strains. The experimental data display a linear rela-
tionship (R* > 0.90), indicating a positive correlation between
electrical conductance and electrical conductivity in the hydro-
gen-production systems composed of these microbial strains.

3.8 Growth kinetics of the selected microbial strains in the
hydrogen-production systems

The growth kinetics of the 8 selected microbial strains in the
hydrogen-production systems are shown in Figure 10. For
Clostridium acetobutylicum ATCC824, Enterobacter cloacae
ATCC 13047, and Kluyveromyces marxianus 15D, the best-fit
nonlinear curves are consistent with the experimental data.
However, the best-fit curves for the other microbial strains do
not fully match the experimental data. The discrete data points
deviate from the fitted curves with large residuals. Among the
8 microbial strains, Clostridium acetobutylicum ATCC 824, En-
terobacter cloacae ATCC 13047, and Kluyveromyces marxianus
15D were similar in the parameters of the fitted curves and in
their growth and habitat parameters. Therefore, these 3 strains
are suitable for the construction of mixed microfloras.

3.9 Comparison of the fermentative hydrogen-production
rates of the selected microbial strains

The hydrogen-production efficiencies of the 8 selected microbial
strains were analysed and compared, and the results are shown
in Figure 1. The 3 microbial strains with the highest hydrogen
yields were Clostridium acetobutylicum ATCC 824 (13.6 mL/h-
+L-%), Enterobacter cloacae ATCC 13047 (12.5 mL/h-*.L-), and
the yeast strain Kluyveromyces marxianus 15D (8.9 mL/h-1.L-1).
Therefore, these 3 strains were selected for the construction of
mixed microfloras.

4. Conclusion

The present study established a screening library using 16 mi-
crobial strains of different origins. After sequencing the micro-
bial 16S/18S rRNA, examining the microscopic morphology of
the microbial colonies and cells, and determining the hydrogen-
production efficiencies of hydrogen-production systems com-
posed of the pure microbial strains, 8 microbial strains were
selected for further study. The colonial and cellular morpholo-
gies of these strains were examined to provide a foundation for
the preliminary screening of suitable microbial strains for the
construction of mixed microfloras. The electrochemical param-
eters of the 8 selected strains were analysed and compared. The
pH, Eh, electrical conductance and conductivity, electrochemical
dynamics, and growth kinetics of the selected microbial strains
were analysed using mathematical tools. Based on these results
and on the comparative hydrogen-production efficiencies of the
microbial strains, 3 strains were identified as suitable for use
in hydrogen-producing mixed microfloras. These strains were
Clostridium acetobutylicum ATCC 824, Enterobacter cloacae
ATCC 13047 and Kluyveromyces marxianus 15D.
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Tables and Figures

Table 1. The 16 microbial strains initially screened in the present study
Strains Source G B?;:xl;fbc :f.l' sl liggﬁfr% Temperature
Clostridium acetobutylicum S512 ATCC 824 JQ086380 [1] 37°C
Clostridium butyricum T11 CGMCC 1.335 ND [2] 35°C
Enterobacter cloacae Y219 ATCC 13047 JQ086381 [3] 37°C
Enterobacter aerogenes E9 CGMCC 45103 ND [3] 30°C
Bacillus stearothermophilus U2 CGMCC 1.1865 ND [3] 45°C
Bacillus subtilis B7 CGMCC 1.210 JQ086378 [3] 30°C
Bacillus subtilis B7-S CCTCC M 2011162 JQ086379 [3] 30°C
Pseudomonas putida P85 ATCC 17485 ND [3] 30°C
Kluyveromyces lactis B9 CGMCC 2.1494 JQ086382 [4] 25°C
Rhodotorula lactosa C8 CGMCC 2.680 JQ086383 [4] 25°C
Kluyveromyces marxianus D10 CGMCC 2.1440 JQ086384 [4] 25°C
Kluyveromyces marxianus 15D GIBT-01 JQ086385 [4] 34°C
Rhodotorula rubra R530 CGMCC AS2.530 ND [4] 28°C
Cantharellus KX560]Y GIBT-02 ]Q086387 [4] 28°C
Boletus edulis KX920NG GIBT-03 JQ086386 [4] 28°C
Clavicorona pyxidata KX320SH GIBT-04 JQ086388 [4] 28°C

