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Four different mutant strains ofRhodobacter capsulatus(IR1, IR3, IR4 and JP91), a photosynthetic purple non-sulfur bacterium,
ested for their ability to produce hydrogen in a 3 L volume photobioreactor coupled to a small PEM fuel cell. The four mutants,
ith the wild-type strain, B10, were grown at 30◦C under illumination with 30 mmol L−1 dl-lactate and 5 mmol L−1 l-glutamate as carbo
nd nitrogen source, respectively. Bacterial growth was measured by monitoring the increase in absorbance at 660 nm, and hyd
nd substrate conversion efficiency were measured under the same conditions. The hydrogen production capability of the five

hen compared and shown to be in the order: IR3 > JP91 > IR4 > B10 > IR1. The most preferment strain, IR3, showed a substrate
fficiency of 84.8% and a hydrogen yield of 3.9 L L−1 of culture. The biogas produced by these photobioreactor cultures was successfu
s feed for a small PEM fuel cell system, with the mutant IR3 showing the most sustained hydrogen and current production. The
urrent was similar to that obtained using pure hydrogen produced by a small electrolysis cell (High-Tec Inc.).
2004 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen is a clean and efficient fuel, considered as a
otential and more sustainable energy substitute for fossil

uels. It has been predicted that the contribution of hydro-
en to global energy consumption will increase dramatically,

o approximately 50%, by the end of the 21st century due
o the development of efficient end-use technologies, possi-
ly becoming the main final energy carrier. Also, it is un-
oubted that hydrogen will play a strategic role in the pursuit
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of a low-emission energy source for environmental dem
[1,2].

To this end, it will be necessary for hydrogen to be p
duced renewably and on a large scale. The global hy
gen production system, initially fossil-fuel based, is shif
progressively toward renewable sources. The following t
nologies for the conversion of secondary and primary f
into hydrogen are being investigated extensively: elect
sis, coal gasification, steam methane reforming of natura
partial oxidation of fuel oil, solar thermal cracking, biom
gasification and photobiological synthesis[1–5]. Biological
hydrogen production stands out as an environmentally h
less process carried out under mild operating conditions
renewable resources. Currently, much research on hyd
production is carried out with laboratory-scale or pilot-sc
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reactors using photosynthetic microorganisms[3–11]. Pho-
totrophic purple non-sulfur bacteria, such asRhodobacter
capsulatus, are commonly utilized for hydrogen production
from various carbon sources[12–20]. However, the produc-
tion rate and the yield vary greatly depending on the carbon
source used and the experimental, physiological conditions,
such as light intensity or pH[15,21]. On the other hand, sev-
eral studies have shown that mutant strains can be isolated and
show improved hydrogen producing capabilities compared to
the wild-type[22,23].

Four different mutants ofR. capsulatus(IR1, IR3, IR4 and
JP91), isolated in previous studies, as well as the wild-type
strain, B10, were checked for photohydrogen production in
a large culture volume (3 L) with 30 mmol L−1 dl-lactate
provided as the carbon source and 5 mmol L−1 l-glutamate
as the nitrogen source. The growth characteristics of these
five strains were determined by monitoring the absorbance
of the cultures at 660 nm and calculating the cell dry weight.
The cultures were incubated at 30◦C and illuminated by two
120 W incandescent lamps placed at a distance of 1 m. The
hydrogen yield and substrate conversion efficiency of each
strain were measured and used to compare the hydrogen pro-
duction capabilities of these four mutants and the wild-type
B10.

We also checked the practicability of coupling the photo-
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purification and generated an efficient current response, in-
dicating the potential of this system for future applications.

2. Experimental

Five strains ofR. capsulatus, B10 (wild-type), IR1, IR3,
IR4 and JP91, were tested in this study. The preparation
of these mutants has been described before[22,23]. Pre-
cultures were grown photosynthetically at 30–32◦C in a min-
eral salts (RCV) medium supplemented with 30 mmol L−1

dl-malate and 7.5 mmol L−1 (NH4)2SO4 as described previ-
ously[22,23]. The culture for absorbance measurements and
the photohydrogen production contained 30 mmol L−1 dl-
lactate as carbon source and 5 mmol L−1 l-glutamate as ni-
trogen source. The medium was autoclaved (120 min, 120◦C,
1.2 bar) before use. Rubber-stoppered glass bottles of 10 mL
volume were used for cell growth of different strains ofR.
capsulatus. A water-jacketed glass reactor of 3.5 L liquid vol-
ume was used for hydrogen production. The volume of cul-
ture was 3 L. The schematic figure of the experimental setup is
shown inFig. 1. The temperature of the photobioreactor was
controlled at 30◦C in a glass-sided water bath. Illumination
was provided by two 120 W incandescent lamps placed at a
distance of 1 m. To initiate growth of the culture, 20–30 mL
p
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ogen p
ydrogen produced these bacterial cultures to the ope
f a fuel cell. It is well known that fuel cells have significa
otential to become an important element of the port
f options to meet ever-increasing demands for energy
ices while responding to more stringent reliability and po
uality standards, mounting environmental constraints,
ffectiveness pressures and other challenges that energ

