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Abstract

Rhodobacter sphaeroides O.U. 001 is a purple non-sulfur bacterium which evolves hydrogen from the breakdown of organic acids under
illumination and anaerobic conditions. In this study, the effect of light intensity, light wavelength and illumination protocol on the growth and
hydrogen production of R. sphaeroides O.U. 001 was investigated in gas-tight glass photobioreactors with defined medium. The results showed
that the rate of hydrogen production increased with increasing light intensity and reached saturation at around 270 W/mz. Also it was found
that lack of infrared light (750-950 nm wavelength) decreased photoproduction of hydrogen by 39%. Another factor evaluated was the effect of
different illumination protocols on the growth and hydrogen production. It was observed that illumination after inoculation stimulates hydrogen
production, increases substrate conversion efficiency and hydrogen production rate; no hydrogen was produced during the dark periods.
© 2007 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Rhodobacter sphaeroides O.U. 001 is a purple non-sulfur
bacterium which is capable of producing molecular hydrogen
under anaerobic conditions by photofermentation of organic
acids. The investigations of the effect of light intensity, wave-
length of the light and illumination protocols are important to
set a basis for further trials of hydrogen production in out-
door photobioreactors under natural sunlight. Photoproduction
of hydrogen has been reported to be saturated around 5000 Ix
[1]. It has also been suggested that absence of light during dark
periods of light—dark cycle is a problem but is not insupera-
ble; bacteria can survive and maintain their hydrogen produc-
tion activity, the hydrogen production recovers more or less
the same rate once illumination is resumed [2]. Wakayama and
Miyake [3] showed that light conversion efficiency decreased
with high light intensity. In order to overcome this decline, they
developed a new bioreactor with light shade bands set on the
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surface. Nakada et al. [4] analyzed the penetration of light into
a photobioreactor and its relation to hydrogen production in a
four compartment bioreactor, the cells in the deep parts showed
higher light energy conversion efficiencies although the light
intensity was low. Kitajima et al. [5] used plane-type photo-
bioreactors of different depths to examine the effect of reac-
tor depth on hydrogen production and found that the rate of
hydrogen production decreased and organic acid concentration
increased as reactor depth increased. They stated that the pen-
etration of light into the cell culture and absence of dark zone
in the bioreactor is an important factor to be considered for
scaling-up of the photobioreactors. Wakayama et al. [6] also
studied the production of hydrogen under sunlight by photo-
synthetic bacteria and found that the hydrogen levels produced
depended on the irradiation intensity of the sunlight; the hydro-
gen production rate varied with light intensity with a time lag
of 4h. They stated that the distribution of light in the reactor
influences bacterial activity and when the irradiation exceeded
a threshold level, the hydrogen production rate by the photo-
synthetic bacteria reached a saturation level.
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Recent studies showed that light intensity and light—dark cy-
cles are two key parameters which affect hydrogen production
by photofermentative bacteria. The effect of the wavelength of
the incident light on hydrogen production, however, was not
shown although it is known that bacteria absorbs red-infrared
region of the spectrum by its bacteriochloropyll a complex. The
design and scale up of more efficient photobioreactors, espe-
cially for those that will be operated under natural sunlight at
outdoor conditions, require knowledge and models that relate
the hydrogen production to the light intensity and wavelength,
and to illumination patterns. Therefore, the effects of changes
in these parameters on bacterial growth and hydrogen produc-
tion should be further investigated.

In the present study, we report the effect of light intensity,
wavelength of the light, different light—dark cycle protocols and
different initial dark periods on growth and hydrogen produc-
tion of R. sphaeroides O.U. 001. The presented results set a
solid base for operation of photobioreactors which would be
illuminated by sunlight at outdoor conditions and are exposed
to the diurnal cycle.

2. Experimental
2.1. Bacterium and culture

R. sphaeroides O.U. 001 (DSM 5864) strain was used in
this study. The inoculum was prepared by growing cells in the
modified medium of Biebl and Pfennig [7]. In hydrogen pro-
duction experiments, the nitrogen source was sodium glutamate
(2mM) and the carbon source was malate (15 mM). The steril-
ization of the photobioreactors and media were accomplished
by autoclaving. Ten percent inoculation by volume of the fresh
medium was made into the bioreactors [8].

