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ABSTRACT: Environmental concerns are generating a growing interest of the hydrogen
sources, however hydrogen exhibits critical storage barriers. The production of pressurized
biohydrogen would facilitate the gas storage and make it economically viable. In this work,
Rhodobacter capsulatus in a closed photosynthetic reactor exhibited the ability to produce
hydrogen to a pressure of 8.25 bars. The amount of hydrogen produced from synthetic media
(lactate (35 mmol &) and glutamate (5 mmor) in a closed vessel was 1.8 times that obtained

in a vessel open to the atmosphere. Hydrogen purity surpassed 90 % with a lactate conversion
rate of up to 70 %. Influences of buffer composition in synthetic media and the illumination

process (white LED or Na-lamp) are discussed. Moreover, pressurized hydrogen was
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successfully produced from a complex real efflumnitaining organic acids (lactate and acetate)
generated by an initial dark biofermentation of fojgzed wheat straw. Therefore, under
pressurized conditions, the stress increases tleegetic demand and improves hydrogen
production (survival vs growth). The energetic gafrthe direct compression of biohydrogen d

is equal to 1.3 kWh / kg H

Keywords: Hydrogen yield, pressurized photobioreggihoto-fermentatiorRhodobacter

capsulatus, stress

1. INTRODUCTION

The three major resource issues facing the woddyta@re shortages of water, food, and energy.
Human and economic growth have led to an increasaevaste production and energy
consumption which consequently led to climate cleafitj. Hydrogen fuel and renewable
hydrogen technology can substantially improve airaldy and reduce climate change
[2].According to Ahmed F. Ghoniem [3] these cleachinologies are not deployed at sufficiently
large scale. Nowadays, most hydrogen produced hé#&sssl origin, therefore sustainable
production of hydrogen that mankind strives to d@weuch as water photoelectrolysis is a well-
studied option [4], but this process generally teéa low energy efficiency and/or low output
power. The water photovoltaic-electrolysis alsoegpp as a viable strategy [5], mainly the water
electrolysis based on the PEM water electrolyzBd sSMWES) well-matches with high energy
efficiency with intermittent operation. The eleath@mical reaction of water splitting requires a
minimum applied voltage to decompose water, ithe standard reversible cell potential.

Moreover, the water electrolysis process introdusegeral barriers, which are the reaction



kinetics and the transport of species such as amaselectrons. To decrease the magnitude of
resistances due to electrochemical kinetics, itdsessary to develop new catalysts materials.
These materials (Platinum-group metals) are saartiee earth crust and have a high-cost: these
features being clear hurdles to mass commerciadizaf6]. Nonetheless, alkaline water
electrolyzers (AWE) use a long-lifetime technoldggsed on non-PGM catalysts (e.g. Ni) [7],
which conveys an indubitable economical intereat, donventional AWE cells operate at low
current density and moderate energetic efficie@¢yand it is difficult to produce hydrogen with
intermittent energy sources. Novel approach camsiatthe magnetic boost of electrochemical
kinetics [9], nonetheless more work has to be donmake electrochemical magnetic heating
industrially practical [10]. However, other methaglgch as the supercritical water gasification of

biomass remains a cost effective process [11] Wwithenvironmental impact.

The conversion of wastewater to available energyghsas electricity or hydrogen, using
bioprocessing has stimulated a keen interest adradegy for sustainable development
[312].According to the work of McCarty [13], domistwastewater exhibits great energy
potential. This analysis could also be applied gooandustrial wastewater or agro-waste. M.
Yafezet al. [14] have highlighted that the supplementary hgdrosources can contribute to the
penetration of renewable energies. Photobiohydrogehnibits a positive global warming
potential, low acidification potential, relevantcs cost of carbon and a low potential
production cost [15]. In the review of Da Silva ¥sret al. [16], the technological routes for
hydrogen production was described in the curremrgnlandscape, then biomass processes
appear as promising technologies. Furthermore, ydimyen production operates under

moderate conditions of temperature and pressurehwhinimizes the capital expense [17]



Then again, potentially energy saving and enviramally harmless processes are represented
by biological methods. Pandey and Srivastava [1®}ehshown the current prospects and
challenges in fermentative hydrogen productionhyisogen production resulted of both dark
and light fermentative processes. According to Gieiret al. [19], dark and light fermentative
biohydrogen production from food waste presentelavant synergy of waste treatment and
energy recovery. However, various toxic or inhibjteompounds can significantly limit dark
fermentation routs [20] and also photobiohydrogemows low efficiency. Moreover,
biohydrogen routes requires further research ssudienprove their production rates [17].

