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HIGHLIGHTS

e MFCs were implemented in hypersaline medium with Os-reducing microbial cathodes.

o Stable power density of 209 + 24 mW m~2 was produced over a week.

o Efficiency of the microbial cathode was linked to a redox system centred at 0.2 V/SCE.
o Cathodes were dominated by Gammaproteobacteria (Alteromonadales, Oceanospirillales).

e An unclassified order linked to the genus Thioalobacter may be essential.
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Microbial anodes and oxygen reducing microbial cathodes were designed separately under constant polarization
at + 0.1 V/SCE in a hypersaline medium (NaCl 45 g/L). They were then associated to design two-compartment
microbial fuel cells (MFCs). These MFCs produced up to 209 + 24 mW m™2 during a week. This was the first
demonstration that hypersaline MFCs equipped with microbial cathodes can produce power density at this level.
Desulfuromonas sp. were confirmed to be key species of the anodes. The efficiency of the cathodes was linked to

the development of a redox system centred at + 0.2 V/SCE and to the presence of Gammaproteobacteria
(Alteromonadales and Oceanospirillales), especially an unclassified order phylogenetically linked to the genus
Thioalobacter. Comparing the different performance of the four MFCs with the population analyses suggested that
polarization at + 0.1 V/SCE should be maintained longer to promote the growth of Thioalobacter on the
cathode and thus increase the MFC performance.

1. Introduction

Microbial fuel cells (MFCs) have shown impressive progress in the
last ten years (Santoro et al., 2017) but the power density produced
remains much too low to consider large size extrapolation of the tech-
nology. A major issue, among others, is the high internal resistance of
the cells due to the low ionic conductivity of usual electrolytes (Oliot
et al., 2016b). The ionic conductivity (c) of common electrolytes used in
MFCs is often around 1 S m™! for synthetic media, and it can even be
much lower when wastewater is used (Oliot et al., 2016b). It can easily
be shown that such low ionic conductivities severely hinder MFC

* Corresponding author.
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performance. The ohmic loss (AU) due to the ionic transport between an
anode and a cathode facing each other and separated by a distance [ is:

AU = iJ (@D)]
o
where J is the current density. This equation indicates, for example, that
a current of 50 A m~2 flowing between an anode and a cathode 1 cm
apart is opposed by an ohmic drop of 0.5 V in a medium of 1 S m™!
conductivity. This ohmic drop would be of the same order of magnitude
as the maximum cell voltage that most MFCs can produce. The low
conductivity of common MFC electrolytes precludes the generation of
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high current density. Increasing the electrolyte conductivity is a pre-
requisite if the objective is to increase the power density MFCs can
produce and thus to progress towards economically-efficient devices.

Saline (0 to 1% w/v) to hypersaline (greater than3.5% w/v) elec-
trolytes may be seen as a promising solution (Nam and Logan, 2011;
Grattieri et al., 2017b). Hypersaline media can reach ionic conductiv-
ities above 10 S.m™ !, which results in a proportional decrease in the
ohmic drop inside the MFC (equation (1)). A few studies have started to
report interesting results with saline and hypersaline MFCs (Grattieri
and Minteer, 2018). Abrevaya et al. succeeded in producing power
density of up to 509 mW m~ 2, with a pure culture of the Haloferax
volcanii archea, working in a medium of ionic strength around 2.7 M
(Abrevaya et al., 2011). A power density of 390 mW m~ 2 was produced
with an MFC used to treat seafood wastewater. Actually, no data was
provided about the salinity, but it can be assumed to be high given the
nature of the inoculum (Sun, 2012). More recently, 504 and 572 mW
m~ 2 were reached using MFCs inoculated with rice paddy-field soil
working in NaClup to 1.8 M (105 g L'hH (Miyahara et al., 2016; 2015).
Nevertheless, the power density produced by even these most efficient
hypersaline MFCs remains limited and most other hypersaline MFCs
have produced much lower power densities, generally of only a few tens
of mWm~ 2 (Grattieri et al., 2017a; 2017b; Robertson et al., 2019).

Another rate-limiting step is the cause of the low efficiency of hy-
persaline MFCs: the slow kinetics of the oxygen-reducing cathodes. This
step is known to be rate-limiting for all MFCs (Liew et al., 2014; Wei
et al., 2011) and it seems to be even more acute for hypersaline MFCs.
Several microbial anodes have produced remarkably high current den-
sity in hypersaline media (Rousseau et al., 2013; 2015). Such anodes can
show their full potential when combined with other cathodes than
oxygen-reducing ones. A hypersaline microbial electrolysis cell (MEC)
has thus worked with stable current above 50 A.m~ 2 for weeks (Rous-
seau et al., 2020). In this case, the cathode ensured hydrogen evolution
instead of oxygen reduction. It is therefore essential to concentrate ef-
forts on the design of hypersaline oxygen-reducing cathodes.

Almost all hypersaline MFCs reported so far have been equipped with
abiotic oxygen-reducing (OR) cathodes. Unfortunately, metallic and
organic catalysts for oxygen reduction show poor efficiency at the near-
neutral pH values that are required in MFCs. Moreover, to be effective,
metallic and organic catalysts require clean electrolyte. In the media
used for MFCs, fast fouling and biofouling of the surface of abiotic
cathodes severely inhibit their performance (Oliot et al., 2016a; Pas-
ternak et al., 2016).

