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ABSTRACT

The bioelectrochemical generation of hydrogen iarabial electrolysis cells (MECSs) is
a promising technology with many bottlenecks tsbkred. Among them, the
proliferation of hydrogen scavengers drasticalijuees the cell efficiency leading to
unrealistic coulombic efficiencies (CE) and catluogias recoveriesdxr). This work
provides a novel theoretical approach to understidandugh electron equivalent
balances, the fate of hydrogen in these systemsdtvalidated with a long term
operated single-chamber membrane-less MEC. Inhibet &erm, H-recycling (i.e.
hydrogen being derived to the anode) resultedn of only 4% and in CE up to 463%.
The 80.5% of the current intensity came fromreicycling and only the 19.5% from
substrate oxidation. In the long term, methane pvaduced from hydrogen, thus
decreasingdar to O (kcat = 94.5% when considering methane production). @& w
74.5% suggesting that,Hlecycling only took place when methanogenic attivias

marginal.

KEYWORDS: 2-bromoethanesulfonate, homoacetogens, hydroggalireg,

methanogens, single-chamber membrane-less micmlbiztolysis cell
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1. INTRODUCTION

Among all the possible renewable energy sourcegiad is one of the most attracting
alternatives for the scientific community. It iglean and renewable energy carrier,
without an impact on the greenhouse gas emissitireaioint of use and a high
combustion heat (120 kJ/g) when compared to otbssiple biofuels (ClH 50 kJ/g or
ethanol, 26.8 kJ/g) [1]. Moreoverldan be very efficiently converted into electricity
by means of chemical fuel cells when compared dgdms [2]. Nowadays, mosthb
produced by steam reforming of fossil fuels, a saatainable technology. For this
reason, research is focused on the developmeathihologies for sustainable H
production. Among the different alternatives, theekectrochemical generation ot kth
microbial electrolysis cells (MECS) is a novel teology introduced in Liu et al. [3]
with very promising lab results and theoreticalif@gyields.

MECs take advantage of the capability of the amedpiring bacteria (ARB) of using
insoluble electron acceptors in their respiratioocpss and thus, transferring the
electrons to a solid anode under anaerobic comditidence, ARB oxidize organic
matter and transfer the electrons to the anodegshwitow through an external circuit to
the cathode. The cathode is also kept under anaerohditions and thus, the protons
generated in the anode are reduced to fosnTHe global process is not
thermodynamically spontaneous and a certain volhageo be applied to drive the
reactions [3]. In any case, the energy containddamproduced Fhas to be higher than
the energy added by the power source in order terWHECs a feasible system.

The use of membranes in MECs to separate the anbdmber from the cathodic
chamber is nowadays a controversial issue. Onrteéhand, membranes theoretically
prevent the diffusion of pHfrom the cathode to the anode and avoid poteptcddlems

related to H scavengers and impurities in.HDn the other hand, membranes are
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expensive and cause potential losses associafgd goadients across them [4]. Thus,
higher voltages need to be applied for the reastiortake place resulting in a severe
decrease of energetic efficiency.

Electron flow derived to methanogenesis is ondnefrhajor hurdles of
bioelectrochemical systems. ¢production from organic carbon sourgesults in a
significant decrease of the system efficiency, messas Couloumbic Efficiency (i.e.
ratio of electrons contained in the initial subtroat are converted into current).
Avoiding methanogenesis in MECs is not a straigiatéod issue since these
microorganisms are strongly favoured in conventidfaC anodic environments (i.e.
anaerobiosis with abundance of electron donorshafdm formation) and this is why
the contamination of Hwith CH, has been widely reported (e.g. [5]). Moreover, whe
working with fermentable substrates, thedénerated in fermentation can be used for
methanogenesis as electron donor, which can acémumtportant electron losses at
the anodic compartment [6]. This hydrogenotrophéthranogenesis becomes even
more important when operating single-chamber sysi@® membrane-less), since the
H, electrochemically formed in the cathode can abksaded as electron donor.
Nowadays, Chiformation is mostly prevented using a chemicallitor of
methanogenesis (being 2-bromoethanesulfonate, BE$nost common). BES
utilisation is practical with short-term lab-scabeperiments but it is not economically
feasible at a real scale. Other approaches foranetfenesis suppression such as low
hydraulic retention times [7], intermittent expasto air [5], low temperature and pH
shocks [8, 9] have not been totally successfukyeh at lab-scale conditions.