The photoconversion techniques are driven by inteznt resourcesi.g., daylight), and the
produced biogas must be stored for later use. i& ¢bntext, biohydrogen can be stored
(compressed gas tank), and, at the request of dhsumer, hydrogen can be converted into
electrical energy via fuel cells. Consequently, tpHaohydrogen development must surpass
current engineering limitations.

First, storing hydrogen requires a compressor. Gesgon of hydrogen from 1.02 bars to 8.0
bars consumes 1.37 kWh / kg 21]. DOE analysis shows that the cost of hydrodistribution
remains a major constraint, and the compressionesepts 30 % of the distribution cost.
Mechanical gas compression has numerous disadwmtagch as energy costs and durability
[22]. Therefore, G. Voitiet al. [23] have pointed out that the increase of hydrogesssure in
the production processes significantly improvesdtfieiency of the hydrogen economy.

Second, in a typical hydrogen production plangratbmpression, residual oxygen is removed
from the hydrogen gas by the deoxidizer unit, dretydrogen gas is then dried [24], then the

deoxidizer unit consumes a portion of the producgdrogen [2$. According to P. Hauet al.



[26] another strategies consist on dynamic elegeatycling approach where the electrolyte was
mixed and partly separated continuously, which realtee design of hydrogen plants more
complex.

Third, the design of a photobiological reactor idifficult endeavor. The productivity of the
photobioreactor is light-limited, and the heightvidume ratio is a relevant factor [27].
Irrespective of the biological and chemical systainstake, numerous research efforts to achieve

maximum productivity with minimum operating costsvk been available in the literature [28].

Increased bioreactor efficiency requires accucatdrol of the system, especially for opened
systems (continuous production). It is well known,chemical reactor design that irreversible
reactions make the modeling, control and desigreattors easier [29]. In summary, an ideal
photobioreactor for photobiohydrogen should opecat&inuously without oxygen trace and in
pressurized vessels to avoid gas compressors,hanchemical route should be an irreversible
addition. Moreover, because photobioreactors @fet-limited, the geometry of the design is
critical. During photoconversion, electrons andtpns are delivered from photosynthesis. The
nitrogenase route is possible fop production because it has the advantage of catglythe
unidirectional production of § although the nitrogenase route has a theoretiatimum
energy conversion efficiency lower than that of toggenase [30]. Photo-decomposition of
organic compounds by photosynthetic bacteria isr@msing microbial system for the
bioproduction of hydrogen [31]. The major benefitse as follows: i) high theoretical conversion
yields, ii) lack of Q-evolving activity, iii) the ability to use a widgpectrum of light and iv) the
ability to consume organic substrates derivablenfweastes. The overall biochemical pathways

for the photofermentation process of organic aar@sdepicted in Scheme 1.
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Scheme 1. Main pathways of hydrogen production by photofartagon of organic acids by

using photosynthetic bacteria.

The pathway used by nitrogenase of photosynthetatelia requires the largest numbers of
photons, resulting in lower efficiency in comparnsevith other pathways, but energetic
efficiency must be scrutinized in the whole systérhe technical specification of “energy”
hydrogen (fuel cell) involves hydrogen purity up 9 %, oxygen-free conditions, and an
operating pressure of up to 10 bars to make bioedggh economically practical.

In the present work, a hydrogen production progess achieved via anaerobic photosynthesis
using the purple non-sulfur bacteridghodobacter capsulatus. The bacterial culture was carried
out in a photobioreactor operated in a closed Vegsm an open vessel; lactate was used as a
carbon source, and LED illumination was provided.the closed vessel, the gas pressure
increased with bacterial growth, and, surprisingbressurized hydrogen production was
markedly increased (80 %) compared to atmosphgdoogen production. In addition, hydrogen
production from a complex effluent derived from thie-treatment of hydrolyzed wheat straw

has been successfully achieved.