Microbial cathodes for oxygen reduction may offer worthwhile al-
ternatives, because of their low cost and their capacity towork atneutral
pH (Erable et al., 2012). Microbial cathodes can also take advantage of
biofilm development on their surface. For instance, it has been observed
that Pt-free OR cathodes perform similarly to Pt-loaded cathodes after a
few weeks of operation because of the development of an aerobic biofilm
on their surface (Santoro et al., 2012). Notable successes have been re-
ported with MFCs equipped with OR microbial cathodes, with power
densities of 554 mWm ™~ 2 being produced (Xia et al., 2013) and up to 620
mWm~ ? (Milner etal., 2016; Milnerand Yu,2018) or even 679 mW m ™~ 2
with a plant-MFC (Wetser et al., 2015). Finally, one of the greatest ad-
vantages of microbial OR cathodes is the room for progress that can be
expected (Liew et al., 2014). We are still in the infancy of their engi-
neering development (Huang et al.,, 2011) and making headway in
deciphering their mechanisms may open avenues for considerable
improvement. In particular, OR microbial cathodes often have complex
microbial populations and we can hope to improve them by identifying
the most active species for oxygen reduction and promoting their
development.

To the best of our knowledge, only one study has designed a hy-
persaline MFC (electrolyte containing 62-65 g/L NaCl) equipped with
an OR microbial cathode (Roustazadeh Sheikhyousefi et al., 2017).
Power density remained pretty low, with a maximum of 65 mW m™ 2
when the MFC was fed with acetate (the chemical oxygen demand

corresponded to 15.6 mM acetate). Nevertheless, the authors suggested
that the performance may have been limited by the bioanode because
anaerobiosis was not ensured in the anode compartment.

The purpose of the present work is to advance in the development of
hypersaline MFC equipped with an OR microbial cathode. Several
studies have reported powerful bioanodes formed from salt marsh
sediment (Rousseau et al., 2013; 2015). The bioanodes were formed
under constant polarization at + 0.1 V/SCE. The highest current
densities, up to 85 A m~2, were obtained with media containing 45 g/L
NaCl. These bioanodes have been implemented for weeks in a microbial
electrolysis cell for the production of hydrogen (Rousseau et al., 2020).

Recently, the same salt marsh sediment has shown the capacity to
form efficient OR microbial cathodes under polarization at + 0.1 V/
SCE and a constant supply of air (Rimboud et al., 2021). These bio-
cathodes produced up to —2.2 A m~2 during voltammetric experiments.

In both contexts, bioanodes and biocathodes were designed in the
same type of electrolyte, which was derived from a Starkey medium and
complemented with 45 g/L NaCl, having a conductivity of 10.4 S m™".
They were formed under controlled polarization at the same potential
value of + 0.1 V/SCE. All these previous investigations were per-
formed in 3-electrode analytical set-ups, and these bioanodes and bio-
cathodes have not yet been coupled together in an MFC.

The purpose of the present work was to design a hypersaline MFC by
associating a bioanode and an OR biocathode, both formed from salt
marsh sediment using the previously described methodologies.
Accordingly, in the first phase, the bioanodes and biocathodes were
formed separately under polarization at + 0.1 V/SCE. Bioanodes and
OR biocathodes were then associated in double-compartment MFCs.
During both polarization and MFC operation, the bioanodes were fed
with sodium acetate as electron source and the OR biocathodes were
constantly supplied with air.

MEFCs were continuously operated with a load of 1200 Q and they
were characterized every three days by power and polarization curves.
The bacterial population of the anodic and cathodic biofilms were
analysed after pyrosequencing of the DNA coding the 16S rRNA and
compared with the microbial compositions available in the literature for
similar bioanodes and OR biocathodes formed under controlled polari-
zation in 3-electrode set-ups.

2. Materials and methods
2.1. Medium and inoculum

Salt marsh sediment was collected from salt marshes near the Med-
iterranean Sea (Salins de Saint Martin, Gruissan, France). Sediment was
kept at room temperature in a 50 L closed container and used fresh
during the two weeks following sampling to avoid long-term anaerobic
evolution that might alter the bacterial composition.

The medium used was derived from the Starkey medium and con-
sisted of 0.5 g L™} KoHPO4, 1 gL ' NH4Cl, 1 gL ! NaySO4, 0.1 gLt
CaCly*2H30,2 g L! MgS04:7H20, 45 g L~! NaCl. Both bioanodes and
OR biocathodes were formed using the same mineral medium inoculated
at 10% v/v with salt marsh sediment. The pH was fixed at 7.0 in all
reactors at the beginning of experiments.