The presence of different;ldcavengers other than methanogens has also been
observed. On the one hand, the effect of homoaertodpacteria (e.g. strictly

anaerobic bacteria that produce acetate wjthd-lectron donor and inorganic carbon)
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in two-chamber MECs with fermentable substrates neperted to have a positive
effect, since they allow the electron recovery frin@ produced Hin fermentation [6].
However, in single-chamber MECs, homoacetogensiaaa a detrimental effect since
they can transform back to acetate thegkbduced in the cathode. This-Bcetate loop
can result in an increase of the cycles durati@hthas, more input energy requirements
and lower H recoveries [10]. Nevertheless, the lowrdcoveries in single-chamber
MECs due to kHrecycling are not only as a result of the homaagenic activity, but
the use of Has electron donor by ARB has also been reported [d this sense, Lee
and Rittmann [7] studied the contribution of-Hcycling in a continuous single-
chamber MEC by minimizing the methanogenic actjwiytaining that from the 62 to
the 76 % of the total current intensity was assalteof H-recycling. However,
methanogenic activity was not completely suppresseltherefore, the contribution of
H,-recycling could have been even higher.

A whole understanding of the competition betweendifferent H scavengers in
single-chamber MEC systems has not been reportedlyl@ough it was found that
methanogenesis inhibition could favour homoacetmggiowth [6]. Lee and Rittmann
[7] observed that Hrecycling and Chlproduction occurred in the system
simultaneously. Parameswaran et al. [12] foundhbatoacetogens could survive in a
cell working at low HRT (with high BES concentratjandicating that homoacetogens
could compete with hydrogenotrophic methanogemsahsystems.

This work is the first study where the long ternergtion of a single-chamber
membrane-less MEC with continuous dosage of BEXp&rimentally assessed. Long
and fully monitored cycles and electron equivaleaiainces are used to understand the
existing K losses due to the competition between homoacetogdtB and

hydrogenotrophic methanogens for H
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2. MATERIALSAND METHODS

2.1 Reactor description and operation

A single-chamber membrane-less MEC of 1300 mL veasl ({Figure 1). A carbon fiber
brush (PANEX®33 160 K, ZOLTEK) [13] previously inolated in a microbial fuel

cell was used as anode. The cathode was madeariibrccloth coated with carbon
powder and platinum suspension on the side fatiag@hode [14, 15]. Both electrodes
were arranged concentrically with the cathode enditer perimeter, so that all ends of
the anode were at the same distance from the @todAg/AgClI reference electrode
(+210 mV vs SHE) was used to monitor the electfpatentials. The reactor operated

in batch mode and with constant agitation. A camstaltage of 1.2 V was provided by
a power supply (TTI QL355TP). Theldroduced was collected in a 0.5 L gas sample
bag with a twist type valve (Cali-5-Bond, Ritter).

Intensity was calculated from the monitoring of tledtage across an external resistance
of 12Q by using a 16-bit data acquisition card (Advante€H-1716) connected to a
personal computer with software developed in Lab¥bwws CVI 2010 for data
acquisition.

The medium was a 100 mM phosphate buffer with éeets carbon source prepared as
in Parameswaran et al. [10] with the addition ef tmethanogenic inhibitor BES [16].
The acetate concentration in the medium was 23% fdghM) and BES concentration

was 50 mM except as indicated, where it was ineeés 90 and 120 mM.

2.2 Chemical analyses

Acetate was analysed by gas chromatography (Aglleahnologies, 7820-A) using a

flame ionization detector (FID) with helium as ¢armas. H production was analysed
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with the same gas chromatograph using a thermaumivity detector (TCD) with

argon as carrier gas to ensure a good responsgpadt.

2.3 Batch experiments

Batch experiments were carried out to assess thpar®rmance over time. Culture
medium was renewed prior to each cycle monitorkagtate concentration, gas
production/composition and current intensity werssured along the cycles.
Obtaining experimental profiles in time and notyosilart/end measurements was
essential for a better understanding of the system.

Gas production was calculated as in Ambler and hd@]. The same gas composition
was assumed in both the headspace and the gasrsabgay and therefore, the final
volume of each gas g-hnd CH) was calculated from the total volume (headspace +
gas sample bag) and the gas composition of thatedysis of the cycle (equation 1).
Vie =Ver KXie 1)

where \& ris the final volume of gas and pMand xg are the final volume and final
composition of a certain gas, respectively.

The moles of Hcorresponding to that volume were calculated agsyia constant

pressure of 1 atm in the reactor-bag system ana temperature.

2.4 Presence of homoacetogens

The presence of homoacetogenic bacteria was téstaagh an experiment similar to
that in Parameswaran et al. [10]. Culture mediura re@laced and no acetate, but
sodium bicarbonate (3 g/L) was added. The MEC vp&saied with an applied voltage

of 1.2 V. H, stored in a gas sampling bag of 1 L, was inteemily sparged from the



188  bottom of the reactor and collected in anothersgespling bag located at the top of the
189  cell. Once the bag at the top was full, the posibbthe bags was reversed in order to
190  continue sparging From the bottom of the cell. This operation waseaed nine

191 times between hours 0 and 8 and nine times moreekethours 22 and 30 of the

192  experiment.