ND means no detection

Clavicorona pyxidute SH-5
Beletus edulis NG-6

Canthareling JY-13

Rhodotorulu rabra R330
Kluyveramyees marxianns 130
Klayveromees marxionnus DID
Riodotorula lnctose C8
Klayveromyees lactis BY

Psevdomonas putida PSS

Bucillus subtilis B7-8

Bacillus subtifis B7

Racillus stearatfermoplilus U2

Enterabacter aeragenes E45

Enterobacter cloacae ATCC 13047

Clostridivn butyricam T1H

Clostridium ucetobutylicnm ATCC 824

Figure 1 Analysis and comparison of the hydrogen-produc-

tion efficiencies of the 16 microbial strains

Figure 2 Colony morphologies of the 8 selected microbial
strains

(a) Clostridium acetobutylicum ATCC 824; (b) Enterobacter clo-
acae ATCC 13047; (c) Bacillus stearothermophilus U2; (d) Bacil-
lus subtilis B7; (e) Kluyveromyces lactis B9; (f) Rhodotorula lac-
tosa C8; (g) Kluyveromyces marxianus D10; (h) Kluyveromyces
marxianus 15D.
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Figure 3 Microscopic morphology of the 8 selected microbial strains
(a) Clostridium acetobutylicum ATCC 824: (b) Enterobacter cloacae ATCC 13047: (c) Bacillus stearothermophilus U2: (d) Bacillus
subtilis B7: (e) Kluyveromyces lactis B9; (f) Rhodotorula lactosa C8; (g) Kluyveromyces marxianus D10; (h) Kluyveromyces marxianus
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Figure 4 Electrochemical analysis of pH in hydrogen-production systems composed of the 8 selected microbial strains
(a) Clostridium acetobutylicum ATCC 824; (b) Enterobacter cloacae ATCC 13047; (c) Bacillus stearothermophilus U2; (d) Bacillus subtilis
B7; (e) Kluyveromyeces lactis B9; (f) Rhodotorula lactosa C8; (g) Kluyveromyces marxianus D10; (h) Kluyveromyces marxianus 15D.
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Figure 5 Electrochemical analysis of Eh in hydrogen-production systems composed of the 8 selected microbial strains
(a) Clostridium acetobutylicum ATCC 824; (b) Enterobacter cloacae ATCC 13047; (c) Bacillus stearothermophilus U2; (d) Bacillus subtilis
B7; (e) Kluyveromyces lactis B9; (f) Rhodotorula lactosa C8; (g) Kluyveromyces marxianus D10; (h) Kluyveromyces marxianus 15D.
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Figure 6 Dynamics of pH/Eh in hydrogen-production systems composed of the 8 selected microbial strains (Ef = electromotive force)
(a) Clostridium acetobutylicum ATCC 824; (b) Enterobacter cloacae ATCC 13047; (c) Bacillus stearothermophilus U2; (d) Bacillus subtilis
B7; (e) Kluyveromyces lactis B9; (f) Rhodotorula lactosa C8; (g) Kluyveromyces marxianus D10; (h) Kluyveromyces marxianus 15D.