2. MATERIALSAND METHODS



2.1. Bacterial strain and growth medium
The bacterial strain was the photosynthetic baatefRhodobacter capsulatus, wild-type strain
B10 [32]. B10 strain was provided by Dr. JC WilisdCEA-DRF-BIGCBM, France).
Rhodobacter sphaeroides DSM5864 was purchased from DSMZ (Leibniz InstitiR&MZ-
German Collection of Microorganisms and Cell Cwg)r Hydrogen-producing growth was
carried out under photosynthetic anaerobic conasti(80,000 Ix) at 30°C and nitrogen-limited
conditions in two synthetic media and one compledmm. The synthetic media contained Na
lactate (35 mmol 1) as the carbon source and Na glutamate (5 mipak the nitrogen source.
Two lactate-glutamate-based (LG) media were studugtt different types of buffers: phosphate
buffer and borax buffer (Kolthoff buffer) [33], dgaated LGK and LGB, respectively [34-35].
A real effluent, resulting from a thermophilic bropess, was used as the complex medium. It
originated from the bioconversion of a wheat bramrblyzed solution by the thermophilic
bacteriumThermotoga maritima under dark fermentative conditions. The culturedime was
centrifuged to remove biomass (MIO, Marseille, [Egn The supernatant, containing organic
acids, was diluted four-fold with distilled watendh completed with buffer before addirfty
capsulatus. The lactate and acetate concentrations were 92&nthmol L, respectively. In
addition, a second strain culture of the photosstnthbacterium Rhodobacter sphaeroides,

DSM5864 (0.U. 001 [36]) was reported in supplemigniaaterials.

2.2. Inert laboratory pressurized vessel system
The Miniclave reactor was used as a pressurizegdtor (Biichiglasust®). It consisted of a
350-ml cylindrical glass vessel with a 10-bar poesdimit. The glass vessel was shielded with a

steel mesh, and a cover plate was fixed on top.cblier plate had four available holdings: one



bursting disc, one manometer, one in/outlet gaseyahnd one in/outlet liquid valve. The
bioreactor was autoclaved before use (120°C, 20 mmd then filled with 0.3 L of growth
medium.

The bacterial culture was stirred using a magrsdticer. The volume of the free space above
the liquid was 55 ml, and the air was replaced sitrile argon gas over the course of five
minutes. The bioreactor was inoculated with 20 il B10 anaerobic preculture. Two
experimental conditions were tested based on whetheot the gas produced was exhausted: a
closed vessel (gas valve closed) and an open v@gselvalve opened). In both cases, exhaust
gas was led towards a gas measurement systemnweously for the open-vessel condition and
at the end of batch culture for the closed-vesealition. A strip of LEDs (60 LED/m, type
3014, IP 65) was fixed on a removable cylindridakes mesh support. This support surrounded
the steel mesh shield of the glass vessel at andistof 5 cm. Total illumination was 30,000 Ix at
the surface of the steel mesh shield. The photbsyiotbacterial culture was carried out in a lab-
made dark climatic enclosure. The light spectraLBD and Na lamps (Plantastar, 150 W,
Osram) were measured by a spectrophotoradiome®BZ000, Ocean Optics, USA) coupled
with a cosine receptor (3,900 um). Light energy wassured via the Parspec module integrated
into SpectraSuite software (32-bit version: 2009).

2.3. Analytical methods

Bacterial growth was monitored using optical dgnf@D) measurements thanks to a double-
beam molecular adsorption spectrophotometer (Sham&fl/-2501PC, software Jasco V-530).
The pH of the media was measured with a pH metasd@ GPL21), fitted with an Electrode
Inlab Micro pH (Mettler Toledo), allowing pH to bmeasured in a small volume (0.2 ml).

Lactate and acetate concentrations were quantified HPLC apparatus (Agilent Technologies,



1260 Infinity, Refractive Index detector) using amalysis column (Repromer Hy®n, 250 x 8
mm, Ref RM9H0S2508) and a pre-guard column (Reprobhe® um, 20 x 8 mm, Ref
RM9H0S0208). The eluent was constituted by a siglfacid solution (10 mmol t). The
analyses were carried out at 60°C with an eluent #f 0.4 ml mir* for the filtered and diluted
bacterial medium. A sample of bacterial culture Vest filtered (nitrocellulose filter, 0.45 pm)
and then diluted 10-fold with distilled water beddiPLC analysis. Gas pressure (mainpyard
CO, species) inside the biological reactor was diyestbnitored. Gas production during open-
vessel growth conditions was measured by an indgnebe-based system and it was
established that an experimental error in the r&h@B% [35]. Gas evolution was automatically
monitored by a computer. Under the closed-vessahtlr conditions, a similar procedure was
employed only at the end of growth (off-line me&3uCQ concentration in the biological gas
was measured off-line by an infrared sensor (C2@iature sensor, range 0-20 %, Euro-gas) at

the end of the cultures.