193

194 2.5 Calculations

195  Coulombic Efficiency (CE) was calculated as in dopa2.

tr
_ Coulombgecoveredscurrentintensity _ t ldt

196 CE . 1
Coulombsn substrate Flb, [V, [AcM

@)

197  where § and t are the initial and final times of an experimext,is the acetate

198  concentration change betwegrand t (g acetate/L), M is the molecular weight of
199  acetate (59 g/mol),Ab is the number of dransferred per mole of acetate (8 mahel
200 acetate), F is the Faraday’s constant (96485 Céjdlis the current intensity and \fs
201 the volume of liquid in the reactor.

202

203  Cathodic gas recoveryddar) was calculated as in equation 3.

_ Coulombsn H, _ Vi RFIV,
Coulombgecoverediscurrentintensity j *1dt
to

204 T 3)

205 where \, is the molar gas volume (24.03 L/mol) at 20 °C.
206

207 3. RESULTSAND DISCUSSION
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3.1 CE and ¢at as MEC performance indicators

The performance of a MEC is commonly assessed ghrthe calculation of the
coulombic efficiency (CE) and the cathodic gas vecy (icat). CE compares the
coulombs recovered as current intensity with thdambs that could be theoretically
generated from the substrate oxidation by ARB, e/hikr compares the coulombs
consumed in kHproduction with the coulombs arriving to the cate@s current
intensity.

However, under certain scenarios, these efficientiay be misleading and some
considerations need to be taken into account whalysing the results.

H, is a suitable electron donor and, as such, itsemee may induce the growth of
hydrogenotrophic bacterialk either electrochemically produced at the cathad
appears as a subproduct from the fermentationgafnoc products. Then, the
proliferation of B scavengers in MEC systems is frequent, partiguiahlen operating
under single-chamber configuration. The most comseamarios in acetate-fed single-
chamber MECs are: i) neither methanogenesis aoeti/cling, ii) only H-recycling,

iii) only methanogenesis and iv) both-Hecycling and methanogenesis taking place.
In view of simplification, it has been assumed @&, formation comes only from
hydrogenotrophic methanogens and thus, acetats s carbon source for
methanogenesis. This suppression of acetoclastitamegenesis in single-chamber
acetate-fed systems has already been reported srjdstified by the ARB having
higher acetate affinity than methanogens [18]. Aaywhe absence of acetoclastic
methanogens in our systems was ensured by momytadetate concentration in a batch
experiment during 70 h without applying any voltd§gure S1, supplementary data).
Acetate concentration remained practically constatitating that acetate consumption

related to non-ARB microorganisms was negligiblee Bibsence of acetoclastic

10
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methanogens was also corroborated through advanicedbiological analyses
showing that only 2 % of th&rchaea present in the anode were acetoclastic [19]. It
should be noted that if a fermentable substratereifiit than acetate was used,fidm
fermentation should be also considered and thesyatould become much more
complex.

The utilisation of CE and:kit to evaluate the MEC performance is not valid wHen
recycling is occurring. Moreoverg4r cannot be used when hydrogenotrophic
methanogenesis is taking place. In these casesstanded approach should be used.
Nevertheless, obtaining unrealistic CE agg results would be a good indicator of
some H being lost: CE higher than 100% suggestsétycling, whereas very lowAr

denotes Hlosses probably as a consequence of methanogenésgisecycling.

3.2 Including H-recycling (with or without hydrogenotrophic metlogenesis)

When H-recycling is taking place the estimated CE valresexcessively high (even
higher than 100%). Then, the MEC performance besaméh more complex to
evaluate and a different approach is needed. $nctise, we have used electron
equivalent balances (i.e. balances in terms ofacohk) for a better description of the
cell performance. As it can be observed in Figyrel&ctron equivalent balances are
stated for both anodic and cathodic processes hvdrie linked by the coulombs
recovered as current intensity and the coulombgled as H by ARB and
homoacetogens.

Regarding anodic processes, the coulombs recoasredrrent intensity may come
from three different sources: i) the oxidation loé £xternal acetate initially added, ii)
the oxidation of the acetate resulting from homtagenesis and iii) the oxidation of

part of the H produced in the cathode. Moreover, it should besiciered that a fraction

11
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of this acetate / fis not addressed to current intensity but to tiesvth of the biomass.

The balance in the anodic side can be written agjuation 4.
CCI = CAC + CH .+CH2_r 'CﬁcRB 'CﬁSB (4)
where G, are the coulombs recovered as current intensiyafe the coulombs

obtained from the oxidation of the external acet@tg are the coulombs obtained from

the oxidation of the acetate produced by homoaee®ds, , are the coulombs

obtained from the oxidation of the;lgroduced on the cathode by ARB whi&*® and

C/5° are the acetate and Hactions addressed to biomass growth in terms of

coulombs.