2.2. Photobioreactors

Most of the hydrogen photobioreactors have a head space and
anaerobic conditions were achieved by flushing argon through
the culture medium [9—11]. However, in the present study, the
photobioreactor was completely filled with culture medium and
no argon was flushed. As a result the efficiency of the photo-
bioreactor was increased since the working volume was equal
to the photobioreactor volume and the need of using an inert gas
(such as argon) to create an anaerobic atmosphere was elimi-
nated. Since the photobioreactor did not have the top space con-
taining the inert gas, the hydrogen collected had a high purity.
Moreover, since argon gas was not used, the photobioreactor
was simplified and the operation cost was greatly decreased.
The dissolved oxygen in the medium and the air present in the
capillary connection tube was neglected and the photobioreac-
tor was assumed to be anaerobic. The small amount of oxygen
which might be present in the medium was consumed by the
bacteria during the early stages of growth. Evolved gas was col-
lected in a water filled graduated cylinder attached to the pho-
tobioreactor by a capillary tube. A digital camera was placed in
front of the gas collector. It was connected to a PC for on-line
monitoring and recording of continuous hydrogen production.

This system provided us very precise and accurate data for gas
production rate and gas amount. The experimental setup was
appropriate to carry out up to 6 runs in parallel. The photobiore-
actors used in this study were either a rubber-tapered glass tube
of 4.1 ml or a glass bottle of 55 ml; however, we also applied
this design successfully to larger scales up to 5.51 (not shown).

2.3. Operating conditions

The photobioreactors were maintained at 30-33 °C in an in-
cubator. The illumination was provided by a 150 W tungsten
lamp. A uniform light intensity of 40001x was attained at the
surface of photobioreactors unless otherwise indicated. Four
thousand lux was found to be equivalent to 270 W/m? and to
1370 pmol photons/m? /s (photosynthetically active radiation).
The initial pH in photobioreactors was 6.6-6.8.

2.4. Analytical methods

Light intensity and spectrum measurements were made
by a luxmeter (Lutron) and a spectroradiometer (StellarNet
EPP2000-VIS-50). Evolved gas was analyzed by gas chro-
matography [8]. The bacterial cell concentration was deter-
mined spectrophotometrically. It was found that an optical
density of 1.0 at 660nm corresponded to a cell density of
0.6 g dry weight per liter of culture. Bacteriochlorophyll a
was extracted from the cell with acetone—methanol mix-
ture (7:2). The concentration of bacteriochlorophyll a in
the extract was determined from the absorbance at 770 nm
(extinction coefficient = 76 mM~'em™!) [12]. Rhodamin B
solution (6.5mM) and CuSO4 solution (135 mM) were used
as optical filters in order to block specific ranges of light
wavelength.

3. Results and discussion
3.1. Effect of light intensity on hydrogen production

This study was carried out to show the effect of incident
light intensity on hydrogen production. Previously, Sasikala
et al. [1] carried out a similar study and showed saturation of
hydrogen production at 5000 Ix. In this study, we performed a
more precise experiment around this optimum to obtain a bet-
ter insight: photobioreactors with very short light path (0.5 cm
light path, 4.1 ml total volume) were used for high precision
and photobioreactors were exposed to seven different light in-
tensities between 88 and 405 W/m? (measured at the surface
of photobioreactors).

The results were listed in Table 1. From the total hydrogen
gas produced versus time data, the maximum hydrogen pro-
duction rate (calculated from the linear hydrogen production
phase during exponential bacterial growth), light conversion ef-
ficiency and the substrate conversion efficiency were estimated.

Substrate conversion efficiency for malate is determined as
the ratio of moles of hydrogen that have actually been produced
per moles of hydrogen that would have been produced if all
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Table 1
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The effect of light intensity on hydrogen production by R. sphaeroides in
4.1 ml photobioreactors

Light Maximum Hjp Total Hy Light Substrate
Intensity ~ production rate  produced conversion conversion
(W/mz) (ml/leuture h) (1/1cuture) efficiency (%) efficiency (%)
88 18 0.68 1.11 34
118 22 0.58 0.82 27
169 28 0.64 0.76 31
209 31 0.65 0.65 30
277 33 0.80 0.50 36
338 34 0.75 0.45 37
405 34 0.60 0.25 30
3500 1.2
3000 1 L 1.0
2500 -
2 L 08 o
@ Q
c c
2 2000 - 8
E o -. ._ . |.—> 0.6 ‘8-
2 1500 y g
& <
() r0.4
v4 4
1000 e
500 - r 02
0 +—o : — N~ 00
350 450 550 650 750 850 950 1050

light wavelength (nm)