2.2. Formation of the microbial electrodes (bioanodes and OR
biocathodes)

Four bioanodes and four OR biocathodes were formed separately
under polarization at + 0.1 V/SCE using three-electrode set-ups. Each
bioanode and OR biocathode was individually formed in a separate cell.
The future bioanode or biocathode was the working electrode and was
made of 0.5 cm thick carbon felt (Mersen, France). The bioanodes
consisted of a rectangular piece of carbon felt of 12 cm?
(4 cm x 3 cm); the biocathodes consisted of a circular piece of carbon
felt 4 cm in diameter (around 12.5 cmz). The bioanodes or biocathodes



were connected using a titanium wire 1 mm in diameter (Alfa Aesar,
Germany), where the part in contact with the solution was insulated
with a heat-shrinkable sheath. The counter electrodes were 12 cm?
platinum grids connected with platinum wires and the reference elec-
trodes were saturated calomel electrodes (SCE, E = +0.240 V/SHE).
The bioanodes were directly designed in situ in the sealed container
destined to form the anodic compartment of the future MFCs (see MFC
design below), which contained 800 mL of inoculated medium. The
medium was firstly deoxygenated by 30 min’ nitrogen sparging and
thereafter fed with sodium acetate (40 mM). The concentration of so-
dium acetate was monitored throughout the experiment, during both the
polarization and the MFC phases. It remained between 15 and 40 mM.
The OR biocathodes were designed in reactors derived from Schott

bottles containing 600 mL of inoculated medium. The medium was
under permanent forced aeration via aquarium pumps during the whole
polarization phase. All the polarization phases were performed in an
oven at 30 °C.

Cyclic voltammetry was performed at the beginning and the end of
the 12-day polarization phase. The potential scan started at the open
circuit potential, down to —0.6 V/SCE and up to + 0.2 (bioanodes)
or + 0.5 V/SCE (biocathodes). Polarization phases (chro-
noamperometry) and cyclic voltammetries were performed with a
multichannel potentiostat (VMP3, Biologic, France) equipped with the
EC-Lab software.

Porous fritt/air supply
Catholyte

Air-openfaerated
cathodic compartment

Cathode
Cation exchange membrane

Reference Electrode
Anolyte

Sealed/deaerated
anodic compartment

Anode

Sediment/inoculum

Reference

Fig. 1. (A) Scheme of the microbial fuel cell set-up. (B) Pictures of the MFC set-up a: carbon felt anode (rectangular) and cathode (circular); b: Cathodic
compartment, with the CMI 7000 membrane at the bottom; c: upper part of the MFC, supporting the three-electrode set-up and the cathodic compartment; d: photo of

whole MFC, lateral view; e: whole MFC, top view.



2.3. Microbial fuel cell design

The microbial fuel cells were made from a sealed PVC container with
an adapted cathodic compartment open to the air as described in Fig. 1A.
Pictures of the device and its components are presented in Fig. 1B.

The PVC container was a cylinder 11 cm in diameter and 13 cm
high, which contained 800 mL of medium. The air-open, cathodic
compartment consisted of a PVC tube 4 cm in diameter and 7 cm high.
Anodic and cathodic compartments were separated by a cation exchange
membrane CMI 7000, 4 cm in diameter. The OR biocathode was placed
immediately on the upper side of the membrane and the anode near the
bottom of the fuel cell, partly imbedded in the salt marsh sediment used
as inoculum. The anode was aligned with the membrane and the OR
biocathode. The distance between the two electrodes was in the 6-7 cm
range.

At theend of the 12-day polarization phase, the OR biocathodes were
taken from their reactors and inserted in the cathodic compartments of
the microbial fuel cells, where the bioanodes had already been formed.
The best-performing bioanode was associated with the best-performing
OR biocathode to design MFC1. The second best-performing electrodes
were associated to design MFC2, and so on, in decreasing order of per-
formance, for MFC3 and MFC4. The cathodic compartment was filled
with a portion of the medium from the reactors where the biocathodes
had been designed.

2.4. MFC operation and characterization

The MFCs were connected to a resistance of 1200 Q and the evo-
lution of the voltage with time was recorded using the VMP3 multi-
channel potentiostat. During MFC operation, oxygen was supplied to the
cathodic compartment using aquarium pumps. Evaporation of the
catholyte occurred due to the small volume of the cathodic compartment
and the forced aeration. The loss was compensated by addition of
distilled water mixed with Starkey medium from the polarization re-
actors. Concentration of sodium acetate in the anolyte was monitored
during the whole MFC operation and maintained between 15 and
40 mM.

MFCs were characterized by their polarization and power curves,
which were determined with a range of external resistances from 10 Q
to 150 k Q (10, 33, 100, 330, 1 000, 3 300, 10 000, 18 000, 33 000,
100 000 and 150 000 ). For each resistance, the voltage between the
two electrodes and the potential of the OR biocathodes versus the SCE
were recorded using two high-input-impedance multimeters (IDM93M,
RS Components SAS, France) after 15 min of stabilization. The first
power curves were recorded immediately after the implementation of
the OR biocathodes. Successive characterizations were then performed
every 72 h thereafter. Power curves were recorded at room tempera-
ture, whereas MFCs were kept in the oven (30 °C) during operation. The
current density values were calculated in relation to the cathode surface
area (12.5 cmz).

2.5. Population analyses

Biofilms were stripped from the surface of the electrodes and
resuspended in 15 mL of PBS by ultrasonication (15 min at 80 W,
Fisher Scientific FB 15061). The biofilm suspensions were centrifuged
and the solid material was collected. DNA extraction was performed
using the DNeasy PowerBiofilm extraction kit from Qiagen
(Netherlands). The DNA samples were sent to the Research and Testing
Laboratory (RTLab — Lubbok, Texas, USA) for 454 pyrosequencing
(Roche) using 28F (5'-GAG TTT GAT YMT GGC TC-3') and 519R (5'-
GWA TTA CCG CGG CKG CTG-3') primers.