In the case of cathodic processes, the coulomioseeed as current intensity are all
used for H production which, in turn, has four theoreticdfetient endings: i) being
captured in the gas bag, the most desirable, iilgoonsumed by methanogens, iii)
being consumed by homoacetogens, iv) being constbiy@iRB. Equation 5 represents
the previous processes in terms of coulombs.

Coi =Chp +Copy +Cy +Cyp )

where Gy, are the coulombs consumed in the production ofrtbasured Hand Gua,

Cy and Gyo_ are the coulombs consumed in the productiona$ttbsequently
consumed for the production of GHcetate and current intensity.

Although H losses due to leakagedC) are not considered in equation 5, practical
knowledge suggests that, in some cases, they ingytequired to completely solve the
equations system.{g | can be taken into account in terms of coulombmbyifying
equation 5 as follows:

Ca=CptCqyu +Cy + CH2_r + CH2_L (6)

12
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Thus, the fate of the electrons would be compladelcribed with equations 4 and 5 (or

6). However, each of the parameters in these empgatieeds to be estimated/measured.

3.2.1 Contribution of the growth processes
The fraction of acetate addressed to ARB growtieims of coulombsC3*®, can be

estimated from equation 7.

100-CE

CﬁcRB = YATB [{Cx +Cy") = 10¢ AL HCA +Cy) (7)

where Y *®is the biomass/substrate yield of ARB when consgraitetate and Gl is

the real coulombic efficiency of the cell, i.e.et@E of the cell when #ecycling does
not occur and thus, current intensity is entirelyduced from the oxidation of the
externally added acetate. Thus, equation 7 caksitae product between the fraction of
acetate consumed but not recovered as currensititemd the coulombs obtained from

acetate oxidation either from the externally addethe produced by homoacetogens.
Note that using eithe¥ 2® or CEx; in the calculation o2, implicitly assumes that

acetate is only consumed by ARB. Sleutels et 8l (Bed CE to assess the competition
between ARB and methanogens with acetate as stéobir&onsidering the electrode
and methane as the main electron sinks. As preyisteted, the presence of
acetoclastic methanogens in our system was nelgligitd therefore, it could be
assumed that the acetate not recovered as cuntensity was uniquely addressed to
ARB growth.

The CE; could be either theoretically estimated or experitally assessed. For the
latter, two additional experiments besides the abwntioned standard monitoring are
required. On the one hand, acetate evolution an@muntensity are measured in a cell

with constant N sparging to evaluate the ARB activity without-kecycling

13
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(experimentAl). The obtained results could be misleading if @eestripping is
simultaneously occurring and this is why the extdrthis stripping is evaluated in a
second experiment where acetate is monitored witistant N sparging and no applied
voltage (experimem2). The experimental estimation of g;Ehould be more reliable
if it is calculated specifically for each system.

Part of the Hconsumed by homoacetogens (Table 1) is also asidt¢s biomass
growth and can be calculated as follows:

C:SMO =C,-C, (8)

where C'>"° are the coulombs equivalent to theadidressed to homoacetogens

growth.

Similarly, part of H oxidized by ARB is also consumed for growth antinegovered
as current intensity@'>°). Both C;>¥° and C'X° can be also calculated from the
biomass/substrate yield as shown in equations dand

Ci° =V T, ()

Ci® =V [T, (10

where Y, P"° and Y/ are the biomass/substrate yields of homoacetcajeh#\RB

when consuming H
Cac, Cu2, Ccna and G can be calculated from off-line/online measurermenhe

following paragraphs detail how to do so.

3.2.2 Coulombs obtained from the oxidation of the externally added acetate, Cac
The moles of electrons obtained from acetate oxidatre calculated from the amount
of the external acetate consumed (Table 1) andestet/to coulombs using the

Faraday constant (equation 11). The reactor volmained practically constant

14



329  during all the experiment (less than the 2 % oftttal liquid volume was extracted for
330 sampling).

331 C, =AcM*[V,_ b, [F (11)

332

333 3.2.3 Coulombs consumed in the production of the measured H,, Cy

334 Cyu is estimated by calculating the moles of electrmyrssumed during the production
335 of Hy (Table 1) and converting them to couloumbs (equati?).

336 Cp=ny,:.b,TF (12)

337  where m rare the moles of Hcaptured andb is the number of éransferred per
338 mole of B (2 mol é/mol Hy).

339

340 3.24 Coulombs consumed in the production of H, converted to CH,, Ceng

341  Ccuaincludes the coulombs consumed in the productidd,afonverted to Cklwithout

342  considering biomass growth {G) and the H consumed for hydrogenotrophic
343 methanogens growth in terms of coulomtB"). Ccnacan be calculated with
344  equation 13.

345 Cepy=Copy +Cl" =ne by, [F (13)

CH4

346 where Nooe

are the moles of Honsumed to produce GH

347 n:"is calculated from the volume okidonsumed to produce GHV", which, in

348  turn, is calculatedccording to the proper stoichiometry (Table 1) endsidering the

349  fraction of H consumed for biomass growth (equation 14).