Fig. 1. The light spectrum at the surface of the photobioreactors and the
absorption spectrum of R. sphaeroides O.U. 001. (—): control photobioreactor,
no filters used, 370-1035 nm range, (o): Rhodamin B solution filter (> 760 nm
blocked), (o) CuSOy4 solution filter (< 630nm blocked), (- - -) absorbance
spectrum of R. sphaeroides O.U. 001 (maxima at 375 (not shown in figure),
590, 805 and 860 nm by bacteriocholoropyll a and 450, 482 and 514 nm by
spheroidene).

of the substrate had been converted to hydrogen through the
stoichiometric equation:

C4HgOs + 3H,O — 6H; + 4CO».

Light conversion efficiency is determined as the ratio of the
total energy value of the hydrogen that has been obtained to
the total energy input to the photobioreactor by light radiation.
It is calculated by

n=1[33.61-py, - Vi,)/(I - A -1)] x 100, (1)

where Vy, is the volume of produced Hj in I, PH, is the den-
sity of the produced hydrogen gas in g/1, I is the light intensity
in W/mz, A is the irradiated area in m? and ¢ is the duration
of hydrogen production in h. Incident light intensity was used
in the calculations instead of the absorbed light intensity since
the runs were carried out in batch mode, where the cell concen-
trations and thus the absorbed light intensities vary throughout
the process. More information about calculation and discussion
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Fig. 2. Effect of incident light wavelength: (a) on hydrogen production, (b)
on growth. (#): no filters used, 3701035 nm range (control), ((J): Rhodamin
B solution used as optical filter (>760nm blocked), (o): CuSOy4 solution
used as optical filter (< 630 nm blocked).
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Fig. 3. Effect of incident light wavelength on cellular bacteriochlorophyll a
levels. Bioreactor 1: no filters 370-1035 nm (control), bioreactor 2: > 760 nm
blocked, bioreactor 3: < 630nm blocked.

of the substrate and light conversion efficiencies are given in
previous works [2,8].

According to the results an increase in light intensity up to
270 W/m? increased the maximum hydrogen production rate
up to 33 ml/lcyieure h. Further increase in light intensity did not
change the rate and no photoinhibition was observed. On the
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Fig. 4. Effect of light—dark cycles on growth and hydrogen production, black bands indicate dark periods (a) illuminated until hydrogen production starts,
then 14h light-10h dark cycles were applied, (b) illuminated with 14h light-10h dark cycles from the start on, (c) illuminated with 10h dark—14h light
cycles from the start. ((J): growth under cyclic illumination, (4): growth under continuous illumination (control); (—-): hydrogen production under cyclic
illumination; (- - -): hydrogen production under continuous illumination (control).
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Table 2

The effect of different illumination protocols on hydrogen production by R. sphaeroides in 55 ml photobioreactors

Illumination protocol Average H»
production rate

(ml/lcu]ture h)

Iluminated continuously 15
Iluminated until hydrogen 8
production, then 14h light—

10h dark cycles

14h light-10h dark cycles 8
after inoculation

10h dark—14h dark cycles 8
after inoculation

10h at dark after inoculation, 11
then continuous illumination

24 h at dark after inoculation, 6

then continuous illumination

Total Light Substrate
hydrogen conversion conversion
(1/1cutture) efficiency (%) efficiency (%)
1.36 0.54 68

0.95 0.53 47

1.11 0.81 55

1.25 0.66 62

1.00 0.42 50

0.56 0.27 28

other hand, the substrate conversion efficiency was not signifi-
cantly influenced by the light intensity within the given range.

Light conversion efficiency decreased from 1.11% to 0.25%
as light intensity increased from 88 to 405 W /m?. The decrease
in light conversion efficiency was not actually a drawback since
produced hydrogen (Vj,) remained the same. The decrease re-
sulted from the high value of () that is the incident light in-
tensity in Eq. (1). In solar bioreactors the light intensity is not
the limiting factor since in a sunny summer day, light intensi-
ties up to 850-950 W/m? are common for most of the Europe
(40°-55°N).

The light intensity that should be attained is at least
270 W/m? at the darkest point of the photobioreactor for ob-
taining high hydrogen production rate. That could be one of
the limitations in the design of photobioreactors. The light
intensity at low intensities is the rate determining parameter
of hydrogen production thus it is one of the most important
parameters that should be monitored and controlled closely; if
the sunlight intensity in an outdoor photobioreactor is below
this threshold value, additional artifical illumination may be
provided to keep the hydrogen production rate high.