RESULTSAND DISCUSSION
2.4. Feasibility of pressurized hydrogen bioproduction
Gas pressure increased in the closed vessel ud@illumination during the bacterial growth
of R. capsulatus (Fig. 1A). Indeed, gas production resulting fromltgical pathways (Scheme
1), was gathered in the top of the vessel whenad wlosed (closed-vessel condition), and the
pressure was raised. Surprisingly, the growthRofcapsulatus was not hampered by these

conditions (Fig. 1)
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Figure 1. Evolution of gas pressure (A) and equivalent galsime (B) during photosynthetic
growth of Rhodobacter capsulatus strain B10 in a closed vessel (filled symbols) amdopen

vessel (open symbols) with the synthetic media L{@&€tangles) and LGB (circles).

Closing pressures reached 8.25 and 6.81 bars V@ and LGB media, respectively. The gas
was mainly hydrogen with a small amount of CBetween 2 and 7 % v:v, with LGK and LGB
media, respectively. These closing pressures & &2l 6.81 bars corresponded to gas volumes
of 841 and 700 ml. The lactate conversion rateev&6 and 69 % for LGK and LGB media,
respectively. H production under open-vessel conditions (Fig. MAs also recorded.
Surprisingly, this well-studied hydrogen producti@mospheric conditions) remained lower in
terms of hydrogen production than in closed-ve§sedssurized) conditions, regardless of the
studied medium: LGK or LGB. In opened atmospheoiditions (open-vessel), volumes of 470
ml (LGK) and 583 ml (LGB) were recorded for totalsgproduced. According to Castillo et al.,
borax buffer is a component of LGB medium that setmlbetter K production. This effect was
confirmed in open vessels under LED illuminationg(FLB). We observed enhancements of

hydrogen production of 79 % in LGK medium and 20i®6LGB medium in closed-vessel
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reactors versus open vessels. Therefore, LGK medixinibits a higher hydrogen production
than LGB medium under pressurized conditions. Heheoroduction resulted from bacterial

growth, as observed in Fig. 2.
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Figure 2. Kinetics of biomass production (circle) and laetdtriangle) consumption during
photosynthetic growth dRhodobacter capsulatus strain B10 in closed vessel (dark symbol) or in

open vessel (open symbol) with the synthetic me@& (A) and LGB (B).

The final OD values of the culture media were samilvithin the range of 1.8-2.2, regardless
of the experimental conditions: closed or open ekeddowever, bacterial growth was faster in
the open vessel than in the closed vessel. The teeessary for OD stabilization is
approximately 20-30 h for LGK medium and approxieiat50-70 h for LGB. The final pH
values of LGK medium were similar in open and ctbsessel conditions (pH: 7.06-7.09). In
contrast, in LGB medium, the final pH increasedrfrd.16 (open vessel) to 8.25 (closed vessel).
For both media, the initial pH was close to 6.8-@Bis pH increase resulted from the lactate
metabolism ofR. capsulatus and, more particularly, from the formation of cambte (i.e.

dissolved CQ) from the oxidation of lactate as described inedaé 1.
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Figure 2 shows that lactate was completely metabdliduring H production and bacterial
growth in closed-vessel conditions. In contrasiprapimately 5 % of the initial lactate was
found in the final culture in the open-vessel ctindi The conversion rates of lactate in
hydrogen are unlike those in both experimental d¢mw$. Accordingly, lactate conversion
yields are equal to 43.3 and 56.3 % in the opeselgsand these yields increase to 69.6 and 69
% in the closed vessel. Lactate is degraded mgidlyain open vessels than in closed vessels,
regardless of the medium composition: 0.809 mmbl(dpen vessel/LGK) — 0.558 mmol*h
(closed vessel/LGB) compared to 0.486 mnib(dpen vessel/LGB) and 0.535 mmd| fclosed
vessel/LGB). The differences in lactate used weneetated with bacterial growth: bacterial
growth under atmospheric conditions is faster thacterial growth in closed vessels.

Similar experiments have been achieved with anotsteain Rhodobacter sphaeroides
DSM5864), in these experiments lactate tocdnversion rate did not increase with increasing
hydrogen pressure. The enhancement of hydrogerecsiom was only observed with the strain

R. capsulatus (Table S1 and Figure S1).

2.5. Application of real effluents containing organic acid
We have successfully carried out biohydrogen prbdnan synthetic medium with lactate as
the carbon source and glutamate as the nitrogercesaunder pressurized conditions. Next, a
complex effluent, supplied from the bio-treatmehthgdrolyzed wheat straw, was used as the

carbon source for photosynthetic bacterial growthath vessel conditions (Fig. 3).
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Figure 3. Evolution of gas production expressed as presgaseerisky and volume (dark
rectangles and open circles) during photosyntlggbevth of Rhodobacter capsulatus strain B10:
in a closed vessel (dark rectangle) and in an epssel (circle) with complex medium proceed

from dark biofermentation processing of hydrolyadtkat straw.