Y,
350 VoR =405 (14)
' 1- Y

15
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where V. is the final volume of CiHand Y " is the biomass/substrate yield of

hydrogenotrophic methanogens when consuming H

3.2.5 Coulombsrecovered as current intensity, Cg
Cc is calculated by integrating the current intengityn the initial to the final time of

the batch experiment.
Cr = [ ldt (15)

Note that being able to calculate.CCo, Ccna and & (equations 11, 12, 13 and 15)

we have a system of six linear equations (4, B, 8,and 10) and six degrees of
freedom (G, G, Gz CAo°, CIIOM© and C/®). Thus, electron equivalent balances

can be solved. All the parameters used to calcthatelectron equivalent balances are
summarized in Table 2.

Moreover, two interesting performance parametéesfriaction of the current intensity
generated due to the oxidation of the externaltjeadacetate {f oc) and due to
recycled H (fci 12), can be also estimated from the parameters eagmliby the

electron equivalent balances (equations 16 and 17).

100-CE
ARB ( - 00-C Alijc CEAl |:CAC
f — (1_ YAc )mAc — 100 - 100 (16)
Cl_Ac
- Ca Ca Ca

C:EAl 1 ARB
1 + -
fCI = @'- YAACRB)[CH +CH2_r -CﬁsB — 100 ECH CHZ_r CH2
B Ca Cq

(17)
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3.3 Including hydrogenotrophic methanogenesis when sfeeklycling is occurring

The previously developed electron equivalent baaman be used even when ne H
recycling is occurring but most parameters wouladé&®. In this sense, the following
simplified approach can be more practical. Thubydrogenotrophic methanogens are
present in the systengar will be underestimated since the amount epkbduced and
sequentially diverted to CHvould not be considered. Although CE would not be

affected, the calculation of4r would need a correction by including the H

T

theoretically converted into GHThen, the real volume ofhproduced ¥ ,, -

) would

include the measured,tdnd the H converted to Cllaccording to the proper

stoichiometry (Table 1). ThethTZF should be used in equation 3 when estimatiag r

VI =V, +VEE (18)

H2,F H2,F
where V! _is the total volume of fproduced and ¥y is the measured H

H2,F

production.

3.4 Experimental study: Occurrence of-kecycling

A 1L MEC was operated for 8 months with BES dosagjag an ARB-enriched anode.
BES concentration was initially set at 50 mM, auealheoretically high enough to
supress methanogenic activity [10]. Under theselitioms (i.e. single-chamber
membrane-less MEC with BES and under batch opeatioethanogenesis could be
avoided. However, Hrecycling was favoured and then, efficientptoduction was

still hindered. Practically from the first daysayeration it was observed that the
duration of the cycles was not in agreement wighrttfonitored intensity resulting in CE
higher than 100 %. Moreover, the highestarbduction was detected after adding fresh

medium in the cell, whereas ldoncentration in the gas sampling bag was decrgasi
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394  along the cycle, resulting ig4r values close to 0 %. Thus, the most plausibleoapti
395 was H-recycling either by homoacetogens grddnsumers ARB. Figure 3 shows an
396  experiment where sodium bicarbonate andvdre added as sole carbon source and
397  sole electron donor, respectively. Acetate conediotn was initially zero and it

398 increased over time reaching values of around 7 mMd@eanwhile, current density
399  also increased and reached values close to 7. Alnus, homoacetogens were present
400 and consumed +hand CQ to form acetate. Acetate could be subsequentlg bgeARB
401  to generate current from acetate. However, curmgensity due to direct oxidation of
402  H could not be ruled out.

403  Electron equivalent balances were calculated to geight on the cell performance
404  under B-recycling conditions and hence a cycle was moadaturing approximately

405 100 hours.

406  Figure 4 shows the experimental results obtainethgihe characterisation of the

407  operation with Hrecycling. As previously detailed, two additioeaiperiments were
408  required for the calculation c(tﬁfB: Al) ARB activity was measured in a MEC with

409  continuous N sparging to avoid Hutilisation by both homoacetogens and ARB and
410 A2) acetate concentration was measured witlspdirging but with no applied voltage to
411  estimate acetate stripping. Figure 4A compareseéleurrent density withA1) and

412 without N, sparging (conventional operation). As it can bgsesbed, the duration of the
413  cycle was completely different (in spite of havihg same initial acetate

414  concentration): the cycle was completed after S@rhiavith N, sparging whereas under
415  conventional operation, the current density rendhistevalues around 17 Afmafter 100
416  hours. InAl1 H, was removed from the system by stripping, whildarrconventional

417  operation, Hwas used by homoacetogenic bacteria to producataaa by ARB to

418 generate electricity thus, extending the cyclegdRding acetate measurements, acetate

18



419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

decreased under conventional operation duringitsie20 hours of the cycle and
remained almost constant during the following 8Qrkoln contrast, whenJNvas
sparged, acetate was consumed in 50 hours. Theadecin acetate concentration was
not related to stripping: Figure 4B shows that wtrencell was disconnected and
sparged with BI(A2), acetate concentration did not decrease buttbligicreased,
probably as a result of water evaporation. Findlgure 4C presents the bag
composition and shows that the idcreased, reached a maximum (100 mL) and then
decreased. C{Htoncentration was scarce indicating thatcbinsumption was not

addressed to methanogenesis.