Data were screened and trimmed on the basis of quality scores and
bases below a quality threshold of 25 were discarded. Sequences with
less than 250 nt and chimeric sequences were removed using UCHIME
(Dowd et al., 2008; Edgar et al., 2011). The open-source software QIIME

was used to analyse the filtered sequences (Caporaso et al., 2010), which
were clustered into operational taxonomic units (OTUs) at 97%
sequence similarity using uclust (Edgar, 2010). RDP classifier was used
to perform the taxonomic assignment down to the genus level, with a 0.8
bootstrap cut-off, the most abundant sequence of an OTU being
considered representative (Cole et al., 2009). The Greengenes database
(release gg_13_8_otus), included with the RDP classifier, was used for the
taxonomic affiliations.

3. Results and discussion
3.1. Electrochemical performance

Four bioanodes and four OR biocathodes were formed separately
under polarization at + 0.1 V/SCE. The current densities recorded at
the end of this 12-day polarization phase are given in Table 1. On this
basis, 4 MFCs were designed by associating the bioanode and OR bio-
cathode that produced the highest current densities, in decreasing order
from MFC1 to MFC4.

The 4 MFCs produced power continuously through an external
resistance of 1200 Q. The power densities displayed during 13 days are
presented in Fig. 2. During days O to 6, the four MFCs displayed similar
power density, around 40 mW m™2, except MFC1, which suffered an
incidental loss of oxygen supply during days 1 to 3. After day 6, a clear
difference was observed between MFCs 1 and 2 on the one hand and
MFCs 3 and 4 on the other. MFCs 1 and 2 displayed a rise in power
production. MFC1 produced up to 238 mW m ™2 on day 8.2. On average,
from day 7 to day 13, the power density produced was 209 + 24 mW
m 2 and 143 + 13 mW m~2 for MFC1 and MFC2, respectively. In
contrast, the power generated by MFCs 3 and 4 remained lower,
continuously displaying around 40 W m~2 until the end of the exper-
iment. These different behaviours matched the method chosen to design
the MFCs, by associating the best performing bioanodes and best per-
forming OR biocathodes in decreasing order from MFC1 to MFC4.

Power curves were recorded on days 0, 3, 6, 9 and 13. The maximum
power densities are reported in Table 1. As expected from the record of
the power density versus time, two different behaviours were observed,
with MFC 1 and 2 on one side, and MFC 3 and 4 on the other. MFC 3 and
4, which were equipped with the less well performing bioanodes and OR
biocathodes, produced rather constant power density throughout their
operation, with mean values of 57 + 19 and 43 + 11 mW m 2,
respectively. In contrast, the power density produced by MFCs 1 and 2
evolved over time. MFC1 produced from 64 mW m™2 on day 0 to 272
mW m 2 on day 9. Power densities recorded with MFC 2 increased along
the experimental timescale from 66 to 201 mW m™2 on day 13.

Power curves and polarization curves obtained with MFC1, the best
performing MFC, are presented in Fig. 3. The initial (day 0) maximum
power density of 64 mW m~2 was obtained with an external resistance R
of 3300 Q, while the maximum of 272 mW m~2 recorded at day 9
corresponded to R = 1000 Q with a cell voltage of 585 mV. After day
0, the maximum power density fell to lower values (158 mW m ™2 at day

Table 1

Maximum current densities recorded with the four bioanodes (J,,) and bio-
cathodes (J.¢) after twelve days of polarization at + 0.1 V/SCE and maximal
power densities (P,,,y) recorded with the four MFCs after 0, 3, 6, 9 and 13 days
of operation.

MFC  Ja (A Jeat (A Maximal Power Density Ppax (mW m~?)
m?) m?)
t0 3 days 6 days 9 days 13 days
1 5.04 —0.53 64  15* 99 272 158
2 3.92 —0.47 66 71 72 127 201
3 2.92 —-0.31 52 42 74 34 85
4 1.88 —0.10 48 32 44 32 59

* power density lower than normally expected due to an incidental loss of ox-
ygen supply in the catholyte.



0.3 -
£
202 1
=
g "
© 0.1 -
o
CBD b o [ 1=
e o, Dot T Ly S e &
* 0 |kl\~'[lm._-_r~’"’ 1-'f !

0 2 4 6 8 10

Fig. 2. Evolution of the power density (W m~2) displayed by the four MFCs
during the thirteen days of operation. Plain black: MFC1; plain grey: MFC2;
dashed black: MFC3; dashed grey: MFC4. Brutal changes on the curves observed
on days 3, 6, 9 and 13 correspond to the power curve records.

13 for R = 1000 Q).