ems will face in the future[24]. In the present work, a sma
olymer electrolyte membrane fuel cell (PEMFC) was

ected for further evaluation. Hydrogen was applied with

Fig. 1. Schematic diagram of the photohydr
-

re-culture was inoculated into the bioreactor.
The flow rates of photohydrogen produced by the ph

ioreactor were measured with a mass flow controller cou
o a digital multi-meter, which was connected via RS232

compatible PC. The yields of biogas were determine
ntegrating the curves of flow rates against time. The bac
ell concentration was determined spectrophotometrica
as found that an absorbance at 660 nm of 1.0 is equiv

o a cell density of 0.45 g dry weight L−1 culture under ou
xperimental conditions.

roduction and application system byR. capsulatus.
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The composition of the evolved biogas was determined by
gas chromatography. The GC (HP6890) was equipped with a
thermal conductivity detector and PORAPAK Q and a molec-
ular sieve heated at 80◦C, which enabled the separation of
CO2, H2, O2, N2 and H2O. The pH of the culture medium
was measured with a standard combination pH electrode con-
nected to a GLP21 pH meter.

The small PEMFC (PEMFC-KIT, ref. 1919, High-Tec
Inc.) was fed directly with the biogas produced by dif-
ferent strains ofR. capsulatus. The membrane electrode
assembly has a surface area of 16 cm2 and works under
open outlet mode running on a constant load. Air was used
for the cathodic reaction; a 10� resistance was used as
the load of the PEM fuel cell. The current curves were
measured by HP3478A multi-meter connected to a PC via
IEEE 488.

3. Results and discussion

3.1. The growth characteristics of different strains

The absorbance (A660) of cultures was measured at 660 nm
so as to monitor bacterial growth. The cell dry weight (CDW,
g L−1) of bacteria in the culture is proportional to the ab-
s ing to
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Fig. 3. Variations of the relative content of hydrogen in the biogas produced
from different strains: (♦) corresponds to B10; (�) IR1; (�) IR3; (�) IR4
and (�) JP91.

3.2. Composition of the biogas produced by different
strains

Phototrophic purple bacteria can convert carbon sub-
strates, such as Lactate, into H2 and CO2, using light as energy
source[25,26]. The composition of the biogas produced by
the five strains under the same experimental conditions was
determined by gas chromatography.Fig. 3 shows the varia-
tions of the content of hydrogen during the cultivation in a
batch experiment. It can be seen that the content varies with
the growth of bacteria. Overall, the relative contents of hy-
drogen in the biogas (H2 + CO2) of strains JP91, IR1 and IR4
were higher than those of strains B10 and IR3, the highest
value being observed with strain JP91. The average values
for the different strains are listed inTable 1.

3.3. Kinetics of photohydrogen production

R. capsulatusgrew well in the chosen culture medium
under photosynthetic conditions and the quantity of bacte-
ria increased during cultivation. Hydrogen production began
once the bacterial concentration reached a threshold value.
However, the bacterial growth time and the kinetics of hy-
drogen photoproduction varied from strain to strain. Hydro-
gen flow rates of five strains were monitored by the flow
c no
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orbance at 660 nm and thus can be calculated accord
he following relationship:

DWbacteria= 0.45A660 (1)

he growth curves of different strains in 3 L cultures
hown in Fig. 2. During the first 24 h, strains JP91, I
nd IR1 grew more rapidly than strain B10. These
ults agree well with the results obtained in smaller
me culture (55 mL)[23]. However, it can be seen th
train IR3 grew more slowly than other strains, altho
fter 40 h the growth rates of the five strains were
imilar.

ig. 2. Bacterial growth kinetic ofR. capsulatusstrains (B10, IR1, JP9
R3 and IR4) in 3 L culture (30◦C, pH 6.8). 30 mmol L−1 dl-lactate and
mmol L−1 l-glutamate were used as carbon source and nitrogen s

espectively. (♦) corresponds to B10; (�) IR1; (�) IR3; (�) IR4 and (�)
P91.
ontroller. It can be seen that initially, for the first 8 h,
ydrogen was produced, although the bacterial strains
rowing in the culture. After this lag period, hydrogen w
roduced rapidly, and the maximum flow rate was rea
fter about 30 h. The maximum hydrogen production r

able 1
verage relative contents of hydrogen in biogas produced from differeR.
apsulatusstrains

train Average relative content of hydrogen (

10 93.0± 1.4
R1 97.4± 0.8
R3 93.2± 1.8
R4 97.3± 1.5
P91 98.0± 0.7
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differed greatly between strains, being 0.60, 0.57, 0.97, 0.77
and 0.71 mL min−1, for strains B10, IR1, IR3, IR4 and JP91,
respectively. After this peak, the hydrogen production rates
decreased with time, presumably due to the consumption of
substrate in culture batch. Nevertheless, average H2 produc-
tion rates could be calculated by integration of the curves, and
were found to be 18.6, 14.7, 34.4, 20.6 and 23.6 mL h−1 L−1

culture for strains B10, IR1, IR3, IR4 and JP91,
respectively.