On the one hand, the CE under conventional operatas, as expected, much higher

than 100 % (463 %). However, when Was sparged, £decreased to 90.4 %, thus

ARB).

only the 9.6 % of the acetate is consumed for thevth of the biomassY(,

Therefore, Cly (i.e. the real CE excluding thetfecycling effect) was 90.4 %. On the
other hand,dar was around 4 %. The coulombs generated from @&cesadiation
according to the experimental acetate measurementswere 1555 C, whereas the

coulombs recovered as current intensity, @ere 7203 C and the coulombs consumed
. . HOMO ARB ;
in Hz production, G, 292 C. ForY ;™™ and Y ™ it was assumed a value of 0.1 mol

€ biomass/ mol esubstrate, i.e. a value similar to that estimédedRB when

consuming acetate.

Substituting the values ofs& Ciz, Cora, Coin CEar, Y,y oand Y/=° in equations 4, 5,
7, 8,9 and 10 it was obtained that:

5648= C,,+C,, , -C/%® -Ci®  (19)

6911=C, +C,,,  (20)

C,oX® =149.18+0.096[C,,' (21)
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C:SMO =C, -Cy’ (22)
cHomo —g.100C,  (23)
Ci® =0.100C,,, (24)

The equation system (eqgs 19 to 24) solution is sanzed in Table 3. The fraction of
Hz recycled by homoacetogens, calculated @éG;+Cii2 1), was 71 %, whereas the
fraction of H recycled by the direct oxidation oL Hy ARB, calculated as

Chz /(Cy+Crz 1), was 29 %. Moreover, coulombic losses due to b&sigrowth were

mainly caused by the consumption of acetate by ABfS®) and the consumption of

H. by homoacetogens<X>"*).

fci_ac and &) w2 were 19.5 % and 80.5 % respectively (equationantb17), showing
that the effect of KHrecycling can be far from negligible (e.g. in @ystem, 80.5 % of
the current intensity was generated due taddycling). Moreover, the recycled th
terms of coulombs (&Cyz ;) was in just five days around 1.7 times the amadint

coulombs that could be generated if all the acetatiernally added had been consumed.

3.5 Experimental study: Presence of methanogens

At week 9 of operation, batch experiments suggegtedth of methanogens even
though there was a BES concentration of 50 mMak icreased to 90 and
subsequently to 120 mM and, surprisingly,défmation was detected even at those
high concentrations. Our results suggest that metens grew in the MEC even at
higher BES concentrations, either as a resulttobahick biofilm preventing BES to

penetrate inside or as a result of a developmeBES resistance by methanogens [21].
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466  Figure 5 shows the evolution of the methanogeniviacduring the cell monitoring
467  performed at different weeks of operation. At we@KK), the ratio bH(H>+CHyg) only
468  started to decrease (i.e. ¢Was formed) approximately 70 hours after the rexi@i
469  the medium. At week 16, H{H,+CH,) decreased to 35 % in just 45 hours. BES

470  concentration was increased to 120 mM at week ti%#hough methanogenic activity
471  was reduced, it was far from supressed. At weetf2iperation, BES concentration
472  was decreased to 50 mM to obtain results compatallee literature. Under these

473  operational conditions, most of the produced was converted to ¢at the end of the
474  monitoring, as shown in Figure 5 for week 34. Thusjas observed that BES may not
475  be an adequate long term solution for methanogehibition when H is widely

476  available (i.e. batch conditions with high retenttone).

477  Figure 6 shows an example of the monitoring of dec{week 34) where methanogenic
478  activity was significant. As it can be observed tlgele lasted approximately 50 hours,
479  during which acetate concentration was decreasimgi(e 6B). Regarding gas

480  production, H reached a maximum volume between hours 3 andnbaftoring and

481  then it started decreasing. In contrast,@kbduction was increasing during all the
482  cycle.

483  The CE of the cell was 74.5 %, whereas thg if only comparing the coulombs

484  recovered as o those recovered as current intensity was Oughmmore realistic

485  rcat Value of 94.5% was calculated by computing,@ttio the balance, assuming that

486  all CH4 produced came from:H22] and transforming moles of Glhto moles of H

MET
H2

487 by considering & .- of 0.1 mol €biomass /mol esubstrate (equations 14 and 18).