Polarization curves of the bioanode and the OR biocathode of MFC1
are presented on Fig. 3B. Power and polarization curves observed on day
3 stood apart from the others obtained on days 0, 6, 9 and 13, due to an
incidental stop of the air supply to MFC1 between days 1 and 3. How-
ever, the performance of the fuel cell was soon restored when air supply
to the cathodic compartment restarted, as reflected in curves recorded
on days 6, 9 and 13. This shows the robustness of the OR biocathodes
and of the microbial catalyst. It also indicates the importance of the air
supply to sustain the activity of the OR biocathode and, consequently,
the main limitation due to oxygen transfer, already well-identified
beyond the scope of hypersaline conditions (Milner and Yu, 2018).

The polarization curves revealed a high stability for the bioanode
(Fig. 3B, black lines). From the measurements performed on day 3 to the
measurements on day 13, the bioanode current-potential curves
changed little. In contrast, the biocathode current-potential curves
(Fig. 3B, grey lines) evolved significantly. The biocathode produced
higher current intensities in increasing order on days 6, 12, and 9, which
corresponds to the same increasing order as the power densities pro-
duced by the MFC (Fig. 3A). The biocathode clearly controlled the
performance of the MFC.

Moreover, the polarization curves also showed that the over-
potentials at the biocathode were always considerably higher than those
at the bioanode (Fig. 3B). The overpotentials can be evaluated from the
polarization curves as the difference between the potential at zero cur-
rent and the potential obtained when the MFC operated with a given
value of the external resistance. The maximum value of the over-
potential was measured when the MFC was run with the lowest resis-
tance, here of 10 Q. For the biocathode, the maximum overpotential
was 682, 608 and 613 mV at days 6, 9 and 12, respectively while, for the
bioanode, it was only 76, 153 and 102 mV. The consistently higher
values of the biocathode overpotential confirm that the biocathode was
the rate-limiting element of the MFC.

Interestingly, the polarization curves on days 9 and 13 recalled the
shapes of the voltammograms reported with similar OR biocathodes,
also formed from salt marsh, in a previous study (Rimboud et al., 2021).
Two distinctive redox systems were reported for oxygen reduction
around —0.22 and + 0.20 V/SCE. The previous study investigated the
OR biocathodes in analytical conditions only, i.e. in a 3-electrode sys-
tem. Here, implementing similar OR biocathodes in MFCs, showed that
the rise observed in MFC performance from day 9 was directly linked to
the apparition of the redox system centred at + 0.20 V/SCE. Similarly,
the redox system centred at + 0.20 V/SCE also appeared at day 9 on
the MFC2 biocathode, while it was absent for the biocathodes of MFC 3
and 4. Actually, it began to be discernible for MFC3 at the end of the
experiment, at day 13.

The evolution of the potential displayed by the MFC1 bioanode and
OR biocathode during operation are presented in Fig. 3C. As observed

above with the polarization curves, the bioanode remained highly stable
throughout the duration of the experiment, displaying a stable potential
of —0.42 + 0.02 V/SCE. An identical stability was observed with the
other bioanodes of MFCs 2 to 4, with average potential values of
—0.43 £+ 0.01, —0.51 + 0.01 and —0.47 + 0.02 V/SCE, respectively.

The behaviour of the OR biocathode was clearly different (Fig. 3C).
After day 6, the potential of the OR biocathode quickly rose from around
—0.20 V/SCE to reach + 0.20 V/SCE on day 7.5. It stabilized there-
after, at around + 0.17 V/SCE, until the end of the operation. This
value of potential is in accordance with the voltammetry curves for
oxygen reduction previously recorded with similar OR biocathodes
(Rimboud et al., 2021).

To sum up, unsurprisingly with constant bioanode behaviour, the
evolution of the power generated by MFCs 1 and 2 followed a pattern
similar to the evolution of their OR biocathodes. The power increase
observed at day 9 was correlated with the appearance of a redox system
of oxygen reduction centred at + 0.20 V/SCE on the biocathodes.
Interestingly, this redox system also began to appear at day 13 on MFC3,
which is encouraging information for the long-term evolution of these
OR biocathodes and the related MFCs.

3.2. Discussion of the electrochemical performance

The average values of power density, which were sustained here for a
week by MFC1 (209 + 24 mW m2) and MFC2 (143 + 13 mW m™2),
were around 3 times the maximum power density reported in the
literature for a similar hypersaline MFC equipped with an OR microbial
cathode, which was 65 mW m~2 (Roustazadeh Sheikhyousefi et al.,
2017). Beyond the context of hypersaline electrolytes, maximum power
densities of 554 mW m™2 (Xia et al., 2013), 620 mW m~2 (Milner et al.,
2016; Milner and Yu, 2018) and 679 mW m2 (Wetser et al., 2015) have
been reported for different MFC systems equipped with OR microbial
cathodes.

On the one hand, it is encouraging to note that the performance
obtained here was at the level of the highest reported in the literature for
MFCs equipped with OR microbial cathodes. Nevertheless, on the other
hand, it must be acknowledged that the highest power densities reported
in the literature have been obtained with common electrolytes. The
benefit of the hypersaline electrolyte used here is consequently not
obvious. Actually, this remark is valid for all hypersaline MFCs. To date,
the power densities reported for hypersaline MFCs do not exceed those
of the MFCs using common electrolytes, while the hypersaline electro-
lytes should minimize the internal resistance of the system, which is a
major sticking point in MFC development.

