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Abstract. The hydrogenation of carbon dioxide offers a largage of possible reactions for
converting hydrogen to chemical compounds thatbeaeasily stored, transported and used as fuels or
platform molecules. In this study, G@ydrogenation was biocatalysed by multispeciesrahial
communities to produce formate, butyrate and aeefahybrid metal/microbial catalysis was pointed
out in the presence of iron. Addition of Fe@D mM increased the production of acetate by 265 %
and butyrate by 73 %, to 5.26 and 14.19 g/L, resgsyg. A stable acetate production rate of 830
mg/L/d was thus sustained for more than 20 days. fiesence of iron promoted the selection of
Firmicutes and the best performances were linketthéogrowth of a restricted number of dominant
species of two gener&lostridium and MegasphaeraVarious possible catalysis mechanisms are

discussed and guidelines are proposed for furtieeldpment and scale-up of the process.

Keywords biocatalysis; gas-liquid; green chemistry; susta@nachemistry; environmental inoculum;

electron transfer.



1. Introduction

The production of electricity from renewable sogrseich as hydropower, sunlight, wind, marine
streams, tides and biomass holds great promideufithese sources show great variability, whict wil
subject the electricity grid to large fluctuatioi$he electrical energy produced during the favolgrab
periods must consequently be stored. Producingoggir by water electrolysis offers an attractive
way to store electrical energy in chemical form dhds mitigate the fluctuations of the sources.
However, storing large quantities of hydrogen rema technological challenge: in gas form, it is
explosive and highly diffusive [2,3] and its consien to liquid form consumes an amount of energy
that severely impacts the final energy balance Alfransformation of hydrogen into easier-to-handle
chemical compounds is consequently highly desirable

The combination of hydrogen with carbon dioxideedffthe possibility to convert hydrogen into
various energy carriers and microorganisms haveated very interesting catalytic possibilities for
these reactions. Microbial catalysis of £@ydrogenation has been shown to lead to the ptiotuof
methane [4-8], formate, acetate, ethanol, buty@teputanediol, and butanol [9-11], i.e. compounds
that can be used as energy carriers and also @stdek for chemical industries.

The capacity oE. coli to produce formate from GCGand H was identified in the 1930’s [12].
Catalysis of this reversible reaction Bycaligenes eutrophugrenamedCupriavidus necatqrwas
proposed as a hydrogen storage system as earB8as[13]. Since then, other microorganisms have
shown the capacity to catalyse the hydrogenatidd®fto formate [14,15].

Hydrogenation of C@to acetate by acetogenic microorganisms was risorted in 1932 [16].
Acetogenic organisms such a€lostridium autoethanogenymClostridium ljungdahlij and
Clostridium ragsdaleican also produce ethanol [11]. In some cases diety?2.3-butanediol, or
butanol can be synthesized in addition to acefdl [

To date, the microbial catalysis of g@ydrogenation has mainly been performed with pure
cultures. Surprisingly, the use of multispeciexuria remains rare [17,18]. Multispecies culturegeha
so far been used almost exclusively for the pradocof methane [4-7]The biogas produced by
anaerobic digesters contains significant level€0$ as a by-product and biogas can be upgraded by

converting this C@to CH, with hydrogen. Outside the field of methane prdidun; very few studies
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have described the use of multispecies inocul&foy hydrogenation. To the best of our knowledge,
only two recent works have implemented multispeaiesula and showed their capacity to catalyse
the conversion of C£and H: to a mixture of acetate, butyrate, caproate amytate in one case [17]
and to formate or acetate in the other [18].

From a technological standpoint, if the objectisdd scale up to large sized commercial reactors,
environmental inocula present the great advantager pure cultures, of not requiring sterile
conditions [19]. Microbial consortia coming fromwonmental inocula should consequently be
sources of robust microbial GChydrogenation catalysts that can operate withdwt drastic
constraints related to pure cultures.

The present study describes a new way to catahesentcrobial hydrogenation of GOy using
multispecies inocula obtained from salt marsh sedis1 and sludge from a wastewater treatment
plant. The presence of iron in solution was discesteto considerably enhance the production of
formate, acetate and butyrate. To the best of nankedge, this was the first demonstration of saich
hybrid catalysis that combines metal and microoggas for CQ hydrogenation. This finding greatly
increased the efficiency of the microbial catalyaisd is thus an essential step in implementing
environmental microbial consortia in large-sizedustrial CQ hydrogenation processes. It provides
bioengineers with a new method of efficient Z®drogenation, as an essential building brick & th

construction of the future hydrogen economy.

2. Materialsand methods

2.1 Solutions and inocula

The minimal medium used for most experiments was'2260 Freshwater” ATCC medium, omitting
electron acceptor and donor [20]. It contained KL g/L), NaHPQ, (0.6 g/L), NHCI (1.5 g/L),
NaHCG; (2.5 g/L), trace minerals (10 mL/L, ATCC MD-TMShéa vitamins (10 mL/L, ATCC MD-
VS). This medium was inoculated with biologicaldgje collected from a water treatment plant (Suez
Environnement, Evry, France) at 3.3% v/v (7 mL gieidor 210 mL final volume), except when
another ratio is indicated (run #2). Before beisgdito inoculate the solution, the sludge was esghos
to an H-N,:CO, (80:20%) atmosphere for 5 days at 30°C to favdue tevelopment of
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homoacetogenic bacteria. After the 5-day acclinmatthe presence of acetic acid at 1980 mg/L and
butyric acid at 23 mg/L was detected by HPLC.