488  Acetate-driven methanogenesis could be discaraee & would have resulted in a

489  much lower CE. These results show that when metfemesis became important-H
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recycling, if still occurring, lost importance ssmonly the 5.5 % of the coulombs
recovered as current intensity were not subsequestbvered as $or CH.

As previously stated, the electron equivalent badarcan also be used to describe the
behaviour of the cell under methanogenesis comdititn the presented case, the
calculated CE suggested thatitdcycling was not occurring, thus;GCy’ and Gyo ¢
could be neglected. Therefore, the previous systeequations (equations 4, 5, 7, 8, 9

and 10) could be reduced to only three linear egost
CCI :CAC 'CﬁcRB (25)
C:CI :CHZ +CCH4 (26)

ARB _ 100'CE

Ao 10C

[Cp (27)

Note that Cls; was replaced by CE in equation 27 since CE dicheet to be
corrected by krecycling. According to the measurements/calcoretj G was 3378
C, Cowas 2518 C, > was 0 and gy was 2379 C. Substituting these values into

equations 25, 26 and 27 it was obtained:

-860=-C4%® (28)
2518 = 2379 (29)
ARB = 100-CE (3378 (30)
10C

As it can be observed, to solve the system (had to be included in equation 29 as
follows:

2518=2379+C,, | (31)

However, as deduced from equation 31, the valu@&ef. was very low and can be
assumed as experimental error. Table 4 summahee®sults of the CE¢4r and

electron equivalent balances calculations. Theofiséectron equivalent balances gives
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similar information to that provided by CE ang, but returns the values &, °and

Chz L in terms of coulombs.

The results so far suggest thatddcycling took place when the methanogenic agtivit
was not important. Moreover, the CE evolution shdweat CE was higher than 100 %
when methanogens were not dominant. CE decreasdues around 75 % was
proportional to the methanogenic activity incredesults could also suggest that CE
was decreasing as a consequence of acetate consuimpmethanogens. However,
this was ruled out taking into account resultshia literature and our own results in the
CE and gar calculations.

Thus, if working with single-chamber MECs, the migstsible strategy to avoid;H
scavengers would be preventingtd be available for the microorganisms. Some
options would be the use of membranes or usingoesawith architectures for a fastH
separation in order to make Hnavailable for the microorganisms [11]. On thieeot
hand, other possible strategies based on the isel@thibition of methanogens would
not be useful in a system with these charactesissioice Hrecycling would not be

avoided.

4. CONCLUSIONS

In membrane-less single-chamber MEC, the preseinde scavengers is a significant

hurdle in view of its real application. Under thesmditions, the classical indexes CE
and eat calculated to estimate its performance are nodowmglid.

When methanogens are presegiy should be calculated estimating the amount.of H
converted to CHl

When methanogens are selectively inhibiteglrétycling (due to homoacetogenic

bacteria or due to direct;ibxidation) is very likely to occur, causing largeviations in
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538 the estimated CE andar values. A different approach based on electroivatgnt

539  balances is presented in this work which, througletéer understanding of the process
540  occurring in the cell, results in the calculatidnwo new parametersefacand & o,

541 which are much more realistic indicators of thd oe#l performance.

542  Two experimental studies under different scengiposliferation of homoacetogens or
543  methanogens) were presented. The proposed apfdraaet on balances was

544  successfully applied and undes-Hcycling conditions the estimation of the MEC
545  performance was much more accurate.

546  Moreover, electron balances showed thatétycling could be an issue as important as
547  CH,4 generation, since the tdcetate loop increases the operating costs andsnak
548 infeasible the production of Hn MECs.

549
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Table captions

Table 1 Stoichiometry of the possible reactions occurimg MEC.

Table 2 Nomenclature and description of parameters.

Table 3 Summary of the electron equivalent balances dwingcle with H-recycling.

Table4 Summary of the results in a cycle with methanogeuntivity.
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Table 1 Stoichiometry of the possible reactions occurimg MEC.

Reaction / Microor ganisms

Stoichiometry

Acetate oxidation / ARB

CH, formation / Hydrogenotrophic
methanogens

Acetate formation / Homoacetogens
H, oxidation / ARB

H, formation / chemical reaction

CHsCOO + 4H,0 > 2HCO; + 9H" + 86

4H; + CO, 2 CH; + 2H,0

4H, + 2CQ > CHCOO + H + 2H,0
Hy > 2H" + 26

2H" + 26 > H;
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640 Table 2 Nomenclature and description of parameters.