A simple calculation can help in assessing the impact of the ohmic
drop on the MFC performance. From day 7 to day 13, MFC1, which
produced the highest power, operated at an average cell voltage of
around 0.6 V (Fig. 3C) with an external load of 1 200 Q. The current
was consequently 0.5 mA. According to Ohm’s law applied to the
electrolytes, the ohmic drop (AU) through the electrolyte is:

AU = Rl (2

where Rg is the resistance of the solution between the anode and the
cathode and I is the current flowing through the electrolyte. Rg can be
calculated as:

l
Ry = I 3
where p is the resistivity of the solution (Q m), l is the distance between
the anode and the cathode and A is the cross-sectional area of the so-
lution through which the ionic current flows. Here, [ was around 6 cm
and A can be taken equal to the electrode area of 12.5 c¢m?. The elec-
trolyte had an ionic conductivity of 10.4 S m~!, which means a re-
sistivity p of 0.1 Q m. The resistance of the electrolyte Rg can thus be
estimated at 4.8 Q (equation (3)) and the ohmic drop for a current of
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0.5 mA at 2.4 mV (equation (2)). The electrolyte fulfilled its mission
perfectly: the small ohmic drop it induced can be neglected. Neverthe-
less, the same estimation for the type of electrolyte that is commonly
used in MFCs, with an ionic conductivity around 1 Sm™ !, gives anohmic
drop of only 24 mV. Actually, the current is too low for the ohmic drop
due to the electrolyte to be rate-limiting. The hypersaline electrolyte
used here divided the ohmic drop by a factor of 10 with respect to usual
MEC electrolytes but the current was too small for this benefit to be
noticeable. It was observed here that the behaviour of the MFC was
controlled by the performance of the OR biocathode, which was rate-
limiting. The biocathode limited the MFC performance and, conse-
quently, the current was not high enough for the interest of the high
ionic conductivity of the electrolyte to be detected.

For instance, the same estimation made with a current of 15 mA
gives an ohmic drop of 72 mV with the hypersaline electrolyte, which is
still acceptable, while 720 mV would be reached with a usual electro-
lyte, which would preclude the production of any power.

Here, a first advance has been achieved by designing an OR micro-
bial cathode that works in a hypersaline MFC and results in power
density at the level of the highest values reported in the literature with
common MFCs implementing OR microbial cathodes. For the future, the
kinetics of the OR microbial cathode needs to be improved in order to
take advantage of the hypersaline conditions in terms of minimized
ohmic drop. One obvious way to improve the cathode kinetics is to
implement an air-breathing configuration (Rago et al., 2017; 2018).
Another way should be to promote the development of the redox system
centred at + 0.20 V/SCE, which was observed to be linked with the
improvement of the OR biocathode during MFC operation here.

3.3. Microbial population analyses

Gini-Simpson indexes for the anodic biofilms were in the range of
0.07 (MFC2) to 0.76 (MFC 4) (they were 0.42 and 0.67 for MFC1 and
MFC3, respectively). The Gini-Simpson index represents the probability
of interspecific encounter. If null, it indicates that only one genus is
represented in the sample. An index of 0.07 for the anodic biofilm in
MFC2 clearly indicates the high dominance of one genus (Desulfur-
omonas, see below).

The Gini-Simpson indexes of the cathodic biofilms were slightly
higher, in the range of 0.73 (MFC4) to 0.91 (MFC1) (they were 0.86 and
0.88 for MFC2 and MFC3, respectively). As stated in previous observa-
tions (Rimboud et al., 2015, 2017), microbial populations of cathodic
biofilms tend to be more diverse and less dominated (mean Gini-
Simpson of 1.77) than those in anodic biofilms (mean Gini-Simpson of
1.06).

The most represented bacterial orders encountered in the anodic and
cathodic biofilms can be seen in Fig. 4. The most represented genera
(when identifiable) are numbered in Table 2 (2A: anodic biofilms; 2B:
cathodic biofilms). The phylum Proteobacteria was the most represented
in all biofilms, though differences between anodic and cathodic biofilms
appeared at the class level. Anodic biofilms were clearly dominated by
bacteria from the class Deltaproteobacteria, with a lower presence of
Gammaproteobacteria. Cathodic biofilms were dominated by a variable
mix of Alpha- and Gammaproteobacteria, with a characteristic absence
of Deltaproteobacteria (mostly anaerobic).

In the anodic biofilms, the order Desulfuromonadales was largely
dominant, in proportions from 38.2% for MFC4 up to 96.3% for MFC2. A
single genus, Desulfuromonas, accounted for this dominance (Table 2A).
Bacteria from order Desulfurobacterales (deltaproteobacteria) were also
found at 23.6% on the MFC4 anode. Gammaproteobacteria were rep-
resented by bacteria from the Oceanospirillales order, in majority by the
Marinobacterium genus (Table 2A).

The Rhodobacterales order (Alphaproteobacteria) was the most
represented inside cathodic biofilms (from 35.2% on MFC 1 to 74.1% on
MFC 4). At genus level, however, high dispersion was observed, with
several genera of the Roseobacter clade (Roseovarius, Lutimaribacter,
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Fig. 4. Microbial communities at order level displayed in the electroactive
biofilms of the four MFCs. (A) anodic communities; (B) cathodic communities.