In the closed-vessel condition, a closing gas presequal to 5.2 bars was observed,
corresponding to a 530-ml volume of hydrogen withyad3.3 % CQ. This total volume was
greater than that obtained in the open-vessel tondi315 ml of hydrogen with COat 5.2 %
v:v. In this complex medium, as well as in the &gtic medium, the hydrogen bioproduction
resulted from bacterial growth. Figure 4 shows, eapected, increasing optical density
correlating to biomass concentration and decreasamgentrations of lactate and acetate in the

medium.
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Figure 4. Kinetics of bacterial production (diamonds) anckddée (circles) and acetate (crosses)
consumption during photosynthetic growth Rifiodobacter capsulatus strain B10 in a closed
vessel (A) or an open vessel (B) with complex meduaerived from dark biofermentation of

hydrolyzed wheat straw.

Lactate and acetate were completely consume®. logpsulatus under either vessel condition.
However, the degradation kinetics of organic addfered according to the type of reactor.
Lactate was degraded more quickly during closeturilof R. capsulatus than in open culture:
0.327 mmol lactate £ h (closed vessel) and 0.148 mmol lactateH! (open vessel) (Fig. 4A).
In contrast, acetate was consumed at comparatgs: 12291 mmol acetate’Lh** and 0.330
mmol acetate T h'in the closed and open vessels, respectively @BJy. Bacterial growth in
open vessels was faster than in closed vessetsea®usly observed in synthetic media (LGK
and LGB). The time until OD stabilization was eqt@l60 h (open vessel) and 140 h (closed

vessel). The bioconversion of organic acids in bgén was approximately 69.3 % for the

14



closed vessel and 41.2 % for the open vessel. Tiydrogen production was enhanced by
approximately 68 % in the closed vessel compard¢degmpen vessel.
2.6. lllumination technique effects

Artifacts could be imagined, such as the effects D illumination, but LED illumination is
similar between closed and open vessels. Of cottséjoproduction on lactate as the carbon
source withR. capsulatus is dependent on energy, specifically on light ggeiThe effects of
illumination were simply investigated using threght sources: two based on LEDs and the other
on a Na lamp. The light sources were tested insprezed conditions (closed vessel). Figure 5
shows that K pressure and the correlated Idroduction were greater under white LED
illumination than under Na-lamp illumination: 8.Bars (841 ml, 2 % C£) with the LED and

4.25 bars (433 ml, 6 % GPwith the Na lamp. This difference was mainly dae¢he lighting.
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Figure 5. Kinetics of hydrogen production (squares) andal@ciconsumption (circles) during

photosynthetic growth on LGK medium (lactate 35 rrhd, glutamate 5 mmol 1) of
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Rhodobacter capsulatus strain B10 in a closed-vessel. Comparison of iihation: white LED

(red symbols) versus Na-Lamp (green symbols).

S 600

X
E3
3
@
M
e
= ]
S 3
» 400
e 3]
=
@
2
2
°
2
3

Absolute irradiance (pW/c

500

g
1

300 3

~

=3

S
1

100 3

400 500 600 700 800 400 500 600 700 800
IS W [N TN TN TN T AN TN TN W T NN TN T SO M | P 900 ——}—1 1 PR T I T TN T T T A N | P BT
E l blue l green lyellowl red l E l blue l green lyellowl red i
3 orange 800 -] oranfe
E 7003 ‘
A | £ i B
g 600 —

Wavelenght (nm)

I
/
T

400 500 600

Wavelenght (nm)

Figure 6. Light spectra of white LEDs (dark line), green LEQween line), and Na-lamp

(discontinuous orange line) at 20,000 Ix (A) an@&0D00 Ix (B).

It is well known that photosynthetically active rmaibn (PAR) is a more representative

characterization parameter of incident light. PA#resents the amount of light available for

photosynthesis, a quantum process, expressed ihgamma rif s*. Consequently, the quantity

of biochemical energy (ATP) produced by the cheimieactions of photosynthesis was more

important. PAR measurements were 2,152 and 2,728 gamma rif s, respectively, for

LEDs and Na-Lamp. Figure 6 shows spectrophotoradiog of lighting systems. Light spectra

of illumination sources differed according to theure of the lamp, either Na lamp or LEDs.
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The white LED spectrum (Fig. 6) was characterizedvn peaks found in blue (25.4 % of total
spectra) and a large peak from green-green (37)27d¥ange (13.72 %), yellow color (8.19%)
to the red area (16.6 %). The Na-lamp conditioms&tba more complex spectrum: orange to red
colors were predominant, with 40.2 and 34.58 %otdltspectra, respectively.