Parameter Description Dimension
b b Number of etransferred per mole of acetate (8 mahel mol e/mol
Ac) and B (2 mol émolH,) substrate
Coulombs obtained from the oxidation of the iniyial
Cre added acetate
Coulombs consumed in the production efddnverted to
Ccha CH,
Coulombs consumed in the production gfddnverted to
Ccha CH, (without considering hydrogenotrophic methanogen€
growth)
Ca Coulombs recovered as current intensity C
Coulombs consumed in the production gfddnverted to
G acetate by homoacetogens
, Coulombs obtained from the oxidation of acetatalpoed
G by homoacetogens
Ch2 Coulombs consumed in the production of the meaddsed C
Chz L H, losses due to leakage C
Chz r Coulombs obtained from the oxidation of H C
Ce Acetate consumed for ARB growth in terms of coulsmb C
Ce H, consumed for ARB growth in terms of coulombs C
Crono H, consumed for homoacetogens growth in terms of
e coulombs
CvET H, consumed for hydrogenotrophic methanogens growthci
e terms of coulombs
CE Coulombic efficiency -
CEax Coulombic efficiency in experiment Al (noHecycling) C
Ac Acetate concentration change oweand ¢ g Ac/L
F Faraday constant (96485 C/mdl e C/mol e
Fraction of the current intensity generated duia¢o
foL e oxidation of the external acetate initially added _
for h2 Fraction of the current intensity generated dudzo -
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641

Parameter Description Dimension
recycling

I Current intensity A

M Molecular weight of the acetate (59 g/mol) g/mol

NH2,F Moles of H at the end of a batch experiment mol

oHa Moles of H converted to Chlat the end of a batch ol

H2F experiment

rcat Cathodic efficiency -

t,toand Time / Initial and final times of the batch expeeints S

Ver Final volume of gas L

V2 r Final volume of H L

Vi Final volume of the gas i L

Vi Volume of liquid in the reactor (1.3 L) L

Vi Molar gas volume (24.03 L/mol at 20°C) L/mol

Vs Volume of the H consumed to produce GH L

T Volume of K produced including that consumed to L

H2.F produce CH

XiF Final composition of the gas i
mol €

Yo e Biomass/substrate yield for ARB when consumingateet biomass/mol e
substrate
mol €

Y Biomass/substrate yield for ARB when consuming H  biomass/mol e
substrate

_ _ mol e
v :ZOMO Blomass?/substrate yield for homoacetogens when biomass/mol e
consuming H
substrate
_ _ _ mol €
VT Biomass/substrate yield for hydrogenotrophic mebigans biomass/mol &

H2

when consuming H

substrate

31



642

643

644

Table 3 Summary of the electron equivalent balances dwingcle with H-recycling.

Parameter Normal operation With N, sparging
CE 463 % 90.4 %
rcat 4 % --

Cci 7203 C 2989 C
Cac 1555 C 3306 C
Ch2 292 C --

Ccha 0C ~-

Cu 4893 C 0C

C' 4403 C 0C
Chz_r 2018 C 0C
Ce 572 C 317C
Ci"° 489 C 0C
Ce 202 C 0cC

fol Ac 19.50 % 100 %
fei e 80.50 % 0%
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Table4 Summary of the results in a cycle with methanogeuntivity.

Parameter Value
CE 74.5 %
lcat 0 %
rcat (considering Cl)  94.5 %
Cei 2518 C
Cac 3378 C
Che 0cC
Cera 2379 C
Cr 0C

C ocC
Chiz_r 0C
Cr’ 860 C
Co 0C
Cl e
Chz_t 139 C
ferac 100 %
feim2 0oC
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Figure captions

Figure1l (A) Schematic diagram and (B) image of the MECdusethis study.

Figure 2 Reaction pathways and parameters of electron eguiviaalances in an

acetate-fed single-chamber MEC.

Figure 3 Batch experiment with the addition of sodium bicaréite and kisparging
(A) Acetate concentration and (B) Current densitgrdime. Current density is shown

from time 5 hours due to monitoring problems.

Figure 4 Monitoring of the MEC with Hrecycling (A) Current density under
conventional operation (solid) and with Bparging (experiment Al) (dashed), (B)
Acetate concentration under conventional operg®nwith N, sparging (experiment
Al) (A) and with N sparging and no applied voltage (experiment A2) &nd (C) Gas

production under conventional operation: () and CH (V).

Figure 5 Methanogenic activity vs time represented as aie H2/H2+CH4 at
different weeks of operation. Week @)( week 10 &), week 16 ©O), week 19 ),
week 29 ¢) and week 34V) of operation. Concentration of BES: 90 mM (sqlit}0

mM (dashed) and 50 mM (dash-dotted).

Figure 6 Monitoring of the MEC with the presence of methagrogy(A) Current
density, (B) Acetate concentration and (C) Gas petdn: H, () and CH (V). Note

the different scales in (C).
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Figurel (A) Schematic diagram and (B) image of the MECdusethis study.
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Figure 4 Monitoring of the MEC with Hrecycling (A) Current density under
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production under conventional operation: (4) and CH (V).
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