Labrenzia, etc.) accounting for the high proportion of Rhodobacterales
(Table 2B). Gammaproteobacteria were represented by the orders
Alteromonadales (4.1% on MFC 4 to 23.3% on MFC 1) and Ocean-
ospirillales (3.1% on MFC 4 to 7.1% on MFC 1). Genera Marinobacter and
Idiomarina were identified at genus level among Alteromonadales, and
Marinobacterium genus among Oceanospirillales (Table 2B). Bacteria
related to an unclassified order of Gammaproteobacteria already
detected in high proportions on efficient OR biocathodes designed under
polarization (Rimboud et al., 2021) were detected in proportions from
0.8% (MFC 4) to 12.5% (MFC 1).

3.4. Discussion of the microbial populations

With regard to the bioanodes, Desulfuromonas sp. was found in a
surprisingly high proportion for the four MFCs. This genus belongs to the
same order (Desulfuromonadales) as the well-known anode respiring
Geobacter sp. Miyahara et al. demonstrated that the increasing salinity of
the medium led to the preferential selection of Desulfuromonas instead of
Geobacter in electroactive biofilms (Miyahara et al., 2016). Desulfur-
omonas was previously found among the dominant genera inside electro-
active biofilms formed from salt marsh sediment (from 5.0 to 45.0%)
(Rousseau et al., 2014; 2016), but not in such abundance as observed
here. In the studies of Rousseau et al., Desulfuromonas sp. was found to
be co-dominant in association with Marinobacter sp. in the anodic bio-
films of a hydrogen-producing microbial electrolysis cell, which was
formed from similar salt marsh sediment. The Marinobacter genus,
however, was not detected here. A possible explanation for the lack of
Marinobacter sp. in the anodic biofilms may be the use of a well-sealed
anodic compartment. As Marinobacter sp. is mostly aerobic, it may
have benefitted from a low diffusion of oxygen in the set-up used in the



Table 2

Percentage of bacterial strains identified at genus level in the (A) anodic and (B) cathodic biofilms. Only genera represented at least at 1% on at least one microbial

electrode are presented.

A: Anodic biofilms

Proteobacteria | Deltaproteobacteria Desulfobacterales Desulfobacteraceae Desulfobacter
Proteobacteria | Deltaproteobacteria Desulfuromonadales | Desulfuromonadaceae | Desulfuromonas
Proteobacteria | Deltaproteobacteria Desulfuromonadales | Pelobacteraceae Malonomonas
Proteobacteria | Gammaproteobacteria | Oceanospirillales Oceanospirillaceae Marinobacterium
Proteobacteria | Gammaproteobacteria | Thiotrichales Piscirickettsiaceae Thiomicrospira

B: Cathodic biofilms
Bacteroidetes | Flavobacteriia Flavobacteriales Flavobacteriaceae Flavirhabdus 0.4 0.3 1.3 1.5
Proteobacteria | Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Robiginosimarina | 0.7 0.5 0.9 1.1
Proteobacteria | Alphaproteobacteria Rhodobacterales Rhodobacteraceae Labrenzia 0.4 0.8 1.8 0.1
Proteobacteria | Alphaproteobacteria Rhodobacterales Rhodobacteraceae Leisingera 1.1 0.6 1.5 1.8
Proteobacteria | Alphaproteobacteria Rhodobacterales Rhodobacteraceae Lutimaribacter
Proteobacteria | Alphaproteobacteria Rhodobacterales Rhodobacteraceae Mameliella 14 0.4 1.0 0.7
Proteobacteria | Alphaproteobacteria Rhodobacterales Rhodobacteraceae Pelagibaca 2.1 0.3 1.4 0.9
Proteobacteria | Alphaproteobacteria Rhodobacterales Rhodobacteraceae Pelagicola
Proteobacteria | Alphaproteobacteria Rhodobacterales Rhodobacteraceae Phaeobacter
Proteobacteria | Alphaproteobacteria Rhodobacterales Rhodobacteraceae Roseovarius
Proteobacteria | Gammaproteobacteria | Alteromonadales Alteromonadaceae Marinobacter
Proteobacteria | Gammaproteobacteria | Alteromonadales Idiomarinaceae Idiomarina 0.3 1.3
Proteobacteria | Gammaproteobacteria | Cellvibrionales Halieaceae Haliea 1.3 1.4
Proteobacteria | Gammaproteobacteria | Oceanospirillales Alcanivoracaceae Alcanivorax 0.4 0.6 1.5
Proteobacteria | Gammaproteobacteria | Oceanospirillales Alcanivoracaceae Kangiella 0.4 1.1 0.3 1.2
Proteobacteria | Gammaproteobacteria | Oceanospirillales Halomonadaceae Halomonas 2.4 2.1 0.2 0.3
Proteobacteria | Gammaproteobacteria | Oceanospirillales Oceanospirillaceae Marinobacterium - 1.1 4.8 1.4
Proteobacteria | Gammaproteobacteria | Thiotrichales Piscirickettsiaceae Methylophaga 1.3 07 | 0.7 0.3
Proteobacteria | Gammaproteobacteria | Unclassified* Unclassified* Unclassified* 125 09 4.7 0.8

* the proportions of the unclassified Gammaproteobacteria, though not taxonomically identified to the genus level, are presented for comparison.

previous studies, which were not perfectly airtight. On the other hand,
with a well-sealed set-up, the development of the strictly anaerobic
Desulfuromonas sp. would have been favoured, which can explain the
higher proportion of this genus observed here.