A high-salinity medium was also used, which wasrtiisimal medium with the addition of NaCl
(45 g/L), MgCh (0.1 g/L) and CaGl(0.01 g/L). This medium was inoculated with seditse(10%
v/v) collected from a salt marsh of the Mediterrmmé&ea (Gruissan, France). The presence of lactic

acid (370 mg/L), formic acid (91 mg/L) and butyaicid (83 mg/L) were detected by HPLC.

2.2 Experimental set-up
Gas scrubber bottles were used as gas/liquid donsa@GLC) as schematized in Figure 1. They were
filled with 210 mL of solution including the inoauh. Solution sampling was carried out through a
connection hermetically sealed with a septum deahe initial version of the GLC, gas feeding was
achieved with a simple pipe, which delivered gabbbes around 3 mm in diameter. In the second
GLC version, in order to improve gas/liquid tramsfihe gas was provided through a porous tube
about 5 cm long with a diffuser at the end thaivéetd fine bubbles. In some cases, a mixture of
N,:CO, was used instead of pure €D order to ensure a low GG@low rate. In all cases, the flow
rates indicated in the text and figure legends tieeinlet quantity of pure GO

Some GLC were packed with a fixed bed made of 34@iinless steel grids (0.6 mm diameter
wires, 5 mm mesh, Toul'lnox, France) with a totabmetric surface area of 320 Gror another
surface area where indicated, or with commerceglstool (grade 000, Fe 93%, C 6.1%, Mn 0.8%),
which was positioned in roughly half of the CGL wale. When indicated, the methanogenic inhibitor
sodium 2-bromoethanesulfonate (BES) was added.t&sagere maintained at 30°C in a water bath.
Initially, the pH values ranged from 7.1 to 8.0 deging on the inoculum and the inoculum ratio.

Hydrogen conversion yields were calculated as:

Rproduct n Vm (1)

Qn2
whereR,oquct IS the molar production rate of the product (mpl@, is the hydrogen flow rate (L/d),
n is the number of moles of hydrogen required toaisbtl mole of productn(= 4 for acetate

production) and/, is the molar volume of perfect gas (22.4 L/mol).
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Fig.1. Scheme of the gas/liquid contactors (GLC) and expmntal set-up

2.3 Analyses
Samples were collected every day or every two ddiered at 0.2um and analysed for organic acids,
sugar and ethanol by HPLC (Thermo Scientific, Feanesing a Rezex ROA-Organic acid H+ (8%),
250*4.6 mm phase-reverse column (Phenomenex, Pramsenostated at 30°C and associated with a
refractive index detector in series with a UV da&tecThe elution was performed at 170 pL/min with
sulfuric acid 10 mM (pH 2.2). The column was caliied with a mixture of formate, acetate, lactate,
propionate, butyrate, and ethanol in the conceatratinge of 0.1 to 2 g/L.

The concentration of dissolved iron was measurgd Iiductively Coupled Plasma
Spectroscopy (Jobin Yvon Ultima ICP).

Microbial communities were characterized at the ehdome experiments. Samples of a few mL
were collected and cells were concentrated by ifegation then re-suspended in 350 mL of a lysing
reagent solution. DNA was extracted using the MOBI@verSoil® DNA Isolation kit according to
the manufacturer's instructions. 16s gene sequgmzs performed on the MiSeq system to determine
the microbial communities (RTLGenomics, Lubbock AYS

The microbial settlement of stainless steel grids wbserved by epifluorescence microscopy. The
grids were stained with acridine orange 0.01% (A6&igma) for 10 min, then washed, dried at

ambient temperature and imaged with a Carl ZeissorAalger M2 microscope equipped for



epifluorescence with an HBO 50W ac mercury lighirse and the Zeiss 09 filter (excitor HP450-490,

reflector FT 10, Barrier filter LP520).

3. Results

3.1 Initial version of GLC and catalysis by stainless steel grids

Run #1 (Table 1, line 1}our GLCs were filled with the high salinity merdiunoculated with salt
marsh sediments at 10% v/v. The solution was coatisly fed with hydrogen and GOTwo of the
four GLCs contained a stainless steel grid of 98 geometric surface area. After one to two days of
initial latency, formate was produced in the fowactors (Figure 2). The maximum formate
production rate obtained from day 2 to day 3 redch®0 mg/L/d in the reactors packed with a
stainless steel grid, which was a 50 % increaske regpect to the control reactors not equipped aith
grid. After 8 days, the two reactors equipped wgtills had produced17 +57 mg/L formate, which

was an increase of 48 % with respect to the cantrol
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Fig 2. Formate production in high-salinity medium inocethiwith salt marsh sediments (run #1). Hydrogen (3
mL/min) and CQ (0.6 mL/min) were bubbled through a simple pip&oTreactors (continuous lines) were

equipped with 98 cfistainless steel grids.