Although the illumination (30,000 Ix) was similanttv LED and Na-lamp, the incident energy
issued from white LEDs (646 W fhwas 1.18 times more important that Na-Lamp (54w,
ratio similar at this observed at 20,000 Ix. In iidd green LEDs (only at 20,000 Ix) mostly

emitted in green color (80.2%) and minority in b{a€.8 %) and yellow-orange-red area (7 %).

LED lighting was well distributed thanks to theigtconformation, whereas the Na lamp
provided directional irradiation. Therefore, ba@kmetabolism was faster under LED lighting,
as observed by the complete lactate consumptian50-h period. In contrast, under Na-lamp
illumination, lactate metabolism required more tH&0 h. Although the LEDs and Na lamp
provided similar illumination (30,000 Ix), the id@nt energy issued from the Na lamp (812 W

m) was 1.7 times greater than that from the LED® (W7ni?).

Gas production is directly correlated with the tigimnergy (W/m?2). As expected, lactate t9 H
conversion rate bR. capsulatus B10 increase with light energy until photo inhidit (Fig.7 and
additional measurements with varying luminosityfignre S2). The influence of illumination or
light energy on H production by photosynthetic bacteria was previodgscribed 35]. Obeid
and al. B5] described an inhibitory effect on,Horoduction byR. capsulatus B10 when
luminosity was higher than 30000 Ix with a stalatizn in H production in open-vessel with

Na-lamp illumination. Figure 7 shows a sharp deseda lactate to fconversion rate, from 82

17



% to 48 %, with energy light superior to 646 W (80,000 Ix). High light intensity causes a
decrease in the amount of photosynthetic compléxgshototrophically grownRhodobacter
cultures [37]. Therefore, the unexpected enhancewfenydrogen production depends only on
bacterial strain behaviors with pressure, light asype affect the usual performances of
biological systems. However, it should be noted traen spectrum exhibits higher efficiency
than white spectrum and in both cases closed vesgeriments show higher conversion rates.
Lactate to H conversion rate as high as 49 % in closed-vesaslabtained with a light energy
of 100 W nf (figure S3). This value is 2.45 time greater tihat graph-extrapolated value of 20

% for white LEDs with the same light energy.
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2.7. Substrate limitations
Another possible artifact is the non-reliable yiadfl produced H / lactate and substrate
concentration. A pressure as high as 10 bars wamed with a hydrogen purity greater than
95.3 % v:v (carbon dioxide equal to 4.7 % v:v) wath initial lactate concentration of 57 mmol

L and an initial glutamate concentration of 5 mmol(Eig. 8).
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Figure 8. Kinetics of gas (H+ CQ,) production (closed circles) and lactate consuomp(open
circles) during photosynthetic growth &hodobacter capsulatus strain B10 in pressurized

reactors with synthetic medium LGB containing 55 ohin* lactate and 5 mmol Lglutamate.
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(D) depressurization step, (DA) depressurizatiogp siollowed by addition of 5 mmol 't

glutamate.

After a 10-h period, the pressure increased toat® turing a three-day culture (0.186 bats h
in the linear phase). This value was close to thgimal admissible value for the closed vessel.
Therefore, a slow depressurization step was actiievattain 1.1 bars inside the bioreactor (5
min), and the collected gas was equal to 0.8 Ladditional 24 hours of bacterial growth led to
a pressure increase of 2.4 bars. The kinetics ®fegalution was not quasi-linear as previously
described but exhibited a curvature towards a stablue close to 2.4 bars, corresponding to a
volume of 140 ml Hwith 10.3 % CQ (v:v). The bacterial concentration reached an ®D.56.
Only 19 mmol L of lactate was consumed during this first steptesponding to 33.3 % of the
total lactate consumption.