To sum up, in the anodic biofilms, the high abundance of Desulfur-
omonas sp. confirms the key role of these species, as already speculated
for similar hypersaline bioanodes formed from salt marsh sediment.
However, Desulfuromonas sp. has always been found in association with
Marinobacter sp. so far. The absence of the latter species here very
strongly reinforces the probability that Desulfuromonas sp. is the key
electroactive species responsible for the high current density produced
by hypersaline bioanodes.

The biofilms of the biocathodes were dominated by bacteria from the
class Alphaproteobacteria, especially by bacteria from the Roseovarius
clade of the Rhodobacteraceae family. This was observed in our previous
work (Rimboud et al., 2021) and two main and additional reasons may
explain this dominance: i) the known ability of these bacteria to form
biofilms rapidly (primo-adhesion) (Dang et al., 2008; Elifantz et al.,
2013); ii) the implication of these bacteria in the bio-geochemical cycle
of sulfur, which enables them to thrive in media poor in organic matter
(Luo and Moran, 2014; Tang et al., 2016).

In our previous work, similar OR biocathodes were formed from salt
marsh under constant polarization in 3-electrode analytical set-ups,
without being coupled with bioanodes to operate in MFC configura-
tion (Rimboud et al., 2021). In this previous study, bacteria from an
unclassified order of Gammaproteobacteria, phylogenetically linked to
the genus Thioalobacter, were found in great abundance (5 to 52.6%) and

the biocathodes produced stable current density in the 0.25 to 0.91 A
m? range under constant applied potential of 0.1 V/SCE. In the present
work, these bacteria were only detected in a significant amount (12.5%)
on the OR biocathode of the best-performing MFC (MFC1). The polari-
zation curves (Fig. 3B) show that this biocathode produced the
maximum current intensity at day 9, with a current intensity of around
—0.75 mA at 0.1 V/SCE, i.e. a current density of around 0.60 A m~2,
which was consistent with the values previously reported. This confirms
the previously speculated importance of these bacteria in the design of
efficient hypersaline OR biocathodes.

These unclassified Gammaproteobacteria probably need a long time
under polarization to develop fully. Their low representation in the less
performing bioanodes of the present study, in comparison to the previ-
ous study, can be explained by the shorter duration of the polarization
phase at + 0.1 V/SCE (12 days) compared to the previous study
(21 days) (Rimboud et al., 2021). Actually, at the end of the 12-day
formation phase at + 0.1 V/SCE, when the biocathodes were
coupled to the bioanodes, their potential was immediately pulled by the
bioanode towards lower values, about —0.4 V/SCE (Fig. 3C). It then
took about a week for the potential of the biocathode to recover a value
around + 0.1 V/SCE.

Similarly, the lower proportion of the other Gammaproteobacteria
(Alteromonadales and Oceanospirillales) compared to the Alphapro-
teobacteria can be explained by the shorter duration of the polarization
phase and the tactical advantages of the Rhodobacteraceae’s ability to
assemble quickly in biofilms. Several studies have pointed toward the
high presence of Gammaproteobacteria in highly active OR biocathodes



(Rimboud et al., 2021; Milner et al., 2016; Desmond-Le Quemener et al.,
2016; Rothballer et al., 2015; Strycharz-Glaven et al., 2013). Their low
presence here in the biofilms, compared to the Alphaproteobacteria,
may be an explanation of the lower activity of OR biocathodes in MFCs 3
and 4.

To sum up, the efficiency of the OR biocathodes seems to be linked to
the presence of an unclassified order of Gammaproteobacteria, phylo-
genetically linked to the genus Thioalobacter. The OR bioanodes previ-
ously reported were formed in similar operating conditions but with a
longer period of applied potential. They showed higher proportions of
the same unclassified order of Gammaproteobacteria and produced
higher current densities. The comparison with the results obtained here
supports the hypothesis that increasing the abundance of this species
should be the way to improve the efficiency of the OR biocathodes, and
that this could be done by extending the time of the biocathode for-
mation phaseat + 0.1 V/SCE. Practically, this could be achieved either
by extending the time under polarization before coupling anode and
cathode, or by adjusting the value of the external resistance of the MFC
in order to keep a high cell voltage (i.e. high resistance value) during the
early days of MFC operation.

4. Conclusion

For the first time, it has been shown that hypersaline MFCs equipped
with OR microbial cathodes can produce power densities at the level of
the highest performance reported so far for MFCs working with OR
biocathodes. Desulfuromonas sp. were confirmed to be key species of the
hypersaline bioanodes. The efficiency of the OR biocathodes was linked
to the presence of Gammaproteobacteria (Alteromonadales and Oce-
anospirillales) and, especially, an unclassified order phylogenetically
linked to the genus Thioalobacter. The development of these species may
be favoured by maintaining polarization at + 0.1 V/SCE over a long
period, typically more than 12 days.
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