Run #2 (Table 1, line 2Fzour GLCs were implemented with the minimal mediawculated with

biological sludge at 10% v/v. Two of the four cdneal a stainless steel grid of 320°cgeometric
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surface area. Sodium 2-bromoethanesulfonate (BEEShW was added into two of the four reactors.
Acetate was produced in the four GLCs and the poesef BES (Figure 3.A) clearly improved the
performance with respect to the GLCs without BEgWFe 3.B). When the solution contained BES,
acetate concentration increased during the wholga¥g of the experiment and reached 1803 mg/L in
the presence of the stainless steel grid packihg.rifaximum production rate measured between days
3 and 7 was and 289 mg/L/d, demonstrating an isered 60 % due to the presence of the stainless

steel fixed bed.
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Fig 3. Acetate production in medium inoculated with bgit@l sludge 10% v/v (run #2). Hydrogen (6 mL/min)
and CQ (1.2 mL/min) were bubbled through a simple pip&SB0.5 mM was added in two reactors (A), while
there was no BES in the other two (B). The initiahcentration of 252 mg/L was due to the acetatdec of
the inoculum and the high inoculum ratio. In eaabe; one reactor was equipped with a 320 stainless steel

grid (continuous line), while the other was a cohtvithout a grid.
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3.2 GLC with improved gas/liquid transfer and catalysis by steel wool

A comparison of the experiments performed with ezitlsalt marsh or biological sludge as the
inoculum shows that the enhancing effect of thealngdcking depended neither on the inoculum nor
on the compound produced. The present study waaed with the biological sludge, which led to
products of greater economic interest. The expartal set-up was modified so as to enhance gas-
liquid mass transfer. The gas flux was providedh® solution through a porous pipe with a gas
diffuser, which formed fine bubbles.

Run #3 (Table 1, line 3)The system inoculated with biological sludge aB8% v/v was
implemented in four GLCs, two of which were equigpéth a steel wool fixed bed. BES 10 mM was
added into the solutions. Acetate was producedlifoar GLCs and butyrate was also detected at
significant concentrations. Because of the highencentration of BES, acetate concentration
increased continuously for a longer time than i phevious runs performed without BES or with a
lower concentration (0.5 mM). BES inhibited the elepment of methanogenic species that would
have converted acetate to methane [21,22].

The presence of steel wool increased the acetatduption, up to concentrations of 5674
and 10671 mg/L after 41 days (Figure 4). The twdCGlfilled with steel wool showed similar
general behaviour but with some difference in aegpsoductions. The actual surface area of
the steel wool that filled the two reactors may énalffered from one reactor to the other and
could have been a source of deviation. Neverthelelsatever the experimental deviation, the
presence of steel wool considerably enhanced &cptatiuction, which was 2930 +700 mg/L
in both GLCs in the absence of steel wool. It sddag noted that the GLC that performed the
best with the steel wool fixed bed ensured a congbeoduction rate of 265 mg/L/d for 40
days, without any intervention.

The steel wool packing also enhanced the productbnbutyrate. The maximum
concentration obtained at the end of the experimexg 970 +25 mg/L with the steel wool

fixed bed, while butyrate appeared at 550 mg/Lrty @ne control GLC.
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Fig 4. Acetate production in medium inoculated with bgital sludge (run #3). Hydrogen (0.5 mL/min) and
CGO, (0.6 mL/min) were bubbled through a gas diffu S 10 mM was added in all GLCs. Two GLCs were

filled with steel wool (continuous lines) and twerg not (dashed lines).

3.3 GLC with improved gag/liquid transfer and high gas flow rates, catalysis by steel wool or

iron compounds.

Experiments were pursued by considerably increasiagas flow rates to 50 mL/min for both
H, and CQ. The objective was to increase the gas suppligdaL Cs in order to find the most
efficient gas/liquid transfer that could be reacheth the current experimental set-up and thus
increase the productions and production rateshénexperiments described below, high gas
wastage was accepted without worrying about thecgasersion ratio, in order to favour the
production and production rate.

Run #4 (Table 1, line 45ix GLCs inoculated with biological sludge (3.3Ww) were
implemented in such gas feeding conditions. Two &kGntained steel wool, and Fe@t 10
mM was added into two others. All the GLCs produaedtate, butyrate and small amounts of
ethanol. All showed similar general behaviour, whean be described by 3 successive phases
(Figures 5 and 6): i) after initial latency of amuli3 days, the first product was acetate; ii)
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around day 10, the production of butyrate startedeathat of acetate declined; iii) production
of butyrate stopped (around day 17 to 22) and decentration stabilized close to the
maximum value until the end. In this last phasegethbr or not the production of acetate

restarted was dependent on the operating conditions
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Fig 5. Acetate production in medium inoculated with bgital sludge (run #4). Hydrogen and £B0 mL/min
each) were bubbled through a gas diffuser. BES WDwas added in all reactors. Two reactors were &sed
controls (dashed lines), two were equipped witkelstéeol (continuous lines) and two contained Relll mM
(dotted lines, note that the Y-axis scale is défé). The straight blue line indicates the avenageluction rate

that was maintained from around day 23 to the end.