&1

» 3 ]
o |
1 2 - 1 -
3% 4 ¥ - L
- » L]
25 L) e .. .y L2 a8 -
b w2
-~ (4] — ay (4]
T 1 g w4 N
-, - p— .
; _.-"' _4"‘
20 = k29 h L [T
- o g 24 o &
i — ’ o
i 4 :‘_‘4__—.-::!-— W - E = -
Pl p— O B H
" - il ]
»— Terrgaraure (1 J o Temparaiume ('C)
' (a) - \Mmmlc' 1 — (D) —«— vie: bacsena
-4
<= Without bactura —ar— Without bacleds
@ T y y T Y L T T T T r
o = L] L L) o » . L "
Time (hours) Tirne (hours)
a3 4 "' "W
gt L . . 4 . * e s o d
ol - o 3 . - % 4'. - - s e
b
3 - R e
2 ]
= N & S [+ I 1]
3, = L , g » 4
24 4 - = Ly
-
5 i et o . __":._ -
! 0 - ‘_)v_ - L .r‘ ____._.r
i " -~ - i ...-' , - -
wy J o Tempeeniure (T} / ) => Tampessturs ('C)
(€) —=Wanbectena |, s 4 {d) —e— with bacteris
-1 <o Without < \Withoul bacsers |,
L T T g T Y L T T 1 T g
0 »n *2 L = ] = - L ]
Tirme [hours) Titre [hours)
e
L ]
' . ae® .y 0 4 e & - =
- g L] - - .. - g
- 1.8 |7
a4
»
»
- ..,. ‘.-‘
gi. 1 Vo s o= / i
¥ \ / \ b,
5 . \ P 2 a ui g i, ; Py ”
- L A g e " ! i
\ . E N
S— e ] Rt
- 10 w LO% é 04 'r." 3 Lo &
- - 3
o~ Tempesatre ('C) & Tamparatuse ('C)
34 (@) —a—with bactens s4 (f) —=—vambaciera b
~o— Withou! baclena Lo ~ Withou! bactena
L T T T T T L] T r T T as
0 ] 4 L] ® ] » & 0 »
Time (Poers) Tissa {hours)

IJSR - INTERNATIONAL JOURNAL OF SCIENTIFIC RESEARCH J




T

Volume : 3 | Issue : 2 | February 2014 = ISSN No 2277 - 8179

L e .
. -y -
4
.- r
/
. "
g <t . 12
e , /
-
-
"-.\_ - 40
* g
e Las
& Tompacatuse ('C) kas
(@) —=— vim bacnra
VARGU! Dactana L oa
] " = " L]
Tisse (hours)

Research Paper

L] I. - g L *ar
-
"'- 54
P
— ]
sle—" N\ .
-.\.-,‘_“- _!.-'
-(/': L 1n
- e ]
, on @
* - Torrparsture ('C)
(h) —=— vam bactona
Wimncut Dactena a8
q " &) =
Tise (hours)

Figure 7 Electrical conductance of hydrogen-production systems composed of the 8 selected microbial strains
(a) Clostridium acetobutylicum ATCC 824; (b) Enterobacter cloacae ATCC 13047; (c) Bacillus stearothermophilus U2; (d) Bacillus subtilis
B7; (e) Kluyveromyces lactis B9; (f) Rhodotorula lactosa C8; (g) Kluyveromyces marxianus D10; (h) Kluyveromyces marxianus 15D.
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Figure 8 Electrical conductivity of hydrogen-production systems composed of the 8 selected microbial strains
(a) Clostridium acetobutylicum ATCC 824; (b) Enterobacter cloacae ATCC 13047; (c) Bacillus stearothermophilus U2; (d) Bacillus subtilis

B7; (e) Kluyveromyeces lactis B9; (f) Rhodotorula lactosa C8; (g) Kluyveromyces marxianus D10; (h) Kluyveromyces marxianus 15D.
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Figure 9 Dynamics of electrical conductance/conductivity in hydrogen-production systems composed of the 8 selected mi-
crobial strains
(a) Clostridium acetobutylicum ATCC 824; (b) Enterobacter cloacae ATCC 13047; (c) Bacillus stearothermophilus U2; (d) Bacillus subtilis
B7; (e) Kluyveromyeces lactis B9; (f) Rhodotorula lactosa C8; (g) Kluyveromyces marxianus D10; (h) Kluyveromyces marxianus 15D.
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Figure 10 Growth kinetics of the 8 selected microbial strains in the hydrogen-production systems

(a) Clostridium acetobutylicum ATCC 824; (b) Enterobacter cloacae ATCC 13047; (c) Bacillus stearothermophilus U2; (d) Bacillus
subtilis B7; (e) Kluyveromyces lactis B9; (f) Rhodotorula lactosa C8; (g) Kluyveromyces marxianus D10; (h) Kluyveromyces marxianus
15D.
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