3.4. Hydrogen production yields and substrate
conversion efficiency

The yields of hydrogen production reflect the capability
of different bacterial strains to convert the carbon substrate
into biogas. The yields of hydrogen were obtained by in-
tegrating the time courses of flow rates for the five strains.
Another useful parameter for characterizing microbiological
hydrogen production is the substrate conversion efficiency,
which is the ratio of the actual amount of hydrogen evolved
to the amount expected through stoichiometric conversion
of the substrate. For lactate, which is the primary carbon
substrate used in this study, 6 mol of hydrogen are expected
to be produced per mole of lactate utilized according to
Eq.(2):
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Fig. 4. Current vs. time response of a PEMFC running on a constant load
at a cell potential of about 0.8 V feed by photohydrogen produced from
strains JP91, IR1, IR3 and IR4 in 3 L culture (30◦C, pH 6.8). 30 mmol L−1

dl-lactate and 5 mmol L−1 l-glutamate were used as carbon source and
nitrogen source, respectively. Two 120 W incandescent lamps placed at a
distance of 100 cm were utilized as light source. (©) corresponds to a small
electrolysis cell; (�) IR1; (�) IR3; (�) IR4 and (�) JP91.

drogen producing capability of the mutant strain under our
experimental conditions.

3.5. The current response of the small PEM fuel cell

The biogas produced by different strains ofR. capsula-
tuswas directly introduced in a small PEM fuel cell, with-
out prior purification. The current curves obtained with B10,
JP91, IR1, IR3 and IR4 bacterial cultures associated with
PEMFC are illustrated inFig. 4. After a period of no H2 pro-
duction, which depended of the bacterial strain, the current
rapidly increased due to the production of H2. The maximal
current value, closed to 80 mA for an electrode area of ap-
proximately 16 cm2, was similar to the value obtained with
pure H2 produced by water electrolysis (81 mA) under the
same experimental conditions. At this working point, the cell
potential was about 0.8 V. The hydrogen utilization in the
PEMFC, which is the ratio of the hydrogen consumed by the
fuel cell to the inlet flow rate of hydrogen, could be estimated
from the current by using Faraday’s law and the hydrogen pro-
duction rate of the bioreactor. Ratios larger than 50% were
obtained, indicating that a large quantity of hydrogen was
converted into electricity by the PEMFC.

The delay for obtaining the maximal current via PEMFC
depended of the bacterial strains. So,R. capsulatusIR3 ex-
h tion
a site,
R al
c end-
i

f hy-
d ime
p rfor-
m f
t cell
p trated
p

3H6O3 + 3H2O → 6H2 + 3CO2 (2)

herefore the substrate conversion efficiency (η) can be cal
ulated as a percentage of the theoretical maximum fo
omplete conversion of lactate and glutamate to H2 and CO2
rom the Eq.(3) [1]:

= V

6(24.47M0)
× 100% (3)

hereV is the volume of H2 in L, 24.47 is the volume (L) o
2 at Standard Laboratory Conditions (25◦C, 1 atm) andM0

s the initial concentration of lactate.
Table 2gives the yields and the substrate conversion

iencies for all the strains. It is observed that the yields ra
etween 1.82 and 3.93 L, the values of the substrate co
ion efficiencies between 44.6% and 84.8%. In both c
he highest values were observed for strain IR3 and the lo
or strain IR1. These parameters for strain IR3 were 80–
igher than for the wild-type, confirming the enhanced

able 2
ydrogen yields and substrate conversion efficiency ofR. capsulatusstrains

n 3 L photobioreactor culture (30◦C, pH 6.8)

train Hydrogen yield (L) Substrate conversio
efficiency (η) in (%)

10 2.16 44.6
R1 1.83 40.6
R3 3.93 84.8
R4 2.36 52.5
P91 2.53 56.2
ibited the best efficiency in terms of hydrogen produc
nd delay for obtaining the maximal current. At the oppo
. capsulatusIR1 revealed the worst efficiency. The maxim
urrent was maintained during a period of 11–32 h, dep
ng to the bacterial strains.

These results showed that an efficient conversion o
rogen into electricity can be performed over a long t
eriod using a batch photobioreactor. The excellent pe
ance of the PEM fuel cell was due to the low CO2 content o

he biogas. The influence of carbon dioxide on PEM fuel
erformance remains rather small and has been demons
reviously[27,28].
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4. Conclusions

The various strains used in this study grow well photosyn-
thetically in culture[22,23]medium provided withdl-lactate
andl-glutamate and produce hydrogen at high rates. Sum-
ming up the above results, the order of the hydrogen produc-
tion capability, the H2 production rate and the substrate con-
version efficiency were IR3 > JP91 > IR4 > B10 > IR1. The
relative hydrogen content of the biogas was greater than
90%, so high purity H2 can be generated by the “R. cap-
sulatus+ lactate” system. The utilization of a PEM fuel cell
showed that the hydrogen produced by this photobiological
process could be used successfully as the gas source to pro-
vide electricity.
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