The control GLCs and those packed with steel weathed the maximum concentration of
acetate at the end of the first phase (Figure Bes& maximum concentrations were, on

average, 3890 +510 in the controls and 5240 +33Mnmgthe reactors with steel wool.
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The GLCs that contained FgCl0 mM showed a considerable resumption of acetate
production during the last phase so, in this casetate was produced at an almost continuous
rate of 830 mg/L/d from day 23 to the end of theexxment at day 37 (Figure 5).
Consequently, the maximum concentration of aceihti1194 +450 mg/L was reached at the
end of the experiments. This value was consideraiiijer than that obtained in the other
GLCs. Moreover, in the presence of Fe@D mM, the duplicates showed much closer

behaviour than in the other cases.
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Fig 6. Butyrate production in medium inoculated with bigical sludge (run #4). Hydrogen and £(®0
mL/min each) were bubbled through a gas diffus&SB.0 mM was added in all reactors. Two reactonsewe
used as controls (dashed line), two were equipptdsteel wool (continuous lines) and two contaifkedk 10

mM (dotted lines). The blue straight line indicaties average production rate that was maintainedrfmund 10

days.
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The maximum concentrations of butyrate were 27380+8700 +1035, and 4725 +630
mg/L, on average, for the control, in the preseatesteel wool, and with Fe¢l10 mM,
respectively. The highest concentration and thédsgproduction rate, of 415 mg/L/d, were
obtained in the presence of FeCin all reactors, production of ethanol was weaith a
maximum concentration of 213 +21 mg/L in the preseaf FeCJ. The presence of steel wool
or FeC} enhanced the production of acetate and butyr&€LA0 mM had a greater effect,
particularly because of its high impact on the fasise, after day 20.

Figure 7 gives the total amounts of carbon atoras Were present in acetate and butyrate.
The curves were calculated by summing the two cadioms integrated into acetate and the
four integrated into butyrate. This representatmoints out a significant, but not drastic,
impact of steel wool and FeCLO mM on the first phase of the process underotherating
conditions used for this run. In contrast, the Istem| packing stabilized the amount of carbon
atoms integrated and FeCl0 mM had a considerable impact by sustaining icootus

integration of carbon atoms into acetate and btgyegen after 37 days of experiment.
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Fig 7. Carbon atoms integrated into acetate and butyesit@nol was neglected) during run #4 (relatin§its.
5 and 6). Each curve averages the data from theG@ duplicates. Control: dashed line, with steelolv

continuous lines, with Fe€lL0 mM: dotted lines A) Zoom on the starting phdaewhole experiment duration.

Run #5 (Table 1, line 5Finally, six GLCs inoculated with biological slgel (3.3 % v/v)
were run with FeGI2 mM added into two GLCs and with the initial pHjasted to 5.5 in two
others. The initial pH was adjusted to 5.5 becdhseaddition of 10 mM Fegin the previous
run decreased the initial pH to this value, whit¢\was between 7.1 and 8.0 in all other GLCs.
The general evolution of the concentrations withetishowed the same three successive phases
as those observed in the previous run (#4), exicephe of the GLCs run at pH 5.5, which
showed erratic behaviour. After 29 days of opemgtithe maximum acetate concentration
(3950 520 mg/L) was obtained in the GLCs that aordd FeGl 2 mM and the lowest in the
GLCs with pH adjusted to 5.5 (2680 +455). The maximbutyrate concentrations were of the
same order, with a maximum of 5260 £522 mg/L. Indosion, FeGlat 2 mM enhanced the
production of acetate and butyrate but to a lesgéent than FeGlat 10 mM. In contrast,
adjusting the initial pH to 5.5 without the preseraf iron compounds in solution hampered

the process.

3.4 Microbial communities

The microbial communities of the last two runs @4dd #5) were analysed by 16S rRNA
pyrosequencing (Figures 8 and 9). At the phylumelewhe hydrogenation conditions

considerably favoured the development of Firmicutelsich constituted less than 4% of the
microbial community of the inoculum but always magemore than 20% in the GLCs (except
when pH was adjusted to 5.5). Proteobacteria, whiele present at a high ratio in the
inoculum, were maintained at similar ratios in twntrol experiments and in the presence of
steel wool. The presence of Fe@nhanced the selection of Firmicutes to the detmirrof

Proteobacteria. This trend was particularly mank#ti FeCk at 10 mM (Figure 8).
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Fig 8. Major phyla and genera present in the microbial momities of the sludge used as the inoculum and of
the six GLCs at the end of run #4, after 37 dayspafration. Only the phyla and genera present a¢ tii@an 2%

in at least one sample are reported.