The trend of pressure evolution towards a stableevied us to ask about the limiting factor
for bacterial growth. Various factors could be limg, such as the concentrations of carbon,
nitrogen, or inhibitory products or physical paraens such as light illumination. lllumination
and lactate, evaluated as the carbon concentratierg, respectively, stable and present in
sufficient concentrations (38 mmol™). in the culture medium. Consequently, the nitrogen
concentration, evaluated as the glutamate condemtyavas tested for its effect on hydrogen
bioproduction in the closed vessel. Na-glutamate aseptically added to the closed vessel
(arrow DA in Fig. 8) after a depressurization st&p.increase in pressure was observed during
80 hours until stabilization close to 5.45 barsg&@ssing of the reactor (duration 5 min) from
5.45 to 0.5 bars produced a gas volume of 0.58 hydifogen (purity 89.4 %). The bacterial

concentration had reached an OD of 2.8. Lactateneasompletely degraded, as confirmed by
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leftover lactate concentration (16 mmat)L Supplementary addition of Na glutamate (arrow DA
on Fig. 8) led to a weak pressure increase, less @3 bars (0.13 L Hcontaining 7.6 % Cg),
correlated to weak lactate consumption but witheoutincrease in bacterial concentration. This
freeze in growth was probably due to light disttibn inside the bacterial culture; carbon and
nitrogen concentrations were sufficient for effeetgrowth, but the OD reached a level twice
that from previous results (Figure 4).

H, production is directly linked to substrate concatitn. We have not recorded a limitation of
hydrogen production due to the hydrogen pressuosveider, hydrogen production depends on
limiting factors such as the sodium glutamate catreéion and undoubtedly the light
distribution. The addition of Na glutamate twiceridg culture with a high lactate concentration
(55 mmol L'} resulted in a global volume of pure hydrogen &?26 L, correlated to a lactate
degradation rate of 89.1 %. On the other hand, taHilgy is clearly a critical factor to ensure
good conversion of lactate into, dnder pressure. However, pH stability does notaexhis

unexpected enhancement.

2.8. Resour ce allocation model

The nitrogenase route is an irreversible chemicaiter of energetic conversion, and the
nitrogenase enzyme is resistant to high press@®&s These features are advantageous for the
pressurized process, but again, these advantagesodaxplain the enhancement of the
acetate/hydrogen conversion rate. etial. [39] reported the opposite effect of pressure on
hydrogen production during photosynthetic growthRhbdobacter sphaeroides ZX-5. At the

same culture time (76 h), a decrease in the totsspre in the photobioreactor from 1.08.10
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(1.08 bar) to 0.944.20Pa (0.944 bar) increased the malate (substrat)ecsion efficiency from
86.07 % to 95.56 %. Of course, our experimentalseind the bacterial strain are inherently
different, and our unexpected improvements are mgrably studied, but our observations do
not correspond to the usual model of optimizatibbiohydrogen production. Nevertheless, it is
well known that under stress, resources are redtdc Acclimation requires redirecting energy
and nutriments from resource acquisition: from gtovwpathways to producing protective
molecules [40]. This mechanism makes substantialuaus of carbon and nitrogen vulnerable to
loss [41]. In the present cultures, the partialngiag pathway is possible from growth to
survival; this mechanism could explain the loweowgh in the closed vessel than in the open
vessel. Moreover, lactate conversion yields areetaw the open vessel (48 %) than in the closed
vessel (69.3 %), and the consumption rate of ladsthigher in the open vessel than in the
closed vessel. Therefore, during culture undersurézed conditions, stress appears, and this
stress increases the energetic demand and imphyadesgen production. However, we do not

know the nature of this stress, and we do not laawgpothesis regarding its origin.

3. Perspectives

The comparison between photobiohydrogen produgtionesses depends on multiple operating
parameters such as reactor geometry, substrateesallumination condition [42]. Therefore,
only experiments carried out in the same operatmglitions can be directly compared, in our
experiments only one parameter moved: the preqslweed or open reactor). In the present
case, the mean production rate of hydrogen is eéqués.7 ml H L™*h*in closed vessel and 31.3

ml H, L™*h™ in open vessel. According to the review of Eroghd Melis [42], this rate depends
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on many parameters and it is difficult to compaaious bacterial strains and operating
conditions, but our results appear in high randaesof literature [32] without optimization. To
scrutinize the hydrogen production we need to compsacterial growth rate to hydrogen
production rate. Mathematical tools can be provitedompare various experimental conditions
[43]. The Luedeking-Piret model [44] describes wiblé fermentative process; this classical
model considers the relationship of cell growth pduct formation (i.e. P the product

concentration) as follow:

apr ax
E = az + ﬁX (l)
with the parameters of fermentatiof:the non-growth rate constant andthe growth rate

constant. In addition, bacterial growth kineticgigen by:

ax
— = MX (2)

with p is the specific growth rate of the microargas and X the biomass concetration.