Kitajima et al. [5] estimated the effect of the hydrogen uptake
on the hydrogen production rate from lactate by R. sphaeroides
RV in reactors with agitation and various depths. They showed
that the hydrogen production rate decreased as the bioreactor
depth increased (due to the insufficient light penetration into
the bioreactors), to a compensation point where the rates of
the hydrogen production and uptake were balanced in the reac-
tor, so that no apparent production of hydrogen would be ob-
served. They estimated that point to occur if the photobioreac-
tor was 27 cm deep, under the highest outdoor sunlight illumi-
nation. They anticipated that the values of light compensation
points or rates of hydrogen production and uptake will differ
depending on the strain of bacteria, substrate composition, and
the coloration of the medium. Our results confirm with their
findings.

Nakada et al. [4] have reported that alteration of light in-
tensity and light spectrum upon passage of the light through
the reactor affected light energy conversion efficiencies to hy-

drogen. They also found that light energy decreased exponen-
tialy with depth of the photobioreactor. According to their re-
sults, light energy conversion was low in the first compartment,
that was the closest one to the light source, but light energy
conversion was high in the last photobioreactor compartment
which received the lowest light energy. In the present study, all
photobioreactors received the same light spectrum at different
intensities.

3.2. Effect of the wavelength of the light on hydrogen
production

In this study, the absorbance spectrum of R. sphaeroides
0.U. 001 was determined first (Fig. 1). The absorption maxima
at 375, 590, 805 and 860 nm are due to the bacteriochloropyll
a and 450, 482 and 514nm are due to the spheroidene
(carotenoid) content. Then bacteria were exposed to light at
specific wavelengths in order to observe the effect of the light
wavelength on growth and hydrogen production. In this set
of experiments photobioreactors with 55 ml working volume
were used. The control photobioreactor received the normal
bell-shaped light spectrum from the lamp (370-1030nm)
whereas optical filters were placed in front of the other two
photobioreactors to obtain the light spectra given in Fig. 1 at
the surface of the photobioreactors. The other sides of photo-
bioreactors were wrapped by aluminum folio to prevent light
scattering. As illustrated in Fig. 1, it can be seen that Rho-
damin B solution acted as an optical filter that transmitted all
of the light with wavelength less than 560 nm, while blocking
the light with wavelength greater than 760 nm completely. On
the other hand, CuSO;4 solution acted as an optical filter that
transmitted almost all of the light with wavelength greater than
720nm while blocking the light with wavelength less than
630 nm completely.

The results are presented in Figs. 2 and 3. It is clearly seen
that in case of infrared light blocked photobioreactor, growth
and hydrogen production are affected negatively: Hydrogen
production lag time was 40h compared to 17h for the con-
trol photobioreactor, produced hydrogen gas was 57% of the
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Fig. 5. Effect of initial illumination (a) on hydrogen production, (b) on growth, (c) on pH change. (4): continuous illumination from the start (control);
(0): 10h of dark period at the start, then continuous illumination was applied; (o): 24 h of dark period at the start, then continuous illumination was applied.

control and growth was slower. Moreover, cellular bacterio-
chlorophyll a content in this photobioreactor was 30% higher
than in the control photobioreactor (Fig. 3), which means that
there is a great energy stress on bacteria and they produce
more bacteriochlorophyll a to overcome that shortage. In case

of the blue light blocked photobioreactor, hydrogen production
was slightly affected compared to the control: Hydrogen pro-
duction lag time was 4h longer, 7% less hydrogen gas was
obtained. Cellular bacteriochlorophyll a content in this photo-
bioreactor was quite close to that in the control photobioreactor.
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Growth was also not significantly affected by that light-filter.
These results showed that the infrared region of light spec-
trum where the bacteriochlorophyll a absorption maxima ex-
ist is very important for hydrogen production, whereas the left
part of spectrum where the carotenoid absorption maxima exist
is not significantly effective. Thus, it is recommended that the
outdoor photobioreactors should be located and oriented such
that they receive the sunlight during sunset and sunrise to en-
sure that they receive plenty of red and infrared light. Moreover,
it can be concluded that the artificial light source which does
not emit light in the red-infrared region (750-950 nm) are not
suitable for illumination of the photobioreactor for hydrogen
production.