Analysis at the genus level showed strong selecbbrthe two generaMegasphaeraand

Clostridiumamong Firmicutes. The control experiments ancetperiments performed with the steel
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wool fixed bed showed the selection of one of thisge genera to the detriment of the other. In
contrast, the addition of FeQbromoted the development Glostridiumas the dominant genus, but
without preventing the growth dflegasphaeraActually, a comparison of the microbial commurstie
obtained in the presence of Fe@ mM (Figure 9) at days 27 and 41 suggests @lastridium
continued to grow throughout duration of the experit, whileMegasphaeraeached a stable ratio
more rapidly. Adjusting the pH to 5.5 was detringnb these two species and promoted the alpha-
Proteobacteria of genuBcetobacter which was also present to a significant extentcamtrol
experiments.

Finally, at the species level, in all samples, @estridium genus was mainly represented by a
single, unidentified, species that always made upenthan 96% of all th€lostridium species
detected. Thd/legasphaeragenus was present with two highly dominant spediessueciensisand
M. cerevisiagand, to a lesser exteiM, paucivoransBoth theClostridiumandMegasphaeraenera

were represented by only a restricted number afiepewhich were highly dominant.
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Fig 9. Major phyla and genera present in the microbial momities of the six GLCs at the end of run #5.
Controls were stopped after 41 days of operatieh5 after 29 days. One GLC with Fg@ImM was stopped
after 29 days of operation, the other after 41 d@ydy the phyla and genera present at more tham22oleast

one sample are reported.

4, Discussion

Two environmental inocula were used, one colleéteth salt marsh sediments and the other
from the biological sludge of a water treatmennpl®oth catalysed the hydrogenation of CO
to various products. Interestingly, the productidracetate, formate and butyrate depended on
the inoculum source and on the operating conditidits instance, with biological sludge,
butyrate was detected at significant concentrationly when gas/liquid mass transfer was
improved by using a porous diffuser. Adding the mae@bgenic inhibitor BES increased the
acetate concentrations, showing that methane vadmaply also produced.

The preliminary tests performed with different hygen gas feeding configurations showed
their considerable impact on the performance. Whiadrogen was fed through a simple pipe,
hydrogen yields were less than 1% but using a gassdr improved the hydrogen yields to
10.6 £1.8 % in the presence of steel wool (run #Bgse results confirmed a recent theoretical
approach that modelled the microbial catalysis @f, @ydrogenation [23] and showed the
impact of the gas supply on the conversion rateeush on the distribution of the products.
The significant increase of the hydrogen yield otgd here with such a rustic improvement in
the gas-liquid transfer showed the great rangenpfovement that was possible. Moreover, as
noted above, controlling gas/liquid transfer inflaed the nature of the products thatre
synthesized. Gas-liquid transfer should consequemé! a major lever for further process
improvement and control. Hydrogen yields were mobhject of attention in the second part of
the study (runs #4 to #6), where high gas flow gateere used in order to explore the
maximum concentrations that could be reached amlifanaximum production rates.

With both inoculum types, the presence of a stamigteel grid enhanced the production.

This effect was significant, but fairly difficulbtobserve with stainless steel. For instance, the
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stainless steel grids no longer had a catalytiectfivhen they were used for a second
experiment without prior strong cleaning. Epifluecence imaging of the grid surfaces at the
end of the experiments revealed only small, ang vare, microbial settlement sites on the
metal surface, showing that the catalysis did mauo via the formation of a microbial biofilm
on the metal surface.

The steel wool fixed bed, which was implementethviiological sludge, led to more
significant production enhancement than stainléssl slid. Steel wool presented obvious signs
of strong corrosion at the end of the experimeltaias thus assumed that iron released into
the solution was responsible for the catalytic @ff@’his hypothesis was confirmed by the
addition of Fed, which enhanced both acetate and butyrate pramudfTable 1). With
respect to the related controls, addition of RedZl2 mM increased the acetate and butyrate
maximum concentrations by 13 and 35 %, respectifrely #5) and FeGlat 10 mM by 265
and 73 % (run #4). The presence of steel wool amad the maximum concentrations of both
acetate and butyrate by 35% (run #4). These dataarsistent with the concentration of iron
of 3.0 £0.2 mM that was measured at the end ofettpgeeriments in the GLCs equipped with
steel wool. Similar measurements gave 1.8 +0.4G8d1.5 mM in the GLCs to which 2 mM
and 10 mM FeG| respectively, had been added. Less than 1 pMmessured in the control
GLCs. Iron was not measured in the GLCs equippel avistainless steel fixed bed but, as no
signs of corrosion were visible, it can easily lostplated that only very low concentrations of
iron were released into the medium, which wouldlaixpthe lower impact of the stainless
steel bed and the difficulty of reproducing thideet with this material, depending on the
surface state.

Salt marsh sediment led to the production of foanét the literature, when pure cultures
were used, the microbial catalysis of C€dnversion to formate led to 0.4 mM in 24 h with
Methanobacter formicicuil5] and 10 mM after 2.5 days witbBesulfovibrio vulgaris[14].
The maximal concentration of 506 mg/L (11 mM) int2213] was obtained with immobilized

cells of Alcaligenes eutrophuander 1 atm KH Here, the same order of magnitude (417 57
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mg/L) was obtained in 8 days with a multispecieffuca, without optimizing the reactor
design and under a hydrogen partial pressure gf@blatm.