Therefore, combining equation (1) and equationv@)btain the following equation:

ap _ Byax . . 4X
w- @+ DT =Yy @)

Except possibly for the lag phase and at the vadyd the fermentation this yieldis fixed by
the organism, substrate, pH, lighting and tempeeatlio compare biohydrogen production we
need mean values of bacterial growth and productd® In the present study we observe an
unexpected enhancement of biohydrogen productiahéyphototrophic bacteriuRhodobacter
capsulatus, because the increase operating pressure subfifaimcreases the yield. The model
showed in previous subsection can explain this rebsen. Summing—up, the yield is better

than the mean production rate of hydrogen to ogtnsolar biofuel plant.
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Advantage of hydrogen over other biofuels is thghhtonversion efficiency (solar-to-product)
from biomass. However, life cycle environmental aopassessment of biohydrogen of “well to
pump” is also required to compare biofuels. A preimg biofuel has ability to grow on non-
arable land and weak waste streams. It is demaedtthat to generate value from wastewater
and reduce energetic hydrogen production usingroagss exhibits a high energetic interest
[45]. The anaerobic photosynthesis using the purme-sulfur bacteria can reduce agro-
industrial wastewaters (lactate) or agriculturaktea (e.g. wheat straw) and produce hydrogen.
Improving they yield contributes also to decrease the wasterase#d the bioprocess. The use
of renewable waste materials as substrate, likarcgacid containing waste issued from food
process [31] or from different biomass source [4épresents a great advantage in terms of eco-
friendly process. The sustainability of currenttealogy devoted to biohydrogen production and
future perspectives were recently covered by Sength Rathore [47]. Many techniques such as
pretreatment, cell immobilization, sequential femag¢ion, combined fermentation have outlined
in order to enhance hydrogen production. The oleaf numerous current research projects is
to increase the efficiency by optimizing strainsgdia, culture conditions. According to M A
Rossen [49] exergy analysis can provide a moréstEaview of a bioprocess by scrutinizing the
local irreversibilities within the components oéthystem. This way, the most effective solutions
can be distinguished to improve or retrofit a pesceinder consideration by providing useful
information on the influence of the thermodynamaciables on the process efficiency. Exergy
analysis could be employed as an adaptable frankewmrdetermine and compare the
renewability of biological hydrogen production ugidifferent routes in order to choose the most
suitable approach and conditions. Exergy analys&s wsuccessfully applied to hydrogen

production issued from water-gas shift Riyodospirillum rubrum depending on various carbon
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sources in a batch reactor [50] or depending ouaidifflow rate and agitation speed in a
continuous reactor [51]. Hydrogen production Riyodopseudomonas palustris PT on acetate
was studied with exergy analysis by Hosseini eR@l6 [52]. In this work, short-chain fatty
acids were identified as the most appropriate cagmarce for biohydrogen production from the
exergy point of view. Just to give some meaningfainto biohydrogen from lactate or acetate
sources, the life cycle assessment is the relet@olt in assessing process energetics and
environmental impacts of this kind of bioproductiegstems [53]. In the present work, we
proposed to use LGB (boric buffer) as an altermatty phosphate buffer (LGK), and then this

strategy shall be scrutinized thanks to life cyadeessment.

4. CONCLUSIONS

We observed only a positive effect of pressure ymirdgen production by the photosynthetic
bacteriumRhodobacter capsulatus. Produced hydrogen purity exceeded 90 % with #afac
conversion rate of up to 70 % and in closed ve#sisl production was 1.8 times that obtained in
a vessel open to the atmosphere (841 ml versusid)7 @ptimal B conversion rate (82 %) was
recorded with energy light close to 646 W? 180,000 Ix). It is suspected that the energetic
demand ofRhodobacter capsulatus increases during culture under pressurized condition and
improves hydrogen production. Moreover, the enegeghin due to the hydrogen self-
compression from 1.0135 bars to 10 bars is sigmfi¢above 1.3 kWh / kg4 This unexpected
enhancement of hydrogen production makes it moftevaat as a proof of concept for
pressurized production using a photosynthetic Ibacte (Rhodobacter capsulatus), which
exhibits numerous advantages:

)) self-compression of produced hydrogen,
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i) easier control of batch feeding or continuous dj@na

i) lower risk of contamination,

iv) easier storage of hydrogen.

The latter is of critical importance in the econosnof this renewable energy generation. The
main disadvantage of hydrogen is the difficultyiredxpensive easy storing and dispensing of
the hydrogen gas. Direct compression of biohydroigea benefit to reach the widespread

commercial applications.
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