3.3. Effect of light/dark cycles and illumination on hydrogen
production

To get information about the tolerance of the growing cells
to dark periods, four photobioreactors (55 ml in volume) were
run in parallel; each one was subjected to different illumina-
tion protocols. The first photobioreactor was illuminated con-
tinuously (control); the second photobioreactor was illuminated
after inoculation until hydrogen production started, then 14 h
light—10h dark cycles were applied; the third photobioreactor
was illuminated by 14 h light—10 h dark cycles after inoculation;
the fourth photobioreactor was illuminated by 10h dark—14h
light cycles, that is, it started with a dark period after inocula-
tion and received the first light after 10 h.

The data in Fig. 4 illustrate the comparison of the variation
of total hydrogen gas produced and cell concentration with re-
spect to time for each illumination protocol with the results of
the continuously illuminated photobioreactor. Fig. 4 indicates
that in the photobioreactors that are exposed to light—dark cy-
cles, hydrogen production stopped during dark periods, and was
restored when illumination started again. However, as summa-
rized in Table 2, the average hydrogen production rate and the
total hydrogen produced decreased compared to the continu-
ously illuminated photobioreactor; from 15 to 8 ml/l¢ywre h and
from 1.36 to 0.95-1.251/lcuiture, respectively. This decrease is
possibly due to the consumption of available substrates dur-
ing dark periods by the bacteria. These results confirmed the
findings of Miyake et al. [13], who reported that hydrogen pro-
duction stopped during dark periods, and was restored when
illumination started again. Similarly, cells did not grow during
dark periods but survived and growth was restored when illu-
mination started again (Fig. 4b). It is also observed that the
dark period extends the lag time of hydrogen production from
18 to 22-28 h. These results suggest that the overall hydrogen
production rate and the total amount of hydrogen produced in
an outdoor solar bioreactor which will be exposed to day—night
cycle will be lower compared to the continuously illuminated
photobioreactor. Artificial illumination during night might be
considered based on the gain reported and the cost of such an
installment.

Fig. 5 illustrates the triggering effect of illumination after
inoculation to biological hydrogen production by giving the
total hydrogen production, growth and pH change. The pho-

tobioreactors were kept either 10 or 24 h at dark after inocu-
lation, and then they were illuminated continuously. In order
to see stimulation of light on hydrogen production, the results
were compared with the results from a continuously illumi-
nated photobioreactor. The results are compared with effect of
the light/dark cycle runs and summarized in Table 2.

If the reactor was kept at dark after inoculation, the lag
time of both growth and hydrogen production increased, and
the total amount of produced hydrogen and the rate of hydro-
gen production decreased. It is deduced from Fig. 5 that if the
photobioreactor was kept at dark after inoculation, the cell did
not grow until illumination started. R. sphaeroides could not
grow under dark anaerobic conditions; however, it survived in
fermentation mode by consuming malate. The decrease of pH
during the dark period also confirmed that the bacteria sur-
vived in fermentation mode. Hydrogen production could not
be achieved until a threshold cell concentration was obtained.
These results confirm the literature: Gurgun et al. [14] reported
slow growth under dark anaerobic conditions. Uffen et al. [15]
reported growth to a limited extent only when heavy inocula-
tions were made under dark anaerobic conditions.

Either inoculation should be made in the morning to allow
the solar bioreactor to receive daylight during the first phase
of the process or the artificial illumination should be provided
after inoculation if there is not enough light.

4. Conclusion

It is concluded that the photobioreactor depth should be lim-
ited depending on the light intensity received by the photo-
bioreactor. Hydrogen production rate drops significantly below
the light intensity of 270 W/m? thus that intensity should be at-
tained at the darkest point of the photobioreactor for obtaining
high hydrogen production rate.

It is shown that the infrared light (750-950 nm) plays an es-
sential role for photoproduction of hydrogen. The photobiore-
actors should receive infrared light. In case the light source
does not provide such light, optical systems that allow shift-
ing the light to the 600-800nm wavelength range need to
be employed to enhance the hydrogen production by these
bacteria.

The hydrogen production by photosynthetic bacteria stops
at dark. Although it is not a must, the outdoor photobioreactor
may be illuminated during night to decrease the batch dura-
tion, increase the overall hydrogen production rate and the to-
tal amount of hydrogen produced. If possible the batch should
be started in the morning, to let bacteria grow to a threshold
concentration for hydrogen production during daytime. Oth-
erwise artificial illumination should be used for an efficient
process.
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