Biological sludge led mainly to the production afegate and butyrate. Regarding acetate,
the highest concentrations reported in the litesatwere 44.7 g/L, reached in 11 days with
Acetobacter woodiiinder pressurized HCO2 [24] and, recently, more than 50 g/L obtaiired
less than 4 days with recombinant strains [25]. Phaiminary experiments described here
resulted in concentrations of the same order ofmtade, up to 14.2 +0.5 g/L, under hydrogen
pressure of only 0.5 atm. These results show tlatginterest of environmental inocula
associated with the enhancing effect of iron.

To our knowledge, only one study has used a meltigs community to produce volatile
fatty acids by C® hydrogenation with hydrogen gas [17]. Concentretiof 7.4 g/L acetate
and 1.8 g/L butyrate were obtained after 64 dayseH14.2 +0.5 g/L acetate was obtained
after 37 days (run #4) and 5.2 £0.5 g/L butyratera?9 days (run #5). In the presence of FeCl
10 mM, a constant production rate of acetate of 80L/d was maintained for more than 15
days. These data emphasize the great interest dhcdron into the medium to enhance
production with environmental inocula.

To date, the literature does not report any sinklad of hybrid catalysis of hydrogenation
reactions associating microorganisms and metadlimpounds. The impact of iron compounds
on microbial hydrogenation catalysed by such compiecrobial communities may be the
result of various mechanisms, which may be hardunoavel. Deciphering the accurate
pathway(s) will now require many further dedicatstidies. We offer some preliminary
thoughts in this direction below.

First of all, it was observed that the additionl6f mM FeC} decreased the initial pH of the
medium to 5.6, whereas the initial pH was betweeh &hd 8.0 in all the other GLCs.
Acidification was due to the formation of iron hypdide [26]:

Fe(OH) . Fe&" + 3 OH K= 2.8 10°° 2
The experiments performed at pH 5.5 (run #5) inabgence of any metal catalyst (no metallic

fixed bed, no iron compound) showed that acidifaratwvas not responsible for the production
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enhancement observed in the presence of iron.ftrasst, acidification was clearly detrimental
to the production of acetate and butyrate (Tabl&ig catalytic effect of iron compounds was
consequently not due to the acidification they pi@d. Moreover, acidification promoted the
selection of Proteobacteria of the gefustobacter(Figure 9), which was mainly composed
of the specie#\.. peroxydansThe lower acetate production linked to the dominaesence of
Proteobacteria suggests that Firmicutes were @aknteach high productions.

Two different impacts of the addition of Fg@Qlan consequently be distinguished: the
virtuous effect of iron and the detrimental impatpH decrease. This shapes a major avenue
in the blueprint for process optimization: favougyithe effect of iron while mitigating that of
the associated acidification. Attempts to increth&econcentration of Fe£io 50 mM showed
too drastic an acidification of the medium to pH,2o longer suitable for microbial growth.
On the other hand, adjusting the pH to around &rdfie addition of 10 mM FegWas also
unsuccessful because of the formation of an intétesek precipitate in the GLCs after a few
days of gas feeding. The choice of optimal pH sticzdnsequently be constrained by the
speciation of the metallic catalyst.

It was observed that pH decreased during the exeents in all the GLCs, from the initial
value of between 7.1 and 8.0 to values ranging fdofhto 6.5 depending on the operating
conditions. This means that pH control during operamay also be an important lever to
stabilize long-term operation. The lowest pH valoést.6 were obtained at the end of the
experiments performed with 10 mM FgeQrun #4), while the acetate production rates
remained close to the maximum of 830 mg/L/d (Figd)e When a suitable microbial
community was established, the GLCs showed grdmatstoess against significant pH drift.

Above pH 4, according to the value of the solupifitoduct constant of iron hydroxide {K
= 2.8 10* [26]), FE" ions are not soluble. Most of the added iron wathe form of solid iron
hydroxide or iron oxide-hydroxide and other compasisuch as iron phosphate (FqR®.,0,

Ks = 9.9 10 and iron carbonate (FeGOKs = 3.1 10" [26]). Nevertheless, ICP
measurements of the iron content of the solutidnbeaend of the experiments gave 1.8 +0.4,
3.0 £0.2 and 6.8 #1.5 mM in the GLCs with 2 mM Fe®ith steel wool, and with 10 mM
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FeCk, respectively. This means that a great propontiothhe iron compounds was dispersed in
the GLC solutions. Furthermore, the catalytic dffgas linked to this concentration.

Clearly, iron concentration impacted microbial sélen and the highest concentration
favoured the concomitant development of the twomkiutes generaClostridium and
Megasphaeralt is thus reasonable to postulate that iron anha CQ hydrogenation by
influencing microbial selection.

The presence of iron can also help the differentrotial species to synthesize
hydrogenases. Iron is a key component of the acsilites of all types of hydrogenase [27,28]
and it can be speculated that iron concentratiavala given threshold may be required to
trigger the synthesis of some of these enzymeseitle®iess, the concentrations of several mM
measured here are far above the values necessarpafderia to synthesize proteins.
Consequently, this hypothesis can hardly explam higher impact of 10 mM than 2 mM
FeCk. Even if the presence of iron may influence thatlsgsis of hydrogenases, another
pathway, possibly occurring in parallel, should daeked to explain the dependence of the
catalytic effect on iron concentration.

A direct catalytic action of iron can also be speted. Heterogeneous catalytic
hydrogenation of a biocompound with hydrogen gas dleeady been observed with NAD
NAD" can be hydrogenated to NADH directly with hydroggss, in the absence of any
enzyme or any other protein, when platinum is usethe catalyst [29]. Here, iron in the form
of solid and dispersed oxide-hydroxide may play tomventional role of hydrogenation
catalyst by adsorbing dihydrogen and thus facitiththe cleavage of the hydrogen-hydrogen
bond (Figure 10, Scheme A). Hydrogenases may asouvmlved in this pathway, as they have
been demonstrated to have the capacity to catdlysereduction of NAD to NADH by
extracting hydrogen adsorbed on conductive magef&il-32].

In the field of microbial electrochemistry, outeembrane cytochromes, which are
haemproteins, and membrane-bound hydrogenasesalsvbeen postulated to be involved in
electron transfer from the electrode [33-35]. Diredectron transfer from cathode to
hydrogenase has also been shown in the contextayfree electrochemistry [36]. A similar
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scheme may be assumed here except that electmotdcome from an electrical circuit but
from the oxidation of hydrogen (Figure 10, Scheme B

Finally, when several species are involved, astivasase here, particularly in the presence
of 10 mM FeCJ, occurrence of direct interspecies electron tengDIET) can also be
suspected. In a DIET pathway, electrons produged tmicrobial species that oxidizes a first
substrate are transferred directly to another sgethat reduces another substrate [37-39].
DIET can be speculated here from a species thatweess efficient at hydrogen oxidation to a
species that was most efficient at €duction. DIET has been demonstrated to be enkance
by the mediation of conductive materials, such agmetite nanoparticles [37] or granular
activated carbon [38]. The metal-microbial catadydescribed here may be the catalysis of
DIET by dispersed particles of iron oxide-hydroxi@égure 10, Scheme C).

Obviously, several of the pathways evoked above atayr in parallel and further specific
studies are now required to unravel the mechanistperiments with pure cultures and mixed

cultures of isolates should be particularly usédulthis purpose.
A Product
H
H
co
Product
HZ
2, S Product
roauc
(Ex
HZ

co,
Fig 10. Scheme of possible pathways to explain the irorrgbial catalysis of C@®hydrogenation. A) H
adsorbed on iron-based patrticles is easier fontioeobial cells to use than dissolved, B) H, is reduced on
iron-based particles, which act as cathodes bystearing electrons to the microbial cells, C) thenibased
particles catalyse direct interspecies electronsfex (DIET) from a microbial species efficient ids reduction

to a microbial species efficient for G@duction.
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5. Pergpectives

From a fundamental standpoint, the path to thetifiestion of the right mechanism(s) of the
metal-microbial catalysis described here might lbeng one. In contrast, from a technological
standpoint, scaling up industrial prototypes maygdeasiderably easier and faster.

The preliminary results presented here led to lpgbhduction and high production rates,
particularly as far as acetate was concerned, 88th mg/L/d sustained for more than 20 days
thanks to iron catalysis. These results point dw promising potential of environmental
inocula in the development of a robust process@@k hydrogenation. In the context of
robustness, it should be noted that using a steel ¥ixed bed instead of adding Fe@ of
great interest. Firstly, for large volumes, usinfixad bed of low quality steel may be cheaper
than adding FeGl Secondly, a preliminary experiment showed thagtate and butyrate
productions restarted almost immediately at maxinmmates after the medium was changed in a
GLC equipped with the steel wool bed (data not sijow steel wool fixed bed should be a
supplementary source of robustness of the catglyticess.

It was also shown that there is still plenty of modor improvement concerning hydrogen
yields. Considering the highly efficient gas/liquitbntacting processes available in the
chemical industries, it is predicted that hydrogexids will easily be increased by using the
appropriate gas/liquid contactor. In this case,antorane gas/liquid contactor, which allows
maximum concentration of dissolved gas to be maiathwithout the formation of bubbles,
should be particularly suitable [23]. Such membrasactors have started to be proposed in
order to provide biological water denitrifying réais with H, and CQ simultaneously. In this
context, H was used as the electron donor and, G&ved for pH control and as the carbon
source [40,41]. Working under high gas pressure,isaxommonly done for chemical
hydrogenation processes, should increase the oeaatfficiency even more. Finally,
continuous extraction of the synthesized compoueds, by electrodialysis, will also increase
the production and help to maintain long-term reastability. All these perspectives could be
envisaged in the short term because they rely onlyechnologies that are fully mastered at

large scale in the chemical industries. For proagdgmization, as shown here, the balance
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between pH, which should not be too low, iron spagan, and composition of the microbial
community, may be the main direction to pursuehmrear future.

In another context, the recent emergence of miatadectrosynthesis has brought to light
many environmental inocula that catalyse the ebebimical reduction of COto various
compounds [21,22,42,43]. In this framework, mukisies inocula are commonly used to form
electroactive biofiims on cathode surfaces, whiatalyse the electrochemical reduction of
CO,. Electrons are provided by the cathode and anen@ed to be transferred to G@hrough
the microbial biofilm, which orients and catalygbe synthesis of various products. Actually,
because of the low potential that must be appledhe cathode to operate at high current
density, hydrogen is produced by the electrochelmieduction of water. The hydrogen
produced on the cathode can then be used by th@lbrat cells to reduce C44,45].This
“hydrogen route” of the electro-microbial reductiohCQO; locally couples the production of
hydrogen by water electrolysis with the microbiahtadysis of CQ hydrogenation.
Accordingly, it has recently been claimed that gsgas-liquid contactors fed with hydrogen
gas may be the most promising way towards the {acgée development of the microbial
catalysts that have been identified in the contd#xelectrosynthesis [18]The fact that the
speciesMegasphaerasueciensiswhich was found among the dominant species inligagl
contactors here, has also been reported as thendotspecies in electrosynthesis reactors [46]
iIs a new, strong argument supporting this claime Thultispecies inocula successfully
screened in the context of microbial electrosyrithesy consequently be excellent candidates
for implementation in gas-liquid contactors fedwitydrogen gas.

Finally, beyond the examples described here, mahgraeactions should be screened for
the possible occurrence of similar metal-microbialtalysis. For instance, the microbial
conversion of syngas (CO +, which has led to several successes even wittotyyes of

large volumes [47], may be a field worth investiggt
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6. Conclusions

The hybrid catalysis of COhydrogenation described here associates micraaalersion
with a metal catalyst. Unravelling this new catalytathway now constitutes a fascinating new
question for researchers. Practically, concentnatiof formate, butyrate and acetate reached
0.42, 5.26 and 14.19 g/L, respectively, and a pcodo rate of acetate of 0.83 g/L/d was
sustained for more than 20 days without any maamea, showing the robustness of the
process. These worthwhile results should be easynpwove by implementing equipment
commonly used in the chemical industry for coningjlgas/liquid transfer by following the

few guidelines that have been extracted from tlaskw
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Table 1. Operating conditions and results of the 5 expertailenns.

Flow rates Maximum Maximum
run Gas mL/min Packing or Nb. concentrations production rate
4 inlet BES soluble of during starting phase
H, co, catalyst GLC Main Duratio
products mg/L at day mg/L/d n (days)
Inoculum: salt marsh sediment
. Control 2 283 +12 8 126 1
1 Pipe no BES 3 0.6 55 grid 5 Formate 417 157 3 190 1
Inoculum: biological sludge
no BES 6 12 Contr-ol 1 816 14 105 3
) Pipe SS grid 1 Acetate 1186 12 105 8
BES 6 12 Control 1 1406 17 180 3
0.5mM ’ SS grid 1 1803 17 289 4
Control ) Acetate 2930 700 22 or 27 158 +40 17
Porous BES Butyrate 550 32 154 3
3 diffuser 10 mM 0.5 2 Acetate* 10671 41 265 40
Steel wool 5 Acetate* 5674 41 201 27
Butyrate 970 +25 35 82 11
Acetate 3890 +510 9ori3 580 +85 5
Control ) Butyrate 2730 £830 21 or22 305 70 7
Ethanol 163 £18 13 0r 16 - -
Porous BES Acetate 5240 £330 13 705 50 4
4 diffuser 10 mM 50 50 Steel wool ) Butyrate 3700 +£1035 21o0r23 330 +90 9
Ethanol 195 +85 13 0r 16 - -
FeCl Acetate 14194 +450 37 935 +215 8
10 mM ) Butyrate 4725 +630 31lor36 415 £30 7
Ethanol 213 +21 13 0r 16 - -
Acetate 3505 +205 29 466 £24 5
Control ) Butyrate 3900 +40 27 303 £20 8to 12
Ethanol 140 £70 13 - -
Acetate 2680 +455 29 chaotic chaotic
Porous BES
5 diffuser 10 mM 50 50 pH 5.5 2 Butyrate 3735 450 24 or 28 300 £26 8
Ethanol 136 +54 18 - -
FeCl, Acetate 3950 +520 29 368 +14 4
2 mM ) Butyrate 5260 £522 29 360 45 12
Ethanol 195 +26 15o0r 17 - -

* the duplicated GLCs gave significantly different performance and data are consequently reported separately.
Some GLCs of run #5 were stopped at day 29 and others at day 41 to analyse the microbial communities at
different ages. For fair comparison within this run, only the data obtained before day 29 were reported in the

table.
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